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Management Summary

The rapid evolution of sensor technology is set
to redefine industries and drive innovation
across multiple sectors. By 2030, sensors will
play a crucial role in enabling smarter, more effi-
cient, and sustainable solutions in fields such as
healthcare, automotive, industrial automation,
and environmental monitoring and consumer
market, and thereby form the backbone of the
transformation to an information society and a
digital age.

Key Trends

Accuracy of measurement

The long-lasting trend to more and more ac-
curate and precise sensors is ongoing and is
nurtured by both technology improvements

and by new technologies.

Miniaturization

Advances in precision and microelectronics
will enable smaller, more efficient, and cost-
effective sensors. But economics and physi-
cal limitations more and more often set limits
to further miniaturization. Hence, miniaturiza-
tion goes on but loses momentum.

Smart Sensor Systems

Artificial intelligence and machine learning
will enable sensors to process data at the
edge, reducing latency and increasing real-
time decision-making capabilities. Self-
learning sensors will improve predictive
maintenance and automation across indus-
tries. And sensors will learn to cooperate in
sensor networks.

Sensors designed for making decisions
While, initially, sensors were often designed
to provide a value for a physical or chemical
parameter, a class of sensors emerges that
does not provide such values but information
on how best to decide. This development
goes hand in hand with application and cus-
tomer-specific sensing solutions.

Emerging new sensors

Emerging quantum sensor technologies will
revolutionize precision measurement, partic-
ularly in fields such as medical diagnostics,
navigation, and geophysics. Biosensors will
advance personalized medicine, early dis-
ease detection, and environmental health
monitoring. Higher frequency electronics es-
pecially for radar will generate new options.

Sustainability and Circular Economy

The future of sensor technology will empha-
size eco-friendly materials, recyclability, and
reduced energy consumption. Regulations
and industry standards will encourage sus-
tainable sensor design and manufacturing
processes.

Impact on Industries

Healthcare: enhanced diagnostics, real-time
patient monitoring, and personalized medi-
cine solutions

Automotive: advanced driver assistance
systems (ADAS), autonomous vehicles, and
enhanced vehicle-to-everything (V2X) com-
munication

Manufacturing: predictive maintenance, in-
creased automation, and improved supply
chain efficiency

Environmental monitoring: improved air
and water quality monitoring, climate
change adaptation, and smart agriculture so-
lutions

Consumer market: enabled by sensors,
end-user products will get smarter.

As we approach 2030, these sensor trends will
shape a more connected, intelligent, and sus-
tainable future. Businesses and policymakers
must stay ahead by investing in research, fos-
tering innovation, and adapting to the evolving
sensor ecosystem.
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1 Global Overview

(Drese, K. S.; Gerlach, G.; Krause, P.; Simmons, C. T.)

1.1 Introductory Remarks, Scope of the
Report

(Peter Krause, Chairman of the AMA Execu-
tive Board)

Sensor technology is the heart and driving force
of modern industry and, as a key technology, is
driving digitization and automation in almost all
areas. The increasing networking of machines
and systems in the context of Industry 4.0 and
the rapid spread of the Internet of Things (loT)
are creating a growing demand for powerful, re-
liable, and intelligent sensors. Miniaturization,
precision, and the integration of new technolo-
gies such as artificial intelligence (Al) play a cru-
cial role here.

In this new edition of the AMA Sensor Study,
published by the AMA Association for Sensors
and Measurement together with the Association
of German Engineers (VDI), more than 50 ex-
perts highlight current innovations and future
developments in sensor technology. They ana-
lyze the latest trends, the decisive progress, and
the challenges that the industry must overcome
in order to further advance industrial transfor-
mation.

The contributions to this study impressively
show how deeply sensor technology is inte-
grated into almost all industrial sectors. From
optimizing production processes and increasing
energy efficiency to developing safe and auton-
omous systems — sensors are the basis for data-
based decisions and innovations.

In addition to technological developments, po-
litical supportis also crucial for the further de-
velopment of sensor and measurement technol-
ogy. Government funding programs and politi-
cal frameworks play a significant role in creating
an innovation-friendly environment. They not
only enable investments in research and devel-
opment, but also help to ensure that the Ger-
man industry remains competitive in the global
market. Close cooperation between politics, sci-
ence, and industry is therefore essential to sus-

tainably strengthen the innovative power of the
sensor industry.

This study also places a special focus on the
multifunctional sensors of the future, the role of
guantum sensors, and the growing importance
of data security. These topics not only create
technical challenges, but also open new oppor-
tunities for industry to remain competitive by
developing smarter and more secure systems.

This sensor study is intended not only to serve
as a guide for research and development, but
also to provide impetus for practical application
and for new collaborations between industry,
science, and politics. We invite you to discover
the diverse perspectives and solutions pre-
sented by the authors and to actively shape the
future of sensor technology together.

We would like to thank all authors and contrib-
utors for their valuable input, and we hope that
this study will make a significant contribution to
the further development of sensor and measur-
ing technology.

1.2  Patent Analysis Insights to Sensor
Technology

Patents are the key tool for securing the rights
to a new technology for a limited time. There-
fore, patents are as essential for industry as
peer-reviewed publishing is for academia. Pa-
tents do not provide information on the market
size for different fields, but they are a reasona-
ble indicator of what industry is putting its focus
on for future innovation. Hence, we extract and
examine international patent publication data
by statistical and data mining analyses and gain
information about how much effort different
sensor topics have received worldwide, which
topics are the hottest, and how patenting inten-
sity is distributed over the different countries.

Demand for sensors is growing across all indus-
tries, from healthcare to consumer products, as
they help to enhance functionality, performance,
and energy efficiency. This fuels rapid advance-
ments in the sensor industry, including new
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measurement principles, miniaturization, and
smart features for loT and Industry 4.0. For in-
novative award-winning examples, see Chap-
ter 6.

The industry for sensor and measurement tech-
nology is very innovation oriented. While sus-
taining a 6.3 % annual growth rate in sales, it
reinvests 11 % of its revenue into R&D (Fig-
ures 1.1 and 1.2).

Revenue Sensors and Measurement
Technology

Annunal values, relathve to 2005 {indew 100%)

200

Z250%

150%

104
2005 2024

Figure 1.1 Revenue, sensors and measurement
technology. Annual values relative to 2005, index
100 %.

PCT publications by technology

To illustrate how R&D intensive sensor technol-
ogy is, Table 1.1 lists the top ten technology
fields by rate of patent publication under the
Patent Cooperation Treaty (PCT). Here, meas-
urement reaches sixth place out of 35 technol-
ogy fields. [WIPO 2024 PCT]

For any market participant developing a market
strategy, reliable information on industry trends
is crucial. While economists and innovation re-
searchers may not agree on the quantitative in-
terpretation of patent statistics, they recognize
their qualitative value, including insights into
R&D activities and upcoming technological
changes. Thus, we analyze patent activities to
gauge the sensor industry’'s R&D allocation
across different technologies.

In the following, international patent publica-
tions are examined in two ways. First, by data-
base access operated by the World Intellectual
Property Organization (WIPQO) to Patent Coop-
eration Treaty (PCT) data using the International
Patent Classification (IPC) system, and second,
with an additional approach based on the
Google Scholar search engine. In all cases, the
data is visualized as time series [WIPO 2024;
Google Scholar 2024]. The analysis begins with
the superclass that captures all patents from
sensing and measuring technology: class “GO1
Measuring; Testing”. This is followed on the
next level by differentiating its five most used
subclasses. Finally, statistics independent of the
IPC classification scheme are included for four
fields which are hotly discussed on conferences
lately by using free text terms, namely “hydro-
gen sensors”, “quantum sensors”, “smart sen-
sors”, and “sensors with artificial intelligence”.

Rank Technology
1 Computar rechnalogy
Cigital cormmunization

Kedica tachinokagy

Frhiarmaceuticals

EEL T B B S

Measurernent
7 Trarsmart

a Binterhnoiogy

4 Apdig-visual rechnalagy

m SEMICDRTUCTors

Elecrcal machingry, apparatus, energy

Ma, of PCT publications in 2023
27280
25124
21 0E7
17 E71
12430
11 830
10 841

ERELS
L
0415

Sooroe WOPD wosthilico delnEmin. ik updcsd Ocizies J004

Table 1.1 Top 10 list of the 35 technologies, as ranked by WIPO. Source C.T. Simmons, AMA Data:[WIPO 2024]
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Figure 1.2 R&D-intensity, sensor and measurement technology compared with other industry groups in Ger-

many. Data: AMA and [ZEW 2022]
1.21  Analysis of PCT Statistical Data

In the following sections, international patent
publications under the Patent Cooperation
Treaty are examined using the International Pa-
tent Classification (IPC) system. The IPC pro-
vides a hierarchical framework for classifying
patents by technology. The focus lies on class
GO1 - “Measuring; Testing” and its subclasses.
The World Intellectual Property Organization
(WIPQO) manages the IPC and has supplied the
data for this analysis. For more details, visit the
WIPO portal [WIPO 2024] and the PCT
webpages [WIPO 2024 IPC].

Figure 1.3 shows the annual publication rate for
IPC superclass “GO1 Measuring; Testing” since
2010, currently at a level of around 23,000 PCT
publications per year globally, growing linearly
at approximately 750 publications per year. Eu-
rope and North America each contribute 6,000
patents per year, and Asia about 11,500. Since
2014, Asia has been on top, conducting as
much patent work as North America and Europe
combined, even despite a plateau caused by
COVID. Other regions play a comparatively in-
significant role in world patenting.

Number of PCT publications
Category G01 "Measuring; Testing”

Ere Ragion af Cf 2

25 000

15 DOO

10 oo

500

Figure 1.3 PCT publications and their regional
origin. (Source: C.T. Simmons, AMA Association for
Sensors and Measurement. Data: [WIPO 2024])

IPC class “GO1 Measurement; Testing” has 18

subclasses, GO1B to GO1W. Figure 1.4 shows

these subclasses in descending order by publi-
cation count. For the purposes of this study, we
focus on trends involving the top five by publi-

cation count, to identify possible trends.
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Figure 1.4 PCT Publications of the 18 subcategories of “G01 Measuring; Testing” in 2023.
a) Number of PCT Publications in Subclass bj Percentage of FCT Publications in
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Figure 1.5 PCT publications under “GOIN Measuring geometric properties”, where a) shows the absolute
number of publications under GOIN Materials analysis, b) the relative percentage of publications compared
to all of GO1. The dashed lines are a guide for the eye. (Source: C.T. Simmons, AMA Association for Sensors

and Measurement. Data: [WIPO 2024])

The field is led by Material Analysis. Although
the proportion of the sum of all R&D effort go-
ing into measuring has been receding since
2003, the industry continues to invest very
strongly into R&D for analyzing materials. This
is the area with currently the most R&D effort of
all measuring and testing parameters.

The class “GO1N Investigating or analyzing ma-
terials by determining their chemical or physical
properties” had 9,000 publications in 2023, ac-
counting for over one-third of superclass “GO1
Measuring; Testing”. Significant R&D efforts are
focused on materials analysis. Figure 1.5 a)
shows a steady rise in PCT publications for this
subclass at a level close to 240 additional pub-

lications per year. Figure 1.5 b) reveals that,
while absolute numbers have increased, the rel-
ative share within GO1 since peaking in 2003
has been declining. Meaning the growth of the
number of publications under GO1N is slowing
down in comparison with the growth of its su-
perclass GO1.Where it once comprised half of
all GO1 publications it now comprises just under
40 %. The graph of Figure 1.5 b) is remotely
reminiscent of a portion of the Gartner style
hype cycle course [Gartner 2024] with its “Peak
of Inflated Expectations” followed by a “Trough
of Disillusionment”, now possibly headed for
the “Slope of Enlightenment”. Judged simply by
the sheer volume of patents being produced on
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Figure 1.6 PCT publications under “G01S Radio navigation”, a) absolute number, b) relative percentage of
patents compared to GO1. (Source: C.T. Simmons, AMA. Data: [WIPO 20241])

this subject, it surely demonstrates that materi-
als are a key topic in sensors.

The second largest field in patenting activity is

Radio Navigation. As can be seen in Figure 1.6,

it grows constantly.

The class “G01S Radio direction-finding; Radio
navigation; Determining distance or velocity by
use of radio waves; Locating or presence-de-
tecting by use of the reflection or reradiation of
radio waves” with 3,283 PCT publications in

&) Mumber of PCT Publications in

Subclass GOVR Flectromagretic
Wartables
1 a6

7505

fau i} 033

2023 accounts for more than 14 % of all PCT
publications under GO1 Measuring; Testing.

Despite the absolute growth in Figure 1.6 a),
the shape of the graph in b) shows that until
2008, GO1S was in relative decline, but has
since returned to growing strongly.

On third rank follows Electromagnetic Varia-
bles. After a slight temporary dip in R&D efforts
into measuring electromagnetic variables
around 2017, the level of R&D remains sub-
stantial and growing, see Figure 1.7.

b} Proportion of PCT Publications in

Subclass GOR Electromagnetic Variables
rel. to Superclass Measuring Testing

1%

L]
i) mx

Figure 1.7 PCT publications under “GO1R electromagnetic variables”, a) absolute number, b) relative percent-
age of patents compared to GO1. (Source: C.T. Simmons, AMA. Data: [WIPO 2024])
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The subclass “GO1R-Measuring electric varia-
bles; Measuring magnetic variables” has had
2,642 PCT publications in 2023, accounting for
more than 11 % of all PCT publications under
“Measuring; Testing”. The R&D activity for elec-
tromagnetic variables is growing at a high level
relative to superclass GO1 (Figure 1.7b), and
both curves point upwards. Time will tell
whether the 2023 data of graph b) is an outlier
or part of an upswing.

The upwards trend both in absolute number of
publications and in relative comparison with the
growth rate is also found in the fourth field,
namely Measuring Related to Distances, Lev-
els, Bearings, Surveying, etc., as can be seen
from Figure 1.8. This data may be related to
GO1S “Radio direction-finding; radio naviga-
tion”.

The subclass “GO1C Measuring distances, lev-
els or bearings; Surveying; Navigation; Gyro-
scopic instruments; Photogrammetry or video-
grammetry” has had 1,368 PCT publications in
2023, accounting for nearly 6 % of all publica-
tions under GO1 “Measuring; Testing”. Compari-
son with graph b) in Figure 1.8 shows this class
clearly growing faster than its superclass.

The R&D activity level for measuring geometric
properties is trending upwards while, since
about 2015, its relative proportion compared to
all of measuring and testing has been slowly

a) Mumber of PCT Publications in
Subclass GO1C Distance, Surveying

1 80D
1 666
1400
1 208
1 DD
[1i4]
1)
A06
200

B

] 201

falling behind the general development. The
subclass “G0O1B Measuring length, thickness or
similar linear dimensions; Measuring angles;
Measuring areas; Measuring irregularities of
surfaces or contours” ranks fifth in publication
frequency, with 1,216 publications in 2023, ac-
counting for currently just over 5 % of all PCT
publications under “GO1 Measuring; Testing”. In
the long term, geometric properties are gaining
in PCT publications, at a rate of + 50 publica-
tions per year, while in proportion to the entire
field of measuring, a peak around 2015 is fol-
lowed by a downward tendency, see graphs a)
and b) in Figure 1.9.

The course of graph b) in Figure 1.9 can be in-
terpreted as R&D activity in the realm of geo-
metric properties being headed for Gartner’s
“Trough of Disillusionment”.

A short-term tendency is difficult to discern, due
to data fluctuations. In any case, the develop-
ment outside of the last three years has been
positive, see Figure 1.9 a). However, the same
data relative to superclass “G0O1 Measuring;
Testing” indicates that the number of patent
publications on measuring geometric properties
is slowly falling behind the general develop-
ment of publication numbers for “GO1 Measur-
ing; Testing”.

Details of the above analysis of PCT data re-
sults are summarized in Table 1.2.

b) Percentage ol PCT Publications in
Subclazs GO1C (Distance, Surveyingh
rel. to Superciass G0 [Measuring:
Testing)

LB

%
2o 2033

Figure 1.8 PCT publications under “GO1C Distance, levels or bearings, surveying, etc.”, a) absolute number, b)
relative percentage of patents compared to GO1. (Source: C.T. Simmons, AMA. Data: [WIPO 20241])
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Figure 1.9 PCT publications under “GO1B Measuring geometric properties”, a) absolute number, b) relative
percentage of patents compared to GO1. (Source: C.T. Simmons, AMA. Data: [WIPO 2024])
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Table 1.2 Summarized details of the PCT data analysis.

1.2.2 Analysis of specific sensing fields

This approach uses Google Scholar to search
and aggregate patent titles and is therefore in-
dependent of the IPC classification. It is not
based on hierarchical context information as in
the case of IPC data, but instead provides flexi-
ble, unstructured analysis of any text. The que-
ries used in the following were case-insensitive
and restricted to patent titles only, and options
were set to the appropriate time periods, and to
alternately include and exclude patents.
[Google Scholar 2024]

Due to changes in energy supply, one could ex-
pect that numbers around Hydrogen and Sens-

n

ing are growing. However, judged by the num-
ber of patent titles concerned with measuring
hydrogen, R&D into measuring hydrogen is at a
comparatively low level and has been growing
quite slowly.

The current level lies about 25 patents per year,
increasing beyond this rate at a slow linear pace
of one additional patent every two years (Fig-
ure 1.10) [Google 2024_1]

VDI | Sensor Trends 2030
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Figure 110 PCT titles containing “Hydrogen Sen-
sors”. (Source: C.T. Simmons, AMA. Data: Google)

Another field that gets quite a lot of academic
attention is Quantum Sensing. Judging by the
number of patent titles concerned with quan-
tum sensors, R&D into this subject is currently
at a relatively low level but is rapidly gaining
momentum (Figure 1.11). [Google 2024_2]

Number of Patents Concerning
Quantum Sensors

25
m

15

2000 FieF |

Figure 1.11 PCT titles containing “quantum sensors”.
Searched and counted: patent titles containing
"quantum" and ("sensor" or "sensors" or "sensing").
(Source: C.T. Simmons, AMA. Data: Google)

The situation is slightly different for Smart Sen-
sors. From the number and yearly development
of patents concerned with smart sensors, it can

be judged that the R&D into this subject is cur-
rently at a moderate level but growing expo-
nentially at a rate of about doubling every six
years [Google 2024_3]. The current level is at
about 70 patents per yearin 2023 (Figure 1.12).

Mumber of Patents
Concerned With Smart
Sensors

B0

&0

40

20

2023

i Pl T L
b Al R i

Figure 1.12 PCT titles containing “smart sensors”.
Searched and counted: patent titles containing
“smart” and (“sensor” or “sensors” or “sensing”
(Source: C.T. Simmons, AMA. Data: Google)

A much more extreme development is found
with Sensors with Artificial Intelligence. Start-
ing extremely low, the growth rate has lately
been the highest in the specific sensors investi-
gated. (Figure 1.13) [Google 2024 _4].

Details of the above analysis of search results
are summarized in Table 1.3.

Several conclusions can be drawn from this pa-
tent analysis:

The sensor and measurement technology in-
dustry is highly active in R&D, with Asia
leading in the sheer number of patent publi-
cations.

Material Properties is by far the most active
R&D area but is losing momentum.

Radio Navigation Technology, while being
slightly smaller, is growing significantly.
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Figure 113 PCT titles containing “sensor” and “arti-
ficial intelligence”. Searched and counted patent ti-
tles containing “sensor” and ("neural networks" or
"neural network" or "machine learning" or "deep
learning” or "artificial intelligence" or "Al") (Source:
C.T. Simmons, AMA. Data: Google)

Technology for measuring distances, levels,
and bearings in surveying is on the rise.

R&D efforts are also growing in measuring
electromagnetic variables and geometric
properties like length, thickness, and angles.

Judging by the rate of patent publication,
“Hydrogen Sensors” are currently the subject
of only few patent publications and are
growing comparatively slow.

Hay FiedIngs from Facent Tick: Search

Patent publications on “Quantum Sensors”
are few but growing moderately.

“Smart Sensors” are gaining ground in pa-
tent titles, but at a moderate growth rate.

By growth rate of R&D patent publications,
Sensors with Artificial Intelligence are the
hottest topic in sensor technology.

1.3  Trends in Sensor Technology

Humanity is in the transition to an age of infor-
mation. This has many implications which find a
straightforward expression in mega trends like
digitization, Al, Industry 4.0/5.0 (Industrial Inter-
net of Things), etc., but also indirect implications
on megatrends like the shortening of innovation
cycles. Most of the time, discussion focuses only
on how to deal with information, how to pro-
cess it and perhaps how to create value from it.
However, the key question of where the infor-
mation is coming from is often forgotten or at
least does not stand in the limelight. It is com-
parable to studying the relevance of metals
without dealing with the ores and the mining
from where the metals are coming. Sensors are
the devices which do the mining of information.
Following this logic,we use the term sensors
not in the academic definition in which a sensor
only responds to a stimulus and transmits a sig-
nal, but understand a sensor as a device that
picks up a stimulus and transmits information
about the stimulus picked up.

Term Sesrched for n Peinmt publicabene

Recent proveth rake

. . laddibonal anmsal Rumarks
Fulank Titas n 2R R .
publications goa

(o il RO L) S =1 ol e prred 1 i ends e e
rkiminm sannsr s +15% T AT TRAR R R e ek el
LA el O 1A TR AT IR e e, Eeo el el
S will

! i LI TR AT P e pearn, ronreeiliel

e relrene

Table 1.3 Summarized details of the patent search data analysis.
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Figure 114 Schematics of a sensor

A sensor is a man-made device to acquire in-
formation on a process or an object that picks

up a stimulus and transmits information
about the stimulus picked up

Figure 1.14 underlines this understanding of
sensors, as sensors are typically part of a deci-
sion-making chain where the information ob-
tained is used to influence (control or regulate)
processes regarding predefined criteria (target
function). Sensors are man-made devices that
react in particular to a physical or chemical vari-
able, provide corresponding information about
this variable mostly in the form of an electrical
output (Figure 1.4) but are usually also influ-
enced by other, interfering variables (tempera-
ture, humidity, light, etc.). These relationships
between the measured variable, the output car-
rying the information and the disturbance lead
to important requirements for the properties of
sensors, which are summarized in Table 1.4,
and which are also discussed in the different
parts of this study.

The above-mentioned difference between
“transmits a signal” and “transmits information”
sounds minute, but lays the basis for the smart
sensor discussed in detail in Chapter 4. It also
happens more and more often that one asks for
a sensor, but what is actually expected is a sen-
sor module that can be integrated with ease in
the application at hand. And finally, it also
makes it easier to give an overview of the gen-
eral trends in sensorics.

Table 1.4 The six S that describe the success of sen-
sors (Source: [Gerlach 2021, Gerlach 20231)

Sensitivity: Sufficiently high sensitivity (rela-
tionship between output signal as carrier of the
information and stimulus)

Selectivity: Output signal should only depend
on the stimulus as measuring quantity.

Stability: Properties of the sensor should be
constant.

Settling time/speed of response: Sensor
must react sufficiently fast in order to influ-
ence processes at a sufficiently fast rate.

Signal-to-noise ratio/Limit of detection:
Noise in/by the sensor must be sufficiently low
compared to the signal to deduce significant
and reliable information.

Sales aspect: New sensors have to provide
higher value by improved properties and/or
functionalities (e.g., better long-term stability,
smaller limit of detection, faster sensor re-
sponse) and/or have price advantages due to
simpler or more efficient manufacturing tech-
nologies, if they want to establish themselves
on the market.

1.3.1  Classification of Sensors

Sensors can be classified according to different
aspects, e.g., from the point of view of the input
variable to be measured, with regard to the
mostly electrical form of the sensor signal, with
respect to the physical conversion mechanism
or in relation to the manufacturing technology.

Which stimulus is sensed? As energy is in-
volved in all natural processes (including living
organisms), thermodynamics is particularly im-
portant. Accordingly, pressure and temperature
sensors are the most commonly used technical
sensors. The same applies to volume-character-
izing sensors for level and flow. However, sen-
sors for other mechanical (and acoustic) varia-
bles as well as electrical, optical/radiation and
magnetic sensors and chemical and biochemical
sensors are also widely used. All these sensors
are considered in Chapters 2 (physical sensors)
and 3 (chemical and biochemical sensors).
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What is the electrical interpretation of the re-
sulting information? As shown in Fig. 1.1, the
information about the quantity to be measured
can be represented in various forms: as a
change in resistance, capacitance or inductance,
as a self-generated or electrically modulated
(e.g., frequency-modulated) signal [Middel-
hoek], analog or digital, as a standardized sig-
nal, without or with signal or data processing.
This is addressed in this study in Chapter 4.

Fabrication aspects of the sensor. An im-
portant issue for the properties, but even more
for the cost of the sensors, are questions related
to the production, integration and packaging of
sensors, which are closely linked to the number
of units to be produced. These current develop-
ments are examined in detail in Chapter 5.

1.3.2 General Trends

Increasing accuracy, decreasing uncertainty
of measurement. The first general trend which
is found here and which is also found in virtually
any report on sensors is the increasing precision
and accuracy that sensing and measuring de-
vices are achieving. The trend is one that some
authors claim to be persistent through the
whole development of humanity, e.g., when
studying how time, length or weight measure-
ments developed. The rate at which the meas-
urement uncertainty is improving is very tech-
nology-dependent and ranges from 26 % for
time measurement to 6 to 14 % for length
measurement. This trend in measurement un-
certainties has many implications, e.g., it ena-
bles miniaturization which is one of the key rea-
sons why computation power experienced ex-
ponential growth over the previous decades.
This trend is also the basis for why the technol-
ogy gap in the frequencies between high fre-
quency electronics and infrared is continuously
closing. On the one side, one sees how frequen-
cies in communication, radar technology, etc. are
rising, and on the other, there are optical solu-
tions for increasing wavelengths. There is no in-
dication that the continuous race to growing ac-
curacy will end in the foreseeable future. The
rates might change as has been the case with
time measurements lately with the switch from
microwave to light-driven clocks, but a termina-
tion cannot be foreseen.

Miniaturization. In contrast to the trend to-
wards ever smaller measurement uncertainty,
the trend towards ever smaller dimensions has
increasingly clear limits. It is therefore left to the
reader if one really wants to put miniaturization
on the list of trends. While some sensors will
keep on shrinking, other technologies will reach
or have been reaching their reasonable limit due
to physical limitations. For instance, microelec-
tronics is limited by atomic scale, microfluidics is
limited by cell size (for cellular assays) and low
concentration (there must be a sufficient num-
ber of molecules to meet the quantification pre-
cision set), and limitations in optics are caused
by the diffraction limit. The latter example also
underlines in an excellent way that by “chang-
ing the rules”, once set limits can be broken,
e.g., nearfield optics and STED microscopy over-
come the diffraction limit. The trend for minia-
turization hence has to be looked at in a differ-
entiated way. Another reason for this is that
miniaturization very often goes hand in hand
with higher challenges to reach good signal-to-
noise levels or measurement effects, and with
increased processing/manufacturing costs (per
manufacturing run). One should also mention
that, sometimes, devices stop shrinking because
humans still have to be able to handle them,
e.g., point-of-care testing solutions. Hence, for
all of the reasons given above, miniaturization
increasingly has to be motivated by matching
markets, which leads to the next major trend.

Exponential demand on information in our in-
formation society. The third trend is that the
ranges and areas in which sensors are used are
growing. This is true not only in a global sense,
but very often even for all individual technolo-
gies. The reason for this can be found on differ-
ent levels. One aspect is surely that an infor-
mation society requires more information input.
Also, the increasing automatization of all as-
pects of life requires information about the situ-
ation one is in to allow to control it and to ap-
propriately react to it as quickly as possible.
How sensors are an integral part of such control
circuits can be seen in Figure 1.15.

A second reason might lie in the nature of inno-
vation as outlined by Drucker as long as 40
years ago [see Drucker 1985; Drucker1986;
Drucker 2002]. It is a lot easier and less risky to
find innovative applications for established
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technologies than to bring forward new high-
tech technologies.
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Figure 1.15 Sensors as a part of control circuit
(Source: Gerlach 2021)

This corresponds with the frequent requirement
to guarantee a sufficiently accurate measure-
ment over years or even decades, and this often
under harsh conditions. This extreme demand
for reliability of technical systems and, hence, of
sensors often causes sensor manufacturers to
act in a very conservative way.

A last reason might be purely economic: that
companies, but also academic research groups,
try to expand their business by establishing
new markets and new applications. In contrast
to other sensor trend studies, we name this
trend here in a very abstract way, but we ought
to mention that it can be found more specifically
elsewhere, e.qg., the trend for MEMS for gaming,
MEMS for medical applications, smart textiles,
etc. However, since the trend of broadening the
application range is more driven by economic
and societal trends, it is hard to make predic-
tions from a technology standpoint.

Sensor systems replace sensors. The fourth
trend is towards more complex sensor systems.
To grasp this trend, one has to jump back to the
understanding that a sensor is a device that
provides information about the state or proper-
ties of an object or process and its environment.
The value of this information is increasing the
better is allows to draw conclusions and to act
accordingly. In a traditional way of thinking, this
means that one has to decrease the measure-
ment uncertainty, increase the selectivity, in-
crease the sensitivity and minimize the effect of
nuisance factors. sensors will develop to have
not only a single transducer that allows only to
read a single value, but they will have many el-
ement both in hardware and in the process they
are operated to allow for multiple value read-
ings. Prominent examples are self-X, smart sen-
sors and multi-sensor systems. More examples

can be found in Chapters 2 to 4. A closer look
shows an interplay of many elements which is
more and more often no longer linear. Once the
interacting elements rise above a critical level,
such a system can no longer be understood as
just a complicated system, but the behaviors get
complex and thus requires new ways in dealing
with them. The interplay of a growing number
of elements which sometimes have a very intri-
cate inner life can also be seen in manufacturing
trends such as different types of integration,
e.g., system on chip. Hence, the trend to com-
plex systems is found in virtually all levels of
sensors, i.e., system design, transducer inter-
play, operation, signal processing and manufac-
turing.

Making decisions instead of just measuring a
quantity. A striking point in this trend is that
there is a growing number of cases where the
information is no longer mediated via a high-
quality number of a physical or chemical quan-
tity, but via a qualitative or quantitative output
like OK/not OK or high/medium/low, directed
more towards a reaction on the measurement
rather than on a value of a single parameter. In
medicine, it is common practice to use surrogate
parameters to make treatment decisions, and
there is a high likelihood that Al-based data
evaluation can achieve that as well. Also, not all
decisions to be taken need high-quality meas-
urement results. And, finally, with the help of
statistics, the evaluation of many low/medium
results can also lead to a high-quality outcome.
The use of multiple sensors that were originally
not intended for such a purpose and that still
lead to good decisions shows that the way to
results might get more complex and might be
reached differently from how it was done in the
past. This trend is feasible for three main rea-
sons: improvements in manufacturing (e.g., sys-
tem on chip), growing computation power, and
falling prices of sensors and transducers which
allows for using more than just one sensing ele-
ment.

Falling costs and decreasing energy con-
sumption. The reason why these two trends
are named together is that both trends are only
visible if one compares sensors with exactly the
same performance. When comparing sensors at
the state-of-the-art level, these trends are less
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obvious or it might even seem that both energy
consumption and prices are rising.

Sustainability. It has to be mentioned that there
are further developments which are not sensor
specific. One is lowering the environmental im-
pact, e.g., by removing lead from electronics
and, lately, by eliminating per- and polyfluoro-
alkyl substances (PFAS). It is likely that require-
ments for recyclability will raise and that further
sustainability requirements will arise. A similar
development is that interfaces are standardized
to enable high ease of integration of sensors.

Solutions for every demand. A final note has
to be made that there are also several develop-
ments which are divergent. Examples of such
developments are the use of edge or cloud
computing. Also, the last sensor trend report al-
ready showed that there is an increasing num-
ber of “low cost/moderate performance” sen-
sors that are vastly used, and at the same time
“high cost/high performance” sensors are used
for non-mass applications. These diametral de-
velopments show that specialized sensors will
be needed to make it possible to pick the most
appropriate sensor solution for the challenges
at hand. This will require a good overview of
available solutions and deep insight into the re-
quirements of the applications. Chances are
high that in the future, the best solution will in
more and more cases no longer be the obvious
and most trivial one.

High reliability and low measurement uncer-
tainty of sensors cause continuous advance-
ment rather than disruptive development. Since
most of the above trends reflect very continuous
changes, the reader might ask which surprises
are to be expected. One has to admit that ab-
rupt changes are either due to inventions that
show how things can be done totally different,
e.g., nano-pore sequencing of DNA or new gas
sensing materials, or that a technology slowly
but steadily develops up to the point where it is
ready to be applied widely, e.g., Al due to in-
creasing computation power and availability of
data. The curious reader is invited to visualize
such claimed disruptive innovations. For the
most part, one does find a kind of step function
(market introduction of new sensor solutions) on
a linear scale and a linear one on a logarithmic

scale. Hence, the later ones can be predicted,
but very often it is unclear when they will go vi-
ral, because the critical level is unclear. Al and
3D printing, to name only two examples, had a
(several) decades-long history prior to the point
when they became a megatrend.

1.3.3 Technological Readiness of Sensors

Two laws on sensors have been postulated:

The number of sensors fabricated annually dou-
bles about every five years [Simmons]. This
trend is driven mainly by the larger and larger
demand on sensors in all areas of industry and
technology as mentioned above.

The number of scientific publications on sensors
doubles about every four years [Gerlach 2021].
Analogous to Moore's law, this describes an ob-
servation and projection of a historical trend and
is therefore by no means a law of physics. Inter-
estingly, it has been shown that this current ex-
ponential growth in publications is in no way
coupled with a corresponding increase in inno-
vations, but is caused by the ever-increasing
pressure to publish in academia. In order to re-
alistically speak of a “sensor”, the influence of
possible interfering variables (selectivity) and
the reproducibility of the sensor properties
would have to be thoroughly investigated not
only in terms of sensitivity but also over suffi-
ciently long measurement times (long-term sta-
bility).

The maturity of a particular technology during
its development process can be judged by
Technology Readiness Levels [Heder 2017]. In
2013, the TRL scale was canonized by the
Standard ISO 16290:2013. To reliably achieve
this for the commercially usable sensors with
respect to the six S mentioned in Table 1.1,
both the sensor principle and the fabrication
technology must be mastered extremely well,
as already stated above [see Gerlach 2021]. For
completely new sensor solutions, the develop-
ment time from the lab R&D phase to a market-
able product and then to a mass product has
shortened significantly in recent decades, but
still amounts to about 10 years [see Eloy 2014].
[t is difficult to estimate the extent to which this
period could be shortened in the future.
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2 Physical Measurands

(Stockel, C.; Zimmermann, S.)

Sensors measuring physical quantities are a
fundamental cornerstone of modern technology.
They convert physical parameters such as tem-
perature, pressure, force, inertial signals, sound,
ultrasound, and magnetic fields into electrical
signals that can be analyzed and processed.
This data is crucial for a wide range of applica-
tions in industry, medicine, environmental moni-
toring, and everyday life, providing precise and
reliable information necessary for the control,
monitoring, and optimization of processes and
systems. Also, they are the most prominent pa-
rameter since everyone uses them daily in the

omnipresent technical devices like smartphones.

Within this chapter, a tour through these differ-
ent properties is taken.

2.1 Mechanical Measurement
Quantities

(Schafer, A.; Stockel, C.; Stoppel, F.; Uebbing,
J.; Zeller, H.; Fischer, M.; Hampel, T.; Leh-
mann, T.)

Mechanical measurement quantities have al-
ways been closely connected to the develop-
ment of mechanical engineering, machine man-
ufacturing and particularly of automotive indus-
try [Bonfig 1988].

In many measuring tasks, mechanical quantities
on solids like strain in general, force, pressure,
torque, vibration, acceleration and number of
revolutions (rpm) are of interest besides geo-
metrical quantities for the coordinate measuring
technology (such as length, displacement, thick-
ness, angle, tilt, and position).

What are the commonly used physical pick-up
principles for sensors of mechanical measured
qguantities? Two basic principles are dominating:

Out of the pick-up principles used, the electrical
foil-type strain gauge is the longest available,
reliable and very accurate principle, which is
based on resistance change by strain (resistive
principle) [Hoffmann 1987]. Furthermore, the
strain gauge sensor and device technology are
well developed and have been commercially

available for a long time. In many fields of
measurement, the theoretical and technological
issues of this principle have largely been clari-
fied at a high level. This is also the reason why
strain gauges are used widely in the worldwide
traceability system as transfer standards (to
trace back force, torque or pressure back to na-
tional standard). For force, torque and pressure
sensors a well dimensioned measuring body is
required to get a sufficient signal.

With the strain gauge principle, the change of
the resistance is based on the geometric change
of the conductor (which dominates for the most
strain gauges) and the piezoresistive effect at
semiconductor strain gauges.

The latter is the change of the resistivity of a
material (metal, silicon) when mechanical strain
is applied.

The second pick-up principle is based on the pi-
ezoelectric effect, which is the ability of certain
solids to generate an electrical charge in re-
sponse to mechanical stress. The charge pro-
duced in the piezoelectric material is propor-
tional to the force applied and can be used as a
measurement signal in a charge amplifier. Since
the development of the first charge amplifier in
1950, this principle can be used for highly-ac-
curate dynamic and quasi-static measurements
of mechanical quantities.

Strain Measurement in General

In the fields of structural analysis, material char-
acterization and validation of computational
models, strain measurement is frequently re-
quired. The most commonly principle used is
the foil strain gauge as introduced above. Preci-
sion strain gauges of various designs and appli-
cations are available for this purpose [Schafer,
2023]. Piezoelectric strain sensors are applied
for industrial applications, e.g., the monitoring of
different types of machinery such as presses
and automatic assembly machines.

Another strain measurement principle worth
mentioning, which is increasingly being used, is
fiber optic sensor technology (Figure 2.1), e.q.,
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fiber Bragg gratings and distributed fiber-optic
sensors.

Figure 2.1: Strain gauge, Strain meter, Rosette and
Accelerometer can all be realized in fiber optic sen-
sor technology (Source: HBK)

Force Sensors

Sensors for force measurement are mainly
based on the two different measurement princi-
ples: the strain gauge (foil-type strain gauge,
Figure 2.2) and the piezoelectric principle. The
first one is suitable for static and dynamic meas-
urements while the piezoelectric principle is
dedicated in particular for dynamic measure-
ments.

Figure 2.3: Force Sensor U10M (Source: HBK)

Strain gauges are not only the basis for force
transducers (Figure 2.3), but also for load cells
calibrated in kg (Figure 2.4).

T Y P

Figure 2.4: Load cell of PW Series (Source: HBK)

Piezoelectric force sensors, respectively piezoe-
lectric force transducers or load cells, are per-
fectly suited for the precise measurement of
compressive and tensile forces, both in highly
dynamic applications and in quasi-static pro-
cesses. One of the most important piezoelectric
materials is quartz (SiO2) (Figure 2.5). Other
synthetic crystals are used for applications
where high-temperature stability or high sensi-
tivity is required (see Chapter 5.2).

Figure 2.5: Quartz crystals and transduction ele-
ments, (Source © 2024 Kistler Group)

Depending on the direction of the applied force
and the position with respect to the polar axes
of the crystal, the piezoelectric effect occurs lon-
gitudinally (in the direction of the force), trans-
versely (with respect to the force) or as a shear
effect. Piezoelectric sensors can, therefore, be
integrated in a variety of ways (Figure 2.7). Due
to the combination of small displacements and
the high stiffness of the crystal structure, ex-
tremely rigid structures can be realized featur-
ing high natural frequencies. This is ideal for
capturing very fast or high-frequency events up
to the 1 MHz range. Figure 2.6 shows a force
transducer for compressive nominal force of

50 kN, with a compact stainless design, for op-
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eration with a charge amplifier. Quite common
in industrial applications are the so called Inte-
grated Electronics Piezo Electric (IEPES) trans-
ducers (Figure 2.7). This describes an industry
standard for piezoelectric sensors with built-in
impedance converter electronics. For a compre-
hensive overview on piezoelectric sensors see
[Gautschi 2002].

Figure 2.6: PiezoelectricForce Sensor CFT+/50kN
(Source: HBK)

Figure 2.7: Piezoelectric Force Sensors for (highly)
dynamic measurements with IEPE or charge output
(Source © 2024 Kistler Group)

Pressure Sensors

Piezoresistive pressure sensors (Figure 2.8) es-
pecially in their miniaturized form are based on
silicon semiconductors and mostly realized as a
MEMS (micro-electromechanical system). For
the larger sensors, however, the sensor princi-
ple is most frequently based on metallic strain
gauges using the resistive principle. Pressure
MEMS are usually based on a membrane princi-
ple. For high-temperature applications, silicon-
on-insulator (SOI) technology is applied.

Figure 2.8 Miniaturized barometric pressure sensor,

based on Piezoresisitve principle (Source: CiS For-
schungsinstitut fiir Mikrosensorik, Nadin Jurisch)

Pressure sensors based on the piezoelectric
principle (as explained above) are used for
quasi-static and in particular dynamic measure-
ments. Sensors like the ones in Figure 2.9 ex-
hibit a high natural frequency of more than

500 kHz and are thus ideal for applications
where fast pressure rise times of up to 1 ys
have to be measured. Additionally, piezoelectric
pressure sensors like the one in Figure 2.10 are
ideal for the measurement of very small pres-
sure changes (pressure pulsations) at high static
pressure levels. These enable the long-term
measurement of very small pressure pulsations
with high resolution and excellent signal-to-
noise ratio for a frequency range of over

100 kHz.

Figure 2.9: Left: Pressure Sensor 2200C (Source:
Dytran Instruments); right: Kistler

Pressure Sensor 603C, featuring a rise time

< 0.4 us within a temperature range of -196 to
200 "C (Source © 2024 Kistler Group).

Figure 2.10: Piezoelectric pressure sensor Type
6635A1 for closed-loop cylinder pressure control
(Source @ 2024 Kistler Group)

For the measurement of high pressures

(> 2 kbar resp. 200 MPa), improvements are
continued to be made in the different pick-up
principles, i.e. piezoelectric, piezoresistive, or foil
type strain gauge elements (Figure 2.11).
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Figure 2.11: Left: High Pressure sensor foil type
strain gauge: Pressure Sensor P3 Top Class BluelL-
ine (Source: HBK); right: piezoelectric high pressure
sensor 6213B for dynamic measurements up to

10 kbar (Source ® 2024 Kistler Group)

Accelerometers

Basically, an accelerometer is a dynamic force
sensor on which a seismic mass is attached. The
measuring signal is proportional to the occurring
acceleration. The constant mass m, also called
seismic mass, evokes a force F due to the mass
inertia when it is accelerated. Calibration deter-
mines the relationship between acceleration a
and force F. Accelerometers are extremely com-
mon in dynamic testing. Microelectromechanical
system (MEMS) accelerometers based on a
capacitive measuring principle are used for
static and low-frequency measurements (Fig-
ures 2.12, 2.13).

Figure 2.12: left: Dytran 7500 Series Super compact
Singe Axis Variable Capacitance MEMS Accelerome-
ter 8Source: HBK); right: high-sensitivity, low-noise,
single-axis accelerometer K-Beam 8316A (Source ©
2024 Kistler Group)

Shown below is a piezoresistive strain gauge
accelerometer realization (Figure 2.13). This
combines two advantages: on the one hand, it is
able to measure static acceleration, and on the
other, it is able to measure velocity by integra-
tion of accelerometer value by means of elec-
tronics, a real smart-sensor (see Chapter 4) ap-
plication.

Figure 2.13 Microstrain 3DM-GQ7-GNSS/INS, Accel-
erometers covering an enormously wide measuring
range, in some cases up to more than 100'000 g.
(Source: HBK)

The third alternative approach is to use piezoe-
lectric effect (Figures 2.14, 2.15, 2.16) which
can have robustness and sensitivity advantages
and feature a wide measuring range.

e

L

-.
Figure 2.14: Left: HBK Type 4383 HS Accelerometer
(Source: HBK); right: ultra low-noise triaxial accel-
erometer 8788A featuring a noise level of only

42 g in the 5 g range (Source © 2024 Kistler
Group)

Figure 2.15: Dytran 3215 Series Accelerometer, par-
ticularly suitable for both aircraft applications and
the space industry; the measuring body is made of
titanium, hermetically sealed. (Source: HBK)

Torgue Sensors
For torque sensors, the commonly used pick-up

principle is the strain gauge principle (Fig-
ure 2.17). Generally, they can satisfy even very
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Figure 2.16: World's smallest triaxial accelerometer
which measure vibration in three orthogonal axes,
weighing only 0.9 grams (Source © 2024 Kistler
Group)

demanding requirements in terms of measure-
ment uncertainty. Basis for this extraordinary
performance of this kind of torque sensors is
that temperature dependency can be neglected
anyway and even humidity is no problem as the
rotor is a firmly encapsulated block. Such torque
sensors can also run a very high turning speed,
such as 20,000 or even 30,000 rpm, and can be
found over a wide range of nominal torque.

Figure 2.17: left: Flange type torque transducer
T12HP (Source: HBK); right: Shaft type sensor 4503B,
for high-speed torque measurements, both based
on foil type strain gauges (Source © 2024 Kistler
Group)

Classified according to their shape, there are
two types of designs for torque transducers.
The traditional one is the shaft transducer, i.e.
measuring shaft, and there is the more recent
and more up-to-date design: the measuring
flange.

Users may find the shafts easier to integrate
into their machine design, especially if it is about
measurement of small torques. At the same
time, shaft sensors are also more elastic than
the measuring flange and suited for easy inte-
gration for fast and dynamic measurements.

If the task is to measure larger values of torque,
then the measuring flange is clearly the prefera-
ble design. In automotive engineering, it can be
assumed that more than 90 % of the transduc-
ers used to measure torque are measuring
flanges, because this makes it possible to build
up much shorter test benches.

Torque measurement origins from the need of
automotive industry for power and efficiency
determination and the need for further optimiza-
tion of these two quantities. An application ex-
ample in renewable power generation is the ef-
ficiency estimation of a wind turbine. Regarding
the newly arising electromobility, if one wants
to improve the efficiency evaluation of an elec-
tric motor, one has to deal with the mechanical
power generated by the motor as well as for
the electrical power put in. Electrical power is
calculated by the mathematical product of cur-
rent and voltage. For further progress, the
cross-connection of the mechanical and electri-
cal power determination must be strengthened
to further reduce the overall measurement un-
certainty [Schafer 2019].

In addition, non-contact torque sensors based
on magnetostriction have opened completely
new areas of application in torque measurement
technology (Figure 2.18).

g

¢

Figure 2.18: Non-contact torque measurement
(Source: NCTE AG)

In magnetostriction, the length of a body
changes under the influence of an external
magnetic field. The reverse principle is the so-
called inverse magnetostrictive effect: When a
force acts on a magnetically encoded compo-
nent, the magnetic field changes are used to
measure torque. The change in the magnetic
field can be observed and measured directly,
very accurately and reproducibly even under
difficult external conditions. The sensors work
at very low field strengths; the component itself
does not become a magnet.
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Every steel component, such as a drive shaft,
can be encoded in such a way that an electrical
component can measure mechanical forces such
as torque and shear precisely without contact.
This magnetic coding is long-term stable (rema-
nent). The discrete secondary sensor is easy to
integrate in various applications. An example
where this contactless technology is essential
for success is the e-bike boom: the precise
measurement of the forces applied by the rider
on the rotating shaft is the basis for a harmoni-
ous riding experience. Other areas of application
that torque sensor technology has advanced in
recent years are agricultural engineering and ro-
bots.

Superlatives Needed

In both force and torque measurement, with the
development of mechanical engineering, the
measurement of very high nominal values, such
as meganewton (MN) and meganewtonmeter
(MN-m) is required. The reason is that in many
pioneering applications such as rolling stock as
well as wind energy generation by wind tur-
bines, highest torque values and forces occur
(Figure 2.19).

Figure 2.19; Torque transducer capable of measur-
ing in the kN'm/MN-m range have an impressive
size. (Source: HBK)

Although such sensors are quite expensive,
they are considered necessary for further pro-
gress. Thus, several metrology research projects
with different National Metrology Institutes
(NMls) and partners from industry aim for the
development of torque transfer standards even
in the higher MN-m range. They come with an
integrated, modularized digital architecture as a
platform for mechanical performance measure-

ment in nacelle test benches [Schafer 2024]
(Figure 2.20).

Figure 2.20: 400 kN'm Torque calibration device,
(Source: HBK)

Reference Torque Sensors

For the sake of completeness, a further group of
torgue sensors should also be mentioned: the
torque reference transducers, serving as trans-
fer standards for the mechanical quantity torque
and usually also based on strain-gauge tech-
nology. Torque transfer standards are meant for
inter-laboratory comparisons such as between
different countries. According to this purpose, it
is a non-rotating, shaft-type reference torque
transducer, specifically for use as transfer
standard in calibration labs in compliance with
DIN 51309. An example is the Torque Transfer
Standard type TN of HBK, covering nominal
rages from 100 N-m to 20 kN-m. As mentioned
before, it is part of the equipment used in NMls
for the quantity torque but also in secondary la-
boratories of accredited bodies such as DAKKS,
the national accreditation authority of the Fed-
eral Republic of Germany.

Turning speed (RPM)

In connection with efficiency determination, also
torque has to be determined, since mechanical
power is torque times rpm (revolutions per mi-
nute). Accurate measurement of such large tor-
ques is still critical and not sufficiently investi-
gated yet.
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Therefore, traceability of rotational speed is a
subject which also needs further attention, as
for rotational speed, there is no accredited
standard with actual rotation at the moment.
Presently, speed measurement is listed to-
gether with frequency measurement in meas-
urement class “KO3"[Accreditation Advisory
Board 2015], using an electrical or optical stim-
ulus generated by a calibrated frequency gener-
ator and the relevant procedure described in the
appendix of accreditation certificates. This is a
problem, as in contrast to reality, there is no ac-
tual rotation here. Therefore, substantial pro-
gress is required soon in order to properly rep-
resent this measurement quantity.

2.2 Acoustic Sensing

(Stoppel, F.; Schafer, A.; Betz, B.; Nooshin, S,;
Woeckel, S.)
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Figure 2.21: Overview of the operating principles for
the production of sound and ultrasonic transducers

Acoustic sensors are ubiquitous in our everyday
lives as microphones and ultrasonic transducers
use a wide range of operating principles (Fig-
ure 2.21). Microphones are defined as acoustic
sensors that operate in the audible frequency
range, which is usually set in a range of around
20 Hz to 20 kHz. The frequencies above 20 kHz
are called ultrasound.

A typical application of microphones is the
acousto-electrical conversion of signals in com-
munication. Microphones are also used for the
presence detection of people and objects [Bar-
jatia 2016] as well as for sound or noise moni-
toring.

Ultrasonic transducers operate in higher fre-
quency ranges to perform a variety of measure-
ment tasks in gases and liquids. This includes
distance measurement, material detection and
testing, and acoustic imaging. To perform these
functions, the ultrasonic transducers are usually
actuators and sensors at the same time (Fig-
ure 2.21). The higher the frequency, the shorter
the wavelength and the higher the spatial reso-
lution. The acoustic components for ultrasound

are acousto-electric transducers, which are
mostly used as actuators and sensors. They
generate a sound signal that is radiated into the
environment. In this environment, the signal is
reflected, scattered and absorbed. The same or
a different transducer then picks up the acoustic
signal and generates an electrical signal from it.
Optoacoustics is a special form of acoustic con-
version chain [Chen 2014]. Here, an object is ir-
radiated with light. The resulting thermal-ex-
pansion in the material generates a sound sig-
nal that is picked up by the ultrasonic trans-
ducer. This principle is used in gas analysis or
medical technology.

The first industrial products were the condenser
measuring microphones of the company HBK
(formerly Briel & Kjaer) from the 1960s. The
latest generation of these sound measurement
units (HBK 4180 or HBK 4966) still set the
standard in the field of sound measurements.
The application of acoustic sensors ranges from
laboratory standard microphones as a measure-
ment standard to free-field microphones which
are used for sound pressure measurementin a
frequency range of usually 1 Hz to 20 kHz. To-
day, these meters are sometimes available
wirelessly as hand-held devices (Figure 2.22).

All acoustic sensors are acousto-electric trans-
ducers in their field of application and frequency
range. This means that the systems have to
convert acoustic energy into mechanical energy
(strain or mechanical stress) and then into elec-
trical energy. In the case of acoustic transmit-
ters, the transducer works reciprocally. Various
change principles are used for electromechani-
cal conversion. These include electrodynamics
or electromagnetics, electrostatics or piezoelec-
tricity (Figure 2.21).

Figure 2.22: Example of a wireless sound level me-
ter HBK 2255 (Source: HBK)
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Electrodynamic transducers are usually mem-
branes that are connected to a magnet. The
magnet, in turn, is wrapped with a coil. Due to
the Lorentz force, an electrical signal is gener-
ated when moving. By using a magnet as a
solid, only limited miniaturization is possible,
making these converters not suitable for higher
frequency ranges. Typically, these electrody-
namic sensors are used in microphones. This
transducer principle and the technologies asso-
ciated with it are well known. New sensor
trends can be expected through the use of mi-
crotechnologies that enable the production of
micromagnets.

Acoustic sensors can also work on the basis of
electrostatics. In this process, an electric field is
applied between plate capacitors. One or both
electrodes are suspended in a mechanically
movable manner. The acoustic wave generates
a deflection of the moving components, which
leads to a change in the capacitance, or the die-
lectric flux. This electrical signal is equivalent to
sound pressure. A sensor trend in capacitive
acoustic sensors is the use of microtechnologies
for the cost-effective, reliable and scalable pro-
duction of microphones and ultrasonic transduc-
ers. The miniaturization of the individual capaci-
tive components makes it possible to generate
high sensitivities of the transducers, as even the
smallest sound amplitudes cause a significant
change in capacitance. Technologically, two ap-
proaches are used for the production of plate
capacitors. The components can be applied hor-
izontally or vertically to the substrate surface
(Figure 2.23). In the frequency range of ultra-
sound, horizontal membranes are usually inte-
grated using microtechnology. These sensors
are called CMUTs (capacitive micromachined ul-
trasonic transducers).

The third transducer principle for the use of
acoustic sensors is piezoelectricity. A piezoelec-
tric crystal undergoes strain or mechanical
stress from a sound wave and intrinsically gen-
erates an electrical charge. This is the most fre-
quently used operating principle for acoustic
sensors in the field of medical ultrasound or in-
dustrial sensor technology. Traditionally, bulk
converters made of lead-zirconate-titanate
(PZT) have been used to manufacture these
Sensors.

Figure 2.23: Micromechanical MUTs based on verti-
cal comb electrodes for microphones and loud-
speakers (Source: Fraunhofer IPMS)

The high piezoelectric coefficients lead to a very
high sensitivity. The technology is mature. In the
case of bulk converters, there is an increasing
trend towards new materials to replace lead-
containing PZT and thus comply with an expir-
ing EU special regulation on RoHS-compliant
resources. An example of this new class of ma-
terials are KNN-based transducer elements
[Zhang 2020]. These are also characterized by
excellent piezoelectric coefficients, but currently
still have to prove their reliability in the temper-
ature range of the respective application. As
with the other two converter principles, there is
also a major trend in piezoelectricity towards
the use of microtechnologies in manufacturing.
In addition to the already mentioned ad-
vantages of scalability, cost-efficiency and relia-
bility, PMUTs (piezoelectric micromachined ul-
trasonic transducers) show other significant ad-
vantages over bulk converters. In bulk transduc-
ers, the piezoelectric material is both an electro-
mechanical transducer and an electroacoustic
transducer. PMUTs (as well as CMUTs) sepa-
rate these two converters into two devices. A
silicon diaphragm acts as an acoustomechanical
transducer and determines the resonant fre-
quency (operating frequency). The piezoelectric
element defines the electromechanical conver-
sion. As a result, the operating frequency is de-
termined by the design of the movable silicon
element, and the piezoelectric transducer can be
carried out according to the requirements of the
electrical system components. For example, pie-
zoelectric transducers in PMUTs are usually
500 nm to 2 ym thin, which leads to a high
electric field per strain, or mechanical stress.
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Bulk converters, on the other hand, are geomet-
rically designed based on the operating fre-
guency and have much higher material thick-
nesses. In addition to PZT, aluminum nitride
(AIN) and aluminum scandium nitride (ALScN)
are also present as transducer materials in the
field of PMUTs. The small dielectric constant
compared to PZT results in a lower capacitance
and this, in turn, allows for a higher electrical
voltage for an identical generation of charge
carriers. PZT, on the other hand, has the ad-
vantage of higher piezoelectric coefficients,
which generates higher amounts of charge car-
riers. Piezoelectric transducers enable zero-
power systems. The transducers generate their
charge carriers intrinsically during an acoustic
event. This means that the sensor does not re-
quire an extra electrical power supply to switch
an electronic circuit from a passive energy-sav-
ing mode to an active mode [Pop 2019], but can
use the power generated by the PZT in event
that triggers the PZT based transducer. This
trend can be seen in a number of products that
are already available in industry, such as MEMS
microphones.

In addition to the strong miniaturizability, MEMS
technology offers the possibility of integrating a
large number of acoustic sensors on a compact
chip [Stoeckel 2018] regardless of the trans-
ducer principle (see Figure 2.24). This is mainly
used in the ultrasound range where spatially re-
solved measurements and high-resolution im-
aging are possible via arrays.

Figure 2.24: Example of scalable production of a
large number of ultrasonic transducers using silicon
microtechnologies (Source: TU Chemnitz)

New fields of application for acoustic sensor
technology and trends are manifold. One exam-
ple is the measurement of gases in potentially
explosive environments, especially in hydrogen

technologies [Hashwan 2023]. However, the
non-invasive nature of the sensors also enables
new applications in gas analysis in medical
technology [Marshall 2015].

For gas and fluid measurements (level, flow,
distance, etc.), the use of microtechnology offers
the possibility to build up dozens to tens of
thousands of individual elements per sensor,
which enables sound field manipulation (focus-
ing, beam shaping). By using high operating fre-
qguencies, the resolution of time-of-flight (ToF)
signals is greatly increased (see Figure 2.25).

In auditory sound, microphones are increasingly
being designed as MEMS components. The use
of silicon single crystals in microtechnology
makes the devices robust and stable over the
long term. The power requirement is low and
zero-power applications are made possible.

In medical ultrasound and sonography, there is
a major trend towards micromechanical compo-
nents made of capacitive or piezoelectric MUTs,
as high operating frequencies with high sensi-
tivity are possible at low production costs
[Wang et al. 2020].

One area of application for acoustic sensing
acoustic is optoacoustics, in which the optical
excitation of fluids is used. This enables wave-
length-specific gas analysis in materials testing.
In medical technology, this technology promises
to greatly increase the contrast in organic mate-
rial compared to sonography [Dangi et al.
2020].

Figure 2.25: Single-channel CMUT with an array of
electromechanical membranes on a chip for highly
accurate and highly sensitive measurement of ToF
signals (Source: Nooshin Saeidi)

27 VDI | Sensor Trends 2030



PMUTs are also established sensors for finger-
print scanners, as microtechnologies enable
small channel geometries and the sensors also
work reliably behind a surface, such as displays
[Jiang et al. 2017].

Another trend is the use of acoustic transducers
for non-contact motion detection, such as ges-
ture control (see Figure 2.26). In addition to data
processing and analysis, the challenge in this
application is the high signal attenuation due to
the acoustic medium (air) and the high operating
frequencies.

Figure 2.26: MUTconverter array for non-contact
gesture recognition (Source: Bodo Schmidt)

2.3 Electrical Measurement Quantities -
Electrical Current Measurement

(Kirk, A.; Schafer, A.; Spasic, S.; Zimmermann,
S.)

Measuring electrical quantities has a twofold
importance in sensors and measurement tech-
nology. On the one hand, the electrical quantity
such as a voltage, current or power can be the
measurand of interest itself. On the other hand,
many, if not practically all modern sensor princi-
ples convert the physical, chemical or mechani-
cal measurand to an electrical quantity. Typi-
cally, at the end of each signal chain, there is an
analog-to-digital converter (ADC) that converts
voltages of a few millivolts or volts to digital
signals. The challenge, however, is that many
sensors inherently output electrical currents, re-
quiring specialized electronics that convert them
into suitable voltages.

In sensor or optical applications with low cur-
rents from femtoamperes to a few milliamperes,
transimpedance amplifiers (TIA) are the most
common choice. For higher currents from

milliamperes to several hundred amperes, such
as in power metering, shunt resistor amplifiers
are more suitable. If the current is even larger or
the conductor not accessible for inserting a re-
sistor, magnetic current sensing offers a non-
contact alternative. High current applications in-
clude measuring parameters of electrical ma-
chines, where a big boost came with electromo-
bility. However, main markets more and more
shift to aerospace and newly arising applica-
tions such as wind energy as the most im-
portant branch of renewable energy generation.

Transimpedance Amplifier

Figure 2.27 shows the general setup of a TIA. In
order to amplify the small currents to be meas-
ured, a large resistor is placed in the current
path. As the voltage across such a large imped-
ance would create significant disturbance at the
sensor, an operational amplifier is used to regu-
late the input to ground. Thus, despite the high
feedback impedance, the input impedance of
the circuit in Figure 2.27 is close to zero. This
has the major advantages that the burden volt-
age at the sensor remains low and the capaci-
tance of the sensor does not affect the band-
width of the circuit directly. The major limitation
is that the entire electrical current needs to be
supplied by the operational amplifier, limiting
the feasible current range to usually a few ten
milliamperes.
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Figure 2.27: General setup of a transimpedance
amplifier (TIA). The operational amplifier keeps the
input at ground. (Source: ACKISION Gmbh)

M

For optical applications, for example high speed
fiber receivers, feedback resistances of a few
kiloohms are typical, allowing measurements
between a few hundred nanoamperes and a
few milliamperes with a bandwidth of several
gigahertz. For various low current sensor appli-
cations, the resistances may reach gigaohms or
even teraohms, allowing measurements be-
tween a few femtoamperes and a few microam-
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peres with a bandwidth in the range from hertz
to kilohertz.

Current research for low-current applications
focuses on lower noise and better stability to
measure smallest currents faster. In 2018, a
team from the PTB (Physikalisch-Technische
Bundesanstalt) received the Helmholtz Prize for
their resistive TIA “ULCA-1" [Drung et al. 2015;
Krause et al,, 2019]. It acts both as a TIA for
converting current to voltage and as a current
source for calibrating other current meters, thus
serving as a transfer standard for bringing im-
proved accuracy to the lab without requiring
cryogenic cooling.

In 2022, a team from the ACKISION GmbH and
the Leibniz University Hannover was nominated
for the AMA Innovation Award (see Chapter 6)
and won the “Young Enterprise” Award for the
current meter “FUSE” shown in Figure 2.28, uti-
lizing a capacitive TIA [Wendt et al., 2022]. By
using a capacitor as feedback element com-
bined with a special reset scheme, an order of
magnitude faster low-noise current measure-
ments become possible compared to a resistive
TIA.

€

Figure 2.28: Capacitive TIA/current meter “FUSE”
[Wendt et al., 2022] (Source: ACKISION Gmbh)

Shunt/Current Sense Amplifier

For measuring higher electrical currents in the
range from a few hundred microamperes to
several hundred amperes, so-called shunt resis-
tor amplifiers or current sense amplifiers are
used. Such currents typically occur in power
measurement applications, not as sensor out-
puts. The typical setup is shown in Figure 2.29.
Here, the voltage across the resistor is only
measured, but not actively regulated. Thus, the
output current of the operational amplifier does

not limit the maximum current as it does in a
TIA. However, now there is a burden voltage
creating a disturbance at the load, necessitating
the use of smaller resistances. Furthermore, the
resistance values are also limited by the power
dissipation, often resulting in the use of physi-
cally large resistor constructions or even cool-

ing.
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Figure 2.29: General setup of shunt amplifiers on
the high side and the low side of the load (Source:
ACKISION Gmbh)

The shunt and sense amplifier can be placed ei-
ther in the power supply line (*high-side current
sensing”) or in the ground line (“low-side cur-
rent sensing”). Due to the offset voltage, high-
side current sensing requires instrumentation
amplifiers with high common mode rejection.
Low-side current sensing is often simpler to im-
plement, but potentially creates grounding is-
sues.

Many specialized integrated circuits for these
applications exist, with constantly improving re-
jection of both static and dynamic common
mode voltages and higher isolation voltages.
Typical bandwidths extend to a few hundred
kilohertz or even a megahertz.
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Magnetic current sensing

Figure 2.30: General setup of core-less magnetic
current sensing. No changes in the circuit carrying
the electrical current are required, but instead the
external magnetic field is measured. (Source: SENIS
AG)

In applications where the current to be meas-
ured would result in too much power dissipa-
tion in the shunt resistor, the common mode
voltage is too high or inserting a shuntis simply
impractical, using magnetic field measurements
around the current-carrying conductor as shown
in Figure 2.30 for current sensing is more feasi-
ble. The magnetic field created by a passing
current through a primary conductor is propor-
tional to the applied current and therefore car-

ries the information about the current amplitude.

Current measurement by using the generated
magnetic field has the advantage of being a
non-contact i.e. isolated current measurement
so that the primary circuit does not need to be
interrupted.

Both Hall sensors and inductive coils may be
used to pick up the magnetic field of the electri-
cal current. While Hall sensors typically operate
in the lower frequency range up to a few kilo-
hertz, inductive coils have a gain proportional to
frequency and thus only operate in the higher
frequency range. Through a combination of both
sensor types, a wide range from DC up to MHz
may be covered with a flat frequency response.
The sensors used for current measurement
must have a sufficiently high bandwidth to de-
tect switching frequency harmonics injected by
the power converter but also be capable of
measuring DC.

By combining complex magnetic performance
with advanced electronics, the fluxgate technol-

ogy allows it to measure current with a very
high accuracy.

Figure 2.31: Fluxgate current transducer Hottinger
Briiel Kjaer CTS2001D, manufactured by DaniSense,
(Source: HBK)

In general, the fluxgate principle is to use an ex-
cited magnetic material coil as a probe. Thanks
to a saturation/desaturation cycle and signal
processing, this coil is able to measure the mag-
netic field proportionally. From there, multiple
options are possible to design a current trans-
ducer. It can simply replace a Hall effect probe
in the air gap or the coil could have the shape of
a tore. For this second option, the current trans-
ducer can achieve really high accuracy (few
ppm) and a strong EMC robustness.

In the European metrology EMPIR project
19ENGO08 WiIndEFCY “Traceable mechanical
and electrical power measurement for efficiency
determination of wind turbines” e.g., the
DL2000ID current transducer from Danisense
(Figure 2.31) using fluxgate technology has
been found an ultra-stable, high precision (ppm
class) current transducer with the measurement
staying linear (1 ppm linearity) within the whole
frequency and current range (DC ... 100 kHz)
[Blaser, 2023].

One prime example where a TIA or a shunt am-
plifier cannot be used are currents inside struc-
tural elements. Within a European project, the
Swiss SENIS AG combined Hall-based and in-
ductive sensors for monitoring DC and AC cur-
rents and thus the contact resistance on an air-
craft structure [Blagojevic et al., 2023]. These
components have been integrated in a single
CMOQOS chip for measuring currents up to several
megahertz in a wide current range and with
very high resolution (Figure 2.32).
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Figure 2.32: Structural current sensor with both
Hall and inductive current sensing on an aircraft
structural beam [Blagojevic et al., 2023] (Source:
SENIS AG).

2.4 Magnetic measurement quantities

(Popovic Renella, D.; Kamrani, S.; Prediger,
M.; Wurz, M)

Magnetic sensors are sensors that measure the
magnetic field to determine magnetic properties
such as field strength, direction, and flux. The
magnetic signal is then commonly converted in
a magnetic sensor microsystem into an electri-
cal signal, and, after processing, the output is
transferred to further systems [Popovic et al,
1996]. Whether a magnetic sensor measures
the entire magnetic field or only its vector com-
ponents changes its categorization and thus its
scope of application. Magnetic sensors repre-
sent a very robust and reliable technology that
requires no maintenance and are widely used in
automotive, industrial, medical, biological, and
various other applications [Lenz et al, 2006].
The main types of magnetic sensors are Hall
sensors as well as magnetoresistive (MR) sen-
sors. The demand for sensitive and miniaturized
MR sensors increases continuously in various
fields of application. However, their measuring
range is very restricted with less than 10 mT
[Zurauskiene, 2023]. Researchers are therefore
continuously investigating how to expand and
improve it and overcome the limitations. Some
of the most important magnetic sensors are
briefly described below, including Hall devices
and magnetoresistive sensors (AMR, GMR,
TMR).

Hall Sensors

Hall magnetic field sensors play a crucial role in
various industries, including robotics, automo-
tive, and medical applications, where precise
measurement of magnetic fields is essential.
Traditional Hall-effect sensors, also known as
horizontal Hall sensors, are widely used but are
limited in capturing magnetic fields in all three
dimensions simultaneously and at the same
point. Since magnetic fields are vector fields
with both strength and direction, measuring
them accurately requires advanced sensors ca-
pable of capturing this multidimensional infor-
mation. To address this challenge, modern ap-
plications utilize 3D Hall sensors, which enable
concurrent measurement of all three magnetic
field components (Bx, By, and Bz) at virtually a
single point. These sensors integrate both verti-
cal and horizontal Hall elements, ensuring com-
pact field sensitive volume and orthogonality of
the three measurement axes (Figure 2.33).

Horizontal and Vertical Hall Sensors

A classical horizontal Hall plate, as illustrated in
Figure 2.34, measures only the perpendicular
component of the magnetic field. But for some
applications, it is important to also have Hall
sensors that measure the in-plane component
of the magnetic field which is parallel to the
chip surface, the so-called vertical Hall sensors.
This idea was first introduced by Popovic [Po-
povic 2003] over 20 years ago and has been
further developed using CMOS silicon technol-

ogy.

‘warlics

Figure 2.33: Horizontal and Vertical Hall sensor
(Source: SENIS AG)
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Integrated Horizontal and Vertical Hall
sSensors

The latest published results of a patented Verti-
cal Hall sensor in silicon CMOS technology
demonstrate the highest noise voltage spectral
density of 0.8 uV/Hz at 1kHz after signal pro-
cessing [Popovic and Dimirijevic, 2014]. It is the
first published and implemented vertical Hall
sensor on the market to exhibit such a high sig-
nal-to-noise ratio and to have the same excel-
lent performance as a horizontal Hall sensor.

Vertical and horizontal Hall elements can be
combined in integrated CMOS technology to
create various magnetic sensors for a wide
range of applications. These include compact
3D Hall sensors for providing a complete pic-
ture of the magnetic field environment, 2D sen-
sors for magnetic angle measurement, Hall sen-
sors for electric current measurements, or a ma-
trix of 3D sensors, building a 3D magnetic field
camera for magnet inspection.

3D Hall Sensors

3D Hall sensors are capable of measuring all
three magnetic field components simultane-
ously in a field-sensitive volume (FSV). The size
of the FSV is crucial for measurement accuracy,
particularly in high-gradient magnetic fields. Er-
rors attributed to the size of the FSV were ana-
lyzed, emphasizing the importance of a small
FSV for accurately characterizing magnetic
structures and minimizing measurement errors
[Stuck et al, 2023].

Integrated 3D Hall sensors combine horizontal
and vertical Hall elements to provide accurate
measurements with high spatial resolution. Cur-
rently, the 3D Hall sensor with the smallest
FSV on the market is the 3D Hall sensor
SENM3Dx [SENIS AG, 2024a]. The sensor is ca-
pable of measuring all three components of the
magnetic field (Bx, By, and Bz) at a single loca-
tion simultaneously. The sensor is designed
with three groups of mutually orthogonal Hall-
effect elements, each of which has its dedicated
biasing circuits and amplifiers, enabling the sen-
sor to have a high spatial resolution of only 100
um X 100 pm, see Figure 2.35. For example, the
3D sensor has been implemented in the inspec-

tion robot ANYmal [Popovic Renella et al,
2023].

Figure 2.34: 3D Hall sensor consisting of integrated
horizontal and vertical Hall elements (Source: SENIS
AG)

The World's First True 3D Magnetic Field
Camera

To capture the magnetic field quickly and pre-
cisely, a matrix of 3D sensors is utilized, also
known as a magnetic field camera. There are
cameras consisting of single packaged 3D Hall
sensors, or there is a newly developed camera
with integrated 3D Hall sensors.

Figure 2.35 shows the SENIS 3D Magnetic
Camera (SENIS AG 2024b), which has been
nominated for the AMA Innovation Award 2024
[AMA, 2024] (see Chapter 6). The camera fea-
tures a compact chip positioned within its small
head. The camera simultaneously measures all
three magnetic field components (Bx, By, Bz),
providing comprehensive and accurate pictures
of magnetic fields in three dimensions. With a
spatial resolution of 100 pm and a tiny meas-
urement volume of 27 um X 9 um X 4 pm in
each pixel, the camera offers unprecedented
precision in magnetic field measurement. This is
particularly important when measuring complex
fields with high field gradients. With 16,000
pixels, the camera can acquire seven full mag-
netic images within one second, making it ideal
for both inline and offline inspection of magnetic
systems.
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Figure 2.35: 3D Magnetic Field Camera (Source:
SENIS AG)

Magnetoresistive Sensors

Magnetoresistive effect is the phenomenon of
changing the intrinsic electrical resistance when
an external magnetic field is applied
[2urauskiene, 2023]. The magnetoresistance
can be measured in a short and wide probe with
minimal Hall voltage. Magnetoresistance is
generally defined as the percentage ratio be-
tween the resistivity change due to an external
magnetic field £ and the resistivity without a
magnetic field p(0), as shown in the equation
below [2urauskiene, 2023]:

_ p(B) —p(0)

— p(0)

According to the equation, the MR can be posi-
tive or negative. Magnetoresistive (MR) sensors
composed of layers of magnetic material have a
great sensitivity which makes them particularly
suitable for small magnetic fields in the range
between 10° T and 1072 T. They are also ideal
for low-cost applications with low power con-
sumption [Zheng et al., 2019]. Just by applying
a constant current, the resulting voltage repre-
sents a measure of the magnetic field [Lenz et
al., 2006]. A further attractive aspect of MR sen-
sors is their small size and their compatibility
with IC technology, to which they can be easily
connected [Elzwawy et al., 2021]. Moreover,
microfabrication technology can be applied to
produce many types of XMR sensors on large Si
wafers [Oogane, 2023]. MR sensors have a
wide range of application, including navigation
and transportation, biomedicine, storage tech-
nology, non-destructive monitoring of power
grids, aerospace fields, etc. [Chen et al,, 2023],
which can be categorized into three main types
depending on the strength of the magnetic field
measured: measurement in the range of the
Earth’s magnetic field (uT), uT to nT, and below
nT. The main applications of XMR sensors rely
on the anisotropic MR (AMR), giant MR (GMR)

MR

and tunnel MR (TMR), as briefly described be-
low.

Anisotropic Magnetoresistive Sensors

Anisotropic magnetoresistance is a characteris-
tic that some materials reveal. These materials
exhibit the dependency of the resistance on the
angle between the direction of the material
magnetization and the direction of the electric
current flow. Sensors based on this material
property are referred to as anisotropic magneto-
resistance or AMR sensors [Lenz et al, 2006;
Elzwawy et al, 2021]. For the first time, aniso-
tropic magnetoresistance was observed in fer-
romagnetic metals (Fe and Ni) [Zhang et al,
2022]. When an external magnetic field ap-
proaches, the intrinsic material magnetization
rotates in the direction of the field. Therefore,
the initial angle between the direction of the
magnetization and the current flow and thus the
material resistance changes depending on the
strength of the external magnetic field. The fur-
ther the angle is from 0° (magnetization and
current flow in parallel), the lower the re-
sistance, and it is lowest at 90°, i.e., with the
magnetization perpendicular to the current flow.
The resistance varies approximately in propor-
tion to the square of the cosine of this angle
(Figure 2.36). Not only ferromagnetic bulk ma-
terials (Ni, Co, Fe, etc. and their alloys) but also
thin films exhibit the AMR effect [Elzwawy et al,
2021]. The AMR sensors can be manufactured
on both hard substrates such as silicon and in-
sulating glass as well as on flexible substrates
such as polyimide or the thermoplastic com-
pound polyether etherketone (PEEK) for various
applications [Chen et al, 2023; Wurz et al,
2023]. These lightweight, tiny sensors consume
about 0.1 mW to 0.5 mW and cover a wide
temperature range between 55 °C and 200 °C.
Despite the very low effect initially noticed (at a
few mQ), the application potential of AMR was
recognized due to its easy accessibility and high
magnetic sensitivity and was exploited in many
fields, e.qg., in the innovation and development
of nanoscale material measuring devices, mag-
netic sensors and transducers as well as
spintronic devices [Li et al., 2022].

33 VDI | Sensor Trends 2030



A A thiri Falm Matenal

Figure 2.36: Left: AMR sensor resistance as a func-
tion of the angle 6 between the direction of current
/and magnetization M; Right: Change in 6 by apply-
ing an external magnetic field H. (Source: Modified
from [Lenz et al, 2006])

Giant Magnetoresistive Sensors

The most basic form of a GMR is a so-called
spin valve, which consists of four layers, includ-
ing a conductive layer between two thin ferro-
magnets. One ferromagnet, also called a hard
ferromagnet, has a pinned magnetization due to
its adjacent antiferromagnet layer, while the
magnetization of the other ferromagnet, also
called a soft ferromagnet, is unpinned. It is im-
portant to produce very thin layers (about a na-
nometer thick) with very small deviation to
achieve the best possible effect. With parallel
magnetizations, the electrons can move most
easily between the ferromagnets and the re-
sistance is the lowest, whereas with antiparallel
magnetizations the resistance is the highest.
The electrons are less scattered at the inter-
faces and in the ferromagnetic layers as they
move between similar or identical electronic
band structure states in ferromagnets [Lenz et
al, 2006; Elzwawy et al,, 2021]. However,
changing the direction of the magnetization of
the soft ferromagnet from antiparallel to paral-
lel by approaching an external magnetic field
leads to a decrease in resistance. A sufficiently
strong magnetic field can even unpin the pinned
ferromagnet. Figure 2.37 shows the influence of
an external magnetic field on the alignment of
the magnetization of the ferromagnets in a GMR
spin valve.
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Figure 2.37. Influence of an external magnetic field
on the alignment of the magnetization of the ferro-
magnets in a GMR spin valve. Modified from (Lenz
et al, 2006)

A multilayer geometry made from the repetition
of this fundamental four-layer structure exhibits
increased percentage change in resistance. In
addition to their original application in hard drive
read heads, GMR sensors are also widely used
in navigation and transportation systems, posi-
tion sensing, mechanically flexible electronic
devices, non-destructive evaluation and moni-
toring systems, biomedicine, and many other
fields of application such as biotechnology and
microelectronics for measuring small magnetic
fields utilizing miniaturized equipment [Zheng et
al, 2019; Reig et al, 2013].

Tunnel Magnetoresistive Sensors

Tunnel magnetoresistance (TMR) appears in
magnetic tunnel junctions (MTJs). The structure
resembles that of GMR spin valves, except that
the conductive layer is substituted by an ex-
tremely thin insulator (approx. 1 nm). The most
commonly used insulating layers are Al203,
MgO or TiOx [Reig et al, 2013; Knudde et al,,
2017]. According to theory, magnetoresistance
grows with the thickness of the barrier. The
TMR effect is due to the tunneling of electrons
across the insulating barrier, which leads to
conduction. However, it is determined by the
relative alignment of the magnetizations of the
ferromagnets. The TMR effect achieves an MR
ratio of over 200 % at room temperature. Djaya-
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prawira et al. reported a TMR effect of 230 % at
RT with CoFeB/MgO/CoFeB structure on an Si
substrate [Djayaprawira et al, 2005].

TMR sensors generally exhibit a higher magne-
toresistance than GMRs. They also have a
higher impedance and therefore consume less
power compared to GMR sensors. Due to these
features and the planer geometry, TMR sensors
represent energy-efficient, miniaturized, and
highly sensitive magnetic sensors with low
power consumption and low cost that offer a
wide potential for use [Zhou et al, 2022]. How-
ever, a long measurement time is necessary to
overcome the inherent noise of these devices,
which is significantly higher than the Johnson
noise limit, to detect very low magnetic mo-
ments. The fields of application of MTJ struc-
tures are diverse and wide, including magnetic
sensors, biomedicine, and the detection of bio-
magnetic fields and magnetic markers, as well
as spin tunnel read heads. TMR sensors are also
applied to control the electric current for electric
vehicle batteries as well as infrastructures in a
non-destructive way [Oogane, 2023].

2.5 Temperature
(Gebhardt, J.; Simon, M.; Budzier, H.)

Temperature is one of the seven base units
comprising the international system of units.
[Bernhard 2014] Every day, we are observing
and experiencing temperature, we discuss
about temperature and temperature changes,
we heat or cool our homes or production sites,
we measure temperature to make decisions or
to control processes, and we try to reduce risks
by monitoring temperatures. For our world and
our climate, it is of utmost importance that we
can limit the global temperature increase to
1.5 Korto 2 K. And during the pandemic, it be-
came of vital importance to measure the body
temperature of infected persons and at the
same time keep a certain distance to them.

In medicine, the body temperature is one of the
most important parameters to assess the course
of a disease. Ear and forehead thermometers for
consumer use are a big and interesting market
for sensor companies.

The temperature of a medium in process indus-
try or of a part in manufacturing industry is one

of the most common and vital measured state
quantities. T-measurement here is often stand-
ardized and treated as a commodity. Neverthe-
less, measurement tasks are often challenging,
e.g., if they are necessary to control the process,
to optimize results, to avoid dangerous situa-
tions or to shut down appliances before reach-
ing a critical situation.

Building automation is a further relevant area:
since live beings usually differ in temperature
from the background, remote temperature
measurement can be used for movement and
presence detection. If it is known how many
people are in a building and where they are,
light switching, heating, ventilation and climate
control can be optimized and consequently en-
ergy waste can be reduced.

Physical Working Principles

Temperature measurement can be done in con-
tact with the object or medium which is to be
measured or remote by detecting the thermal
radiation of the object in question.

Contact thermometers use either mechanical
changes, like volume expansion as in mercury or
alcohol thermometers or electrical changes or
phase change effects related to tabulated tem-
peratures. Classical electrical type T-measure-
ment devices include sensor elements such as
resistance temperature detectors (RTD), NTC
thermistors, thermocouples and semiconductor-
based temperature sensors (PTAT).

Fiber Optic sensors use light guided through the
glass core of optical fiber to measure changes in
length. Fiber Segment Interferometry (FSI) is a
novel technology using the phase of coherent
light from a laser to make precise measure-
ments [James et al. 2022; Kissinger et al. 2022].
Strain sensors take the form of a coated optical
fiber bonded directly to the surface under test.
FSI temperature sensors house the optical fiber
within an outer structure, such as a polymer
tube, designed to screen the sensor from me-
chanical strain and friction. Fully dielectric sen-
sor construction is particularly well suited to
high voltage environments, such as in battery
packs or electric motors (Figure 2.38). Similarly,
optical fiber measurement is inherently immune
to electrical interference.
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Figure 2.38: a) Glass fiber sensor mounted on a bat-
tery pack; b) fiber optic sensor. Kistler Fiber Optic
Technology (Source © 2024 Kistler Group)

A topic closely connected to contact thermome-
ters which recently raised particular interest, is
surface temperature measurement [Augustin et
al.,, 2023], since it can be used as an intermedi-
ate step for non-invasive temperature measure-
ment [Gebhardt et al., 2020].

Remote temperature measurement is advanta-
geous when contact measurements become dif-
ficult because of high temperature, difficult ac-
cess, moving parts, or because the measure-
ment itself would disturb the process or the
temperature equilibrium. In remote temperature
measurement, the radiation from the object is
usually absorbed by a sensor element and a re-
sulting internal heat change causes a change of
electrical parameters, like resistance changes in
bolometers or generating voltages as in pyroe-
lectric or thermoelectric sensors.

In recent decades, the main trends in microbo-
lometer technology were improved thermal and
geometric resolution, reduced pixel pitch (see
Figure 2.39), new and improved sensor technol-
ogies, low power consumption, miniaturization
and significant cost reduction [Cortial et al.
2023]. Improvement in the a-Si and VOx mate-
rials primarily used in microbolometers has led
to higher sensitivities and a significant reduction
in 1/f noise. [Guillaumont et al. 2021; Yu et al.
2020]. Advances in MEMS technology in the
production of microbolometer pixels increase
the thermal insulation of the microbolometers
and the optical fill factor. Up to 1280 x 1024
pixels are available for geometrically high-reso-
lution thermal images. The pixel pitch of today’s
microbolometer arrays is usually between

17 um and 12 ym. Arrays with pixel pitches
smaller than 10 pm have already been pre-
sented. The power consumption is essentially
determined by the readout circuit (CMOS IC).
Advances in analog CMOS technology, such as
smaller structure widths, have greatly reduced
power consumption. Improvements in vacuum

packaging, such as wafer-level vacuum packag-
ing and pixel-level vacuum packaging, allow
miniaturized packages, e.g., Quad Flat Package
and Ball Grid Array Package. Developments in
microbolometer technology have been accom-
panied by major advances in uncooled thermal
imaging technology. Miniaturization and a re-
duction in power consumption enable small,
portable and battery-powered thermal imaging
cameras (Figure 2.39). Thumbnail-sized camera
modules allow use in all conceivable scenarios.
Improved image processing and integrated im-
age analysis make it easier to interpret thermal
images and simplify operation. All this goes
hand in hand with a significant reduction in
costs [Budzier et al., 2021].

Figure 2.39: Development of the minimum of pitch
and the maximum number of pixels for bolometer
cameras in recent years (Source: Dr.-Ing. Habil.
Helmut Butzer)

Remote temperature measurement is an optical
method, so usually there is no contamination
nor does the sensor or measurement process
contaminate or disturb the object or media. But
optical methods measure only the surface of the
object, and the emissivity of the surface is of
great importance for the achievable accuracy.
Also, stray light and reflections can cause error
signals in the temperature measurement. For
remote temperature measurement, typical accu-
racy is around +2 °C or =2 % of the measured
temperature range, whichever is greater. This
accuracy is connected to object radiation calcu-
lation, sensor sensitivity variation and accuracy
of the calibration process. Repeatability of the
temperature measurements is usually better
than the physical accuracy. And NETD (noise
equivalent temperature difference) or MRTD
(minimum resolvable temperature difference) is
typically specified in the mK range. Thus, re-
mote temperature measurements can resolve
very small temperature differences while the
absolute accuracy might be less than the accu-
racy of contact measurement.
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Non-contact Measurement

Infrared array sensors or image sensors offer
much more information than a single tempera-
ture of a specified point (Figure 2.40). If they are
used to monitor varying and complex situations,
for example people moving in public buildings,
people living in hotel rooms, elderly people liv-
ing alone in their home, monitor the cooking of
different kind of food in a microwave oven, sur-
vey temperatures in electrical cabinets, prevent
kitchen fires or fires in storage areas or monitor
industrial processes for critical temperatures,
then the information of the thermal image has
to be analyzed and artificial intelligence be-
comes a valuable tool to determine necessary
actions. After sensors measuring a complete
thermal scene became easily affordable, it is
nevertheless still difficult to extract meaningful
information from that scene and determine
which actions are sensible in response to the
observed infrared scene. This is where in future,
Al will play an important role for the application
of smart temperature measurements.

Figure 2.40: Person detection with a thermopile in-
frared 32x32 sensor (Source: Heimann Sensor
GmbH)

Another newly emerging application is monitor-
ing of the body temperature by wearable de-
vices and obtaining personal health data from
the measured temperatures [e.g., Melexis,
2023].

Operating and monitoring of electrical equip-
ment for power networks from high to low volt-

age also requires accurate, reliable, and cost-ef-
fective T-measurement solutions. Such preven-
tive maintenance is an important element for
the stability of electrical supply infrastructure.

Optical sensors such as thermopile sensors do
not need regular recalibration. If conditions like
ambient temperatures or steady state condi-
tions and cleanliness of the optics are closely
monitored, the sensors can be operated with
the same calibration parameters for many years.

In recent years, Heimann Sensor has developed
a wide range of thermopile array sensors
[Schieferdecker et al. 2023] (Figure 2.41). The
thermopile sensor chips are manufactured in
semiconductor foundries on 200 mm wafers
and digital readout electronic circuits are mono-
lithically integrated on the same chip. A subse-
guent micromachining of these wafers increases
the thermal sensitivity of the sensor chip. Mi-
crosystem technology processes are used to as-
semble the MEMS sensor chips in standard TO
or in SMD type packages. Optical elements like
lenses, apertures and optical filters are inte-
grated in the same housing.

Figure 2.41: Heimann Sensor Infrared Thermopile
Arrays (Source: Heimann Sensor GmbH)

Starting from single element sensors for pyro-
-meter application, there are nowadays small
and cost-effective infrared array sensors availa-
ble to measure complete infrared images. Sen-
sors in TO46 package with less than 5.5 mm di-
ameter offer 8 x 8 elements resolution. In a
TO39 can, with base diameter 9.1 mm, sensors
are available with 256 pixels (16 x 16) or

1024 pixels (32 x 32) or even 2400 (60 x 40)
pixels. In TO8 packages, resolutions up to

160 x 120 pixels fill the gap to higher-resolu-
tion bolometer cameras. The integrated optics
offer field of view options ranging from 12° x 9°

37 VDI | Sensor Trends 2030



to wide angle up to 120° x 120° default frame
rates range between 8 Hz and 37 Hz. Low-cost
sensors with a small form factor enable the user
to take an infrared image, measure temperature
fields, temperature variations, moving objects,
count people or prevent fires.

Challenges in Process Industry

Due to the importance and large number of
measurement points, temperature is in the focus
of many research activities, often closely related
to digitization and Industry 4.0.

From the major use cases, we mention two ex-
amples:

monitoring and optimization (M+Q) meas-
urements
automatized calibration management

Here, new opportunities are opened, e.g., by ar-
tificial intelligence. However, this often requires
large amounts of data, much more than what
can be provided by today’s instrumentation of
industrial processes. Even when not using “big
data” concepts, many questions on process op-
timality or asset management in a plant require
additional measurement points.

Retrofitting existing processes with additional
sensors has not been an easy task in the past.
Mechanical installation as well as integration of
additional sensors into operating systems in-
volved considerable cost and effort. For some
installations, it would even be necessary to shut
down the process.

Point b) is a natural consequence of a): if a large
number of sensing devices are added to indus-
trial facilities, it will obviously be a challenge to
maintain and calibrate them for achieving a
given data quality.

Flexible, reliable, and potentially ubiquitous
measurement is not easy to achieve, but there
are new offerings to customers, in particular in
the case of temperature measurement.

Noninvasive Temperature Measurement

For the important use case of pipes conveying
liquids or gases in process industries, recently
established noninvasive concepts offer many

new opportunities. The combination of a reliable
surface temperature measurement with a
model-based inference of the temperature of
media inside the pipes can be used as alterna-
tive [Gebhardt et al., 2020] to standard invasive
thermowell measurements (Figure 2.42).
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Figure 2.42: a) Typical thermowell installations, as
recommended for small nominal diameter pipes;

b) Flange thermowell according to DIN 43772 form
4F, with some of its parameters to be chosen in en-
gineering (Source ABB)

For a few years now, offerings have been devel-
oped to measure the medium temperature in
process pipes without violating the pipe wall,
e.g., the Rosemount X-Well [Morrison2023] or
the ABB NINVA-T [Gebhardt et al., 2020].
Commissioning and deciding if non-invasive is a
reasonable option for a measurement point can
be done by web tools [e.g., ABB Ltd., 2023].

The idea behind the concepts is model-based:
extrapolation of the temperature field based on
two or more external T-measurements and
knowledge on the thermal situation at the
measurement point. Details of the device de-
signs, however, are crucial for performance,
such as primary and secondary sensor position-
ing and reproducibility of thermal couplings.
These can result in quite different accuracies
and response times.

As an example, the ABB device (Figure 2.43)
contains two sensors positioned very close to
the surface installation point. This leads to short
response times, often comparable to those of
invasive devices, and accuracies of 1 Kto 2 K for
many relevant applications. In particular, such
model-based designs usually outperform by far
simple clamp-on-probe approaches.
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Figure 2.43: ABB Ninva-T (Source ABB)
Maintenance Concepts

For the very important use case of calibration
and verification in large, digitalized plants, there
are new developments to be mentioned. In part,
these are connected to the non-invasive tech-
nologies mentioned above.

Flexible noninvasive solutions can be used to
calibrate or verify existing invasive T-sensors in
many applications [Gebhardt et al. 2022]. A
non-invasive device can be clamped on and
used as a reference for an existing invasive in-
strument as shown in Figure 2.44. The device
under test does not need to be detached from
the pipe, nor from the operating system. The
process remains uninterrupted. From the two
temperature time series, a calibration statement
can be deduced. Due to the different, independ-
ent measurement principles, even effects like
deposits on the pipe wall or on the thermowell
can be detected.

An alternative approach is offered by Labom
[Labom, 2023], where the measurement insert
of an invasive thermometer is equipped with a
hollow pipe for temporary insertion of a refer-
ence (e.g., a resistance) sensor. Such an invasive
instrument, therefore, also offers an in-situ veri-
fication or calibration option without detaching
the device from the process.

Furthermore, Endress+Hauser offers specific in-
struments with inbuilt fixed-point cells. The de-
vices can calibrate themselves under certain
conditions when the process crosses phase
transition temperatures (in this case the Curie
temperature) of the media chosen in the fixed-
point cell [Endress+Hauser, 2022]. The ap-

Figure 2.44: In situ verification/calibration by a
non-invasive measurement [Gebhardt, 2022]

proach can, e.g., be used in hygienic applications
where the process pipes are regularly heated
up to high temperatures for cleaning.

Trends for Temperature Sensing

More applications will become accessible if the
costs of infrared sensors can be lowered further.
One major cost factor for sensors are optical
materials like Germanium, needed for the fabri-
cation of infrared lenses. New material develop-
ments which enable batch manufacturing of op-
tical components will be another essential step
for future lowering of production costs.

The trend for smaller sensors with higher pixel
numbers and more integrated functions follows
technology steps in semiconductor manufactur-
ing, and smaller element sizes and higher inte-
gration will require more sophisticated assem-
bly and packaging processes. It is to be ex-
pected that for remote infrared temperature
sensors, the trend for miniaturization will con-
tinue.

Noninvasive temperature measurements and
new calibration/maintenance concepts are now
an attractive alternative for many measurement
points. The enhanced flexibility can be of great
help for many customers to make their process
more digital and transparent.
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2.6 Level
(Kloefer, P.)

The measurand level is one of the “Big Four” in
process measurement technology, along with
pressure, temperature and flow. It is obtained
by applying various physical principles. A dis-
tinction (Figure 2.45) must be made between
point level switches, which only detect the
presence of the measured medium at one point,
and continuously measuring sensors.
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Figure 2.45: Level principles, a) point level; b) con-
tact continuous; c) non-contact continuous (Source:
Endress+Hauser SE+Co. KG)

A good overview of the various principles and
technologies can be found in the sensor tech-
nology handbook [Trankler et al., 2014]. Contin-
uous level measurement is usually based on a
distance measurement; the volume is then cal-
culated using the container geometry. The me-
dia to be measured are both liquids and bulk
solids. The use of level sensors in a wide variety
of processes requires high standards in terms of
pressure, temperature, robustness and chemical
resistance, as well as numerous approvals for
explosion proofness, safety, hygiene, materials,
etc.

Level Measurement Trends

The sensor trends for level measurement are
currently being driven by two major mega-
trends users are facing [Frost&Sullivan, 2024].
Firstly, demographic change, which means that
process plants will have to be operated with
fewer and less well-trained staff in the future.
Secondly, global cost pressure with the aim of
ever more efficient and resource-saving produc-
tion processes.

These challenges can be tackled by the two
technology trends digitization, which opens up
numerous possible solutions, and function inte-

gration (e.g., ASIC), which allows far greater
functionality of the device.

Regarding the issue of less well-trained staff,
the resulting major sensor trend is simplicity for
the user, from a significantly reduced product
variety for the selection of suitable sensors,
through simplified commissioning to simple and
clear communication and visualization of sensor
information during operation. This simplicity for
the user represents a new challenge for the
manufacturer and usually requires a higher
functionality and complexity of the measure-
ment device.

To support users in reducing costs by operating
their plants and processes more efficiently, the
sensors must provide significantly more infor-
mation than just the measured level. Examples
of this include self-diagnostics of the level de-
vices, verification of the measurement capability
compared to the delivery status, prediction of
necessary maintenance or condition monitoring
of the device, process or system. A clear transi-
tion to smart sensor (see also Chapter 4) can be
observed [Frost&Sullivan, 2022].

Point Level Switches

Purely mechanical point level switches based
on the float principle have been around since
the 18" century and are still in use in large
numbers, especially in North America. The first
electronic systems that came onto the market in
the 1950s used the capacitive measuring princi-
ple. Later, the robust and universal vibronic sen-
sors were added. Both principles, together with
conductive systems, are the dominant technolo-
gies in electronic point level switches.

As these systems have been on the market for a
long time and have also been continuously de-
veloped further, they are largely at a mature
stage of development in terms of pure meas-
urement performance. However, the new re-
quirements mentioned above expect more than
the mere detection of the presence of a medium
and lead to new development goals with new
solution approaches. This can be seen in the fol-
lowing example (Figure 2.46), in which the pre-
viously analog sensor drive of a tuning fork is
completely digitalized. The sensor (fork and pi-
ezo) and sensor drive form an electromechanical
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oscillating circuit whose behavior is determined
by the interaction of both components.
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Figure 2.46: Digitalization of the tuning fork drive
(Source: Endress+Hauser SE+Co. KG)

This sensor drive has been completely digital-
ized and its functionality is simulated using
complex algorithms running on a low power
consuming signal processor specially designed
for this purpose. This means that the entire sys-
tem can be adjusted as required via software
and therefore offers several possibilities. For ex-
ample, setting the sensitivity with regard to
foam is a simple parametrization by the user
and does not require any electronics replace-
ment. A great deal of information can also be
obtained from such a digital drive with which
any operating status of the sensor system can
be simulated via software for self-diagnostic
purposes as well as for condition monitoring of
the sensor or of the process. One example of re-
sulting predictive maintenance is tracking the
resonance frequency (Figure 2.47) of the vibrat-
ing fork. The increase indicates corrosion of the
fork and it can be replaced in good time during
the next maintenance. As the frequency corre-
lates directly with the properties of the meas-
ured medium, the user can also obtain infor-
mation about the medium and therefore of the
process.
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Figure 2.47: Detection of corrosion by tracking the
oscillation frequency (Source: Endress+Hauser
SE+Co. KG)

This trend towards providing a lot of infor-
mation, even with previously simple limit
switches, and then transmitting it, requires digi-

tal communication. This means that classic ca-
bling, where the sensor output directly switches
a pump or valve, will probably be replaced by
digital wiring. Currently, this trend can already
be observed with |O-Link, especially in food and
beverage, and in future perhaps more so with
SPE (Single Pair Ethernet) [SPE 2022] such as
APL-Ethernet (Advanced Physical Layer) or
PoDL (Power over Data Line).

Finally, a small glimmer of hope at point level
for all those who are chasing the age-old dream
of level detection from completely outside the
container, which would be the easiest method
for users.

Quantum sensor technology with its highly sen-
sitive magnetometers (see also Chapter 2.9 ), as
e.g., NV Center [Singha, A. et al,, 2024], offers
an approach to a solution to this problem, as
magnetic fields penetrate the stainless steel
most commonly used in the process industry.
Figure 2.48 shows the principle: a static mag-
netic field penetrates through the container wall
into the interior of the container, is slightly dis-
torted by the susceptibility of the medium, and
this minimal change is detected by the highly
sensitive magnetometer in the sensor.

-
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Figure 2.48: Quantum Sensing for detection me-
dium through the steel wall (Source: En-
dress+Hauser SE+Co. KG)

Continuous Level Measurement

Here too, the first electronic systems were con-
tact capacitive sensors in the 1950s. From the
1970s onwards, the emerging ultrasonic tech-
nology was the first to fulfil the user’s desire for
non-contact measurement. From the 1990s on-
wards, radar technology has been added, which
is extremely robust in terms of environmental
conditions, but was initially associated with
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some limitations in terms of price, power con-
sumption, size and, above all, measurement
performance and reliability in the application.

The majority of these limitations were due to
the measurement frequency used, which was
initially 6 GHz or 10 GHz. For this reason, the
focus in the further development of radar sys-
tems has been on constantly increasing the
measurement frequency used. Via the interme-
diate step of 26 GHz, 80 GHz has become es-
tablished in modern systems today. Figure 2.49
shows the advantages of the higher frequency.
The higher the frequency, the better the di-
rectivity and the measurement performance (ro-
bustness against false echoes) while maintain-
ing the same size, and the better the possibility
of small process connections with good meas-
urement performance. The sensors also become
smaller with higher frequency and therefore
more cost-effective.
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Figure 2.49: Advantages of the higher frequency
(Source: Endress+Hauser SE+Co. KG)

The pulse method also initially dominated for
level measurement, as the FMCW (frequency
modulated continuous wave) principle widely
used in classic radar technology was too expen-
sive and too power consuming for two-wire de-
vices.

Solutions have been found for all problems,
mostly by utilizing parts or components from
the automotive industry to benefit from the
rapid development in this area. As a result, the
80 GHz used there as well as the FMCW
method for modern level sensors are now state
of the art. With the FMCW method, the accu-
racy largely depends on the stability of the fre-
quency ramp, which meanwhile is generated
completely digitally, so that even an accuracy of
+1 mm is not a problem for today's systems,
and the signal dynamic also allows ranges of up
to 100 m.

A further cost reduction has been achieved in
recent years by transferring large parts of the
previously discrete radar module into a chip.
There are now two approaches that are being
pursued differently by the various suppliers of
radar level sensors. As there are now deriva-
tives of the automotive 80 GHz chip (Si-CMOS)
modified for industrial applications, on which all
components including a signal processor are in-
tegrated, this also offers companies with limited
knowledge of RF circuit design the opportunity
to develop radar level sensors. The more com-
plex option of designing the chip (SiGe-CMQS)
by oneself does not achieve the same level of
integration, but the design can be completely
customized to the requirements of level meas-
urement and full flexibility is retained, especially
with regard to the desired measurement fre-
qguency.

One result of this approach is the first radar
sensor with a measurement frequency of

180 GHz shown in Figure 2.50 which can be
used in smallest ¥2" process connections with
good performance.

In addition to self-diagnostics, the sensor also
offers a certified verification method, in which an
index correlating with the accuracy is stored in
production. A comparison with the current value
during operation allows the detection of any
change in sensor behavior related accuracy. It
also provides a wealth of information regarding
predictive maintenance (e.g., detection of built
up) or condition monitoring (e.g., detection of
foam).

Figure 2.50: 180 GHz radar sensor with process con-
nection % " (Source: Endress+Hauser SE+Co. KG)

In comparison with the other technologies for
continuous level measurement, radar technol-
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ogy has now eliminated almost all disad-
vantages and limitations that initially existed
and has thus developed from a problem solver
for special cases to a level measuring device
that can be used almost universally. As a result,
these other measuring methods are already be-
ing clearly displaced and this is likely to con-
tinue in the future, probably only with the ex-
ception of applications with heavy foaming,
where capacitance and guided radar will con-
tinue to have clear advantages in the future.

Due to the use of low-cost radar components
from the automotive sector, radar level sensors
have experienced a significant price reduction in
recent years. The limit will not be determined by
the actual radar technology but by the high re-
quirements of process plants (high pressure and
temperature, chemical resistance, certificates,
etc.) for the complete device. For simple appli-
cations, however, very cost-effective devices
will therefore be possible.

Bulk Solids with Non-flat Contour

For bulk solids applications where the surface is
not flat, there is still no satisfactory solution.
Only with 3D measurement of this surface con-
tour could the volume be determined with good
accuracy. LIDAR (optic based technology) sys-
tems can do this, but only in relatively clean
ambient conditions and therefore mostly in stor-
age applications [Petit, 2023]. Available robust
radar sensors that also work under harsh envi-
ronmental conditions are either systems in
which the information from three to five individ-
ual sensors are linked, or systems in which the
radar beam is mechanically rotated, neither of
which are good solutions. A real imaging radar
would be desirable in which radar is used to
measure a narrow network of points on the sur-
face. This is possible in principle, but from to-
day's point of view, it involves a great deal of
effort.

Sustainability

Of course, manufacturers of level sensors are
also beginning to think intensively about the
role of their devices in terms of sustainability
and carbon footprint. Considered over the entire
life cycle, energy consumption in measurement
operation typically accounts for one-third of the

carbon footprint, while the production of the de-
vices and, in particular, the use of materials (e.g.,
steel flange und aluminum housing) is responsi-
ble for the larger share. In the overall balance,
however, this proportion in the kilogram range
only plays a very minor role compared to the
huge quantities of steel used for pipes, vessels,
pumps, etc., for the complete process plant. In
these applications, however, the carbon foot-
print is usually dominated by the energy and re-
sources for the processes, which are constantly
being optimized by process measurement tech-
nology such as level sensors. Their own carbon
footprint is therefore negligible compared to the
huge contribution to reducing the carbon foot-
print in process plants. Nevertheless, the topics
of carbon footprint and circular economy will
also have a strong influence on the design of
level sensors in the future.

Trend for Level Sensing

The two “Mega-trends” that users are faced
with, demographic change and high cost pres-
sure, result in the two technological sensor
trends: simplicity for the user and smart sen-
sors. The combination of both trends poses a
major challenge, but the technological trends
digitization and function integration offer nu-
merous possible solutions. Regarding the vari-
ous technological principles, radar level sensors
have undergone rapid development and can be
expected to occupy a dominant position in level
measurement.

2.7 Flow
(Drahm, W.)

Modern flowmeters provide high measuring
performance with a low pressure loss and with-
out moving parts. This is also a requirement for
sustainability, where pressure loss in the meas-
uring device should be reduced. Power con-
sumption for pumps at the required flow rate
can dominate the total energy requirement, es-
pecially in larger pipelines.

Installation of flowmeters becomes easier due
to flow-profile independent measuring technol-
ogies. Flowmeters provide a wide range of di-
agnostic functions and self-validation.
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Flow-Profile Independent Flow Measure-
ment

For certain flow measuring technologies, there
are requirements for inlet runs and installation
of the flowmeter because the flow profile might
affect the measuring accuracy.

Recently, sensor designs have been developed
which allow for easy installation without the
need for inlet runs; the devices can even be in-
stalled directly downstream of 90-degree
bends or various flow disturbances.

Figure 2.51 shows a magnetic inductive flow-
meter with three pairs of measuring electrodes.
Owing to a suitable geometry of the magnetic
field and these three pairs of electrodes, costly
installation requirements can be reduced to a
minimum. Challenging installations with limited
space are possible.

Ultrasonic clamp-on flowmeters are installed
onto an existing pipeline. Sound is transmitted
from the pipe wall through the center of the
pipe. Measurement errors can occur after bends
or with disturbed flow profiles. A new technol-
ogy is using two sound paths that are rotated
90° to each other (Figure 2.52). With this ar-
rangement, it is possible to achieve good meas-
urement results in any orientation of the sound
path. This simplifies the installation of ultrasonic
clamp-on flowmeters and avoids errors due to
flow profile disturbances. [Papathanasiou et al.,,
2022].

Figure 2.51: Magnetic inductive flowmeter; three
pairs of electrodes allow for installation independ-
ent of flow disturbances, like bends or valves.

Figure 2.52: Ultrasonic clamp-on flowmeter with
two sound paths, providing good accuracy and easy
installation, especially in difficult installations with
limited space

Gas Measurement

For the measurement of gases, Coriolis mass
meters, ultrasonic thermal flow meters and flow
meters based on the vortex principle are used.
Coriolis and ultrasonic flowmeters are used for
important gases of energy transition, such as
hydrogen, or gaseous carbon dioxide for carbon
capture applications.

For large nominal diameters and custody trans-
fer applications, ultrasonic flow meters are
mainly used (Figure 2.53), whereas Coriolis
mass meters are mainly used with high pres-
sures and smaller diameters.

Figure 2.53: Ultrasonic flowmeter, special trans-
ducer design for robust operation even in wet gas
applications
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Multivariable Measurements

Modern flowmeters have very powerful compu-
ting units and can provide even more process
variables and important information about the
process and the fluid properties in addition to
the flow rate. Coriolis mass flowmeters meas-
ure density and derive various concentrations
from density such as alcohol content, sugar
concentration, total solids, etc. The viscosity of
the fluid can also be determined. Compared to
laboratory rheometers, however, this is usually
only possible for one shear rate or one oscilla-
tion frequency. A direct comparison between la-
boratory and inline measurements is therefore
only possible to a limited extent. However, cor-
responding viscosity trends can be used for pro-
cess control. Recently, viscosity measurement is
also available for 2-tube and 4-tube meters as
shown in Figure 2.54.

Figure 2.54: High capacity, high performance, low
pressure drop 4-tube Coriolis mass flowmeter with
4 measuring tubes, including accurate density
measurement and viscosity trending

Ultrasonic flowmeters can provide information
about concentrations of liquids and various
gases by determining the speed of sound. De-
vices for biogas applications can measure the
methane content, which is a measure for the
calorific value of the measured gas.

Thermal mass flowmeters will benefit from the
determination of further media properties, re-
sulting in simplified applicability of these me-
ters. By measuring thermal conductivity, heat
capacity, density and viscosity in addition, it is
possible to draw conclusions about the fluid to
be measured and determine the calorific value
of the flowing gas. This allows for thermal mass

flow meters, which can measure independently
of gas properties [Huber et al.,, 2024].

Vortex flowmeters are mainly used for steam
measurement. It is now possible to also deter-
mine the steam quality. This indicates energy
losses and allows for a better process control.

Magnetic inductive flowmeters (Figure 2.51) de-
rive the flow signal from induced voltages
measured at the electrodes. The electrode sig-
nals can also be used to measure the conductiv-
ity of the fluid. Additional signals are fed into
the electrodes; the conductivity of the fluid can
be derived from the measured impedance spec-
trum.

Diagnostics

Flowmeters are often used in safety instru-
mented systems. In order to monitor these safe-
guard systems, various diagnostic functions are
implemented in modern flowmeters. In addition
to test routines in the transmitter electronics
with very high test coverage, process infor-
mation like buildup, abrasion and corrosion can
also be obtained. Coriolis mass flowmeters can
detect abrasion and corrosion by exciting the
measuring tubes with more frequencies in addi-
tion to the resonance frequency used for flow
measurement. These additional measuring fre-
quencies allow to analyze the properties of the
measuring tubes during operation (Figure 2.55).
For aerated fluids, information about gas con-
tent and inhomogeneities can be obtained [Zhu
etal, 2016; Zhu et al.,, 2023]; measurement ac-
curacy with aerated products can be improved
by this “Multi Frequency Technology”.

Figure 2.55: Inside view of the 4-tube meter (see

Figure 2.54); 2 different oscillation frequencies al-
low for additional information and diagnostics, as
well as compensation of errors due to aeration of
the measured product
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The formation of build-up in the measuring tube
of magnetic inductive flowmeters can be esti-
mated by introducing additional signals into the
measuring electrodes (Figure 2.56). Until now, it
was not possible to detect buildup in a pipe.
Cleaning cycles were often designed very con-
servatively with time consuming flushing peri-
ods. With an online diagnosis of buildup for-
mation, these maintenance and cleaning cycles
can be extended; cleaning can be initiated only
if necessary.
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Figure 2.56: Detection of build-up in magnetic in-
ductive flowmeter, derived from measured voltages
U2 and U1; E1, E2: measuring electrodes; EPD elec-
trode for empty pipe detection; REF: ground elec-
trode. (Source: Stefan Heidenblut und Wolfgang
Drahm)

Validation, reduction of calibration inter-
vals

Safeguard systems usually need to be in-
spected once a year. This periodic inspection is
often associated with removal and verification
of the flowmeter in a calibration rig. The effort
required for this is very large. With a correct de-
sign and configuration of the flowmeter, there is
normally no shift in calibration factor found after
recalibration. Therefore, it is beneficial to be
able to extend the maintenance and inspection
intervals by means of the various diagnostic
functions. This allows to predict the need for re-
calibration during operation in the process.
These validation routines can be triggered, and
validation protocols can be generated automati-
cally.

Disposable Flowmeter

In life sciences and pharmaceutical industries,
single-use systems are increasingly found in-
stead of multi-use systems made of glass and
steel. This allows for shorter production times,

greater flexibility with faster product change-
overs and greater safety. In order to achieve
high measurement accuracy and mass meas-
urement even in single-use systems, Coriolis
flowmeters with a disposable flow tube are re-
quired. Figure 2.57 shows a single-use measur-
ing system with a permanently installed base
unit and a disposable Coriolis flow tube. The
disposable part is made of steel and can easily
be sterilized. It is inserted into the base unit with
just a few simple steps. The calibration data is
transferred optically from the measuring tube
into the base unit by a bar code reader. After the
measuring tube has been inserted into the shaft
of the base unit and locked, the entire system is
ready for measurement with the correct calibra-
tion factor. Measurement accuracies of 0.5 % of
reading are possible.

Figure 2.57: Coriolis mass flowmeter with base unit
and disposable part

High Temperature Clamp-0n Flowmeters

Figure 2.58: Ultrasonic transducers for high tem-
perature applications like thermal power plants

Temperature ranges of clamp-on ultrasonic
flow meters have been extended to over
500 °C. The main application is in solar thermal
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power plants, where heat transport is done via
molten salts. This requires dedicated transduc-
ers (Figure 2.58).

2.8 Optical Quantities
(Ebermann, M.; Kurth, S.)

Optical measurement quantities primarily in-
clude intensity and spectral composition of elec-
tromagnetic waves in the wavelength range
from ultraviolet to visible light and near-infrared
to short, medium, and long-wave infrared. In
many cases, image capture is required for infor-
mation retrieval, so besides individual detectors,
mainly detector arrays and cameras found a
broad field of trending applications (information
source for Al-based data mining and many
kinds of digitization, autonomous driving). How-
ever, it should also be noted that photodetec-
tors and detector arrays are very commonly
used to measure completely different measure-
ment quantities. Optical detectors are predomi-
nantly an integral part of photonic systems,
each significantly influencing performance. Pho-
todetectors are used as individual components
(e.g., photodiodes, CMOS imagers) and, pro-
spectively, as subcomponents in the form of
chiplets or directly integrated detectors in pho-
tonic integrated circuits (PICs). Photodetectors
are applied in the key application areas defined
by the European Electronic Components and
Systems Strategic Research and Innovation
Agenda 2023 (ECS-SRIA) by using photonics
such as distance and velocity (LIDAR), chemical
composition (spectroscopy and spectral imag-
ing), absorption (X-ray), optically encoded data
(fiber and quantum communication, quantum
computing), temperature (pyrometry), medical
monitoring (pulse oximetry), or mechanical
quantities (fiber grid-based detector, optical
gyro). The application fields are extremely di-
verse in the areas of “consumer”, “automotive”,
“medical”, and “industrial”. However, this will
not be further discussed here.

Photonics significantly contributes to the Euro-
pean industry and economy in several ways:
photonics is a key driver of innovation and
productivity in various sectors, including
healthcare, manufacturing, and consumer elec-
tronics. It enables the development of advanced
products and solutions, leading to economic

growth and job creation. European photonics
companies are at the forefront of technological
advancements, giving them a competitive edge
in global markets. They produce high-quality
photonics components, devices, and systems
that are in demand worldwide. On a global
scale, European photonics companies are recog-
nized for their expertise and contribute to the
growth of various industries worldwide. Their
products and technologies are sought after by
global players, further strengthening Europe's
position in the global photonics market.

CMOS Imager Based on Photo Diode Arrays

The basic function of a CMOS (Complementary
Metal-Oxide-Semiconductor) silicon camera is
to capture and convert light into digital images
or video. Each pixel in the sensor contains a
photodetector that converts the light into an
electrical charge. The electrical charge gener-
ated by each pixel's photodetector is then con-
verted into a voltage signal by an analog-to-
digital converter (ADC). The converted voltage
signals from all the pixels in the image sensor
are read out row by row or in parallel. The digi-
tal signals are processed within the camera's
image processing pipeline, which may involve
operations such as noise reduction, color correc-
tion, and compression. The processed image
data is then sent to the camera’s output inter-
face, such as USB, HDMI, or Ethernet, for dis-
play, storage, or transmission to other devices.
CMOQOS cameras offer advantages such as low
power consumption, high integration capability,
and cost-effectiveness, which have led to them
being widely used in various applications, in-
cluding digital photography, video recording,
surveillance systems, mobile devices, and scien-
tific imaging. The state of the art for CMOS
cameras advanced considerably over the last
years; it includes now: more than 100 MPixel
[Andanta 2016; Sony 2023b], rolling shutter
and global shutter types, to reduce motion arte-
facts, and integrated Bayer color filter arrays.”

The continuous development has been directed
towards new technologies to enhance the pixel
density and fill factor, to widen the sensitive
spectral range and the sensitivity for more than
15 years. The majority of CMOS camera chips
are constructed for the back-side illumination
principle (Figure 2.59) [Watanabe et al. 2009].
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The metal wiring of the chip is placed under-
neath the sensitive parts of the pixels. The bulk
substrate needs to be removed by grinding and
etching to achieve optical access to the photo
diodes (PD). Further improvement comes with
wafer stacking technology. The photo diodes
are arranged in a first wafer that is thinned
down for back-side illumination and bonded
with electric interconnects to a second wafer
which includes the read-out electronics. Bump
technologies are used to combine both wafers.
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Figure 2.59: Cross sectional view of an image sen-
sor a) with front side illumination and b) with back
side illumination (Source: Steffen Kurth)

InGaAs PD Arrays

The wafer stacking technology offers the oppor-
tunity to use different semiconductor materials
to generate the photo diodes, primarily InGaAs.
High sensitivity and relatively high pixel num-
bers (e.g., 5.32 Mpixel [Sony 2023b] with the
benefits of a complex readout and image pro-
cessing circuit are achieved (Figure 2.60). Bump
interconnects made of indium [Zang 2024] as
well as wafer direct bonding with Cu-Cu inter-
connects [Sony 2023b] are applied.

Image sensors of the very different types find
their application in fields such as mobile and
consumer area (smart phones, DSLR cameras,
augmented reality and virtual reality, tablets
and laptops), in the automotive and the security
sectors, in industrial machine vision, in medical
equipment, and in the defense area.
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Figure 2.60: Cross sectional view of a hybrid type of
image sensor. The detector wafer may consist of
InP or of InGaAs to cover broader wavelength
ranges with high photo sensitivity. (Source: Steffen
Kurth)

Pyroelectric Detectors

The basic function of a pyroelectric photodetec-
tor is to convert changes in infrared radiation
into an electrical signal. Pyroelectric materials,
such as certain crystals or ceramics, exhibit a
property called the pyroelectric effect. This ef-
fect means that these materials generate a tem-
porary voltage when their temperature changes.
When infrared radiation strikes the pyroelectric
material, it causes a temperature change, which
in turn generates a voltage signal across the
material. This voltage signal is then amplified
and processed to detect and measure the infra-
red radiation.

Pyroelectric photodetectors are commonly used
in applications such as motion detection, ther-
mal imaging, gas analysis, and non-contact
temperature measurement. They are particularly
sensitive to changes in infrared radiation, mak-
ing them suitable for detecting heat sources and
thermal variations in the environment.

In a pyroelectric photodetector, a pyroelectric
material is typically coupled with an optical fil-
ter that allows only specific wavelengths of in-
frared light to pass through. The combination of
tunable Micro-Electro-Mechanical Systems
(MEMS) optical filters with detectors enables
spectral analysis [Ebermann et al. 2016] and
hyperspectral imaging [Kokka et al. 2023]. A
MEMS optical filter is a miniaturized device that
selectively transmits or blocks specific wave-
lengths of light. It utilizes microfabrication tech-
niques to create tiny mechanical structures that
can control the passage of light based on their
physical movement and is driven by electro-
static forces in the most cases. Different types
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of MEMS optical filters, such as Fabry-Perot
(FP) filters or micro-mirror-based filters, may
employ slightly different mechanisms while still
leveraging the principles of microstructure
movement to achieve wavelength control. FP
filters with apertures between 0.5 mm and

23 mm [Kokka et al. 2023] for different spectral
ranges, from visible light up to long wave infra-
red, are developed or are under development
and fit to single spot sensors and to image sen-
sors as well. They can be integrated together in
a common housing (Figure 2.61).

Figure 2.61: Pyorelectric detector module with tuna-
ble FP filter mounted on top of the detector
(Source: InfraTec, www.infratec.de)

Single Photon Avalanche Diodes (SPADs)

SPADs have been substituting photo multipliers
for a couple of years. The basic function of a
Single-Photon Avalanche Diode (SPAD) is to
detect single photons of light. It operatesin a
reverse-biased mode, where a small bias volt-
age is applied to the diode. When a photon en-
ters the active area of the SPAD (Figure 2.62), it
can generate an electron-hole pair. The applied
bias voltage accelerates the electrons, which
can trigger an avalanche effect due to impact
ionization. This avalanche effect results in a
rapid, high-gain amplification of the initial pho-
ton signal, producing a detectable electrical
pulse. Detecting these individual photons,
SPADs are used in various applications such as
time-of-flight measurements, quantum optics,
low-light imaging, and photon counting.

SPADs are used for time-resolved fluorescence
measurement solutions such as fluorescence
lifetime imaging microscopy (FLIM) and single-
molecule detection, LIDAR, quantum communi-
cation [Ruskowski et al. 2020], photon counting,

time-correlated single-photon counting
(TCSPC).
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Figure 2.62: Cross-sectional view of a SPAD
(Source: Steffen Kurth)

Recent Results from R&D and Novel Prod-
ucts

Novel Pyroelectric Materials

HfO2-based pyroelectric sensor elements with
3D-structured and planar layers on silicon sub-
strate were recently tested in research labs. The
fabrication process is fully CMOS compatible.
Silicon substrates were structured with trenches
and filled with thin doped hafnium oxide layers
by atomic layer deposition to multiply the pyro-
electric current sensitivity (Figure 2.63). Moreo-
ver, nanostructured plasmonic absorbers at the
top layer increase the spectral selectivity. The
3D-structured HfO2 layer magnifies the effec-
tive sensor surface and the sensitivity by a fac-
tor of up to 15 [Lehmkau et al. 2022].
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Figure 2.63: Cross-sectional view of the first sam-
ples of pyroelectric detectors with HfO, pyroelectric
material and plasmonic absorbing structures
(Source: Steffen Kurth)

Metasurfaces as Light-Concentrating Structures

Subwavelength structures are the key elements
of metasurfaces that can be designed to build
lenses (Figure 2.64), for example. The struc-
tures are very thin in contrast to refractive micro
lenses and have a layer thickness of less than

1 um. They are made of a highly refractive ma-
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terial (e.g., SisNy for visible light) and can be ap-
plied to concentrate the incoming radiation onto
the sensitive area of the detector.

Figure 2.64: Photographic image of the test of an
array of metalenses on glass substrate with paral-
lelized green light (Source; Steffen Kurth)

2.9 Radar
(Nuss, B.)

Since the first patent application for a radar sys-
tem by Christian Hiulsmeyer in 1904, not only
the technology has developed significantly, but
also the range of applications has increased
considerably. Initially intended for the detection
of ships in the patent application, radar systems
were primarily used in the military sector for air
and sea surveillance at the beginning and mid-
dle of the 20% century, followed by correspond-
ing applications in the civil sector. Due to the
vastness of the area to be monitored, frequen-
cies below 10 GHz and high transmission pow-
ers are mainly used here, so that ranges of up to
100 km can be covered. In this frequency range,
however, the available bandwidth is severely
limited, which is why only range resolutions
around ten meters are possible. However, as
objects in the air or at sea are normally at a cer-
tain distance from each other, this does not limit
the required functionality.

Automotive Radar

However, by far the largest number of radar
sensors are now used in the automotive sector,
where several million radar units are sold every
year. The reason for this development is that
the components of the radars have been in-
creasingly integrated into semiconductor chips

as a result of advancing technological develop-
ments, and the price has fallen drastically as a
result [Waldschmidt et al. 2021]. In addition,
driver assistance systems have been mandatory
for new vehicle registrations in the European
Union since July 2024. These assistance sys-
tems also include radar sensors, of which not
just one but several sensors are often installed,
especially in higher-class vehicles. On the road
to autonomous driving, a further increase in the
number of radar sensors is to be expected, as
they are an elementary part of environment per-
ception for the autonomous driving function
alongside cameras and LIiDAR sensors. The ar-
eas of application for automotive radars range
from emergency brake assistants and the detec-
tion of fast-approaching vehicles during over-
taking maneuvers to pedestrian, cyclist and ani-
mal detection, for example in poor visibility con-
ditions such as fog and heavy rain.

The major advantages of radar over LIiDAR sen-
sors are that they function significantly more in-
dependently of the weather, can reliably detect
the radial speed of an object with a single
measurement and are also cheaper in mass pro-
duction. The decisive disadvantage compared to
LIDAR sensors is the poorer angular resolution.
With today’s automotive radar sensors, the azi-
muth and elevation angle of the detected ob-
jects are estimated using multiple-input multi-
ple-output (MIMO) methods in addition to the
range and velocity estimation. Here, several
transmit antennas distributed spatially on the
sensor aperture send uncorrelated signals,
which are processed simultaneously by several
receive antennas after being reflected by the
objects. The fact that the transmitted signals are
uncorrelated means that the receivers can de-
duce which signal was emitted by which trans-
mit antenna. This allows to create from the

N« + Mex physical antenna elements a virtual
antenna array with My - Nkg virtual channels,
which can be used for angle estimation. In this
way, the angular resolution can be significantly
improved despite a limited number of physical
channels. In this regard, the first sensor manu-
facturers are offering imaging radars with up to
48 transmit antennas and 48 receive antennas
and therefore up to 2304 virtual channels.
However, the high number of channels also re-
quires an increase in computing power, which is
why dedicated system-on-a-chip (SoC) solu-
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tions combined with innovative signal pro-
cessing concepts are used. Figure 2.65 shows
the radar image of a 4D imaging radar that uses
12 transmit and 16 receive channels resulting in
192 virtual channels. Another trend in automo-
tive radars, which is also related to the increas-
ing channel count, is the change from classic
patch to waveguide antennas, which can be
manufactured using metallized injection molded
parts [Garcia-Tejero et al. 2024].

Figure 2.65: High-resolution radar image with point
clouds from a 4D imaging radar from Altos Radar
(Source: Altos Radar)

Applications that require an extremely high an-
gular resolution include, for example, the detec-
tion of flat objects on the road and the associ-
ated decision as to if they can be driven over or
if emergency braking must be initiated, as well
as the detection of people standing nextto a
highly reflective target such as a truck. Along
with the increasing number of channels, the size
of radar sensors has also increased in recent
years. However, there are limits to this, mainly
for design reasons. Thus, intensive work is be-
ing carried out on networking the sensors dis-
tributed around a vehicle, which makes it possi-
ble to create a significantly larger virtual aper-
ture, which can then be used to improve the an-
gular resolution [Gottinger et al. 2021]. Only
pre-processing then takes place in the individ-
ual sensors, while the radar data is fused in a
central unit, sometimes together with camera
and LiDAR data.

In addition to the number of channels, the car-
rier frequency, bandwidth and measurement
duration are decisive parameters for the resolu-
tion capability of the radars. Current automotive
radars essentially operate in the frequency
range between 76 GHz and 81 GHz with a
maximum bandwidth of 4 GHz, while the initial
radar systems at 24 GHz with a significantly
lower maximum bandwidth slowly fade out.

The main type of modulation used is chip se-
guence, in which several steep frequency ramps
are transmitted and received in succession. The
transmitted and received signals are then
mixed, resulting in an intermediate frequency
that is proportional to the transit time of the sig-
nal to the object and back. If the object moves in
addition, phase shifts occur between the ramps
due to the Doppler shift, from which the velocity
can be deduced. This allows the object distance
and speed to be estimated largely independent-
ly of each other, which is a clear advantage over
FMCW radars which use a single slow frequen-
cy ramp.

The range resolution of a radar, i.e., the distance
at which two targets of equal strength can still
be distinguished, is inversely proportional to the
bandwidth. In contrast, the velocity resolution is
inversely proportional to the measurement du-
ration and the carrier frequency. Efforts are cur-
rently being made to open up further frequency
ranges above 100 GHz for automotive radars.
In this case, however, the maximum range is
reduced due to higher free-space attenuation
[Kohler et al. 2013]. Beyond that, additional fre-
guency ranges are also gaining importance as
the increasing number of radar sensors leads to
an increase in interference. In contrast to mobile
communications, automotive radars are cur-
rently only limited by the permissible transmit
power and/or the equivalent isotropic radiated
power (EIRP), but there is no standardization
that specifies the signal form or frequency and
time raster.

As radar sensors contribute to driving safety,
they have to prove their functionality in numer-
ous scenarios during development, testing and
approval. In order to avoid driving thousands of
kilometers on the road for this purpose, it is
planned to carry out parts of the validation in
future with radar target simulators (RTS). Here,
the wave emitted by the radar-under-test is re-
ceived, delayed, attenuated and, if necessary,
shifted in frequency. This allows a target to be
emulated at a specific distance, with a specified
radar cross section and a defined speed
[Diewald et al. 2021]. In addition, antenna ar-
rays can be used, as shown in Figure 2.66,
which make the target appear at a specific an-
gle. By emulating multiple point targets, ex-
tended targets with multiple scattering centers
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and more complex scenarios can be generated.
It is also possible to feed interference signals
into many RTS.

g,

Figure 2.66: Radar echo generator (left) with corre-
sponding antenna array (right) to emulate objects
at different azimuth angles (Source: Rohde &
Schwarz)

Industrial Radar

In addition to level measurement, which is de-
scribed in the section “Continuous Level Meas-
urement”, radar sensors are used for numerous
other industrial applications. These include
high-accuracy distance measurements in gen-
eral, measuring the thickness of materials and
their material properties, as well as the non-de-
structive inspection of packaged goods. The ad-
vantage over camera or laser-based systems is
that the frequencies used are still low enough
compared to light to be able to penetrate non-
conductive materials such as plastic, paper,
glass, or cardboard. This allows, for example,
the contents of packaging or the quality of injec-
tion-molded plastic parts to be inspected non-
destructively [Jebramcik et al. 2020].

In order to achieve the best possible resolution,
extremely high bandwidths are required. In the
meantime, there are already systems that have
a bandwidth of up to 56 GHz, allowing distance
resolutions of up to 2,5 mm to be achieved
[Kueppers et al. 2022]. In order to realize these
high bandwidths, a correspondingly high carrier
frequency must be selected. The broadband
system shown in Figure 2.66, for example, op-
erates in the D-band between 126 GHz and
182 GHz and uses FMCW as modulation type.

This allows an ADC sampling rate in the low
megahertz range to be used despite the high
signal bandwidth. To realize the high band-
width, very broadband antennas with often high
antenna gains are required to achieve the nar-

rowest possible measuring point to which the
distance is determined. Dielectric lenses, as also
shown in Figure 2.67, are one way of meeting
these two requirements. A comparable system
is also used in Figure 2.68. Here, a large number
of high-accuracy radar sensors are arranged in a
circle to measure the wall thickness of plastic
pipes moving through the inner circle.

Figure 2.67: D-band Industrial radar sensor with

56 GHz bandwidth and a dielectric lens (Source: 2pi-
Labs)

Figure 2.68: High-accuracy radar sensors arranged
in a circle for measuring the wall thickness of pipes
(Source: iNOEX GmbH)

This makes use of the fact that reflections occur
at the respective transitions between air and
plastic. Due to the high bandwidth and there-
fore extremely good range resolution, the two
reflections can be separated in the signal pro-
cessing and the wall thickness can be deter-
mined by calculating the difference. Due to the
special requirements, which often differ from
the ones for automotive radar chips available on
the mass market, special monolithic microwave
integrated circuits (MMIC) are sometimes devel-
oped and manufactured, such as the 80 GHz
chip for level measurements shown in Fig-

ure 2.69.

Recently, first radar systems have appeared on
the market which, in addition to purely deter-
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mining range, allow three-dimensional imaging
using MIMO techniques, similar to angle estima-
tion in automotive radars. With them, for exam-
ple, image stacks of packaging and cartons can
be recorded non-destructively while the objects
move on a conveyor belt under the radar sensor.

Figure 2.69: 80 GHz radar MMIC for level measure-
ment from VEGA (Source: Vega Grieshaber KG)

Joint Communication and Sensing

Initial investigations and feasibility studies are
currently being carried out for the future sixth
generation (6G) mobile communications stand-
ard. In addition to simply increasing data rates
and reducing latency times, new functionalities
that could be included in the standard are being
discussed intensively. These include, in particu-
lar, joint communication and sensing (JCAS),
which could be used to add radar functionality
to base stations [Giroto de Oliveira et al. 2022].
Currently, it is already possible to localize active
mobile devices, for example, to direct highly di-
rectional antenna beams specifically at the us-
ers to improve the signal-to-noise ratio. The
new sensing functionality additionally enables
the detection of passive objects. This can be
used, for example, in campus networks in ware-
houses to prevent accidents between autono-
mous vehicles and people, or in critical infra-
structure to detect unauthorized access.

The biggest challenges in implementation are
currently the small bandwidths available in mo-
bile communications compared to other radar
systems and the fact that most current systems
operate in either frequency-division or time-divi-
sion multiplexing mode. For sensing, however,
the transmitted wave must be received in the
same frequency band and more or less at the
same time. Possible solutions here are either

full-duplex systems, in which the coupling be-
tween transmitter and receiver is suppressed as
much as possible, or bistatic operation, in which
the transmitter and receiver are housed sepa-
rately, for example in different base stations
[Shatov et al. 2024]. The problem of low band-
widths is exacerbated by the fact that higher
signal bandwidths are required as data rates in-
crease. Channels with up to 400 MHz band-
width are currently being considered for 6G.
The frequency range currently in focus for sens-
ing is between 26 GHz and 28 GHz in the FR2
band. Efforts are also currently underway to
open up additional frequency ranges in the FR3
band between 7 GHz and 24 GHz. These have
the advantage for mobile communications that
larger distances can be covered due to the
lower frequency, but simultaneously, suffi-
ciently high bandwidths can still be realized in
comparison to even lower carrier frequencies.

210 Quantum Sensing
(Bongs, K.; Drese, K.; Wurz, M.; Kassner, A.)

The recent years saw intense international re-
search and development activities in the area of
guantum technologies. These promise novel
possibilities for the realization of computers,
communication schemes and sensors. This
chapter discusses some of the sensor character-
istics, while resulting fabrication needs are pre-
sented in Chapter 5.

The development of quantum mechanics at the
beginning of the 20" century has led to the un-
derstanding of energy levels in various materi-
als. This has enabled the development of tech-
nologies like the transistor and the laser. These
building blocks of information technology are a
firm part of everyday life and of immense eco-
nomic importance. This might be termed the
first quantum technology revolution.

By today, the possibility to manipulate matter
has increased so much that deeper quantum ef-
fects, such as superposition and entanglement,
can be harnessed to drive the next quantum
technology revolution. Superposition describes
the possibility for individual quantum particles
to be in two states or two places at once. En-
tanglement is linked to the possibility of several
particles to be in a mutual quantum superposi-
tion.
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Perhaps the oldest of these novel class of quan-
tum technologies are atomic clocks. These de-
vices have been defining international time
since 1967 and support the economy by the
synchronization of communication and energy
networks as well as by enabling satellite navi-
gation. The development of other types of
guantum sensors is rapidly progressing and,
among others, allows unprecedented levels of
precision in the detection of magnetic, electric,
electromagnetic and gravitational fields, as well
as inertial forces.

There are already several types of quantum
sensors commercially available, allowing the
development of novel applications based on
previously inaccessible measurement data.

Quantum Clocks

In simple terms, a quantum clock replaces the
macroscopic reference oscillator, such as the
pendulum in a grandfather’s clock, or the quartz
oscillator in a watch, with the oscillation of an
electron around an atomic nucleus. Mathemati-
cally, this oscillation occurs due to the superpo-
sition of the quantum mechanical wave func-
tions corresponding to two electronic energy
levels of the atom. As these energy levels are
given by the laws of nature, this results in an
extremely precise and reproducible oscillator.
This quantum oscillator surpasses classical os-
cillators by many orders of magnitude and has
made frequency the most precisely measurable
quantity of all.

Current commercially available atomic clocks
use atomic oscillations at microwave frequen-
cies, i.e., at several GHz. For a first approxima-
tion, the available precision grows with size and
cost as illustrated in Figure 2.70.
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Figure 2.70: Approximate scaling of clock size and
power as a function of holdover precision

One of the main application areas of these
atomic clocks lies in the synchronization of en-
ergy and communication networks. Often, time
distributed via satellite networks is used to pro-
vide a link to universal coordinated time (UTC),
with a specified maximal deviation of 30 nano-
seconds. Local clocks of various precision clas-
ses at different network levels then guarantee
that network synchronization is maintained,
even when satellite time is temporarily unavail-
able.

It is noteworthy that low latency 5G mobile
phone functions are specified down to 30 nano-
seconds, reaching satellite time specifications.

New challenges in network synchronization are
expected in areas such as the development of
the internet of things and Industry 4.0. A partic-
ular challenge lies in the wireless synchroniza-
tion of mobile network participants, e.g., with
autonomous cars, measurement drones and ro-
bots. In this area, new clock technologies might
turn out to be key technologies enabling future
developments and functions.

The current quantum technology developments
are pushing a trend to so called “optical clocks”,
i.e., atomic clocks using an oscillation frequency
corresponding to the frequency of light. As this
frequency is 100,000 times higher than the os-
cillator frequency in microwave atomic clocks,

optical clocks promise to reach 100,000 times

higher precision and much quicker synchroniza-
tion. This could potentially enable synchroniza-
tion within a fraction of a second to picosecond
level, which then could be maintained for a day.

Within the next 10 to 15 years, the new optical
clock technology might allow the development
of a new generation of ultraprecise, compact
and cost-effective chip scale atomic clocks.
Such clocks could open economically feasible
possibilities to maintain local times on ships,
trains or autonomous vehicles synchronized
with external networks over days without inter-
action.

Optical clocks are just at the verge of becoming
commercially available. First commercial proto-
types (e.g. Vector Atomics) are being an-
nounced and development is pushed by na-
tional funding programs.
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Quantum Sensors for Magnetic Fields

Quantum magnetometers offer a new level of
sensitivity compared to classical magnetome-
ters’ overall length scales (Figure 2.71).
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Figure 2.71: Schematic overview of sensitivity of dif-

ferent types of quantum sensors as compared to
classical sensors

There are three main development strands for
guantum magnetometers with varying levels of
commercialization. SQUID (Superconducting
Quantum Interference Device) magnetometers
have reached a high level of maturity with com-
mercial availability for decades. They are based
on the interference of superconducting currents
in a ring-shaped conductor. These magnetome-
ters are employed where highest sensitivities
are required. They have been used in applica-
tions such as geosurveys, security screening,
materials testing and medical applications, such
as magnetoencephalography and magnetocar-
diography [Clarke et al. 2004]. The main barrier
to wide commercial uptake is the need for cryo-
genic cooling. Developments towards wider
practicality are linked to the development of
cryotechnology, which has recently received a
boost due to the large quantum technology in-
vestments such as into superconducting quan-
tum computers and cryogenic single photon de-
tectors.

Another variant of quantum magnetometer is
based on optically pumped atoms. They have
been commercially available for a few years, but
are still in a phase of rapid product innovation.
Their simplest form is based on the measure-
ment of how much the polarization of a laser
beam rotates when passing through a glass cell
filled with an atomic vapor. However, various

configurations are being developed which com-
bine several lasers, or lasers with microwaves,
in order to adapt to the needs of applications.

Optically pumped magnetometers have been
commercially employed in geosurvey and ar-
chaeological applications for several years.
More recently, ultrasensitive variants have been
demonstrated in medical applications, leading
to new types of magnetoencephalography sys-
tems (e.g., CERCA Magnetics, Fieldline), which
offer more flexibility and thus novel diagnostic
approaches as compared to SQUID-based sys-
tems. Further applications are being investi-
gated in materials testing [Koss et al. 2022],
battery diagnostics [Hu et al. 2020; Bason et al.
2022] and flow measurements [Schmieder et al.
2022]. The third quantum class of quantum
magnetometers is based on impurities on pure
solid-state systems, most prominently nitrogen
vacancy centers in diamond (NV diamond).
These are based on the measurement of mag-
netic field-dependent fluorescence of these im-
purities when excited with light and micro-
waves. This type of magnetometer is relatively
new, and commercialization is in its infancy.
They promise potential for integration and allow
the smallest possible probe volume, making
them particularly attractive for microscopic ap-
plications, including in the biomedical domain
[Aslam et al. 2023].

Table 2.1 provides a simplified overview over
typical commercial variants of these magnetom-
eter types.

Laboratory experiments demonstrate that there
is significant potential for further increases in
precision as well as for miniaturization and cost
reduction for both the optically pumped and the
diamond NV magnetometers. For both, the inte-
gration towards chip scale systems for mass
applications seems feasible in principle.

Magnetoresistive Quantum Sensors

Quantum magnetometers can be used to build
magnetoresistive sensors. In simple terms, this
can be done by replacing the detection coil in a
metal detector with a quantum magnetometer.
Such systems have been used in laboratory ex-
periments to perform magnetic induction to-
mography, where an oscillating magnetic field
causes eddy currents in a conducting sample,
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Table 2.1: Types of commercially available quantum magnetometers

SQUID magnetometer

Optically pumped atomic

Diamant-NV magnetometer

magnetometer
+ up to 0.1 fT/Hz"? + up to 10 fT/HZ"? - 100 pT/HZ"?
ial 1/2 ial 1/2
. probe mm-cm (potential: 0.1 fT/HZ"?) (potential: 0.1 pT/HZz"?)
) system: >100 |, + probe ~cm + sub-mm probe
>100 kg, kw + system: 0.51,0.1kg, 5W + system: ~0.51,0.1kg, 5 W
- limited measurement + highest sensitivity at nm
range scale
< 50 nT for 10 fT/HZ?
+ large measurement

~0.1 mT for ~pT/Hz"?

range (pTto T)

causing sample-dependent magnetic fields
which are picked up by the quantum magne-
tometer.

The advantage of using a highly sensitive quan-
tum magnetometer over a pickup coil is that the
quantum magnetometer maintains its sensitivity
for low frequencies. This allows to reduce the
frequency of the excitation field to a level where
the skin depth becomes sufficiently large to,
e.g., the inside of pipelines under insulation or
metallic objects submerged in salt water.

Quantum Sensors for Electric Fields

While several types of quantum sensors are be-
ing explored for the measurement of electric
fields, the only commercial one is based on so
called Rydberg atoms (commercialized, e.g., by
Rydberg Technologies). Rydberg atoms are at-
oms in which one electron is put into a high and
very weakly bound energy level. The size of the
electronic wavefunction of these atoms can
reach the micrometer level, 10,000 times larger
than the diameter of a typical atom. At such an
extent, the electron wavefunction becomes ex-
tremely sensitive to electric fields. This effect is
further enhanced for electric fields, which oscil-
late at a frequency close to the difference be-
tween energy levels. By choosing the energy
level and manipulating the atoms with external
fields, the Rydberg atoms can be tuned to be-
come sensitive to electromagnetic fields from
DC up to THz frequencies.

Rydberg receivers for electromagnetic waves
offer a fundamentally different detection mech-

anism to a classical antenna. The probe area can
in principle be created without any use of metal.
One only needs a glass cell holding an atomic
vapor which is manipulated and interrogated by
laser light. Such probes can be realized in a fi-
ber-coupled way, so that a measurement of
electromagnetic fields with minimal distortion of
the field itself becomes possible. While com-
mercial applications are still being explored,
some of the following properties of Rydberg re-
ceivers might hold the key to overcome limita-
tions of classical antenna systems:

probe can be entirely dielectric,

sensitivity can be tuned from DC to THz
without changing the mechanical setup,

probe area is defined by the vapor cell, often
just mm scale, independent of the wave-
length of the electromagnetic radiation to be
measured,

resistant to electromagnetic pulses,
highly immune to interference, etc.

Inertial Quantum Sensors - Gravimeters,
Accelerometers and Rotation Sensors

Inertial quantum sensors rely on the possibility
to place quantum objects into a superposition of
different positions. A gravity sensor or accel-
erometer can be realized by placing atoms into
a superposition of trajectories traveling at differ-
ent height in the gravitational field, or at differ-
ent positions along an acceleration axis respec-

56 VDI | Sensor Trends 2030



tively. This is typically done by subjecting atoms
to a sequence of three laser pulses, the first
placing them in a superposition of momentum
states, making one part of the superposition
move away from the other. The second laser
pulse reverses the momenta of these two parts,
making the trajectories reapproach each other.
The third pulse mixes the momentum states at
the point when the trajectories overlap again,
causing an interference pattern. This pattern de-
pends on the relative phase the atoms along the
different trajectories. If the trajectories are sepa-
rated by height in a gravitational field, the phase
will depend on gravity, or if they are at different
positions along an acceleration axis, it will de-
pend on the acceleration.

If one arranges the trajectories such in a way
that they enclose an area, the interference
phase will also depend on the rotation of this
area, just like in an optical Sagnac interferome-
ter.

In all cases, using atoms as quantum probe par-
ticles allows a highly sensitive measurement of
the respective inertial effect. The most im-
portant aspect is that quantum inertial sensors
promise very low bias, low drift and a highly lin-
ear scale factor. This could overcome the key
limitation of current high-performance inertial
navigation systems. It will likely be several
years before these types of sensors will become
commercially available for use in navigation
systems.

Another direction in quantum inertial sensors
are mid-sensitivity compact sensors, competing
with high-end MEMS-type systems. In this area,
co-rotation atomic magnetometer gyroscopes
have been developed towards commercial pro-
totypes in several multinational companies. Fu-
ture developments in this area could include nu-
clear spin comagnetometers in solid-state ma-
terials.

Photonic Quantum Sensors

Photonic quantum sensors can be loosely
classed in two categories: sensors based on
timed single photon detection and sensors
based on correlations.

Timed single photon detection is widely used in
LIDAR systems which have applications in

smartphones and autonomous vehicles. The
guantum technology research in this area is
driving sensitivity and timing resolution down to
the low picosecond level, such that high resolu-
tion 3D images and detection of objects around
corners becomes possible. One commercial ap-
plication that has emerged from this is standoff
imaging gas detection, e.g., methane cameras
from QLM Ltd and research work towards hy-
drogen gas detection to support the transition
to the hydrogen economy.

Sensors based on correlation are more strin-
gently in the “Quantum 2.0" domain, using
higher level quantum effects, but often these
have classical “quantum inspired” counterparts,
which use the basic principle behind the quan-
tum sensing idea but realize it in a classical op-
erational regime in order to achieve commer-
cially interesting throughput. One example is
the area of sensing with undetected photons,
which uses nonlinear crystals to create correla-
tions between photons in the visible spectrum
(for easy and efficient detection, e.g., on a CCD
camera) and photons in other domains of the
electromagnetic spectrum, where imaging de-
tectors are not readily available. Here, one lets
the latter photons interact with the object of in-
terest while taking an image with a standard
camera. In the quantum regime with single cor-
related photon pairs, the image accumulation
time can take minutes to hours, while operating
in the classical regime allows high fluxes with
images in seconds or faster.

Other approaches to use quantum effects to re-
duce detection noise are still in the research do-
main, as often an increase of signal to noise by
increased light power is easier and more effec-
tive to achieve.

Challenges and Trends

In most cases, quantum sensors enter the mar-
ket in the high performance/low volume seg-
ment. Often, they rely on laser systems with ex-
treme requirements for absolute frequency and
narrow linewidth, which causes high cost and
low robustness in terms of environmental noise.
A key challenge is thus the development of hy-
brid photonic-electronic integration technolo-
gies, which are scalable to mass production in a
cost-effective way.

57 VDI | Sensor Trends 2030



Another challenge is the low user awareness of
the capabilities of quantum sensors, which is
needed to drive system innovation and ulti-
mately create market pull.

A current trend is the development of medical
applications where funding structures are suited
to introduce novel diagnostic methods. In addi-
tion, defense innovation programs are picking
up on quantum sensors. Some funding pro-
grams, such as the QuantumBW in Baden-
Wirttemberg, have a particular focus on quan-
tum sensors and are starting to drive applica-
tions.

Integration of Quantum Sensors

When integrating and operating quantum sen-
sors, there are some important features to con-
sider. Depending on the type of sensor and the
detection method, these are not available as a
commercially available complete system but as
individual components that must be individually
adapted to the intended use and integrated into
a system. Usually, boundary conditions for the
environment (e.g. temperature, pressure) must
be taken into account and additional peripheral
components may need to be used.

As a first step, a distinction can be made be-
tween vacuum-based and non-vacuum-based
sensors. For example, sensor systems based on
cold atoms (e.g. atom chips in magneto-optical
traps) are used in gravimeters and gyroscopes
under UHV conditions. Magnetometers in the
form of vapor cells can be used both under vac-
uum and normal pressure, while NV centers and
SQUIDS are non-vacuum-based sensors. In the

case of vacuum-based systems, the outgassing
rates of the materials used in the system and
the hermeticity of the package are of particular
importance.

A further differentiation criterion lies in the man-
ufacturing method of the sensor. While
SQUIDS, atom chips and NV centers are imple-
mented using microtechnology methods and
can therefore be integrated or combined with
PIC or CMQOS, the vapor cells for magnetome-
ters are often manufactured using conventional
glass blowing. They can therefore be integrated
as a dedicated component. However, innovative
approaches are also striving for microtechno-
logical production here.

Another point to consider is the temperature
during production, integration and operation.
The design of the quantum system can be a lim-
iting factor with regard to the maximum joining
temperature and thus restrict the choice of join-
ing method. Certain quantum systems also
need to be cooled during operation. For exam-
ple, SQUIDS are based on the principle of su-
perconductivity, which requires cooling with lig-
uid helium or, in the case of high-temperature
superconductors such as YBCO, the use of lig-
uid nitrogen.

Magnetic interference fields are a disruptive fac-
tor when measuring with SQUIDS, but also with
inertial quantum sensors. This applies both to
the selection of the materials used with regard
to their magnetic properties and to active and
passive shielding of external fields such as the
earth’s magnetic field.
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3 Chemical and Biochemical Measurands

(Sauerwald, T.; Kaiser, U.)

The measurement of chemical parameters has
its particular challenges:

the extremely large number of potential
measurands, ranging from small to complex
biochemical molecules at very different con-
centration level, leading to very different op-
erating principles in gas sensing devices

the complex interactions between various
measurands and with the fluid matrix requir-
ing an extensive knowledge of the applica-
tion itself to meets requirements to achieve a
specific reading for each measurand

In addition, the principle requires very direct
access to the measuring environment, which
is why encapsulation of the systems is par-
ticularly important for stability.

Even though methods and numerous ways of
tackling applications are correspondingly di-
verse, we would like to provide an overview of
the most important trends, both technology-
and application-driven, in highlights and as
comprehensive as possible. The trends include
new sensor technology such as miniaturization
and increased integration in gas sensor systems
like metal oxide semiconductor sensors or inte-
grated photoacoustic sensors, which are driven
by new applications in the fields of comfort,
health and prevention of air pollutants. Moreo-
ver, it can be seen that the gap between chemi-
cal analytics and chemosensor systems is clos-
ing as more and more miniaturized analytical
systems are developed which are suitable for
stand-alone systems or even process monitor-
ing. In many cases, the focus is on concepts with
which expensive or problematic components
can be avoided, such as high performing ion
mobility spectrometers that challenge more
complex systems than mass spectrometers
without high vacuum, or the elimination of radi-
oactive sources for ionization, e.g., in electron
capture detectors. In other areas, such as laser
spectroscopy, the focus is on increasing the ver-
satility of miniaturized components like quan-
tum cascade lasers, allowing for easier applica-
tion optimization as well as new high-resolution

concepts (frequency combs). In the field of liquid
sensing, trends in the fields of functionalization
of existing measurement principles such as spe-
cial electrode coating of ISFETs are driven to-
wards applications in medical measurement
technology and the measurement of biochemi-
cals in general. In medical applications, the in-
teraction with other sensor modalities is also
particularly important in order to be able to view
this complex condition multimodally. The meas-
urement of particles in fluids and gases contin-
ues to be of great importance. Even if this is of-
ten not so much a chemical measurand in the
narrow sense, the monitoring of particles plays
a central role in the quality of the matrix fluid,
most of all in air quality. In addition to the use of
new or miniaturized sensor concepts, develop-
ments in process measurement technology are
characterized by special requirements for relia-
bility and durability. Sensor process interfaces
therefore play just as important a role as self-X
concepts.

3.1 Gas Sensing
(Schiitze, A.; Meyer, C.)

In the previous decade, there has been a great
deal of research into sensor technology for gas
measurement. Particular attention has been
paid to technological innovations such as minia-
turization, digitization, power reduction and
price reduction. However, some technological
gas sensor trends, such as a universal “elec-
tronic nose” to detect unknown gas species and
concentrations in any environment, have not be-
come a reality yet, despite extensive research in
the field. This chapter will focus on sensor tech-
nologies and current trends, with analytical
methods being mentioned only briefly. How-
ever, some convergence is evident, from one
side, by making analytical methods portable
and more robust to allow their use also outside
of laboratories or, from on the other side, im-
proving the performance of sensor systems to
achieve detection limits and selectivity compa-
rable to analytical methods, at least for some
specific applications.
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Figure 3.1 Overview of Gas Measurement Technologies (not exhaustive)

Due to the heterogeneity of the chemical meas-
urands and the high number of use cases and
applications, there is a great variety of sensors
and instrumentation (see Figure 3.1).

thermal conductivity detectors (TCD) for H,
and (recently announced) for CO2 detection

non-dispersive infrared (NDIR) for CO, and
gas leakage detection

electrochemical cells (EC) using a solid elec-
trolyte (e.g. Lambda-Probe for detection of
Hydrocarbons) or liquid electrolyte (e.g.
smoke detectors for CO)

metal oxide semiconductor sensors (MOx)
for TVOC (Total Volatile Organic Com-
pounds)

photoionization detectors (PID) for TVOC
pellistors for explosive gas detection

Depending on their size and complexity, the in-
struments presented can also be classified as
portable or stationary. The demand for inexpen-
sive, miniaturized, portable, and highly sensitive
sensors is driving current industrial sensor de-
velopment.

Digitalization and miniaturization often go hand
in hand, as advances in microelectronics mean
that MEMS-based sensors with application-
specific integrated circuits (ASICs) are smaller
than ever before and can be manufactured in
large quantities (see Chapters 4 and 5). These
sensors contain all the necessary electronic
components for signal processing, control, and
communication (e.g. 12C, UART, SPI), and the

complete sensor algorithm is often also inte-
grated as firmware, so that a processed signal,
e.g., a gas concentration, is made available to
the user. Microelectronic production means that
the structural sizes of the components are very
small, resulting in low power requirements
down to the microwatt range. In addition, the
very high volume of semiconductor production
has led to a dramatic drop in the price of gas
sensors in recent years.

These trends from the last years have enabled
new devices for a wide range of gas sensor ap-
plications, from portable devices for personal
use to embedded sensor systems in industrial
plants. Some technologies, such as pellistors
and EC cells, have been well established for a
long time on the market, which is why many de-
vices show limited technological innovation. But
there are newcomers in the gas sensor field
such as MEMS-based photoacoustic sensors
(PAS) and also thermal conductance detectors
(TCD) for detection of CO; or fully solid-state
electrochemical gas sensors manufactured with
MEMS technologies [MECS 2024]. Whereas in
the early days of gas sensing, there was always
research into new technologies, today, the focus
is much more on optimization of existing tech-
nologies with the use of modern materials.

Current Trends in Gas Sensor Materials

New materials are steadily being proposed and
qualified for gas measurement to improve the

primary interface between gas phase and trans-
ducers. This interface is of course the main con-
tributor to achieving the overarching “3S” — sen-
sitivity, selectivity, and stability. Carbon nano-

tubes (CNT) and other forms of nanowires have



been studied for more than 20 years due to
their promise of a high surface-to-volume ratio
and, thus, expected high sensitivity [Han et al.
2019]. This was expanded to graphene and
other 2D materials, basically with the same ar-
gument that the large surface should offer a
high gas sensitivity [Nag et al. 2018]. Not all of
these expectations really stand the test of com-
mercial applications, which often place a higher
premium on the third “S”, i.e., stability. Another
novel material class are metal organic frame-
works (MOF), which is a 3D material and can be
tailored to optimize the absorption of gas mole-
cules, allowing mass-sensitive devices, im-
proved gas sampling, and integrated sensor-
pre-concentrator systems [Leidinger et al.
2016]. In many cases, authors propose these
materials for room temperature (RT) sensing,
primarily to reduce the power consumption for
loT devices compared to metal oxide sensors.
Again, while this has been extensively studied
in academia, practical applications of RT sensing
are scarce, because the low-power benefit also
incurs several drawbacks such as susceptibility
to condensation, slow response and recovery
times or even irreversible operation, as gas mol-
ecules with high absorption energies will never
desorb at room temperature. Trying to combine
selectivity with RT operation tends to make
matters worse as selectivity requires high ad-
sorption energy for the target molecules com-
pared to interferents, thus leading to very slow
recovery or irreversible reaction, similar to bio-
sensors with their very specific binding which
are typically only used as disposables.

Key Applications as Technological Drivers

While traditionally, the focus of air quality moni-
toring was on regulated outside air, this has re-
cently shifted towards indoor air quality (IAQ)
for two reasons. Ventilation is the main driver
for power consumption in buildings, but reduc-
ing ventilation rates also reduces IAQ, with the
twin aspect of comfort and health. An optimal
compromise can be reached via demand-con-
trolled ventilation which requires sensors for
continuous monitoring of IAQ. The COVID-19
pandemic in 2020 has further increased the fo-
cus on IAQ for monitoring not only pollutants,
but also aerosols to estimate the virus load in
the air, as PM sensors today are not sensitive
enough and, again, CO; is used as proxy. These

days, many schools are equipped with CO, sen-
sor systems to indicate the need for ventilation
such as opening windows. In the long term,
health will be the main driver for IAQ monitor-
ing: more than 300,000 premature deaths were
caused by air pollution in the 27 EU Member
States in 2020 [European Environment Agency
2022] and studies suggest that about half of
the total burden of disease is caused by indoor
air. While outdoor air quality is strictly regulated
and actually continuously improving for most
pollutants, the importance of IAQ is rising due
to unregulated indoor pollution sources (from
building materials and furniture, but also human
activities like cleaning and cooking) and the in-
creasing amount of time spent indoors com-
bined with improved insulation and reduced
ventilation rates to save energy. Different envi-
ronmental parameters are associated with IAQ.
Today, high concentrations of carbon dioxide
(COy) are often considered as primary indicator
for IAQ, but the sum of all volatile organic com-
pounds “TVOC" (note, however, that different
definitions exist in different communities [Sal-
thammer 2022]), oxidizing gases such as ozone
(O3) and nitrogen dioxide (NO2) mainly from
outside sources, as well as particulate matter
(PM2.5), are also relevant for comprehensive
IAQ monitoring. Especially VOC have a negative
impact on human productivity, causing effects
such as dizziness, weakness, shortness of
breath and, in the long term, cardiovascular dis-
eases and cancer. Depending on the country
and its legislation, there are variations in the
maximum level of each gas that can be present
in what is considered “good air”. IAQ monitoring
is expected to be the next huge market for gas
sensors integrated in loT devices like smart
speakers, smart thermostats, routers, office
equipment, or even in smartphones and weara-
bles [Sauerwald and Schitze 2020; Product
links 2024] and thus currently the main driver
for technological development.

Outdoor air quality monitoring is also expected
to grow in the context of smart, green cities
with dense low-cost sensor networks allowing
new solutions like online traffic management to
optimize the air quality or pedestrian and bicycle
navigation to minimize pollution exposure. An-
other long-term target for air quality monitoring
are portable devices for personal exposure
monitoring that provide feedback for the users
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and also allow a more in-depth understanding
of causes and effects of air pollution, both out-
doors and indoors.

Further new drivers are also connected to sus-
tainable development: the Leak Detection and
Repair (LDAR) regulations [EU Methane Regu-
lations 2024] proposed by the EU commission
target methane emissions in the energy sector
to limit the uncontrolled emission of the highly
potent greenhouse gas. Similarly, novel hydro-
gen (H,) sensors to detect small leaks would be
required to improve the efficiency of hydrogen
as energy source. Compared to existing safety
sensors which monitor the lower explosion limit
(approx. 4 %), much lower detection limits in
the low ppm range and excellent selectivity are
required to limit losses in a hydrogen energy
system.

Another push for gas sensors is expected in the
field of life sciences, both for health monitoring
in breath (e.g., acetone, hydrogen or nitric oxide
for metabolic activity or asthma monitoring) and
reducing food waste by indicating food fresh-
ness. The ultimate goal for health applications
would be detection of cancer from breath or
urine/feces, i.e., regular screening of the popula-
tion to allow early treatment, which is today still
elusive — not least because target substance
patterns for trace gases have not been identi-
fied.

A final driver for new gas sensors are Instru-
mental Odour Monitoring Systems (IOMS), i.e.,
sensor systems mimicking the elusive human
sense of smell. While so-called “electronic
noses” were often simple chemical sensor sys-
tems, this new approach focuses on human
sensing as the reference for odor. Potential ap-
plications for IOMS are food monitoring for
quality/freshness and edibility, air quality moni-
toring, especially around industrial plants,
wastewater treatment and others to provide an
objective assessment of the nuisance for resi-
dents, and finally quality control of recycled ma-
terials. While first solutions are available for as-
sessment of recycled polymers for car interiors,
more research is required to enable the use of
recycled materials in food packaging and similar
applications.

Considering the complexity of many gas sensor
applications — not only defined by low concen-

trations and complex mixtures of target mole-
cules, but even more by the challenging matrix
where interferent molecules often occur at
much higher concentrations than the target
compounds —, single sensors, however perfect,
will suffice only in few specific cases. Thus,
multi-sensor systems making use of comple-
mentary technologies (“multimodal sensing”)
combined with advanced data analysis (“sensor
fusion”) are required [Marco et al. 2012]. Cur-
rently, research efforts are often directed at im-
proving the performance of artificial intelligence
(Al) and machine learning models under well-
controlled lab conditions, but to achieve an im-
pact for practical applications in the future,
these approaches need to be transferred from
the lab to real-world scenarios. This poses two
challenges: (i) more robust and transparent
models (“explainable Al") and (ii) a greatly im-
proved calibration which takes complex interfer-
ences into account, eventually using event de-
tection and context awareness to help interpret
the measured gas composition. Novel ap-
proaches such as randomized calibration [Baur
et al,, 2020] have proven to achieve gas sensor
systems with a performance comparable to an-
alytical measurements, but still with full real-
time capabilities [Baur et al., 2021]. Finally, cali-
bration methods have to be adapted for mass
production to still offer low-cost solutions, i.e.,
by using transfer learning requiring only a few
training points for each individual sensor [Robin
etal,, 2023].

Trends in Qualification and Standardiza-
tion

Qualification is relevant to ensure a long life-
time, with up to 15 years expected for some gas
sensors. There are several tests, and each sen-
sor manufacturer handles qualification differ-
ently for their sensor products. For example, the
electrical performance of the sensor can be
qualified using JEDEC, AEC-Q and other stand-
ards by stressing the sensor to temperature, hu-
midity, mechanical stress, and electrical voltage.
Another way to simulate lifetime is to ensure
robustness against poisoning gases. For exam-
ple, sulphur and silicon-containing siloxanes are
known to have the potential to passivate gas-
sensitive layers. In this case, accelerated lifetime
testing means stressing the sensor with an arti-
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ficially high gas concentration to simulate long-
term exposure in a short time frame.

Due to the toxic nature of some gases, strict
regulations are in place. For example, nitrogen
dioxide concentrations have been drastically re-
duced in recent years to ensure a low risk of ex-
posure. Guidelines and limits for individual
gases are set by national or international au-
thorities; well-known international organiza-
tions including the World Health Organization
(WHO), the American Society of Heating, Re-
frigerating and Air-Conditioning Engineers
(ASHRAE), or the California Energy Code (Title-
24). However, when it comes to classifying
“good indoor air” by combining multiple param-
eters and gases, there is no universal standard
for IAQ available yet. Until a decade ago, gov-
ernmental agencies (e.g., the German Federal
Environmental Agency) led this effort, but in re-
cent years, many industry-driven organizations
(RESET, WELL, HVI, SEMI, etc.) have taken on
this responsibility and are promoting human
well-being according to their own defined IAQ
standard. In addition, the question of how to
evaluate air quality sensors remains open, and
there is no universal standard for comparing dif-
ferent technologies and sensor manufacturers.
In early 2024, a draft of a first VOC detector test
instruction was published by the VDI, which
gathers best practice information from industry,
sensor companies and academia, and aims to
become an ISO standard within the next few
years [VDI Germany, 2024].

In summary, gas sensors and even more gas
measurement systems are a highly interdiscipli-
nary field with diverse challenges:

basic understanding of target gases and in-
terferents

chemical and physical effects for sensing
materials science for chemical interaction

MEMS technologies for integration of sensor
components

semiconductor industry for scaling to serve
low-cost, high-volume applications

data analysis including physical and data-
based modelling as well as algorithm devel-
opment

calibration and testing

The complexity of various target applications
necessitates application-specific solutions, so
that often very different sensor technologies are
required for the same target, depending on the
concentration range and the gas matrix as well
as the expected lifetime and cost of the solu-
tions. Some applications have the added com-
plexity that the target is not actually unequivo-
cal: in fire detection, the gases indicating a fire
are highly variable depending on the type of
fire. Similarly, human breath analysis shows
great variation depending not only on the per-
son, but also their nutrition and general behav-
ior. Novel applications therefore also need to be
adaptive to their environment, which mightin-
clude the data analysis; i.e., an IAQ sensor first
learns typical ambient patterns before being
able to classify situations and quantify pollu-
tants reliably. The potential for gas sensors is
huge, and sometimes it seems that too much is
promised knowing that end users are hardly
ever able to validate results of chemical sen-
sors. However, to seriously address potential
applications, both researchers and developers
should take care or consider not to oversell their
results and solutions.

3.2 lon mobility spectrometry
(Zimmermann, S.; Kirk, A.)

lon mobility spectrometers (IMS) should always
be considered as a promising alternative to
classical sensors, sensor arrays and other tech-
niques when the application requires low in-
strumental effort but very fast and selective de-
tection of compounds present in gases and lig-
uids even at lowest concentrations down to ppt
levels.

At a glance, IMS separate ions based on their
specific motion through a neutral gas under the
influence of an electric field. Thus, separation
depends on the collision properties between
ions and neutral gas molecules. Since IMS usu-
ally operate at ambient pressure, IMS can be
easily coupled to atmospheric pressure chemi-
cal ionization sources with extremely high ioni-
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zation rates, allowing for limits of detection in
the low ppt range within one second of measur-
ing time. Furthermore, since separation is based
on the physical structure of ions, IMS offer sepa-
ration in another dimension orthogonal to gas
chromatography and mass spectrometry on a
millisecond timescale.

The above-mentioned features have led to the
widespread use of IMS for detecting chemical
warfare agents, explosives, drugs and toxic in-
dustrial compounds [Eiceman et al. 2004, Bors-
dorf et al. 2006; Makinen et al. 2011; Buryakov
2011; Puton et al. 2016]. A detailed description
of ion mobility spectrometry and different em-
bodiments, such as drift time IMS (DTIMS),
trapped IMS (TIMS), traveling wave IMS
(TWIMS), field asymmetric IMS (FAIMS), differ-
ential mobility spectrometers (DMS) and struc-
tures of lossless ion manipulation (SLIM) can be
found in the literature [Eiceman et al., 2013;
Webb et al. 2014; Michelmann et al. 2015;
Ridgeway et al. 2018]. Often coupled with gas
chromatography, IMS are suitable for the analy-
sis of highly complex samples, for example in
the quality control of food and beverages
[Karpas 2013; Herndndez Mesa et al. 2017],
and pharmaceuticals [O'Donnell et al. 2008;
Campuzano et al. 2018], as well as in medical
applications [Allers et al. 2016; Drees et al.
2019]. IMS can be also found in more analytical
tasks, especially bioanalytical applications
[Bohrer et al. 2008; Uetrecht et al. 2010; Zhong
etal. 2012; Konijnenberg et al. 2013]. European
manufacturers of stand-alone IMS and GC-IMS
include Airsense, Bruker, Environics, G.A.S,,
ION-GAS, MaSaTECH, Olfactomics, Owlstone,
Smiths Detection and STEP.

Today's research in IMS instrumentation mainly
concentrates on the development of cost-effec-
tive manufacturing methods and further reduc-
tion of instrumental size [Ahrens et al. 2022;
Bohnhorst et al. 2021; Ahrens et al. 2020;
Ahrens et al. 2019], dual IMS for simultaneous
detection of both ion polarities [Hitzemann et al.
2022; Lippmann et al. 2020], improving sensi-
tivity [Kirk et al. 2022; Kirk et al.,, 2020] and
highest resolving power even with compact in-
struments (Kirk et al.,, 2019; Kirk et al.,, 2017;
Kirk et al., 2015). This includes new ideas for
improved compound identification by field-in-
duced fragmentation at ambient pressure and

use of the differential ion mobility, which relates
to the ion specific field dependence of ion mo-
bility [Bohnhorst et al. 2023; Bohnhorst et al.
2019; Bohnhorst et al., 2018].

The issue of competing ionization processes and
cluster reactions is tackled by a new IMS con-
cept that operates at pressures from 10 to

40 mbar instead of ambient pressure to reach
high electrical fields in the reaction region and
drift region while still being compact in size
[Schaefer et al. 2023; Allers et al. 2022;
Langejuergen et al., 2014]. This allows for ki-
netically controlled ionization and targeted ma-
nipulation of reactant ions, significantly increas-
ing the spectrum of detectable compounds and
minimizing chemical cross sensitivities during
ionization including the effect of sample humid-
ity on sensitivity. Furthermore, the differential
ion mobility can be directly measured and used
as a second dimension of separation for reliable
compound identification.

Finally, non-radioactive ionization sources are
increasingly removing radioactive sources that
are still used in ion mobility spectrometry. Such
non-radioactive ionization sources are often
based on corona discharge, dielectric barrier
discharge, cold plasma, high energetic photons,
and UV radiation. With electrospray ionization,
liguids can be analyzed [Thoben et al. 2021].
Recently, advances have been made in coupling
droplet microfluidics and chip-based electro
chromatography as well as high performance
liquid chromatography with IMS [Hartner et al.
2021; Hartner et al. 2020; Piendl et al. 2019). In
addition, IMS provide a second dimension of
separation in gas chromatography (GC) and
mass spectrometry. GC-IMS are of particular in-
terest when thinking of compact [Langejuergen
et al., 2015] and even hand-held devices
[Ahrens et al. 2021] for analyzing more com-
plex samples.

Figure 3.2 shows a low-cost, high-performance
DTIMS made from printed circuit boards with
high resolving power of #= 60 and detection
limits in the low ppt range within one second of
measuring time but short drift length of just

40 mm [Bohnhorst et al.,, 2021].
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Figure 3.2 Low-cost, high-performance DTIMS made
from printed circuit boards with high resolving
power of R = 60 and detection limits in the low ppt
range within one second of measuring time but
short drift length of just 40 mm. (Source: Alexander
Bohnhorst)

3.3 Non-radioactive Electron Capture
Detector

(Zimmermann, S.; Kiiddelsmann, M.)

The use of electron capture detectors (ECD) in
gas chromatography (GC) is still the best choice
for extremely sensitive, linear and fast analysis
of many environmental pollutants, halogenated
compounds and other electron-affine sub-
stances [Pellizzari 1974]. Therefore, ECDs have
become one of the standard detectors in food
and environmental analysis since the 1960s. As
a prominent example, GC-ECDs have been an
important key technology in studying man-
made halocarbon emissions [Lovelock 1971;
Lovelock et al. 1973] and were fundamental to
the research on ozone depletion that earned F.S.
Rowland, M. Molina and P. Crutzen the Nobel
Prize in Chemistry in 1995.

Today, due to the high sensitivity to fluorinated
compounds, ECDs can also contribute to the
challenging analysis of PFAS in the context of
the recently tightened EU regulations [Belisle
and Hagen 1980; Koch et al. 2020; Namazkar et
al. 2024]. However, ECDs have not only made
us aware of the increasing global extent of pol-
Lution, they also play a valuable role in medicine
[Kaiser and Martin 1978; Hamann and McAllis-
ter 1983], pharma [Ho et al. 2014; Kavrentzos
et al. 2024], food flavor analysis [Zgherea et al.
2011] and detecting explosives [Collin et al.
2006].

The principle of an ECD is based on measuring
free electrons in the gas phase, generated by
ionizing nitrogen or argon. Through electron
capture reactions with an electron-affine sub-
stance, the number of free electrons decreases
as a function of the substance concentration.
The remaining electrons are separated from
negatively charged ions and guided towards a
detector by short voltage pulses. An essential
enhancement for the outstanding sensitivity and
linearity of current ECDs is the so-called con-
stant current mode [Maggs et al. 1971]. This
mode maintains a constant electron current by
varying the pulse frequency. This mitigates non-
linear saturation effects due to electron deple-
tion, resulting in a linear relationship between
pulse frequency and analyte concentration. By
using this operation principle, commercial ECDs
can achieve detection limits in the low fg/ml or
ppt range with a linear range of up to four or-
ders of magnitude [E13 Committee 2011]. Ad-
ditionally, most ECDs offer short response times
due to their small detector volumes (e.g., Ag-
ilent UECD) and high temperature capability of
up to 400 °C.

However, besides all the advantages, ECDs suf-
fer from one major disadvantage: classical ECDs
require a radioactive ionization source. Cur-
rently, the largest suppliers of analytical instru-
ments, such as Agilent, Thermo Fisher Scientific,
PerkinElmer, and Shimadzu, equip their GCs
with radioactive ECDs, as cost efficient and per-
formant alternatives do not exist yet. However,
the radioactivity implies considering legal re-
strictions and safety-related requirements when
purchasing, using, storing, shipping and dispos-
ing of radioactive ECDs. Additionally, depending
on the activity and emitter classification, a
trained radiation protection officer (RPO) and
even regular wipe tests may be necessary. Fur-
thermore, if radioactive ECDs become contami-
nated, the analytical performance decreases
and the device must be cleaned by a specialist
or even disposed of.

Several investigations have been conducted on
non-radioactive electron sources, such as pho-
toelectron sources [Simmonds 1987], photoion-
ization sources [Wentworth et al. 1975] or high-
energy electron sources [Bunert et al. 2019],
which can provide free electrons for ECDs.
However, only the helium plasma-based ECD
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has gained further commercial attention as a
non-radioactive alternative [Cai et al. 1996]. The
Pulsed Discharge Detector from Vici Valco In-
struments is based on a helium plasma, which
generates ultra-violet light for the photoioniza-
tion of an additional dopant in the carrier gas.
Although the limits of detection and linearity of
the Pulsed Discharge Detector are comparable
to radioactive ECDs, it has not yet replaced radi-
oactive ECDs to a significant extent. This is
likely due to the dopant and the requirement for
highly pure helium.

Current research is focused on the use of high
energy photon sources for direct ionization of
the carrier gas, similar to radioactive ECDs
[Kueddelsmann et al. 2022; Bunert et al. 2023].
Such high-energy photon sources with a maxi-
mum acceleration voltage below 5 kV typically
do not require approval, have a small form fac-
tor, are temperature stable up to 400 °C and
can maintain constant ionization intensity for
several years. If contaminated, easy cleaning is
possible. Recent publications demonstrate out-
standing results of an “X-ECD” equipped with a
high energy photon source in terms of sensitiv-
ity, linearity, and response time [Kueddelsmann
et al,, 2022; Kueddelsmann et al., 2023].

Figure 3.3 Non-radioactive X-ECD based on a high
energy photon source not bound to any regulatory
restrictions and manufactured at low cost from
printed circuit boards with detection limits in the
lower ppt range and a linear range of up to four or-
ders of magnitude. (Source: Maximilian Kiiddels-
mann)

Current developments are focused on much
higher operation temperatures, which is an es-

sential step towards becoming a potential com-
petitor to radioactive ECDs. A promising con-
cept could be the use of high-temperature sta-
ble printed circuit boards (PCBs) based on ce-
ramic material for low cost, easy manufacture
and compact design. A first demonstrator based
on standard FR-4 PCBs is shown in Figure 3.3.

3.4 Laser Spectroscopy
(Wollenstein, J.)

Detecting and determining the composition of
gases plays a very important role in industry,
safety engineering and environmental analysis.
On the one hand, gaseous hazardous sub-
stances must be monitored in highly complex
and often very extensive chemical plants. Toxic
or explosive gases must be detected reliably
and quickly at trace levels. On the other hand, in
process analysis and environmental analysis,
the composition of gas mixtures must be moni-
tored with high accuracy in real time, either
online or inline.

Online and inline sensors are required to pro-
vide information on the composition of chemical
process and product qualities and reaction pro-
cesses. Optical spectroscopic measuring sys-
tems that work without media contact offer ma-
jor advantages here.

They often do not require time-consuming sam-
pling and also offer advantages in terms of cali-
bration and maintenance.

The most used and advanced technology is
near-infrared (NIR) spectroscopy. Mid-infrared
(MIR) and Raman spectroscopy are considered
to have a particularly high potential for the fu-
ture due to significant progress in component
development. Optical developments, particu-
larly in laser technology, are a technological
boost for laser spectroscopy.

The increasing availability of cost-effective, nar-
row-band and powerful laser light sources for
Raman spectroscopy is a key element. Another
is the development of narrow-band notch and
edge filters with very high suppression of the
excitation radiation. Together with the develop-
ment of cost-effective and powerful spectrome-
ters (also for the infrared range up to a wave-
length of around 2.2 um), this will lead to a
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rapid increase in the use of Raman spectroscopy
for process applications.

The technological push was particularly strong
for MIR laser sources: before the first develop-
ment of quantum cascade lasers (QCL) in 1994
[Faist, J. et al. 1994], there were no compact
semiconductor laser sources for operation at
room temperature.

Since 2003, the first single-mode distributed
feedback (DFB) QCL lasers with continuous
wave operation at room temperature have been
available [Aellen et al. 2003]. These lasers are
now available from various manufacturers for
the wavelength range of 4.3 um to 10.6 uym.
The development of interband cascade lasers
(ICL), which now cover the wavelength range
from 3 to 6 um and are commercially available,
has been equally rapid [Nanoplus 2005]. Due to
the small tuning range of the DFB lasers of only
a few wavenumbers, they were originally only
of interest for the analysis of gases with narrow
absorption lines.

The development of widely tunable QCLs with
an external resonator (EC-QCL) has made it
possible to sweep up to 1000 cm™. These pow-
erful light sources can now be used for numer-
ous applications of classical spectrometers.

Particularly with samples that absorb strongly
in the MIR, such as liquids containing water, the
high spectral power of the laser source enables
measurements that are hardly possible with the
thermal emitters generally used in spectrome-
ters [Luedeke et. al. 2011].

With increasing laser power, non-linear optical
methods are also gaining importance. Widely
tuneable laser light sources for many wave-
length ranges based on optical parametric oscil-
lators are now commercially available.

Three applications from the field of gas analysis
are shown below, which illustrate the applica-
tion potential of new optical components and
approaches. These are the threat-based remote
detection of gas leaks, the use of quantum cas-
cade laser-based spectrometers for agricultural
applications, and double-frequency comb spec-
troscopy.

Airborne Remote Detection of Combustible
Gases

Remote airborne gas detection is needed to de-
tect gas leaks. When inspecting natural gas in-
frastructures, professional providers are moving
towards using laser-based gas detection de-
vices on drones to inspect gas pipe networks, as
this allows more kilometers of pipe to be in-
spected in less time than the current practice of
walking the pipes. Outside Germany, for exam-
ple, these devices are regularly used to fly over
natural gas pipelines laid underground for gas
leak detection [Luedeke et. al. 2011].

Remote gas detection is essential for the field of
application outlined above. In practice, remote
gas detection can be implemented using tuna-
ble laser spectroscopy (TLS for short) [Wenke
2023].

There are passive gas cameras and sensitive
hand-held measuring devices for optical me-
thane detection [Kwasény et. al 2023], particu-
larly for natural gas leak detection applications.
Gas cameras [FTIR] are actively cooled thermal
imaging cameras with a gas-specific spectral fil-
ter that make gas absorption visible against a
warm background radiation. Due to the high
cost of a gas camera, there is a high threshold
for the purchase and thus also for the spread of
this measurement technology. Hand-held laser
measuring devices are easy to use: the device is
pointed at a target that can be aimed at using a
visible pilot laser and the gas concentration is
measured in ppm - m. This measuring technique
has a range of up to 100 m. Unfortunately,
however, the greater the distance to the target,
the greater the measurement uncertainty, and
the position at which the laser beam passes
through a gas cloud remains unknown.

The solution to this problem is remote detection
by a drone (UAV) that flies over the pipeline and
measures the gas concentration from above
(see Figure 3.4). The laser beam is aimed verti-
cally at the ground, and the position of the
drone can then be used to localize the gas con-
centration on the ground. Laser-based measur-
ing devices that can work on a drone are al-
ready available on the market for leak detection
on natural gas infrastructure [Barchyn et al.
2017]. Measuring systems for the remote de-
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tection of propane, on the other hand, are not
available on the market. The laser wavelength
for methane detection of commercial devices is
usually in the near-infrared (NIR) harmonic
spectral range at 1.65 um. This wavelength
range is unfavorable for propane gas detection
because the absorption of propane in the NIR is
very weak. The mid-infrared spectral range
(MIR) offers strong absorption lines for both
methane and propane and is therefore selected
as the spectral working range. The advantages
of the new spectral working range are “two
gases with one measuring device” and a high
sensitivity due to up to one hundred times
greater absorption of the two gases in the MIR
compared to the NIR.

-4

S bl

Figure 3.4: Concept of the gas measurement sys-
tem on the UAV

The concept for an example of a drone-compat-
ible gas detection system is shown in Figure 3.4.
The opto-mechanics are designed as a cage
system, which is light and stable. The walls and
rods are made of carbon, the planes for the la-
ser, detector, lens, and cover are made of alumi-
num. The cage system enables a high degree of
parallelism of these planes and at the same
time flexibility in the distance in order to posi-
tion the detector precisely in the lens focus, for
example. The challenge of the opto-mechanics
lies in the requirement for parallelism of the two
optical axes of the laser and receiver optics. The
laser optics collimate the laser with a small di-
vergence so that the beam diameter after 10 m
is just a few centimeters. The alignment of the
laser beam must be highly accurate so that the
detection area of the receiving optics is hit. After
10 m, thisis an area of 13 cm x 13 cm, which
means that the angular error in the parallelism
of the optical axes must be less than 0.38°.

The optical power of the collimated ICL at the
operating point for 2,968 cm™ is approximately
5 mW (ICL from nanoplus). The laser tempera-

ture is set to either 23 °C or 27 °C for spectral
matching between the methane and propane
application. The beam is aligned using a com-
pact kinematic holder, which is adjusted to the
detection area. An uncooled (mercury-cad-
mium-telluride (MCT)-based IR quantum detec-
tor with a 1 mm x 1 mm area (PVI-3.4 from
Vigo-Systems) is used to detect the backscat-
tered laser radiation. The high detectivity of

4 x 1,010 cm Hz 0.5/W makes it possible to de-
tect low optical power even without active cool-
ing of the detector element. This is an important
aspect, as the electrical power consumption can
be kept low without thermo-electrical cooling.

T 2 lLandegestell

Figure 3.5: Photo of the measuring system on the
UAV's landing gear. The measuring system has
three levels. The receiving optics through a Fresnel
lens, the detector level with an infrared detector,
and the interband cascade laser with an emission
wavelength of 3369 nm

The entire electronics for laser control, data ac-
quisition and communication have been de-
signed so that the measuring system can be op-
erated with less than 2 W via the 5V USB
power supply (Figure 3.5). The dimensions of
the circuit board are 5 cm x 8 cm. The sawtooth
modulation of the laser emission wavelength of
120 Hz and a sampling rate of 1,000 points per
period result in a sampling rate of 120 kB/s with
an ADC resolution of 16 bit. This data volume is
processed with the firmware of the evaluation
algorithm on a small microcontroller (PSoC

63 Dual Core). The concentration value fre-
quency of approximately 4 Hz is achieved
through the number of curve averages (e.g.

32 x).

These values are sent during the flight via the
drone together with the GPS position to a
ground station. The gas concentration in the
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flight path is then displayed there using a color
scale.

A portable laser spectroscopic system for
measuring nitrous oxide emissions on fer-
tilized cropland (Figure 3.6)

Nitrous oxide is a greenhouse gas that is re-
leased in large quantities in agriculture through
fertilization. With a global warming potential
about 273 times higher than that of CO; [EPA,
US 2025]), nitrous oxide emissions make agri-
culture a sector with a major impact on climate
change. When too much fertilizer is applied, it
leads to excessive nitrate levels in the soil. The
nitrate not needed by the plants is converted
into nitrous oxide and released from the soil
surface. In addition, the unconverted nitrate re-
mains in the soil and leads to pollution of the
soil and groundwater. The aim of conscious use
of fertilizers is to apply only as much fertilizer as
the plants need. This protects the environment
and saves resources and money, while the ben-
efit of fertilization, a high yield, is maintained.

Figure 3.6: The portable system on a corn field

Since 1990, there has been no discernible trend
towards a reduction in N,O emissions from agri-
cultural soils in Europe. To achieve this goal, it is
very important to have a clear understanding of
the nitrogen cycles in the soil to know the rela-
tionships between fertilization, nutrient use by
plants and N,O emissions. To investigate these
relationships, detailed studies on the local dis-
tribution of N,O emission fluxes [Alberti et. al.
2013] on different agricultural areas depending
on mapped data such as vegetation, soil com-
position and moisture must first be carried out.

This requires precise N,O measurement sys-
tems. Once the nitrogen cycles are well under-

stood and precise measurement systems for
N-O emissions are available, needs-based ferti-
lization can be significantly improved. However,
the determination of N,O emission fluxes is a
difficult task, as only a small increase in N,O
concentration compared to a natural back-
ground of 333 ppb needs to be measured.
Therefore, stable calibration and high instru-
ment precision are required. This section pre-
sents the development and validation of a com-
pact, mobile and fast laser spectroscopic sys-
tem for measuring N,O emission fluxes on-site
on the ground and for easy handling in agricul-
tural environments.

Systems that can measure N,O in the concen-
tration range relevant in agriculture are already
available. One option for measuring N,O is us-
ing a cavity ring-down spectrometer. The
Picarro G5310 is able to measure N,O with high
precision [Picarro.com 2023]. However, this
system is very expensive and, with a power
consumption of 200 W, it is only designed for
use in static installations and not for mobile
platforms.
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Figure 3.7: Schematic view of the portable meas-
urement setup

Therefore, there is still a need for portable and
economically viable N,O measurement systems
for agricultural research. This motivated us to
develop the system described below, which
measures N,O using laser absorption spectros-
copy in the MIR. The optical system is set up as
shown schematically in Figure 3.7. It consists of
a distributed feedback (DFB) laser with an emis-
sion wavelength of 4.5 um, a multi-reflection
long-path cell with an optical path length of
720 cm and a volume of 300 ml, and a three-
stage thermoelectrically cooled MCT photode-
tector (Vigo System, S.A., Ozaréw Mazowiecki,
Poland). The peripheral devices include thermo-
electrically cooled control electronics (Meerstet-
ter Engineering GmbH, Rubigen, Switzerland)
and an in-house development of the LDD con-
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trol electronics. It was designed to control the
absolute pressure in the long-travel cell to
about 290 mbar. The pressure is measured with
a built-in pressure sensor (MPL3115A2, NXT
Semiconductors N.V., Eindhoven, Netherlands).
The given pressure value is an empirical value
that results from a compromise between max-
imizing the absorption signal of N,O and mini-
mizing line broadening effects, as indicated by
simulations using the HITRAN database [Roth-
mann et al. 2013].

The first measurements in the field were carried
out in a corn field near Schallstadt, south of
Freiburg in Germany. The first step of the sam-
pling procedure was to place the bell-shaped
container with the top valve open to avoid over-
pressure that could impede N,O diffusion from
the soil below. After placement, the top valve
was closed. This initial sampling step lasted
five minutes. For data evaluation, the ambient
air concentration is set to 333 ppb N0 as a ref-
erence before each measurement. This refer-
ence value can be assumed to be approximately
constant [Umweltbundesamt 2023].

A typical measurement curve is shown in Fig-
ure 3.8. The sample bags are measured alter-
nately with laboratory air, which serves as a ref-
erence for the N,O ambient concentration

(333 ppb). Figure 3.8 shows the measured N,O
concentrations for three different measurement
locations in the field. The increased N,O con-
centration of the sample bags can be clearly
seen. The first measurement point was recorded
two days after fertilizer application, with no sig-
nificant increase in the measured N,O concen-
tration. After six more days, a strong increase in
concentration can be observed. Thereafter, the
concentration decreases in the following meas-
urements and approaches the reference con-
centration.

Frequency Combs

A variety of sensors based on different measur-
ing principles are available to determine the
concentration or to detect individual compo-
nents of a gas mixture. Sensor systems that
make use of the property of many gases to ab-
sorb light play a special role, as they have ad-
vantages in terms of response time, reduced
drift behavior, and cross-sensitivity [Hodgkinson

- [T
20 s P
- P
= i M
B .
g
L
:
E
4 ]
4 \
-
=
-
o
z 5
A
| ==
¢ = —
il f 0 1E 3l 2 W

Darys aftor Fertlization

Figure 3.8: Measured nitrous oxide concentration
for four different positions in a field as a function
of the days since the last fertilization

etal. 2012]. The use of tunable lasers as a light
source enables fast response times, high sensi-
tivity and selectivity in the determination of indi-
vidual gas components, while broadband light
sources such as thermal emitters in combination
with a Fourier transform spectrometer enable
the parallel detection of many gas components.
These two approaches to optical gas detection
can be regarded as extremes in the parameter
space with the dimension’s spectral coverage —
relevant for the detection of multiple compo-
nents — and sensitivity — important for the de-
tection of small traces of individual components.
However, lasers are limited in their tuning range
and spectrometers are limited in their spectral
resolution and sensitivity, so that a gap opens in
the middle of the parameter space of optical gas
detectors.

Optical frequency combs represent a new ap-
proach to close this gap. Frequency combs span
a broad spectral range of interest with many la-
ser modes with a fixed and precisely known fre-
quency spacing. They are therefore also known
as optical rulers, and for their discovery and de-
velopment, the Nobel Prize in Physics was
awarded in 2005 to T. W. Hansch and J. L. Hall
[Hansch 2005]. They are increasingly used for
applications in the field of distance measure-
ment, hyper-spectral imaging and spectroscopy
[Udem et al. 1999].

The combination of two frequency combs
[Schiller 2002] is of particular interest for spec-
troscopy. Frequency combs with slightly differ-
ent mode spacing are superimposed so that
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beats are generated from two assigned mode
pairs of the lasers. The beats of different mode
pairs have different frequencies, typically in the
radio frequency range, and an interferogram is
formed in analogy to Fourier transform spec-
troscopy. These interferograms can be meas-
ured using a single photodetector and the radio
frequency spectrum can be calculated using a
Fourier transform. Since the frequencies of the
laser modes involved and thus also the beat
frequencies are known, the optical spectrum can
be derived from the radio frequency spectrum.
The use of a classic spectrometer and the asso-
ciated limitations in resolution can thus be
avoided.
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Figure 3.9: Exemplary representation of the spec-
trum of two frequency combs with five frequency
comb modes

In Figure 3.9, the carrier frequency % of one fre-
qguency comb (solid lines) is offset by the
amount Affrom the carrier frequency of the sec-
ond frequency comb (dashed lines). The other
modes of the frequency combs are symmetrical
about the corresponding carrier frequencies and
have different mode spacings # by Af. Part b)
shows the spectrum of the beats between the
combs resulting from superposition. The beat
frequencies between the closest optical fre-
guencies from a) between two assigned fre-
quency comb modes are shown. The beat fre-
quencies are centred around a radio frequency
carrier wave with frequency Afand sort them-
selves symmetrically around it with a frequency
spacing of Af. Mode 1 shows an attenuated op-
tical power, which results from absorption by a
sample. This information is transferred to the ra-
dio frequency image using the second frequency
comb [Nitzsche 2023].

An example is shown in [Nitzsche et al. 2021] in
which this approach is used to generate electro-
optical combs in the near infrared. In a second

step, the superimposed frequency combs are
converted to the mid-infrared for tuning. In this
way, a spectrometer is realized that enables
flexible resolutions, spectral coverage and
measuring ranges. The mid-infrared range from
3 umto b umis selected as the measurement
range of interest, as all greenhouse gases and
many other relevant gases exhibit strong and
characteristic absorptions in this range. These
methods were evaluated using measurements
of a gas mixture containing nitrous oxide and
carbon dioxide in the ppm range, and the per-
formance of the spectrometer was quantified in
terms of the linearity of the response behavior
and the accuracy as a function of the integration
time.

For this purpose, an additional laser tunable
from 1,000 nm to 1,300 nm was set up as a
pump for the conversion and resonantly
boosted. This means that the double frequency
combs can be provided in the spectral range
from 3,000 nm to 4,700 nm without losing their
flexibility. This is used for the detection of at-
mospheric concentrations (ppm to ppb) of the
gases methane, nitrous oxide and carbon diox-
ide. The capability of the spectrometer for the
simultaneous detection of two trace gases is
demonstrated using an exemplary series of
measurements of gas mixtures with diluted car-
bon monoxide and nitrous oxide components
(ppm). The system shows a linear response be-
havior. With a 10-Hz update rate, the concen-
trations can be tracked with an accuracy of 6 %o
in the ppm range

In summary, laser-based techniques have now
found their way into industrial measurement
technology. With the help of lasers, solutions
can often be found inline or online in the pro-
cess for tasks that previously required time-con-
suming sampling or preparation and/or labora-
tory analysis.

Three examples from the field of gas analysis
showed that this trend will continue in the fu-
ture. The rapid development of laser light
sources and passive optical components is ena-
bling new measurement methods that will find
their way into online and in-situ analysis.
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3.5 Liquid Sensing
(Hild, O.R.)

The biochemical and chemical analysis of lig-
uids continues to play a prominent role in sen-
sor technology. Some examples of fields of ap-
plication and challenges are described below.

Environmental Water Analysis

In the field of environmental analysis, agricul-
ture and water management, the focus is on
water analysis. The most important parameter
here is and remains the pH value. It reveals how
acidic or alkaline the water or soil is. Typical pH
values are in the range of 5.5 to 8. However,
depending on the soil conditions and plants,
very acidic pH values in the range of 4 to 5.5 are
also typical for moors.

Although ion-sensitive field effect transistors
(ISFETs) have numerous advantages over glass
electrodes, the latter continue to dominate pH
analysis. The reasons for this are the precon-
ceptions that ISFETSs drift strongly, have a high
sensitivity to light and are not CIP (Cleaning in
Place, Cleaning in Process) stable. In fact, there
are still challenges in this area. The minimiza-
tion of drift is achieved by controlling the under-
ling transistor. Light sensitivity is solved by the
ISFET chip structure and CIP stability by the
sensor layer. Nevertheless, the technology is
not easy to master, which is why there are only
a few commercial ISFET manufacturers world-
wide. The manufacturing effort is worthwhile,
as ISFETs have the advantage that they are in-
sensitive to breakage and have no problems with
suspended particles. Optical methods are only
suitable to a limited extent, as inherent coloration
or turbidity of the sample can distort the result.
ISFETSs are outstanding for on-site measure-
ments or continuous measurements as they are
robust and, unlike glass electrodes, can also be
stored dry. In Figure 3.10 A, a 5 mm x5 mm
ISFET, wire bonded to a ceramic support, is
shown. To protect the edges of the chip as well
as the contacts and bond wires, the chip is en-
capsulated with a chemically stable resist. This is
shown in Figure 3.10 B. A large contact surface
is required so that the chip can be well wetted by
the analyte. The sensitive area and the chip can
be made many times smaller for laboratory ap-

plications.

Figure 3.10: A: ISFET Chip die and wire bonded on a
ceramic support. B: ISFET after encapsulation
(Source: Lukas Lorenz, Fraunhofer IPMS)

Both ISFETs and glass electrodes require a ref-
erence electrode. A silver wire coated with sil-
ver chloride is also used as a reference elec-
trode, which is connected to the measuring me-
dium via a diaphragm in usually a 3 M KCl solu-
tion. Figure 3.11 shows the simplified combina-
tion of a conventional Ag/AgCl reference elec-
trode with an ISFET.
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Figure 3.11: Simplified pH-Measurement set up with
an ISFET and an Ag/AgCl reference electrode as two
half-cells (Source: Laura Bayer, Fraunhofer IPMS)

Replacing these reference electrodes, also
known as second-type electrodes, remains a
major challenge. There are already numerous
approaches to producing a solid-state reference
electrode which, if of sufficient quality, would
revolutionize pH measurement technology, be-
cause second-type electrodes are not free of
material conversion, therefore have to be cali-
brated frequently and can hardly be miniatur-
ized. Stable solid-state reference electrodes are
the key to reproducible, long-term and miniatur-
izable measurements for many biological and
chemical sensor applications. Current develop-
ments in this area include the use of conductive
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polymers, in particular PEDOT:PSS and gra-
phene oxide (GO) [Vu et al. 2022]. The chal-
lenges for future developments lie in controlling
sensor and electrode drift, which should be less
than 100 pV/h, and avoiding cross-sensitivities.

One driver for new developments is the increas-
ing demand for continuous on-site measure-
ments, which rely on energy-efficient, durable,
robust and low-maintenance sensors. Rapidly
changing environmental conditions lead to a
great need for such sensors which can also be
networked over long distances and whose
measurement data can be easily linked with
data from other sources. For example, the link-
ing of pH value data from water monitoring can
be combined with weather data in order to pre-
dict critical living conditions for fish.

In addition to pH value determination, quantita-
tive ion detection is another key application in
inorganic analysis and is therefore rightly the
subject of intensive research. The measurement
of ion concentrations is important, for example
for assessing drinking water quality (e.g., ni-
trate, heavy metals), nutrient content in soil and
water (e.g., nitrate, phosphate) or in biological
sensors for measuring sodium or potassium
concentrations in body fluids. There are numer-
ous solutions for the quantitative determination
of the relevant ions, some of which have already
been commercialized. lon-selective electrodes
(ISE), which consist of an electrode with an
electrolyte or a field-effect transistor combined
with an ion-selective membrane, are well
known. The membrane often consists of PVC
with a plasticizer and the actual ion-selective
component, an ionophore. lonophores are usu-
ally complexing agents that selectively and re-
versibly bind certain ions, thereby making them
measurable. The measurement can then be car-
ried out, for example, as a change in the capaci-
tance of an FET or as an ion concentration-de-
pendent voltage measurement between an ISE
and a reference electrode. New developments
in this field include the development of 2D ma-
terials that enable improved selectivity and ser-
vice life of the membranes.

Body Fluids as Analyte

In the field of biosensor technology, the analysis
of body fluids continues to be highly relevant.

After the countless developments in COVID-19
detection provided a major boost to innovation,
there are now high hopes of transferring the
findings to other areas, such as cancer diagnos-
tics. Promising technologies here include the
connection of biomarkers to sensor surfaces. 2D
materials such as graphene are seen as promis-
ing and will enable compact and selective bio-
sensors and sensor arrays in the future. In par-
ticular, sensors worn on the body, either as life
science or health products, are becoming in-
creasingly important. There is still a need for re-
search into component stability and reproduci-
bility. One promising approach is the use of ac-
tively controllable sensors and sensor arrays as
field-effect transistors.

One trend in chemical and biochemical analysis
is therefore the use of 2D materials, in particular
graphene and its derivatives. The fundamental
problems of production and processing appear
to have been solved thanks to research funding,
for example through the EU Graphene Flagship
[Xue et al. 2022; www.graphene-flagship.eu]
Initiative, and the research results enable their
use in sensor applications, among other things.
Numerous applications and possible uses in lig-
uid analysis for 2D materials could thus be in-
vestigated. The detection methods are based on
the interaction of a functionalized 2D layer with
the analyte. This can take place via antibodies,
enzymes or nucleic acid sequences. The actual
measurement is then carried out using a trans-
ducer, which usually works electrochemically or
optically. This is followed by further signal pro-
cessing, e.g., using amplifiers or subsequent cal-
culations. These methods have been used to
develop sensors that can selectively detect can-
cer biomarkers, for example for lung cancer
[Kwon et al. 2022] or colorectal cancer, with a
high hit probability.

Increasing antibiotic resistance is a constantly
growing problem for mankind. Quantitative de-
tection methods for on-site use are therefore
becoming increasingly important. Flauzino et al.
[Flauzino et al. 2023] have developed an antibi-
otic detection method based on a graphene de-
rivative. In addition to graphene, another out-
standing development, honored with the Nobel
Prize for Carolyn Bertozzi, Barry Sharpless and
Morten Meldal in 2022, is used: “Click chemis-
try”. As a basic method, it enables a wide range
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of applications for the development and produc-
tion of selective sensors. Flauzino et al. used
fluorophene chemistry to produce a graphene
derivative equipped with alkyne groups and im-
mobilized an aptamer on it, using click chemis-
try. This enables the selective determination of
ampicillin in real samples. The electrochemical
aptasensor showed a detection limit of 1.36 nM
and also a high selectivity towards other antibi-
otics.

2D Sensor Materials and Application Exam-
ples

In addition to graphene, 2D materials based on
MXenes are becoming increasingly important.
By definition, MXenes have an M1 X, T, struc-
ture, where M is a transition metal = Sc, Y, Ti, Zr,
Hf, V, Nb, Ta, Cr, Mo, W, X is a carbon and/or ni-
trogen, Tx stands for surface terminations such
as O, OH, For Cl, and n=(1...4). Transition
metal carbides and nitrides are metallic conduc-
tors or semiconductors, often exhibit high hard-
ness, a large surface area and excellent chemi-
cal stability. Examples are Ti,C and Ta4Cs. The
variety of electrical material properties com-
bined with modifiable surfaces make this sub-
stance class attractive for sensory applications.
MXenes are usually synthesized from MAX
starting phases (A= Al, Si, or Ga) using multi-
stage processes.

MXenes are used in glucose measurement. By
modifying the surface of MXenes, enzymes can
be immobilized, and biosensors can be pro-
duced that can measure glucose electrochemi-
cally. For example, Rakhi et al. [Rakhi et al.
2016] succeeded in developing an amperomet-
ric glucose biosensor with immobilized GOx on
Nafion-soluble Au/MXene nanocomposite over
a glassy carbon electrode (GCE) with a sensitiv-
ity of 4.2 yA mM™ cm™ and a detection limit of
5.9 uM in the linear concentration range of 0.1
mM to 18 mM. There are now numerous other
material developments in this area, for example
Selvi et al,, who used MXenes in porous carbon-
based Cu,0 nanocomposite (Cu,O/M/AC) as a
sensor material for the electrochemical meas-
urement of glucose and achieved a limit of de-
tection (LOD) of 1.96 uM (Selvi et al. 2024).

Cell-based Biosensors

In cell-based biosensors, living biological cells
are used as sensitive sensor components. The
use of cells enables the direct investigation of
plants, humans and animals. A wide variety of
cells can be examined. The use of organ-spe-
cific human cells thus enables person-specific
diagnostics and may lead to personalized treat-
ment options in the future.

Living cells have receptors that react to certain
specific analytes. Graphene is an attractive sub-
strate for cellular biosensors due to its surface
modifiability. Field-effect based transistors are
also used as sensors here. The measuring prin-
ciple is usually based on the metabolism of liv-
ing cells. Cells produce adenosine triphosphate
(ATP) to generate energy for cell functions. To
do this, cells absorb glucose and oxygen and
produce ATP as well as water and carbon diox-
ide as waste products during cellular respira-
tion. The CO, is present in the aqueous medium
as a weak acid according to the equilibrium re-
lation:

CO, + 2H,0 = H,0* + HCO5~

Intact, living cells thus produce hydronium ions
that lower the pH value, which can be meas-
ured in real time with the sensor, for example a
pH-ISFET, provided that the distance between
the cells and the gate is around 50 nm to

150 nm [Sakata 2019]. In contrast to healthy
cells, cancer cells have a significantly higher
metabolic rate, which leads to a significantly
greater pH change than in healthy cells.

Alternatively, (neuronal) microelectrode arrays
are also used. The main challenge is the minia-
turization of the electrode dimensions to cell di-
mensions. This makes it possible to record neu-
ronal activity with high spatial resolution and to
capture non-linear neuronal dynamics. A corre-
sponding high-density graphene array with ul-
tra-small electrodes was developed and
demonstrated by predicting cellular calcium ac-
tivity from surface potential recordings.
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3.6 Medical Microsensors and Micro Im-
plants

(Scholles, M.)

The current megatrends illustrate the omnipres-
ence of healthcare in our society. Urbanization is
directly correlated to an increasing population
density with healthcare-associated issues. The
ageing demographic leads to more health is-
sues like chronic diseases. Healthcare costs are
escalating worldwide. According to a study
published in The Lancet, the world will spend
an estimated 20 trillion US dollars per year on
healthcare in 2040, an increase of 150 % pic
techcompared to 2014 [Dieleman 2017]. This
explains why almost all countries have devel-
oped an explicit national digital health strategy
in conjunction with a roadmap for the deploy-
ment of solutions. The adoption of technology
through the digital transformation of healthcare
is seen as a key element in ensuring the sus-
tainability of healthcare systems worldwide.

The emergence of so-called P4 healthcare —
predictive, preventive, personalized and partici-
patory healthcare — as opposed to reactive
healthcare is blurring the boundaries between
the medical technology (MedTech) and pharma-
ceutical and electronic components and sys-
tems (ECS) industries and paving the way for in-
novation in healthcare. This is a great oppor-
tunity for the ECS industry as well as for Ger-
man mid-sized MedTech companies, as the new
healthcare ecosystem will be based on digital
instruments, advanced electronic sensors and
photonics, microelectromechanical systems
(MEMS) and the high-volume, high-quality and
low-cost manufacturing capabilities of the ECS
industry.

The technologies enabled by the chip industry
have the potential to significantly change the
healthcare industry. They will change the way
healthcare is delivered, facilitate access to
healthcare and improve patient outcomes. This
will improve the overall well-being and quality
of life for many people.

Apart from better accessibility and cost-effi-
ciency, the integration of artificial intelligence
and advanced data analytics facilitates collabo-
ration between healthcare professionals to

make informed decisions, which in turn leads to
better outcomes for patients. In addition, the im-
plementation of predictive analytics helps in the
timely detection of diseases, promotes early in-
tervention and prevents further complications.
Patients experience healthcare in a more inter-
active and engaging way. Hospitals and clinics
can use data analytics to predict patient inflow
and manage their resources more efficiently. Big
data analytics can provide valuable insights into
disease patterns, treatment outcomes, and pa-
tient behavior to drive research and innovation
as well as to monitor and respond to global
health crises such as pandemics.

All aspects mentioned above rely on advanced
sensors, sensor modules, and related systems
based on different technologies. Technical chal-
lenges that must be addressed to establish the
described change in the health care system are
listed in the following paragraphs.

Vital Parameter Monitoring

For future trends in measuring vital parameters,
one must differentiate between clinical settings
and continuous monitoring outside of hospitals
and the like.

The monitoring of various vital parameters dur-
ing intensive care treatment and therapy is state
of the art. There are numerous hardware and
software-based solutions for monitoring indi-
vidual or a very small number of vital signs,
such as heart rate or blood pressure, which are
established on the market or are close to market
maturity. These focus on clinical use in the ICU.
They are closed systems without standardized
or open interfaces that cannot be flexibly
adapted for different diseases. Both offer scope
for further developments with regard to sensor
systems.

The use of Al and machine learning is now mak-
ing inroads but is typically limited to extracting
patient status variables from the raw sensory
data. Overall, it can be stated that a comprehen-
sive system that realizes patient monitoring ac-
cording to ITS standards in other environments
is currently not known but would also be desir-
able from a medical point of view.

There is also a need for further development of
individual sensor solutions. Biosignals, such as
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chest movement during breathing or the chemi-
cal analysis of the breathing air itself, are not
covered by the devices available on the market.
The design of a modular and therefore expand-
able system with defined, open interfaces also
offers the possibility of using available or com-
mercial sensor solutions where no added value
can be achieved through R&D work (e.g., tem-
perature measurement).

Different sensor solutions are preferable for in-
dividual vital parameters. For long-term meas-
urement of ECG parameters, a textile-integrated
variant is preferable, which overcomes the dis-
advantages of the adhesive electrodes used al-
most without exception in medical applications.
Pulse chest belts only provide calculated char-
acteristic values (e.g., heart rate). ECG patches
or smartwatches record ECG signals without
adhesive electrodes but require a special meas-
urement procedure (e.g., touching contact
points) and therefore only enable signal record-
ing for a limited period of time (spot measure-
ment). Work is being carried out on textile-inte-
grated solutions for mobile long-term monitor-
ing with dry electrodes. However, only a few
systems are approved as medical devices and
often lead to very severe restrictions for the
user groups due to the textile concept.

Until now, differentiated lung ventilation has
only been possible as a snapshot using imaging
procedures such as a chest CT. However, the
bedside methods used for lung monitoring in in-
tensive care units (surrogate parameters, aus-
cultation) only provide global or regionally lim-
ited information. Sensory information such as
“ventilated lung"” vs. “non-ventilated/consoli-
dated” vs. “non-ventilated/collapsed lung sec-
tions” would be desirable. The assessment of
the type and nature of lung tissue changes or
damage initially remains the domain of imaging
procedures (X-ray, CT, MRI, sonography). How-
ever, these imaging procedures have the disad-
vantage that they do not allow continuous mon-
itoring and therefore no real-time assessment
during the course of the disease or a dynamic
image during therapeutic interventions such as
ventilation therapy. In addition, X-rays and CT
scans in particular should only be used in spe-
cific cases where there is an appropriate indica-
tion in view of the health risks involved. The use
of stethoscopes (1D point measurement several

times manually) is currently predominant.
Stethoscope technology is over 200 years old
and still well-established. Electrical impedance
tomography (EIT) is more recent. Corresponding
products on the market enable 2D imaging of a
single sectional plane using a chest strap and
16 sensors. However, it would make sense to
develop a real-time 3D acquisition system
based on an array of textile-integrated acoustic
sensors, which would enable continuous spatial
visualization of the lungs in real time without ra-
diation exposure, comfortable handling for the
patient and diagnostic support for medical staff.

Radar sensors with FMCW (Frequency Modu-
lated Continuous Wave) technology are ideal
for the contactless monitoring of biosignals. The
breathing frequency is typically around 0.1 Hz
to 0.4 Hz. The movement of the chest caused by
breathing can be measured with the radar sys-
tem using the Doppler principle. High-frequency
radar sensors, which operate in the millimeter
wave range, are particularly sensitive to the
smallest physiological movements and can de-
tect them very well. Various institutions, such as
FAU Erlangen or the consortium of TU lImenau,
Friedrich Schiller University Jena and Jena Uni-
versity Hospital, are currently conducting re-
search in the field of determining vital parame-
ters. The focus here is on determining the vital
parameters of a test person. FAU Erlangen, for
example, has developed a millimeter wave sen-
sor that can be used to determine the vital signs
of a test person. However, this work only con-
siders the case of measuring a person’s vital pa-
rameters. The sensor must be placed above the
chest of the person to be monitored. In contrast,
future systems that simultaneously measure the
respiratory rate of several people would be use-
ful. In this case, the sensor does not have to be
placed in the immediate vicinity of the test sub-
jects, but can be installed near the ceiling, for
example.

Optical methods, such as a hyperspectral image
sensor, aim to record the so-called photopletys-
mographic curve (PPG curve) which allows the
determination of parameters such as oxygen
saturation or pulse rate. In clinical use, SpO?2
sensors designed as finger clips are typically
used to determine blood oxygen saturation. This
finger clip measurement is both simple and ro-
bust but restricts the patient’'s comfort and free-
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dom of movement. Particularly in the case of
continuous monitoring, especially in the case of
small or premature babies, this leads to low pa-
tient acceptance. There is therefore a need for
low-invasive or non-invasive methods for con-
tinuous measurement of oxygen saturation.

For completely non-invasive photopletysmogra-
phy, the use of imaging techniques is recom-
mended, which ideally allow continuous moni-
toring of patients under normal environmental
conditions without direct mechanical contact.
Camera-based “remote” PPG methods (rPPG)
are described in the literature, which determine
the patient’s heart and respiratory rate. Stand-
ard RGB cameras can be used. The measure-
ment can also take place under normal ambient
lighting, so that no dedicated lighting needs to
be integrated into the system. The achievable
data quality of the rPPG methods is comparable
to that of invasive standard sensors. Both face
and hands can be used as measurement zones.

Pulmonary function tests allow conclusions to
be drawn about respiratory sufficiency and the
presence of ventilation disorders by spirometri-
cally measuring the patient’s mobilizable lung
volume. Respiratory volumes and airflow veloci-
ties are usually determined using pneumotach-
ographs, turbines or ultrasound. Alternatively,
whole-body plethysmography is used, in which
residual volume and lung capacity are deter-
mined spirometrically in an airtight chamber.
This method is not suitable for a flexible or even
portable solution due to the measurement setup
alone.

Pulmonary function tests are usually carried out
on an outpatient basis in general practitioners’
surgeries or by pulmonologists. The patient
breathes into the mouthpiece of the spirometer
while their nose is closed with a nose clip. In
addition to measuring devices designed for sta-
tionary use, there is an increasing number of
mobile spirometer solutions. Examples of com-
mercially available systems are the Vitalograph
microSpirometer from KS Medizintechnik (based
on differential pressure measurement), Spiro-
SensePro or mySpiroSense from Pari GmbH
(based on planar heating anemometers) or the
EasyOnePro from ndd Medizintechnik AG
(based on ultrasound technology for flow and
volume measurement). Different operating prin-

ciples are used in the commercially available
products: variable area flow measurement has
the disadvantages of low accuracy and limited
integrability in digital measuring systems. Dif-
ferential pressure measurement uses two sepa-
rately positioned pressure sensors which influ-
ence the accuracy of the system. The method is
susceptible to attenuation or kinking of the hose
configuration. Coriolis flow meters are charac-
terized by high sensitivity but are more suitable
for stationary systems due to their relatively
large dimensions. Calorimetric flow meters are
based on heating anemometers, which either
only measure the amount of gas flow unidirec-
tionally or require more complex systems to de-
termine the direction. Ultrasound-based spirom-
etry is a particularly advantageous measuring
principle due to its precise, contact- and re-
sistance-free measurement, ease of use without
calibration, and simple design. As a rule, con-
ventional piezo ultrasound sensors are used in
commercial systems. They are expensive to
manufacture and contain undesirable materials
such as lead. The latter is not only disadvanta-
geous in terms of RoHs conformity, but also
critical with regard to the disposal of such com-
ponents.

Ultrasound

Of course, medical imaging and diagnostics still
make heavy use of ultrasound technology. Ad-
vanced medical applications like endoscopic in-
situ ultrasound imaging becomes reality
through ultrasound sensors and actuators de-
signed and manufactured in MEMS CMUT tech-
nology. For further trends on this technology
please refer to Chapter 2.2.

Photonic Biosensors

Many applications in the healthcare market ben-
efit from photonic sensors and related compo-
nents that can detect biomarkers with high sen-
sitivity in blood plasma or other bodily fluids.
The challenge is to develop reusable compact
sensor architectures that can compete with con-
ventional diagnostic methods (ELISA, PCR) and
other established sensing techniques, e.g., sur-
face plasmon resonance (SPR), while retaining
the advantages of photonic integration (sensi-
tivity, multiplexing and being label- or reagent-
free). While passive waveguide sensor circuits
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can be developed for highly scalable mass pro-
duction, co-integration with on-chip lasers, pho-
todetectors and microfluidics remains a chal-
lenge due to the costly serial assembly pro-
cesses involved. Future work must aim to de-
velop versatile, highly integrated, high-perform-
ing (in terms of sensitivity, specificity, LOD) and
reusable multiplexed biosensors in an innova-
tive concept. While high sensitivities can be
achieved with complex structures (e.g., plas-
monic metamaterials), the most easily inte-
grated, most mode-limiting structures are based
on micro ring resonators (MRR) and Mach-
Zehnder interferometers (MZI). PIC sensors are
often developed on SisN4-on-SiO; material plat-
forms with the aim of using low-loss nitride PIC
technology (Figure 3.12). Integrated photonics
will lead to diagnostic tests for diseases based
on on-the-fly generation of complex “finger-
prints” of many analytes and accelerate the de-
velopment of global digital medical diagnostics.
For example, neurodegenerative diseases such
as Alzheimer’s and Parkinson’s can be diag-
nosed at a much earlier stage than is currently
possible, even though they have complex pat-
terns of biomarkers and their detection is a ma-
jor challenge for existing mass screening meth-
ods.

Figure 3.12: Silicon chip-integrated photonics as
biosensors for optical detection of biomolecules
(Source; Dr. Florenta Costache, Fraunhofer IPMS)

Gas Analysis/IMS

Non-invasive diagnostics also includes sensors
for gas analysis that may be applied to human
breath but also to the gas bubble called head
space that builds upon, for instance, urine sam-
ples. lon mobility spectroscopy (IMS) is a com-
mon method for determining the concentration
of VOCs (volatile organic compounds) directly in
gases. These occur as biomarkers in the ppb
range in exhaled air and increase significantly in
the event of illness. In the IMS, the VOCs are
ionized and then separated by means of an
electric field according to their characteristic ion
mobility. For more details on IMS technology
please refer to Section 3.1.4.

3.7 Particle Sensing
(Burtscher, H.)

Aerosol particles contribute significantly to air
pollution. Besides this negative effect, they play
an increasingly important role in industrial prod-
ucts (e.g., nanomaterials) and also in medical
applications (inhalation of pharmaceutics).
Therefore, it is important to have sensors for an
adequate characterization and quantification of
these particles. The size range of importance
ranges from few nanometers to some tens of
microns. Usual metrics for a physical characteri-
zation are particle total mass concentration,
mass concentration of certain size fractions
(PM10, PM2.5, mass of all particles smaller
than 10 pm or 2.5 pm respectively), number
concentration or surface concentration (e.g., the
lung deposited surface area, LDSA [Ebdebeli et
al. 2023]). Depending on the size range of inter-
est, different metrics are applied and different
sensor techniques are needed. Particle mass is
mainly used for larger particles, number con-
centration for nano-particles, and surface shows
the best correlation to health effects. Important
applications are monitoring networks for ambi-
ent air quality and, increasingly, also indoor air
quality. The availability of low-cost sensors al-
lows installing networks with many sensors to
achieve a good spatial and temporal resolution.

Conventionally, mass has been determined by
gravimetry, number concentration using con-
densation particle counters, and surface by the
BTE-technique (see, for example, [Kulkarni et al.
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2011]. All these methods are designed more for
laboratory use, not for sensors, in particular not
for low-cost sensors. Most low-cost sensors are
based on light scattering; sensors for very small
particles often use detection by diffusion charg-
ing. In contrast to gravimetry, these techniques
are indirect. For example, a scattering intensity
has to be transferred into a particle mass con-
centration or an electrical current into a number
concentration. This conversion usually requires
a certain knowledge about particle properties as
index of refraction or shape of the size distribu-
tion, and the sensors have to be calibrated for
envisaged application.

3.71 Light-Scattering Sensors

Light scattering is the most frequently used
technique in low-cost sensors (a typical setup is
shown in Figure 3.13). The scattering intensity
for particles smaller than the wavelength of
light (Rayleigh scattering) scales with /4%,
where d is the particle diameter and 4 the
wavelength of the light [Kulkarni et al. 2011].
By choosing the detection angle (here 90°) the
sensitivity to the particle size can be varied.
When measuring mainly forward scattering dif-
fraction becomes important, favoring large par-
ticles.
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Figure 3.13: Typical setup of a light-scattering sen-
sor.
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This means that very small particles cannot be
detected by this technique. For high-quality la-
boratory instruments, the limit is in the order of
50 nm, for low-cost sensors some 100 nm.
They can operate as single-particle detectors,
counting the number of scattered light pulses,
and use the pulse height to evaluate the particle
size or measure the integrated scattering inten-
sity. The probably most frequently used appli-
cation of the second type are smoke detectors
(Figure 3.14).

Laser "):'I

Figure 3.14. Smoke detector configuration

Sometimes, a mix of both operating modes is
used: single-particle evaluation for particles
large enough to detect single peaks, and evalu-
ation of the “background” signal to obtain infor-
mation on the small fraction.

Most commercial devices are calibrated to yield
the mass concentration of ambient air particles
(PM10, PM2.5, PM1 and even smaller). This re-
quires assumptions on optical properties (index
of refraction) and size distribution. Sensors eval-
uating the pulse height of the single-particle
scatter pulses also give information on the size
distribution. An increasing number of such opti-
cal sensors are available. Besides improve-
ments in the sensors itself, the performance is
becoming better due to more sophisticated data
processing. An evaluation of some low-cost op-
tical sensors can be found in [Rabuan et al.
2023]. So far, most sensors have a fan, sucking
air through the sensor being in a closed case.
Recent developments work with open sensors,
using backscattering [Trumpf 2024]. Similar
configurations are also in discussion for smoke
detectors.

3.7.2 Electrical Measurement

Most sensors based on electrical measurement
use unipolar diffusion charging (DC-Sensors,
Figure 3.15). lons are produced by applying a
high voltage to a thin wire or a tip. These ions
attach to the particles by diffusion and thus
charge them. Free ions are removed by an ion
trap. The charged particles can be captured by
an isolated mounted particle filter; the current
produced by these particles (in the range of
some fA to some pA) is then measured by a
sensitive current amplifier [Kulkarni et al. 2011].

85 VDI | Sensor Trends 2030



corona-wire

out
—

high-voltage grld—voltag/e v

\//
X

ion-trap

)
current
amplifier

ion-current

Figure 3.15: Typical setup of a sensor based on dif-
fusion charging

The charging probability approximately scales
with the particle surface, meaning that the sen-
sor signal is related to the surface concentra-
tion. If the collecting filter is replaced by a diffu-
sion screen, having a collection efficiency ap-
proximately inverse to the charging probability,
the measured current is related to the number
concentration. Another option is replacing the
collection filter by a Faraday cage and pulsing
the corona. In this case, the particles are not
precipitated in a filter but pass the Faraday
cage. The clouds of charges periodically passing
the cage induce an AC current, which is meas-
ured. The information obtained is the same, but
contamination of the sensor is reduced, because
particles are not precipitated. In addition, ampli-
fier drift no longer influences the measurement,
as only the AC fraction contains the information
needed [Fierz et al. 2014].

Instead of only one collector, several diffusion
screens with different cutoffs can be used. This
allows getting information on the particle size
distribution (electrical diffusion battery [Fierz et
al. 2002]). Similar results can be obtained by
electrostatic precipitation [Schrifl et al. 2019].

Many European countries recently reintroduced
a periodical technical inspection (PTI) of vehi-
cles, including particle emission measurements.
This required the development of new sensors,
many of them based in diffusion charging [Me-
las 2023].

3.7.3 Other Techniques

Light scattering and electrical diffusion charging
are dominating the market today. However, a
number of promising other techniques are avail-
able, some of which will be briefly introduced.

UV Photoemission: Instead of charging the
particles by attachment of ions, they can be
charged by emission of electrons due to irradia-
tion with UV light. Sensors based on photoe-
mission were introduced a long time ago
[Burtscher and Siegmann 1994]. They can be
used to get information on the particle surface
as attached polycyclic aromatic compounds or
oxides [Ramos Contreras et al. 2019; Olszok et
al. 2023]. These sensors require UV sources in
the wavelength range of 200 nm to 240 nm.
Due to progress in UV LED development, relia-
ble and cheap diodes for these wavelengths
might soon be available, allowing the design of
very small and cheap sensors.

Photoacoustic sensors and photothermal in-
terferometry: An important species in ambient
air and in emissions from combustion processes
is black carbon (BC). BC dominates light ab-
sorption and thus can be measured by light ab-
sorption. For particles smaller than A, optical
absorption is directly related to the mass of the
absorbing material, i.e., the BC concentration. If
light is absorbed, temperature increases, which
can be measured by photoacoustic sensors
[Fischer and Smith 2018] or photothermal inter-
ferometry [Betschon et al. 2023].

Total mass and total carbon measurement:
Total mass can be determined by Quartz Crystal
Microbalance (QCM) sensors or MEMS resona-
tors, making use of a change in resonance fre-
guency when particles are deposited on the
sensor. A recently introduced instrument for a
total carbon measurement is based on oxidizing
the carbon and measuring the produced CO,
[Keller et al. 2023].

Acoustic particle detection: Impactors have
been used for decades to precipitate particles
according to the aerodynamic diameter on im-
paction plates, where they can be weighted or
chemical analysis can be performed. A recently
introduced sensor places a piezo transducer on
an impaction plate, measuring the impact inten-
sity of every particle impacting on the plate.
This allows to count particles and determine
their mass for particles > 1 ym [Hoffmann et al.
2022].
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3.8 Sensors for Process Automation
(Ulrich Kaiser)

The technical infrastructures for process engi-
neering processes are an important field of ap-
plication for sensors. According to DIN 66201, a
process is “a set of interacting operations in a
system by which matter, energy or information
is transformed or stored”. In process engineer-
ing processes, material flows with individual
chemical and physical properties are changed
into new products with new properties. In the
chemical industry, for example, the raw material
crude oil is converted into plastic granules, in
the food industry, milk is turned into cheese, and
in the pharmaceutical industry, modified coli-
form bacteria produce insulin from sugar in a bi-
otechnical process. These properties are re-
corded using sensors in the running process and
at the locations where these properties occur
(Figure 3.16). Sensors are used to record the
quality of input, output and intermediate prod-
ucts in the processes. They are used to monitor
process conditions such as temperature and
pressure. They are indispensable for occupa-
tional health and safety. And, ultimately, pro-
cesses can only be automated with the help of
sensors. The market for sensors in the process
engineering industry is very large. A large
chemical site in Germany, where more than
500,000 process sensors are installed, may

serve as an example.

Process

Figure 3.16: Principle of a process engineering pro-
cess with sensors

Special Requirements for Process Sensors

Process sensors are based on the same princi-
ples and operating mechanisms as sensors for
other applications. However, they must meet
special requirements. The first of these is
greater ruggedness and durability of the sen-
sors. Process systems can last for decades, and

process sensors must be able to keep up. Ro-
bustness here means insensitivity to extreme
temperatures and temperature fluctuations, vi-
bration, and especially exposure to the process
medium. In chemical applications, sensors often
need to be explosion-proof. For use in safety-
critical applications, a design with functional
safety in accordance with DIN EN 68511 is also
required. In the food and pharmaceutical indus-
tries, hygienic requirements must be considered,
such as those defined by EHEDG [EHEDG Glos-
sary 2020]. The hygienic requirements for sen-
sors used in biotech reactors are very high. They
must be sterilizable, either by steam or gamma
ray sterilization. Disposable reactors [Eibl et al.
2010] also require sensors that are only used
once. These are designed in a way that the wet-
ted parts of the sensor are sterilized only once
and then replaced and discarded after the pro-
duction batch. Disposable reactor technology
has taken off in pharmaceutical production and
now dominates it. Sensor technology must fol-
low this trend.

Because of the inaccessibility of sensors in pro-
cess plants — think of sensors in a rectification
column — and because of automation, sensors
must of course be remotely controllable, either
wired or wireless, with digital or analog data
transmission. This lack of accessibility also re-
quires that sensors not only transmit readings,
but also information about their status, prefera-
bly in a predictive way, so that predictive
maintenance is possible [Scheuermann 2018].

Process engineering processes often run contin-
uously. Any interruption reduces productivity, is
economically disadvantageous and should
therefore be avoided. Sensors must be regularly
calibrated and, if necessary, adjusted to main-
tain their metrological integrity. A key require-
ment is therefore that process sensors require
little, i.e., infrequent and ideally no maintenance
at all, including calibration and adjustment.

Process Sensors for Classic Parameters

Sensors for the classic measured variables of
temperature, pressure, level, and flow have
dominated process engineering systems to
date. Chapter 2 of this study describes the tech-
nology for these measurements and their future
development in detail. A very comprehensive
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description is provided in the Handbook of Pro-
cess Automation [Frih et al. 2018]. From the
perspective of the process engineering industry,
the following trends are evident. Firstly, the
ability of these sensors to be used in biotech-
nical processes. As an example, Figure 3.17
shows the single-use version of a magnetic
flow sensor. And secondly, the requirement for
optimized maintenance; see the section on
maintenance of process sensors.

Figure 3.17: Electromagnetic flow sensor with wet-
ted components in single-use design (Source:
KROHNE Messtechnik)

The Trend Towards Substance Analysis -
Process Analysis Technology

Traditionally, process engineering processes are
controlled and regulated using physical param-
eters such as pressure and temperature. How-
ever, there has long been a trend towards using
sensors to record material parameters as well
as process parameters. This trend is set to con-
tinue. A variety of device technologies are used
for this process analysis technology, which in
turn are based on different physical and chemi-
cal laws. What all methods have in common is
that they use measurable properties of sub-
stances or groups of substances as specifically
as possible for them and enable statements to
be made about the quantity of these substances
or groups of substances present. One technol-
ogy thatis already widely used is electrochemi-
cal pH measurement [Mettler Toledo 2015].
However, this only provides a sum parameter.
Sensor technologies that measure substances
more selectively are also required. By recording
material parameters, processes can be further
optimized in terms of yield, throughput time, en-
ergy requirements and product quality. And the
understanding of the processes can be in-
creased. To achieve this, the properties must be
measured directly in the process — inline — with-

out influencing the process and without being
influenced by the process itself.

Optical measurement methods are particularly
suitable for this purpose. Optical methods are
ideal for inline process analysis. The excitation
light can be introduced into the process medium
comparatively easily, without influencing it
through contamination or hydraulically — at
most through excessive energy input. The re-
sponse of the medium is in turn triggered by
light, which minimizes the interaction of the me-
dium with the sensor technology itself. The op-
tical methods are based on the principles of the
interaction of electromagnetic radiation with
chemical substances [Oesterle 1995]. The
methods of infrared (Gunzler et al. 2003), UV-
VIS [Owen 1996], and Raman spectroscopy
[Lewis et al. 2001] are probably the most fre-
quently used methods and their use is con-
stantly increasing. The first implementation of
infrared spectroscopy in the chemical industry is
probably the non-dispersive URAS for the trace
measurement of CO in ammonia synthesis from
1938 [Kloska 2017].

There are various design principles for infrared
spectrometers. The simplest is the one with a
movable diffraction grating; newer spectrome-
ters use a fixed diffraction grating with a line
detector. The intensive technological develop-
ment of line detectors in terms of resolution and
sensitivity has attracted a great deal of attention
to this principle. A standard for sophisticated
NIR (Near InfraRed) spectroscopy is still the FT-
NIR (Fourier-Transform NIR) spectrometer [Ar-
nold], which operates according to the Michel-
son principle. This has a higher speed and sen-
sitivity and is the benchmark, particularly in
terms of wavelength stability. The disad-
vantages of this principle are its moving parts
when used in harsh process environments and
the high price. This is where spectrometers with
line detectors have an advantage. A compre-
hensive comparison and evaluation of these
principles can be found in [Schilling 2017]. The
trend is towards simpler and therefore cheaper,
more compact spectrometers.

Another trend in process engineering is the use
of sensors based on the TDL (Tunable Diode
Laser) principle (Mettler Toledo 2012). These
also work according to the principle of infrared
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absorption. In terms of their technical concept,
they stand between non-dispersive photome-
ters and NIR spectrometers and combine the
advantages of both methods. They measure an
analyte with high selectivity, are simple, allow
large temperature and pressure ranges, require
no sample preparation and are considered to be
low-maintenance. This technology is compara-
tively new, but is experiencing great momentum
and is already offered by many manufacturers.
See Figure 3.18 for an example. TDL sensors
are often used to measure O,, CO and CO; for
the control of combustion processes. They are
also used to measure gas humidity.

Figure 3.18: Sensor using the TDL method (Source:
Mettler Toledo)

This technology is based on new high-perfor-
mance laser diodes that are designed for an ab-
sorption wavelength of the analyte to be meas-
ured and that can be tuned to a certain extent
(fractions of nanometers) via the externally ap-
plied electrical power. This allows the laser fre-
qguency to be driven over the absorption peak of
the analyte and this absorption peak to be
measured as precisely and selectively as with a
spectrometer. Most of the TDL sensors on the
market work with absorption waves in the near-
infrared range. However, with the new cascade
laser technology which continues to develop,
longer wavelengths can also be detected, so
that, in future, more TDL sensors will also be
available for the analytically very interesting
MIR wave range 3 um to 30 um.

Another interesting development in infrared
spectroscopy is MEMS-based spectrometers.
An overview of methods and applications can
be found in [Bec et al. 2021]. One realization is
a wavelength filter using a Fabry-Perot interfer-
ometer where two mirrors are shifted against
each other using electrostatic force. (See Fig-
ure 3.19 for an example.) The dimensions of
these spectrometers are significantly smaller,
which makes it possible to further reduce the

cost of the overall system. A price reduction of
several orders of magnitude can be expected.
This opens up many new areas of use and ap-
plications in the process engineering process
that are not yet economically viable with con-
ventional technology.

Figure 3.19;: MEMS-based IR-Spectrometer (Source:
Spectral Engines)

In a roadmap study [NAMUR 2021], the process
engineering industry has given some thought to
the requirements for current and future process
sensors. One trend identified in this roadmap is
the increased use of inline process analytics,
which is also required. It also shows which
analysis methods will be ready for use in pro-
cess engineering and when. One candidate, for
example, is NMR spectroscopy, which can pro-
vide further information on the above-men-
tioned optical methods [Meyernist et al. 2016].
In principle, all methods of instrumental chemi-
cal analysis are suitable if they can be made
suitable for the process. It is then a matter of
implementing the analytical methods currently
realized as laboratory devices as field devices
for process analysis. [Falk et al. 2018]. These
field devices are then process sensors.

In the case of sensors for process engineering
processes, the creation of robustness and lon-
gevity, especially if this sensor interacts with
the medium — which is often unavoidable — of-
ten poses a greater challenge than solving the
actual measurement task. It therefore makes
sense to use proven techniques from process
engineering sensors when creating new sensors
for material properties. There are already good
examples where new sensors for material pa-
rameters have been created for use in defined
applications by combining classic methods from
level and/or flow measurement technology. One
example is an ultrasonic flow sensor that has
been extended to measure CO, concentrations
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by also recording the speed of sound, and this
for use in biogas plants. Another exampleis a
sensor that combines the measurement of ultra-
sound, temperature and vibronics to measure
viscosity and concentration in liquids [Brengart-
ner et al. 2022](Figure 3.20). The application is
the monitoring of fermentation, for example in
the production of beer. This approach offers po-
tential, and it can be assumed that there will be
more sensors of this type for multiple applica-
tions in the future.

Figure 3.20: Multi-sensor for monitoring fermenta-
tion processes (Source: Endress+Hauser)

Methods for Digitizing Sensor Data Pro-
cessing

Newer technologies are probably only slowly
gaining acceptance due to the longevity of the
process engineering systems. For example, cur-
rent loop connection and signal transmission
technology, which is over 50 years old, is still
state of the art. This only allows the slow trans-
mission of a small amount of data. Newer tech-
nologies — from the 1990s —, such as Profibus
[Profibus Nutzerorganisation 2024] were only
able to reach a small proportion of systems.
Now, with the Advanced Physical Layer [Ether-
net-APL 2020] transmission technology and the
Namur Open Architecture [NAMUR 2020]
standard, the prerequisites for complete inter-
net-based digitization in process engineering
are in place, so that, in the coming years, we
will see increased use of standardized digital in-
frastructures such as cloud services, which ena-
ble sophisticated evaluation of sensor data, e.g.,
using Al methods. Sensors can then be objects
of the Internet of Things. These can then com-
municate wired or wirelessly via internet stand-
ards. This means that Industry 4.0 will also
have arrived in process engineering.

Maintenance of Process Sensors

The technical maintenance of sensors in process
engineering poses a particular challenge. In or-
der to replace, repair or calibrate a sensor, the

process may have to be interrupted. In addition,
sensors are often installed in places that are dif-
ficult to access. Anything that reduces the
maintenance effort and extends the mainte-
nance intervals is therefore welcome. For this
reason, sensors that have a self-diagnostic
function or even enable predictive diagnostics
are increasingly being used where available.
Predictive diagnostics at the level of an individ-
ual sensor naturally requires internal variables
that can move monotonically in the direction of
a fault condition. These can then be used as in-
dicators for future error states. However, such
internal variables are not available or cannot be
accessed with most sensor technologies. At
most, the formation of deposits or corrosion
caused by the medium, if they can be detected,
can be used as indicators for predictive diagnos-
tics. In addition, the self-diagnosis can also take
into account environmental variables that can
impair the function of the sensor or cause error
states, for example an increased temperature.
Information about the process medium can then
also be generated from these environmental
variables [Frohlich et al. 2021].

Calibration is the verification of a sensor by
comparing it with a reference to determine
whether the correct measured value with the
specified measurement uncertainty is still being
maintained. The reference is in turn checked by
tracing it back to reference standards. To ensure
that ageing or operation has not altered the
metrological capabilities of the sensor, calibra-
tion must be repeated regularly. If some compo-
nents of the sensor that create the metrological
capabilities can now be regularly checked by
the sensor itself in an extended self-diagnosis,
this consequently increases confidence in the
sustainability of the meteorological capabilities
and calibration needs to be performed less fre-
quently [Frohlich et al,, 2021]. Of course, com-
plete self-calibration would be ideal. This is cur-
rently only feasible for a few sensors. For the
example of a temperature sensor, see Chap-

ter 2. In the future, there will also be sensors
that implement the entire calibration traceability
chain through to the reference standards in the
sensor itself. The keyword is “NIST on a chip”
[Tzalenchuk et al. 2022]. External calibration
will then no longer be necessary for these sen-
sors.
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Collective Uses of Sensors in Process Auto-
mation

Sensors in process automation only provide in-
dividual pieces of information about the process
medium. For example, they provide information
about the fill level in tanks, the flow rate in
pipes, the fat content of the milk in the separa-
tor in a dairy, the concentration of a certain hy-
drocarbon in a rectification column. However,
further information can be obtained from the
measurement results of all the sensors to-
gether. One application is predictive mainte-
nance. This is based on the assumption that
faults or impending faults can be registered in
some way by the sensors involved. For exam-
ple, the clogging of a filter leads to increased
flow resistance, which can be detected by a
pressure sensor. Two basic procedures are fea-
sible: Firstly, in a training phase, all sensor val-
ues are recorded over a longer period of time
together with any error states that occur. A neu-
ral network then uses this to determine which
constellation of measured values is characteris-
tic of a fault condition or the development of a
fault condition. This can then be used to predict
trained error states. One example of this is the
PUMon system already used in the process in-
dustry [Ross et al. 2014]. Of course, this ap-
proach assumes that all possible error states
have been experienced once during the training
phase. A second, but less informative approach
is anomaly detection. Here, the network is only
trained for the fault-free good state and then in-
dicates deviations from the normal state during
the operating phase.

Another collective sensor application that is
very relevant for process automation is soft sen-
sor technology. The aim here is to record a
measurand that is difficult to measure in a de-
fined process using several sensors for measur-
ands that are easier to measure [Bakirov et al,,
2017]. “Difficult” means that this measurand
can only be measured using complex laboratory
technology or that suitable measurement tech-
nology cannot be used in an application. Soft
sensors can be described as a set of physical
sensors with a computational model. The com-
putational models are used to aggregate the
measured values of the physical sensors into a
new measured value. These computational
models can be based on chemical and physical

properties of the measurement object and/or be
data-driven.

The principle on which the soft sensors are
based can be taken further. In a process engi-
neering process, the quality of the end product
should be able to be represented by the collec-
tive of all sensors involved in the process. This
of course assumes a defined quality of the input
materials. Currently, the quality of the end prod-
uct is assessed by laboratory analysis or, in the
food industry, by flavor testers. Their results can
then be used as ground truth in an Al network.
This trained network can then be used to predict
the quality of the end product from the sensor
data. This would reduce the need for explicit,
time-consuming final inspections. There are al-
ready activities in the process industry in this
area, although these have not been publicized.
The result would be a major gain in productivity.

Digitization in process plants in conjunction with
developments in artificial intelligence methods
should promote collective use of sensors in pro-
cess automation.

Trends for Sensors in Process Automation

The most important trends for process sensors
are summarized below. Probably the most im-
portant trend, which is repeatedly mentioned by
operators of process plants, is the increasing
demand for sensors for material analysis. On
the one hand, these sensors can arise from the
further development of classic process meas-
urement technology methods or — which has
much greater potential — from the process-com-
patible design of methods of instrument-based
chemical analysis. Newer high-performance
components such as laser diodes and image
sensors enable the cost-effective and compact
design of spectrometers that can be used inline
in the process. Due to their simplicity and low
cost, sensors with spectrometers in MEMS tech-
nology have the potential to take up a large
proportion of process sensors for material anal-
ysis in process engineering systems in the fu-
ture. The increasing proportion of biotechnologi-
cal processes in pharmaceutical production re-
quires sensors for many parameters in single-
use design.

Hardly any other application places such high
demands on robustness and low maintenance
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as applications in the process industry. This re- With the Ethernet-APL and NAMUR Open Ar-

quires sensors with self-diagnostics. In addition, chitecture standards, the conditions have finally
extended self-diagnosis of the metrological been created to implement process sensors as
functions is required to reduce the need for ex- the Internet of Things and to benefit from the
ternal calibrations. In future, the results of the functions of the internet. Together with ad-
“NIST on a Chip” program will mean that many vances in artificial intelligence methods, this will
process sensors will no longer need to be cali- also promote the use of collective use of sen-
brated externally at all. sors.
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4 Smart Sensing

(Osten, J.; Fleck, S.; Reichenstein, T.; Barth, J.)

While classical sensors measure specific physi-
cal, chemical, or biological parameters, smart
sensors combine these capabilities with ad-
vanced data processing and communication
technologies. The structure of this chapter fol-
lows the path of data treatment. After an intro-
duction with the definition of smart sensors, the
data processing and network are discussed.
Subsequently, information about data commu-
nication and reliability is provided, and finally,
examples of industrial monitoring and predictive
maintenance are listed.

41 Background and Mativation

(Fleck, S.; Jablonski, I.; Osten, J.; Schafer, A.;
Wockel, S.)

The last century has been marked with a signifi-
cant increase of technological advancement,
driven not only by curiosity of researchers but
first of all because of expectations formulated
by business and its customers. More and more
thorough insight into the nature of complex sys-
tems and processes is conditioned by strategies
of observation strictly related to measurement
action, which requires the use of sensing units.
The development to smart sensors, e.g., Fig-
ure 4.1, is outlined in the following. The origin of
sensors comes from the observation that one
(inspected and unknown) quantity can be ex-
pressed through the prism of proportional
change of a known and controlled quantity
measurand [Morawski 1994]. This experimental
finding, together with a fundamental knowledge
on mathematical functions, brings a human be-
ing to an engineering achievement — a trans-
ducer. Preliminarily, one non-electrical quantity
was transformed into another feature of a non-
electrical physical field, e.g., cyclic changes of
sun light were converted to a section of time (or
frequency), i.e., day, number of springs. This
smart achievement was an enabler for the se-
quences of following observations, stated facts,
and discoveries [Varak et al. 2018]. In the
meantime, our subjective statements became
more and more objective thanks to the meas-
urement units and even some kind of systematic
in that range, e.g., the Sl unit system. In conclu-

sion, a sensor as a transducer is a block which
realizes the function analogous to human
senses and, at the same time, is the first tech-
nical component in the measurement chain that
provides the user (researcher, customer, ob-
server in general) with information about the
surroundings. This information is encoded into
the data samples collected during the measure-
ment act. Thus, data are like a suit which co-
vers/can determine the truth about the body and
human being. Here, in sensing and observation
of a selected object, data are “only” the noisy
carrier of the facts about the system structure,
properties, and undergoing processes.

2.

C
=t

Figure 4.1 Example for smart sensor functions and
features (Source: HBK)

In contrast to the interdisciplinary nature of
measurement science, for many decades, a de-
velopment in sensing and data exploration has
been led through isolated paths. A sensor as a
device was more the focus of physicists and en-
gineers, whereas signal/data processing was
the natural field of interest for mathematicians
and then for computer scientists (here, mainly
the domain of discrete mathematics). There
were some poor interconnections that allowed
to improve the interpretations of data findings
with understanding the contributions from sen-
sor properties, e.g., physical-mathematical
modeling of a measurement chain, including
sensor properties. The next change in the sens-
ing paradigm was to measure more than one
quantity in one device, and even to produce a
sensor output which would be a kind of aggre-
gated response to multi-excitations existing
permanently in the surroundings. The assump-
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tion behind that was that we can obtain more
information at one time step of device (sensor)
operation. The next big thing was the introduc-
tion of a computational unit, especially its minia-
turized version — the microprocessor. Now, engi-
neers were able to control the process, synchro-
nizing the data (and information) flow and even
converting raw samples of data into some prod-
uct expression. Again, we have moved closer to
data processing with our sensors. The true
breakthrough for sensor technology comes from
the development of communication systems
and sophisticated schemes of signal/data pro-
cessing. Firstly, a growing expectation of socie-
ties in permanent movement was to operate in
distributed systems, and then even to substitute
human-operated terminals with surrounding-
aware and connected technical peripherals (ma-
chine-to-machine communication). Secondly
movement in space was accompanied with re-
quirements to be ever faster, and even more
precise in a sense of space and time. To address
these needs, engineers designed faster and
faster computing devices, and specialists in data
processing created more and more efficient
schemes of data exploration. Schemes, here,
means not only the algorithms, but also the ar-
chitecture of the systems which can boost data
flow between multiple peripherals collaborating
in a networked-like structure. In analogy to the
human connectome networks [Banavar et al.
1999; Barabasi 2007], data flowing through the
pipeline of communication channels not only
need to be controlled, but also processed and
managed adequately to the physical context.
This is the motivation to apply the cutting-edge
findings in data science, which now knocks on
the door of extremely efficient processing of
data heterogeneous in nature, fusion of infor-
mation, and even of the imitation of human rea-
soning [Zhu et al. 2023]. This paves the way to
saying that, with the smart sensor and regard-
ing the trends to miniaturization, small invasive-
ness and even visualization, we can expect that
sensor transducers which have been well-
known for a century will migrate to the soft
sensing blocks [Perera et al. 2023]. The com-
mon denominator of the so-called “classical”
and the “smart” sensor is that both devices par-
ticipate in the acquisition of raw data. Since
computational intelligence operating on meas-
ured data is the leading paradigm for injecting
intelligence into technical devices (here: sen-

sors), and the linking of sensors and computing
blocks (in a cloud or edge architecture) in the
measurement path expresses advances in mod-
ern sensing technology, algorithmics relevant to
extracting information from raw data has be-
come an unavoidable component of the smart
sensor. In this way, professionals involved in
designing smart sensors use a spectrum of sig-
nal processing tools ranging from deterministic,
through statistical mathematics, to statistical
learning techniques valid in artificial intelli-
gence; here, the latter shows the most powerful
potential for extracting and aggregating
knowledge from noisy raw data.

There are followers of two standpoints on artifi-
cial intelligence (Al) in the scientific and engi-
neering community [Searle 1980]. The former —
so called strong artificial intelligence — argue
that the strength of artificial intelligence lies in
the hardware configuration where the algo-
rithms are implemented, while the latter point
to the dominant role of algorithms and software
in the quality and performance of Al circuits — so
called soft artificial intelligence. From the busi-
ness point of view, which uses measurement
methods and instrumentation, the key is to mini-
mize the latency in observation of (dynamical)
objects and processes. It means that we should
operate efficiently as close as possible to the
observed object, i.e., in a first technical block in
the measurement pipeline — the sensor. This
sensor can communicate with the other terminal
devices operating in network structure, but
some information can now be retrieved directly
with the hardware/software configuration of the
sensor circuits. In the field of techniques, this
concept is referred to as working at the edge,
while in the domain of sensing, it is termed
edge sensors/devices. Since the potential to be
smart can be encoded both in the system con-
figuration and the algorithm design, and the
same artificial intelligence can imitate the indi-
vidual and/or collective emanation of smartness,
currently the technique is looking for the best
performance of smart sensing systems mixing
the cloud and edge systematics, and constantly
improving the hardware and software (data pro-
cessing algorithms) layers of smart sensors. Un-
doubtedly, that effort in smart sensing will ena-
ble to define and realize the conception of future
autonomous (zero-touch) systems, significant
for businesses and stakeholders.
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In past decades, with a classic measurement
chain, consisting of a sensor and data acquisi-
tion, data processing usually took place in the
backend.

Depending on the physical or chemical meas-
urement quantity, the sensor is processing

quite static quantities, e.g., temperature and
pressure, or

more dynamic data such as vibration (accel-
erometers, see Figure 4.2), but also other
mechanical quantities like force (e.g.,in a
braking system or a durability testing ma-
chine), torque (e.q., jitter i.e., micro-vibrations
in aerospace or electric cars), or load (e.qg.,
filling systems) increasingly produce incredi-
ble volumes of dynamic data.

N

Figure 4.2 Accelerometer series 7500 (Source: HBK)

As sensors are resource-limited systems, many
challenges arise, especially in the second cate-
gory. At the same time, if data are processed at
the sensor level while using a data bus as a
way to transmit the processed data, this clears
the way for machinery diagnostics.

Definition of Smart Sensor

The term “smart sensor” was first coined in the
mid-1980’s by [Giachino 1986]. Since then,
many descriptions for smart sensors have been
introduced [Travis 1996; Dierauer 1998]. To off-
set some of the confusion, the IEEE and U.S. Na-
tional Institute of Standards and Technology
(NIST) derived the smart-sensor standard,
which standardizes the networking protocol and
features embedded in sensor technology [Frank
2000]. Overall, the prevailing definition of a
smart sensor classifies such a device as a sen-
sor that incorporates communication capability,
self-diagnostics, and intelligence (decision mak-
ing). Of course, utilizing such broad criteria for
smartness ensures that the class of smart sen-
sors encompasses a wide range of variations.
For example, intelligence could represent any-
thing from simple switching logic to a compli-

cated sequence of behaviors. Thus, in order to
realistically categorize smart devices, a classifi-
cation or taxonomy must be utilized to discrimi-
nate between the extremes of intelligence.

By analyzing the intelligence capabilities that
advanced sensor class (consisting of smart, cog-
nitive and intelligent sensors) devices should
exhibit, five main attributes are derived. Ad-
vanced sensors must be capable of:

Self-knowledge: identifying its purpose and
understanding its operational functions

Communication. transmitting/receiving infor-
mation (versus raw data) to/from other de-
vices

Perception:the ability to recognize, interpret,
and understand sensory stimuli

Reasoning: making decisions based on per-
ception of sensory stimuli

Cognition: the intellectual process of know-
ing, which includes aspects such as aware-
ness, perception, reasoning, and judgment

Based on these desired capabilities, a hierarchy
is defined for grouping sensor devices together
based on their intelligence. This process pro-
vides us with three layers of sensor devices:
smart sensors, intelligent sensors, and cognitive
sensors (Figure 4.3). A smart sensor exhibits at-
tributes of self-knowledge and communication,
such as defined by [Giachino 1986]. An intelli-
gent sensor builds upon the smart sensor con-
struct and incorporates the perception trait into
its feature set. The cognitive sensor further ex-
pands its capabilities by including the qualities
of reasoning and cognition into its design.
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Figure 4.3: Intelligence hierarchy for advanced sen-
sor devices (Source: Dr. Irek Jablonski, Fraunhofer
IPMS)
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To truly understand this hierarchy (Figure 4.3),
consider the following example of a sensor ca-
pable of intelligent fault tolerance in a robotic
system. In this case, a sensor capable of fault
detection would be classified as a smart sensor.
It possesses self-knowledge, for it can detect
anomalies based on its standard operation, but
it does not “understand” the cause of an anom-
aly and thus would not be classified as an intel-
ligent or cognitive sensor. On the other hand, a
sensor capable of fault diagnosis not only de-
tects faults as they occur but can determine the
cause of an anomaly by interpreting the data in-
put in real time. This type of sensor would be
classified as an intelligent sensor. Continuing
with this logic, a cognitive sensor would be rep-
resented by a sensor capable of fault repair, in
addition to detection and diagnosis. Such a sen-
sor would not only reason about the data but
would be able to decide how to overcome its
deficiencies by using its embedded knowledge
base. Cognitive sensors may implicitly include
world modeling as a function of cognition. While
this is not a requirement, they typically include
some form of internal representation contrived
from raw sensor inputs that can be reasoned
about to achieve a concept of “knowing”.

Using explanations as above, we can clearly see
that — regardless of smartness, intelligence, or
cognition — the modern understanding of artifi-
cial intelligence is strictly attributed to the com-
putation capability, which materializes as an al-
gorithmic cycle of calculation operations (algo-
rithm) realized on hardware resources [Zhu et
al., 2023].

For our immediate purposes, we are mainly con-
cerned with the development of the cognitive
sensor, with the realization that the hardware
for each sensor type may remain the same
whether cognitive, intelligent, or smart. The
main difference between each sensor type lies
with the intelligence, and thus the focus is on
the software that is embedded within the de-
vice. The physical realization of an advanced
sensor is a hardware sensor device coupled
with software-based intelligence embedded in
an on-board microcontroller, digital signal pro-
cessor (DSP), field programmable gate array
(FPGA), application-specific integrated circuit
(ASIC), or other computing device(s). The hard-
ware structure defines the sensor class, while

the software characterizes the type of intelli-
gence capabilities exhibited by the hardware.

Comparison of a Classical Sensor to a
Smart Sensor

Summing up, the terms “sensor” or “sensor sys-
tem” classically describe a system of two com-
ponents: the physical sensor head and the
measurement electronics. Typically, the sensor
converts a physical into an electrical signal. In
the next step, the meaning of “smart sensors”
describes mostly the additional combination
with processing intelligence or algorithm ex-
tracting the desired physical information and
communication capabilities.

In this study, a detailed description of different
physical (Chapter 2) and chemical (Chapter 3)
measurement quantities is presented. There,
you can find descriptions of physical principles
for different classical sensors: mechanical
measurands, acoustic measurands, electrical
measurands, magnetic measurands and optical
measurands. In dependence of the exact classi-
cal sensors, different shortcomings might occur.
A classical sensor consists of the measuring
unit for mainly one specific measurand and
might be connected to a computer for further
data analysis. A smart sensor also has a meas-
urand unit and, in addition, more computation
power and a connection to other sensors or the
cloud. In the following overview, different prop-
erties of sensor types are compared. Both sen-
sor types have in common that the initial sensor
input is the same and systematic errors can oc-
cur. In the following, properties of a classical
sensor are compared to the smart sensor. The
classical sensor is always mentioned first, fol-
lowed by the smart sensor.

Measurement Control:

Classical sensor: slow measurement control
if done by human (manual) but faster when
done by preprogrammed software

Smart sensor: faster measurement control,
which can be done automatically based on
the evaluated measurement data
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Data Processing:

Classical sensor: low computation capacities
on the sensor side, raw data transferred to
be analyzed off side

Smart sensor: Powerful computation and
communication capabilities, digital signal,
which could be preprocessed or analyzed on
side (edge), or the data is processed in a
cloud.

Data Amount:
Classical sensor: raw data (digital or analog)

Smart sensor: pre-processed data (digital),
reduced data amount compared to raw data,
less initial data compared to classical sen-
sors required because of easier data analysis

Analytics of the Data [Arino et al. 2019]

Classical sensor: univariate analysis, multi-
variate analysis is not common

Smart sensor: array of cross-sensitive sen-
sors combined with multivariate data pro-
cessing tools (multivariate analysis) for non-
trivial data analysis

Corrected Values in Dynamic Measurement
Applications [Bruns and Eichstadt 2018]

Classical sensor: not possible

Smart sensor: knowledge about interaction
and own internal properties and state leads
to corrected measurement values.

Effect of Measurement Disturbing Effects

Classical sensor: maybe false measurement
signal

Smart sensor: synchronization of different
smart sensors reduces measurement errors
of the complete system

After this comparison, the definition and the
components of a smart sensor are introduced.

Smart Sensor Design

The development of a cognitive sensor involves
embedding hardware and software into one
unified cognitive system. A general design pro-
cess begins with identification and selection of
sensing elements or devices based on the range
of desired applications. Requirements derived
from the functional description of a particular
application are used to drive the refinement of
sensor device specifications, embedded soft-
ware design, and any necessary hardware aug-
mentations (e.g., actuator selection for active
sensing systems). Following the selection of
baseline components of the cognitive sensor, in-
terfacing and data flow issues must be ad-
dressed. The interplay of architectural interfaces
defining data flow between the key compo-
nents and the processor, as well as sensing and
control signals among them, must be carefully
considered. An appropriate trade-off between
these extremes must be made based under
consideration of the target application and the
capabilities of selected components. At this
point in the design process, the cognitive sensor
is simply a programmable sensing and compu-
ting device. The design process may conclude
with a typical embedded software design and
development cycle focused on the target appli-
cation. With a more or less static hardware ar-
chitectural configuration, a range of capabilities
for a given cognitive sensor may be realized by
simply changing the embedded software appli-
cation —a means to achieve re-usability of the
same underlying hardware infrastructure for al-
ternative sensing functionality.

A sensor is a device that detects and responds
to inputs from the physical environment, such as
light, heat, motion, moisture, pressure, or vari-
ous other environmental phenomena. The out-
put from a sensor is typically a signal that is
converted to a human-readable display at the
sensor location or transmitted for further pro-
cessing or reading.

On the other hand, a sensor system encom-
passes not just the individual sensors but also
an integrated set of components that support
the sensors’ functionality. This includes pro-
cessing units, communication interfaces, power
management, and software algorithms that are
designed to interpret and act on the data col-
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lected by the sensors. The added functionality
within a sensor system enables more complex
operations, such as the fusion of data from mul-
tiple sensors, real-time analysis, and decision-
making capabilities.

To elucidate the relationships and performance
metrics within various parts of a sensor system,
the concept of virtual pins is useful. Virtual pins
act as clearly defined interfaces between the in-
dividual components of a sensor system, facili-
tating the specification and measurement of Key
Performance Indicators (KPIs) and performance
values at these junctures. This structured ap-
proach aids in the analysis and optimization of
the overall functionality and performance of the
sensor system.

Incorporating standards such as the IEEE P2020
[IEEE Standards Association P2020 2020]
standard for automotive imaging is critical in
this context. The IEEE P2020 standard focuses
on defining performance metrics and methodol-
ogies for evaluating the quality of automotive
imaging systems, which are a crucial part of
sensor systems in vehicles. By aligning with
standards like IEEE P2020, developers and en-
gineers can ensure that their sensor systems
meet rigorous quality and performance bench-
marks, particularly for applications that rely
heavily on visual inputs, such as autonomous
driving technologies. This reference to a recog-
nized standard emphasizes the importance of
measurable, standardized criteria for assessing

and ensuring the effectiveness of automotive
sensor systems.

Smart sensors in contrast to a traditional raw
sensor head are conceptually visualized in Fig-
ure 4.4.
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Figure 4.4 Sea of sensors

In the domain of Autonomous Driving (AD), a
specific example of smart sensors vs. a central-
ized approach with sensor heads is illustrated in
Figure 4.5.

Future and Market of Smart Sensors

The combination of 10T trends with either ad-
vanced sensors (e.g., intelligent camera) or sen-
sor swarms, both producing a large amount of
data, emerges as one of the modern examples
how the concept of a smart sensor system can
be realized. Beside the classic model-based
processing of the data, the advances and the
acceptance of Al-technologies will characterize
the future application of those smart sensors.
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Figure 4.5 Sensor head approach
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The major advances are at hand: the interplay
between Al and loT creates real added value for
many loT areas, particularly for automation and
networked production. Thanks to AloT (Artificial
Intelligence of Things), machines provide data
via their sensors that can be analyzed quickly
and efficiently using machine learning [Dusun
2024]. Al could even also be the solution for
avoiding unnecessary data transfer.

In 2023, the terms smart sensor and loT, Artifi-
cial-loT and Security were among the most fre-
quently cited loT trends. And, for the first time,
industrial uses cases with Al are showing up
(AloT) [GUnes 2024]. Another trend is that sen-
sors are becoming smarter and can act as edge
devices [De Luca 2023]. In 2024, awareness of
the benefits of Al for loT projects increased and
the first companies combined artificial intelli-
gence in production with the Internet of Things.

Looking to the future, in 2028, IoT and Al
named AloT will be a standard tool. Looking at
the growing number of industrial field devices in
combination with sensors, the major challenges
when interconnecting the sensors via internet
technologies will be the sustainable (energy
conserving) processing and communication and
the secure handling of the data. Additional in-
ternational challenges will be the regulation of
the wireless technologies for interconnection
and secure distribution of information on physi-
cal storage over the world. Applied Al belongs
to one of the major tech trends. This trend also
affects information technology and electronics.
For example, machine learning and prediction
can be part of smart sensing [Chui et al. 2023].
Al-based machine vision for image sensors is a
technology trend mainly for event-based cam-
eras. The use of edge Al in machine vision sys-
tem for different applications fields is possible
[Bouhamari et al. 2024]. The addition of Al to
ultrasound sensors could bring automated in-
terpretation and measurement to support diag-
nosis and decisions [Delbos et al. 2023]. Other
business models of smart sensors are the use of
data from process sensors and the monitoring
of production modules as described in [Bassler
etal. 2021].

Market

It has been observed that developments tai-
lored to specific targeted applications (market

pull) are increasingly dominating basic innova-
tions (technology push). There is an interde-
pendence between market push and technology
pull, and there is the potential of technology-
driven leading-edge research to create entirely
new markets over period of time [National Re-
search Council 1995]. This might be the case for
the application of Al to sensors.

Looking at industrial devices with processing
power in Germany, this concerns a number of
35 million field devices in 2020, growing to a
number of 45 million devices in the year 2030
[Edge-Power 2024], not including all loT sen-
sors that are connected to each field device.

In addition to pure loT sensors in the process in-
dustry, a total of up to 15 billion loT devices will
be connected to company infrastructures by
2030. This means that 75 % of all devices are
expected to be loT devices [Perri 2023].

The global smart sensor market size was valued
at $ 37.12 billion in 2019, and smart sensor
market size is projected to reach $ 91.37 billion
by 2027, to register a CAGR of 14.30 % from
2020 to 2027. Smart sensors are occurring for
different measurement task. Trends might be
different for different sensors [Sachan and
Mutreja 2021]. It is expected that the boom in
the Fourth Industrial Revolution (4 IR) contrib-
utes to over two trillion euros to the EU econ-
omy by the end of 2030. Sensors do belong to
one of the three core technologies of 4 IR [Grilli
etal. 2022].

The European patent office analyzed SME
(small and medium-sized enterprises) belong-
ing to 4IR in Europe. These SME created tech-
nological developments in the areas of loT and
data management (up to 69 %), automation of
devices (44 %) and 3D-Systems technologies
(24 %). 4IR SME active in these fields have
higher investment intensity compared to the av-
erage SME in the EU [Grilli et al. 2022]

Figure 4.6 shows that the US has twice as many
4IR SME compared to the EU. In both areas, the
number of 4IR international patents is increas-
ing over time; in Europe from 9 % upto 11 % in
2018.

In short, smart sensors have what it takes to
multiply the number of measurement tasks,
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making them one of the most tempting growth
opportunities in the sensor industry.

Figure 4.6 Number of 4IR International patent fam-
ilies in dependence of years for EU27, other Europe
and US (Source: © Grilli et al. 2022)
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Figure 4.7 Number of publications about smart
from 2000 to 2023 (Source: Dr. Julia Osten, Fraun-
hofer IPMS)
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Figure 4.8 Number of smart sensing publications
per country from 2000 to 2023 (Source: Dr. Julia Os-
ten, Fraunhofer IPMS)

As shown in Figure 4.7, the number of reviewed
articles in web of science which are dealing with
smart sensors have been continuously increas-
ing from 2020 onwards. There is a decrease in

proceeding papers and a slight increase in re-
views about this topic. The top three categories
where one can find publications on this topic
are: engineering, electrical and electronics, tele-
communications, and material science. The
countrys’ publication activity in this time period
shows that Germany is globally on the seventh
place. China, the United States, and India are
the most active countries concerning publica-
tions with correlation to smart sensing [Fraun-
hofer 2024; Marcus et al. 2021].

In the strategic research and innovation agenda
2023 about electronic components and sys-
tems, various aspects of smart sensors like edge
computing, embedded artificial intelligence and
connectivity are mentioned in the section
“cross-sectional technologies” [ECS Community
2024]. Also, cybersecurity-related issues are
addressed with five major challenges. To sum
up, smart sensor technologies are a hot topic
when it comes to the scientific community and
are also part of other strategic roadmaps.

Ethical Aspects of Al

Al is changing human interaction in almost all
areas of society. Therefore, ethic aspects are an
important issue when dealing with smart sen-
sors. These aspects are addressed by the Ger-
man ethics council. In its publication “Humans
and Machines — Challenges of Artificial Intelli-
gence” [Deutscher Ethikrat 2023], the German
ethics council discussed selected topics like
medicine, public communication, public admin-
istration, and cross-divisional topics. Cross-divi-
sional topics with high overlap to smart sensors
are data sovereignty, critical infrastructure, bias
and discrimination, and transparency. In this
publication, ethical advice on smart sensors can
be found.

The draft of the EU Artificial Intelligence Act
adopts a risk-based approach with the catego-
ries: unacceptable risk, high risk, limited and
minimal risk [Future of Life Institute 2024]. All
of these upcoming regulations will have an ef-
fect on further Al development. In the following
subchapters, we are focusing on the technical
aspects of smart sensors.

The order of the following subchapters corre-
sponds to the data processing path. The start is
with data processing and networking, followed
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by data communication. In the fourth part, relia-
bility is discussed. At the end, you will find vari-
ous examples of condition monitoring.

4.2 Data Processing and Network

(Osten, J.; Fleck, S.; Trsek, H.; Lohweg, V.;
Jablonski, 1.)

Expectations formulated by customers require
mimicking human reasoning using historical
data, but also forecasting the expected evolu-
tion of the system over a given time horizon. Us-
ers want to proactively predict the future and
even control it. Let us imagine the application of
smart sensors in autonomous cars — here, the
“virtual driver” should be able to identify the
traffic scenario several steps ahead, understand
the causes of this development and ways to
control it, formulate alternatives to the current
state, choose an appropriate maneuver and exe-
cute it, all with multi-threaded processing, non-
homogeneity of data and information, and mini-
mal latency. From the point of view of data sci-
ence, all this requires embedding descriptive,
predictive, and prescriptive functions in a smart
sensing unit. Descriptive analytics answers the
question “What happened?” Looking into the
future requires answering the question “What
will happen?” — requiring predictive analytics.
Finally, we want to know how we can make it
happen, which leads us to scenario simulation
and recommendations — again requiring pre-
scriptive analytics.

Basic Concepts on Fusion

Sensors and actuators, but also other sources
such as databases, serve as data sources for the
realization of condition monitoring in various ap-
plications or for the acquisition of characteristic
parameters, such as production parameters. The
data originate from sources which are spatially
distributed over systems, shop floors and the
like. Modern industrial plants are equipped with
an increasing number of sensors generating a
large amount of data. The task of processing
these large amounts becomes increasingly
complex. Computation takes longer and neces-
sary communication may exceed the available
bandwidth. Furthermore, users are unable to
properly process and draw correct conclusions
from the generated information [Monks et al.
2016)]. The issues caused by the increased

complexity are addressed by Sensor and Infor-
mation Fusion (SEFU/IFU) mechanisms. These
collect and combine data and information from
different sources to reduce complexity as well
as uncertainty. The resulting fused information
is of higher value and precision than the infor-
mation gained by the individual single sources
[Talburt et al. 2019]. The idea of SEFU/IFU is to
create new or more precise knowledge about
the system’s environment or status (such as
physical quantities or occurring events) by tak-
ing into consideration different information
sources [Hall and Llinas 2001; Salicone and Pri-
oli 2018].

Hall and Llinas describe that the aim of SEFU/
IFU is to optimize “the accuracy of applications”
[Monks 2017]. Which criterion is to be opti-
mized needs to be defined before the SEFU/IFU
application is designed. Only then can meaning-
ful signal sources, which are able to obtain data
containing the required information to derive a
precise and accurate statement about the crite-
rion, be chosen. As described in [Ruser and
Puente Léon 2006], if two sensors S1 and S2
work with complementary physical principles,
the combined performance should be larger
than the addition of the two performances per
sensor.

Sensor and Information Fusion

Sensor and information fusion systems appear
in various kinds. They all have in commo, that
the information originating from a number of
homogeneous or heterogeneous sources is
combined in order to reduce amount and dimen-
sionality of date, and to obtain information of
higher quality. Comprehensive overviews over
information sources, general fusion system
models, and theoretical backgrounds of the fu-
sion algorithms provides [Hall and Llinas 2001].
For modelling, the sensor information, and car-
rying out the fusion, one of various evidence
theories (e.g., probability, possibility, belief the-
ory) as well as concepts derived from them are
applied most often [Holst and Lohweg 2022].

Sensor and information fusion as a specialized
field has recently taken on new aspects in addi-
tion to information aggregation. These include
dealing with aleatory (noise, random variations,
material characteristics, etc.) and epistemic (in-
completeness, imprecision, production toler-
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ances, etc.) uncertainty [Salicone and Prioli
2018; Hullermeier and Waegeman 2021] and
the quality of fusion as such [Bossé and Rogova
2019]. The latter in particular is essential for
risk-orientated applications, e.g., in the medical
field [Talburt et al. 2019]. By penetrating vari-
ous supporting evidence theories, the modeling
of application-oriented fusion systems can be
considered to be mature [Solaiman and Bossé
2019]. They are applied in various industrial ar-
eas such as machine conditioning and predictive
and preventive maintenance [Holst and Lohweg
2021] as well as in medical technology [Talburt
etal. 2019].

Sensor Orchestration

In the context of sensor orchestration, the pri-
mary question is which subset of sensors ()
from an applied universe of sensors () are re-
quired in a system. If the total amount of sen-
sors Nis large, it is given that redundancy will
occur. Therefore, a subset nis usually sufficient
for a specific application. As of today, it be-
comes increasingly common that sensors are
equipped with communication capabilities and
local processing power. The available pro-
cessing capacities enable the incorporation of
local intelligence, which in turn is necessary for
a collective of devices to self-organize. A self-
organizing system is a system that operates
without any central control unit or global state
repository. Any decision made by the system,
either on a course of action or a change of inter-
nal organization, is the result of collective coop-
eration. Self-organizing systems possess sev-
eral advantages over systems with a centralized
intelligence [Fritze et al. 2017]. A central deci-
sion unit always presents a single point of fail-
ure and a system without such a unit is overall
less error-prone and more robust. Self-organiz-
ing systems scale better in comparison and
adapt themselves better to changing environ-
ments. Consequently, they are more suitable for
ad-hoc networks and networks which change
often in their structure and number of partici-
pants [Dressler 2008]. The trade-offs for these
advantages are: (i) self-organizing systems tend
to produce more communication load for the or-
ganization process; (ii) designing such systems
requires an increased effort; and (iii) depending
on applied strategies, they are less deterministic
[Fritze et al. 2017].

Sensor Conflict Management and Sensor
Defect Analysis

It is assumed that the number of smart sensors
in the world will continue to increase, especially
for loT applications like healthcare applications,
smart homes and agriculture applications [Fitz-
patrick 2022; Mukhopadhyay et al. 2021]. Al-
ready today, sensors are being installed and
connected to sensor networks interconnected
into sensor networks. Self-diagnosis and quality
monitoring with decentralized cooperating sen-
sor-based systems require diagnostic know-
ledge and, derived from this, the generation of
meaningful characteristics [Zadeh 2008]. In this
context, data uncertainty is relevant. The ac-
quired data is prone to uncertainties, which are
categorized into aleatory and epistemic uncer-
tainty according to the following definitions.
Aleatory uncertainty is characterized by its ran-
dom and non-deterministic nature and thus rep-
resents the inherent randomness of a problem.
Epistemic uncertainty is also denoted by subjec-
tive uncertainty. Its source is the lack of
knowledge due to, e.g., incomplete data or con-
scious or non-conscious unknowns. Effects re-
sulting from uncertainties can also lead to con-
flicts in the acquired data. Under practical condi-
tions, this leads to fuzzy and vague information
from the sensors [Monks 2017]. When using
sensors in an application, it is generally as-
sumed that it is operating correctly. But sensors
can fail and do so during typical operation. This
failure can be caused by wrong handling, by
wear and tear, or it can be a random failure. Fur-
thermore, measurement data and systems often
get stuck gradually, making the detection of
anomalies particularly challenging. Therefore,
the future will be about learning with so-called
drift in the context of robust and explainable
computer intelligence (artificial intelligence).
Hence, adequate (but also more complex) infor-
mation fusion algorithms are used for the pro-
cessing of sensor observations and the genera-
tion of a system state.

How to Process Raw Data

Data can be processed in various ways. This
strongly depends on the requirements of the
specific use case. Al methods are showing up
for different use cases, but statistical methods
are still in use. Also, with further development
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on Al methods, it is expected that statistical
analysis will be useful for same data analysis in
the future.

Here, we will give a short overview of the dif-
ferent machine learning paradigms, shown in
Figure 4.9.

Application-Focused Machine Learning Para-
digms

Applications of imitation learning and reinforce-
ment learning are typically strongly connected
to a very clearly defined application. For exam-

ple, an autonomous car should follow the street,

reinforcement

Imitation learning erfing

Machine
Learning

supervised
learning

unsupervised
learning

Figure 4.9 Paradigms of machine learning. Unsu-
pervised/supervised learning has a higher rele-
vance for sensor data processing. (Source: Dr. Julia
Osten, Fraunhofer IPMS)

or a robot is walking stairs [ERler 2023]. Imita-
tion learning has the core elements of an agent,
the environment, a teacher, and a policy. The
goal is to reproduce the observed behavior of
the teacher. The improvement is performed by
learning from the expert behavior. LiDAR and
cameras are used for the environment task of
autonomous driving [Le Mero et al. 2022]. Rein-
forcement learning has, in contrast to imitation
learning, a reward and value function. In our ex-
ample, the learner would be the robot which
needs to perform different tasks to walk the
stairs all the way up to the top. If it manages to
get to the top, it will get a reward. Typical for
reinforcement learning is a trial-and-error
search and delayed reward phases [Barbierato
and Gatti 2024]. Sensors are not directly ad-
dressed with reinforcement learning; the focus
is on the interaction between actors and the ful-
filment of the reward.

Data-Focused Machine Learning Paradigms

The following approaches (supervised and un-
supervised learning being compared in Ta-

ble 4.1) are widely used for different sensor
data sets. A requirement of supervised learning
is a labeled data set. The supervised learning
model is trained on input-output pairs corre-
sponding to the desired output. If the error be-
tween the pairs and the desired output is below
a certain threshold, the sufficiently trained
model will be used to get accurate prediction of
unseen data in the future. The disadvantage of
supervised learning is its requirement for la-
beled data during the training phase. Typical
applications are image or speech recognition. In
contrast to this, unsupervised learning does not
depend on labeled datasets. Unsupervised
learning works on finding patterns, relation-
ships, and structures in the sensor data without
guidance. The algorithm works autonomously.
A hybrid form of both approaches is semi-su-
pervised learning, which works with a non-com-
plete labeled dataset [Barbierato and Gatti
2024].

Table 4.1: Comparison of supervised and unsuper-
vised learning based on [Barbierato and Gatti
2024]

Property Supervised Unsupervi-
learning sed learning
Learning mapping discover
objective input to out- hidden struc-
put tures
Input data labeled unlabeled
input/output raw data
pairs
Feedback correct out- evaluation
signal put labels metrics or
criteria
Key mecha- pattern clustering,
nism recognition dimensiona-
lity reduction
Training self- error mini-
approach organization mization

Besides the question of how to process the
data, the task of where to process the data is an

import issue.
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For example, in the federated machine learning
approach, the data are trained without explicitly
sharing the data samples [Perri 2023]. This ap-
proach is more likely for edge computing.

Where to Process the Raw Data

Edge computing refers to processing data geo-
graphically closer to the sensor in comparison to
transferring the data to a network of remote
servers (cloud computing).

Neuromorphic computing, when paired with
edge computing, enables local, real-time data
processing by mimicking the human brain’s neu-
ral networks. This integration facilitates autono-
mous systems’ rapid decision-making and re-
duces reliance on cloud data centers, optimizing
for speed and energy efficiency. [Fraunhofer
IPMS 2024]

An overview of the different properties of data
handling in cloud vs. edge is given in Table 4.2.

Table 4.2: Comparison between edge and cloud
computing [Beavers 2018; Codeluppi et al. 2021]

Property Cloud Edge
computing computing
Latency higher real time
Amount of higher lower
data
Data may be an no issue
Security issue
History data possible not possible
Required high low
bandwidth
Scalability possible possible
Privacy may be an can be ad-
issue dressed by
smart sen-
sors
Accessibility with internet on site
connection

Cloud computing has the advantages of han-
dling higher amounts of data, storing more his-
tory data, and better scalability. In contrast to

this, edge computing has a lower latency, and
security might not be an issue. Especially data
security can be an issue when using cloud com-
puting. Therefore, the chosen data process path
depends on the data type and the application
requirements.

A matrix of edge vs. cloud computing is de-
picted in Figure 4.10. Within edge computing, a
centralized approach can be distinguished from
a distributed approach focusing on smart sen-
sors (which is sometimes also called “edge
computing” to avoid confusions).

An example of edge vs. cloud within the auto-
motive domain of autonomous driving is de-
picted in Figure 4.11. There are various sensors
in cars (sea of smart sensors). The computing of
the data input from RADAR, LiDAR, ultrasonic,
and others can be performed inside the car.
(edge). Transforming it to the cloud is not very
common because of the higher latency.
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Figure 4.10 Matrix of edge vs. cloud computing

Figure 4.11 Example of edge vs. cloud in the auto-
motive domain

Data can be analyzed directly on the sensor or
the sensor chip. In this case, only the already
processed reduced data set will be transferred
to the cloud afterwards. Edge sensors belong to
loT sensors which are discussed in more detail
in Section 4.3.

On the other hand, raw data can be transferred
to cloud devices and analyzed there. Depending
on the topic, there are different digital ecosys-
tems for connecting machine data and sensors
with other data. This does not mean that Al-
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methods are always used in this ecosystem. For
the agricultural sector in Germany, a feasibility
study concluded that a step-by-step implemen-
tation of a national data space would be a good
idea [Rauch 2020]. The task of a data space is
the integration and management of diverse data
sources by providing a unified interface across
different systems without extensive data cen-
tralization. In contrast to a cloud (focus on data
centralization), a data space emphasizes data
interoperability and consistency. A data space
can be part of an ecosystem. The ecosystem re-
fers to an even broader network of intercon-
nected entities, including data providers, con-
sumers, and services.

The GAIA-X project aims to create an ecosys-
tem of interconnected different data spaces
[Kaufer 2024b]. Their goal is to overcome the
major problems with data spaces, non-matching
interfaces and data safety. Of the eleven pro-
jects founded, the Al-supported fault tracking
solution for vehicles and the Maritime Smart
Sensor Data Space X might fit best with the
smart sensor topic [Kaufer 2024a].

As mentioned before, cloud computing is not al-
ways the solution to a specific application. The
chosen data processing path strongly depends
on the application requirements and the type of
data.

In the following section, the communication to-
wards different networks is addressed.

4,3 Communication Paradigms - (Indus-
trial) Internet of Things

(Wockel, S.; Reichenstein, T.; Barth, J;
Neubert, M;)

Fundamentals loT and IIOT

The Internet of Things (IoT), better defined as
Consumer loT and Industrial loT (lloT), consists
of global or local networks of interconnected
computing, smart sensing and networking de-
vices that can exchange data and information.
loT solutions require a network, preferably wire-
less, that can transmit large amounts of data
securely and quickly using a variety of data pro-
tocols.

It is therefore largely dependent on the commu-
nication infrastructure and the availability of and
access to local or global networks.

The main technical component of the loT archi-
tecture is the gateway, which either connects
the loT device to the processing service
(cloud/enterprise data center) or provides edge
processing itself — in the sense of intelligent
edge gateways. In addition to handling edge-
to-cloud connectivity, the gateway acts as a
translator between field and cloud protocols.

Purpose of loT and 110T

Independent from communication paths (ma-
chine-to-machine, machine-to-human), con-
sumer loT is about connecting devices, sensors
and everyday objects to the internet, allowing
them to communicate, share data and be con-
trolled by people from anywhere in the world.
In other words, loT defines the connection be-
tween machines and humans.

Thus, from a consumer perspective, the loT de-
vice is strongly constrained by manufacturing
costs (customer price) and operating costs (en-
ergy, battery), as well as by the technology
available (local WIFI and global internet ser-
vices). This affects the design of components
(e.g., antennas) and the operating principle (bat-
tery or energy harvesting).

Industrial IoT is a network of connected devices
that connects sensors and machines and is an
ecosystem of interconnected objects and com-
puting devices. In other words, lloT defines the
connection between machines and machines. Its
main purpose is the exchange of real-time data
in industrial processes.

While loT systems use cloud computing to con-
nect and monitor devices, lloT systems integrate
sensors in the field.

The main difference between loT and lloT is the
intricacy of the solutions. 0T uses inexpensive
connected sensors with limited functionalities
whereas lloT uses more sophisticated devices,
providing broader visibility, automated controls,
and complicated analytics.

While both lloT and loT aim to create connected
ecosystems, they differ significantly in terms of
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scale, reliability, data security and network in-
frastructure, and are targeted at different appli-
cations and industries. The most commonly
used parameters that differentiate the loT from
the industrial loT include: security, safety, in-
teroperability, scalability, precision, low latency,
reliability, and resilience.

lloT focuses on integrating smart sensors, con-
trollers, and devices into industrial processes,
prioritizes reliability and robustness to ensure
uninterrupted operation in industrial environ-
ments, and places a heightened emphasis on
data security and privacy due to the sensitive
nature of industrial data.

lloT networks are typically designed with indus-
trial-grade infrastructure capable of withstand-
ing harsh environmental conditions and sup-
porting real-time communication. To ensure
timely data transmission and control, these net-
works often use protocols optimized for low la-
tency and deterministic behavior. Industrial net-
works may also incorporate redundancy and
failover mechanisms to maintain continuity in
operations.

In order to control and manage the utilization of
(NloT-sensor data, the role of security and pri-
vacy has become of increasing interest. The rea-
son for advanced access control can either be
motivated by competitive reasons, e.g., insights
into (production) processes that are part of com-
panies’ intellectual property, or privacy reasons,
e.g., in the smart home sector.

Communication Protocols

A key component of an intelligent sensor sys-
tem for loT or lloT systems is the ability to com-
municate and connect wirelessly, providing
more flexibility. However, in the industry, there
is a need for both wired and wireless communi-
cation to realize different types of (l)loT applica-
tions. This decision is discussed in the next
chapter. In addition to the physical layers, the
communication standard and therefore the pro-
tocol are the critical components that define the
communication range, transmission rate, inter-
connectivity, and security of the data. Depend-
ing on these factors, a large number of proto-
cols have been developed specifically for loT.
For example, even the IEEE has up to ten work-
ing groups for 802.15 (WPAN/Bluetooth, Coex-

istence, High-Rate WPAN, Low-Rate WPAN,
Mesh-net, Body Area Network, etc.).

Exemplary the enabling (wired and wireless)
technologies for industrial and loT networks are:
Ethernet/IP, PROFINET, CBA, Modbus/TCP,
CANopen, NMT, PDO, SDO, Ethernet Power-
link, EtherCAT, not including car connectivity
(V2X) and smart energy grid distribution
(DLMS/COSEM, DNP3) or building automation
systems (e.g., ZigBee, BACnet) [Mansour et al.
2023].

Concerning loT, the limited hardware resources
(CPU, energy) or the costs are often also deci-
sive for the choice of a transmission protocol.
Therefore, a variety of lightweight protocols for
wireless fidelity (Wi-Fi), Zigbee, and Bluetooth
exist [Mansour et al. 2023; Artetxe 2023]. In
case of industrial loT (lloT), the availability, se-
curity, and safety of the data are the most cru-
cial parameters to identify the optimal commu-
nication protocol.

Currently, the most common protocols for wire-
less industrial 10T that fulfil those parameters
are: Z-Wave/ZigBee, MQTT, OPC UA, Lo-
RaWAN, LPWAN, NB-loT, 5G.

loT communication protocols are typically cate-
gorized and classified according to range (short-
range, long-range cellular, long-range non-cel-
lular, and wired), data rate, power consumption
and industrial safety:

short-range protocols (RFID, NFC, Bluetooth,
Z-Wave, Wi-Fi)

cellular-based long-range protocols (LTE-M)

non-cellular loT protocols with long range
(ZigBee, LoRaWAN)

In loT applications (Figure 4.12), communication
technologies include Wi-Fi, RFID, NFC, ZigBee;
system mainly include: AMQP, JMS, REST,
HTTP/HTTPS, COAP, DDS, MQTT, Bluetooth,
LoRa, NB-loT, GSM, GPRS, 3/4/5G networks,
Ethernet, RS232, RS485, USB; and related
communication protocols include CDMA/TDMA,
TCP/IP, WCDMA, TD-SCDMA, TD-LTE, FDD -
LTE, TCP/IP, http [Sari 2023].
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The major challenge for the coming years is the
interconnectivity and interoperability of lloT pro-
tocols and devices as well as the definition of
global regulation. Since loT devices will succeed
in using open global technologies up to satellite
communication, the lloT will stay a local service
inside industrial applications with a smart gate-
way as interconnection to the global network.
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Figure 4.12 Categorization of 10T according to en-
ergy consumption, range and data rate

Requirements for Sensors and Communi-
cation

The main differences between loT and lloT are
the higher levels of requirements regarding
safety, security, timing, availability, latency, and
reliability. In terms of communication, the
amount of data thatis collected and transferred
is different, as well as the overall complexity.
For certain industries, these requirements fur-
ther increase, e.g., in the Ex areas [Khan et al.
2020].

Wireless systems are becoming increasingly
important in industry due to the constant in-
crease in production flexibility. However, estab-
lished wireless standards like WLAN were not
primarily developed for industrial use, which of-
ten leads to problems. Therefore, new wireless
standards should be developed specifically for
industrial purposes to counteract these issues
[Wollschlaeger et al. 2017].

Furthermore, depending on the use case and
usage scenarios, for bG, different configurations
of the communication protocols can be done
(the enhanced mobile broadband, massive ma-
chine-type communication, or ultra-reliable and
low-latency communication). In order to deter-
mine the use of wired or wireless communica-
tion, the portfolio from [Vukovic 2023] can be
used (see Figure 4.13), which shows technology
boundaries (wireless: based on 5G and WiFi,

wired: PROFINET, EtherCAT). Motion control
applications with sensors and actuators stand
out to mostly rely on wired communication due
the requirements regarding latency. Other ap-
plications, which rely on the use of sensor
(data), are also depicted (e.g., mobile robots, au-
tomated guided vehicles, MES coupling, drones,
and machine communication) with an increased

data rate.
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Figure 4.13 Industrial applications in the portfolio
for technology boundaries of wired and wireless
protocols (adapted from [Vukovic, 2023])

In the context of connecting legacy equipment
with sensor and communication technology, i.e.,
the smart retrofit of legacy systems, [Jaspert et
al. 2021] identified three main approaches: (1)
add (new) external sensors, (2) tap existing sen-
sor data (e.g., from PLCs), and (3) connect to ex-
ternal data sources. Only partial replacement of
equipment is required, i.e., adding new sensors
or connectivity solutions [McKinsey & Company
2015].

Depending on the use case, either a raw analog
output can be used, pre-processed and aggre-
gated data or sensors with ModbusTCP inter-
faces, for example, or more intelligence can be
brought to the sensor level for special applica-
tions, though thereby increasing the costs. Fur-
thermore, for the interoperability regarding
(NloT-connectivity and communication, new re-
quirements arise. A high level of flexibility in
terms of protocols is necessary for a smooth
legacy integration. Therefore, future sensors
need to be able to be downward-compatible in
terms of communication protocols. In addition,
developments for a possibility to adjust the
communication protocols according to specific
use cases would greatly benefit the smart retro-
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fit process and the integration of legacy equip-
ment from a communication perspective.

Trends and Outlook

A fundamental principle of loT is the intercon-
nection of the physical and digital world. This is
achieved through the use of sensors, which are
either integrated during the production process
or subsequently attached to objects such as
plant components, machines, vehicles, storage
containers, or tanks. The added value of loT-
based applications primarily results from the
analysis and processing of data generated by
sensors. Therefore, it is crucial that the costs for
the required hardware, its assembly or integra-
tion, and operation are kept as low as possible.
Only in this way, applications can effectively
scale and be successful.

An important aspect that influences the archi-
tectural decisions for sensors in the lloT context,
especially for retrofit sensors, are the installa-
tion costs. To keep these low, a wireless solu-
tion is chosen in most cases. However, radio-
based sensors bring with them cost-intensive,
system-relevant factors. Still, the biggest cost
driver is the simple installation and onboarding
(as well as the upgradability of the sensors
which also influences the choice of wireless
standards and communication protocols). Ide-
ally, no battery change should be necessary
during operation, but in some cases, this is una-
voidable. In such cases, optimization for maxi-
mum battery life is essential. Here, the optimal
measurement cycle rate, suitable wake-up
mechanisms, data transmission according to the
use case, the choice of radio standard and pro-
tocol play a crucial role, as has been explained
in more detail at the start of this subchapter.
Another strategy to reduce energy consumption
is data compression or preprocessing of the
data up to the full interpretation directly on the
sensor node. For the latter in particular, neuro-
morphic hardware structures are increasingly
being used (see Chapter 4.2).

A solution established in recent years for cost
optimization is the integration of PCB antennas
directly on the main board, which incurs hardly
any additional costs. The challenge hereis to
find a compromise between the required an-
tenna performance, the robustness of the con-

nection, energy consumption, and the total cost
of the product, with costs being the most signif-
icant influencing factor.

Energy harvesting as a permanent solution or
for extending battery life is usually only used in
the industrial sector for special applications. In
the case of cost-effective IloT sensor solutions,
this technology is not used due to still cheaper
battery costs. The market expects a lifespan of
such sensors of 10 to 15 years.

In many cases, it is possible to achieve the ex-
pected lifespan of a sensor (especially for bea-
cons) of 10 to 15 years with only a single bat-
tery. Therefore, a potted design is often pre-
ferred in the industrial sector. This design
method represents the most cost-effective
method to meet environmental requirements
such as protection class (IP) and explosion pro-
tection (Ex) simultaneously. In the course of
sustainability and due to the fact that the prod-
uct’s life span can be extended by replacing the
battery, solutions with replaceable batteries are
increasingly becoming established in the market
(e.g., Sushi Sensor [Yokogawa Deutschland
GmbH 2024]; IVIB-Series [iQunet 2024]; SI-
TRANS MS200 [SIEMENS 2024]). These solu-
tions also meet environmental requirements
and thus offer a sustainable alternative to the
disposable battery concept, though with higher
costs.

4.4 Reliability
(Fleck, S; Trsek, H.)

When sensor systems are developed, con-
structed, and later placed on the market, they
must comply with the general requirements of
legal regulations and standards, especially with
respect to safety and security.

Safety is defined as the protection of humans,
machines, and the environment against harm or
danger. It is focusing on preventing accidents
and incidents that could cause physical injury or
damage. For instance, the safety of typical com-
ponents in industrial systems is addressed ac-
cording to standards like IEC 61508 [Interna-
tional Electrotechnical Commission 2010] or
ISO 62061 [International Electrotechnical Com-
mission 2021]. In automotive, ISO 26262 [Inter-
national Organization for Standardization 2018]
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is used by major car manufacturers. It is an ad-
aptation of IEC 61508.

Security aims at protecting a system or its com-
ponents against intentional and unintentional
threats as well as external attacks. It focuses on
the protection of information assets against ma-
licious activities such as theft, disclosure, and
manipulation. The security requirements are
specified in terms of confidentiality, integrity,
and availability. The availability of data is para-
mount in the operational technology area, as it
is a crucial prerequisite for smooth manufactur-
ing processes. The most relevant international
standard is the IEC 62443 series [International
Electrotechnical Commission 2009]. It was de-
veloped to secure systems in the industrial do-
main throughout their lifecycle.

One of the main challenges for security is the
fact that, unlike with safety, security mecha-
nisms must constantly be adapted to a dynamic
threat landscape. At the same time, gaps in se-
curity can ultimately impair systems with all its
functional elements. Hence, they might also
have an influence on the safety of a system.
However, the remainder of this section is mainly
focused on safety aspects.

Sensor degradation poses a critical challenge to
the reliability and functionality of sensor sys-
tems in the automotive industry, particularly
with the increasing reliance on these systems
for autonomous driving and safety features.
Modern vehicles are equipped with sophisti-
cated multimodal sensor systems that leverage
artificial intelligence (Al) for perception and sen-
sor fusion. Despite their advanced capabilities,
these systems are susceptible to various forms
of degradation over the vehicle's operational
life, leading to potential unpredictability in per-
formance. This degradation, influenced by expo-
sure to different environmental conditions, can
result in unforeseen behavior that impacts the
vehicle’s safety and functionality.

In the realm of sensor technologies, camera,
RADAR, LIiDAR, and other sensor modalities,
both outside and inside the cabin, are funda-
mental to the operation of modern vehicles.
Cameras, in particular, play a vital role in a myr-
iad of applications, from basic navigation and
parking assistance to complex autonomous
driving functions. However, like all sensor tech-

nologies, cameras are prone to degradation due
to factors such as lens wear, dirt accumulation,
and exposure to harsh weather conditions,
which can significantly diminish their perfor-
mance. The degradation of camera sensors can
lead to a reduction in image quality, affecting
the accuracy of Al-driven perception systems
and, consequently, the safety and efficiency of
autonomous driving features.

A systematic approach to addressing the wide
range of degradation effects on automotive sen-
sors is essential. This includes a detailed exami-
nation of the specific vulnerabilities of camera
sensors and the development of robust counter-
measures to mitigate their impact. While design
verification (DV) and product validation (PV)
processes have traditionally focused on sensor
robustness, these measures are often insuffi-
cient to fully account for the complex nature of
sensor degradation over time.

The intersection of sensor degradation and its
impact on Al processing represents a significant
challenge, necessitating a comprehensive strat-
egy to ensure the continued reliability of sen-
sor-dependent systems. Recognizing and ad-
dressing the multifaceted nature of sensor deg-
radation, particularly in camera technologies, is
crucial for maintaining the integrity and safety of
autonomous driving systems.

To enhance the resilience and performance of
sensor systems in vehicles, it is imperative to
explore future analyses and methodologies for
detecting and addressing sensor degradation on
system level. By adopting a proactive approach
to understanding and mitigating the effects of
sensor wear and tear, the automotive industry
can safeguard the advancements and safety of
autonomous driving technologies, ensuring that
these systems remain reliable and effective
throughout the vehicle's lifecycle.

4.5 Industrial Monitoring and Predictive
Maintenance

(Barth, J.; Lohweg, V.; Erdler, A.; Reichen-
stein, T.; Schafer, A.; Fischer, M.)

This section explores the evolution of Condi-
tion-based Maintenance (CbM) and Predictive
Maintenance (PdM), including future trends in
prescriptive maintenance. It examines the role of
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smart sensors and the technical and economic
context of these changes and trends and out-
lines specific applications.

In the 1960s, to enhance productivity in the
manufacturing industry, behavioral (perceptive)
data from assets, such as vibration and temper-
ature, were collected. The objective was to opti-
mize maintenance recommendations based on
these data, minimizing the risk of machine dam-
age and production downtime. Until the 1980s,
the focus was primarily on metrology, with data
being systematically collected and analyzed.
Key Performance Indicators (KPIs) were devel-
oped for specific machine failure cases, resulting
in numerous standards for machine condition
monitoring. At that time, machine maintenance
occurred whenever a problem was identified,
i.e., when a defined KPI threshold was ex-
ceeded. This approach was robust but required
significant investment and expertise. Depending
on the frequency of data collection and the
elaborate analysis, the risk of machine damage
or plant downtime could be reduced accord-
ingly. However, this increased the capital in-
vestment, often necessitating an optimum bal-
ance. This approach to machine and plant
maintenance is reactive in nature and therefore
difficult to plan and costly. However, this phase
established the foundational knowledge for
CbM.

From the 1980s on, with the availability of af-
fordable computing power, advanced data pro-
cessing, real-time analysis, and stochastic
methods were increasingly used to predict asset
failure times based on CbM, both off-premise
and on-premise. This period marked the begin-
ning of predictive maintenance, enabling better
plant maintenance planning and further mini-
mizing downtime.

From 2010 on, several mutually reinforcing
trends and technologies emerged. Although
cloud computing, various low-power wireless
technologies, and low-power computing archi-
tectures were already known, they became es-
tablished due to the success of smartphones
and wearables in the consumer sector. This led
to a significant price reduction of essential com-
ponents, making business models based on the
Internet of Things (loT) and Industrial loT (lloT)

feasible, and allowing entire plants to be moni-
tored cost-effectively.

The variety of sensor data, from field devices
and additional asset condition-describing varia-
bles, presented new analysis possibilities and
concepts, as well as challenges such as sensor
orchestration and data processing. Other devel-
opments included sensor fusion, digital twin
mapping, and machine learning use for anomaly
detection and Remaining Operating Lifetime
(ROL) estimation. This section gives particular
attention to sensor fusion and machine learning
use in the field of CbM and PdM, including the
necessary prerequisites and challenges.

The complexity and application of sensors today
is extremely diverse. On the one hand, special
sensors that work according to various physical
or physico-chemical principles are used and re-
quired; on the other hand, there is a trend fa-
vored by effective and inexpensive electronics
that allow the use of sensors suitable for mass
production (Chapter 4.3). Nowadays, any sen-
sory weaknesses are usually compensated for
using methods of sensor and information fusion
with downstream computer intelligence. Fur-
thermore, in the context of edge computing, for
example, loT/lloT sensors are now the method
of choice for many industrial applications with
hundreds or even thousands of sensors, as they
are cheap to produce [Ferfers et al. 2023].

Artificial Intelligence in the Application for
CbM and PdM

State of the Art and Current Challenges

The application of autoencoders has established
itself in the field of data processing for CoM and
PdM. These are well suited to detect anomalies
in large and complex data sets. This is due to
the fact that they are capable of efficiently
learning patterns and data representations that
are characteristic of the normal data distribution
and can thus identify deviations. Another signifi-
cant advantage lies in their generic applicability.
They can be applied to different assets and
plant components, which allows a broad market
access [Raghavendra Chalapathy and Sanjay
Chawla 2019].

However, this approach also carries risks. A ge-
neric autoencoder may be able to detect anom-
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alies, but it can also lead to frequent false
alarms, as it was not specifically trained for cer-
tain types of errors. This can lead to “alarm fa-
tigue” among users, potentially overlooking real
anomalies [Pimentel et al. 2014].

In addition, these models always need to be
trained in the real environment, which means a
significant effort for the customer. If conditions
in the field are changed, e.g., adjustment of the
plant or a service was performed, these models
must be trained again.

In addition to the desire to detect anomalies,
customers are increasingly expressing the need
for not only signaling the presence of an anom-
aly, but also classifying the error cases. This
creates added value, as the customer knows not
only that a problem exists but can also under-
stand what kind of error it is, enabling a tar-
geted response [Goodfellow et al. 2016].

A pre-trained model that serves as a classifier
can indeed recognize and classify specific error
cases, but it requires extensive preliminary work
to adapt it to the specific conditions of a new
field of application. In this context, it is essential
to have a large amount of labeled training data
that cover all possible error cases, which in
practice is often a challenge [LeCun et al. 2015].

In an ideal case, such pretrained models could
be delivered to the customer and would func-
tion immediately after the installation of the
sensors. However, it is shown that the environ-
ment of the assets to be examined has a signifi-
cant effect on the robustness of the prediction.
This is easy to understand in the example of
pumps that are to be monitored using vibration
sensors. The installation of these is often solved
differently by each customer and thus the me-
chanical coupling to the environment. To com-
plicate matters, the environment, which can
cause vibrations, is also different for all custom-
ers.

This is currently the biggest hurdle for Al-sup-
ported CbM and PdM to make the model trans-
fer more robust and is the subject of current re-
search.

Use Cases for Smart Sensors
Condition Monitoring of Filling Process

In the filling and packaging industry, the trend is
towards self-diagnosis, optimization, and qual-
ity monitoring of processes [Kastner et al. 2017,
Bator et al. 2018; Bator et al. 2019]. The aim is
to increase production volumes and quality.
These concepts require continuous monitoring
and anomaly detection of the filling process. In
addition, a root cause analysis of the failure is
required because not every failure can be simu-
lated or measured beforehand. In this example,
a fusion system is utilized for the detection of
the failure source of different unknown anoma-
lies during the filling process. The increasing
digitization in the filling and packaging industry
is resulting in more and more data being cap-
tured by various sensors. Methods of machine
learning open up strong potential for optimiza-
tion, such as increasing the efficiency, flexibility
and individuality of the production process. A
quick identification of the cause of malfunctions
through condition monitoring and anomaly de-
tection enables an increase in the autonomy of
filling plants and improves the monitoring of the
filling processes. The quick localization of a de-
tected anomaly and the associated repair of the
affected plant component are extremely im-
portant, as downtimes are often associated with
very high costs. This requires diverse sensory
functions as well as intelligent autonomous
self-diagnostic capabilities of the individual
components and processes of the filling plant.
Self-diagnosis and quality monitoring require
diagnostic knowledge and, derived from this,
the generation of meaningful characteristics of
the system. New promising concepts for anom-
aly detection by means of sensory pattern
recognition and system diagnosis based on
methods of human-centered, context-based,
anticipatory multi-sensor and information fusion
are hardly used in the environment of Indus-

try 4.0. In addition, quality assessment and sub-
sequent feedback to influence the process and
expand the knowledge base is a topic that re-
ceives insufficient attention in the environment
of intelligent systems.
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This example (Figure 4.14) presents an anomaly
detection approach which is able to determine
the root of the anomaly based on a German re-
search project [BMBF 2024]. The information
fusion system MACRO [Monks 2017] is used to
detect abnormal system behavior. Due to the
architecture, which summarizes certain proper-
ties of the observed process in attributes, it is
possible to localize anomalies that occur via the
attribute health. Tests were carried out in the
context of a real-world example, in which a bot-
tle-filling process was monitored during normal
operation and during different abnormal condi-
tions. It was possible to detect the source of
failure in the application due to the analysis of
the attribute health. It is shown that defect de-
tection is generally possible [Bator et al. 2019].
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Condition monitoring for pumps: Ensuring ef-
ficient and reliable operations

Pumps are the widely used machines in chemi-
cal plants for fluid handling and there is a huge
variety of working principles and media like
fluid, gas, and heat. To enhance their perfor-
mance and prevent unexpected failures, condi-
tion monitoring systems have been developed
by pump manufacturers. These systems rely on
monitoring various parameters such as electrical
power consumption, hydraulic power, tempera-

ture, speed, vibrations, and more. The goal is to
detect potential issues like dry running, over-
heating, imbalance, cavitation, and gas entrain-
ment. For pumps, the following operation pa-
rameters are important for Condition Monitoring
and Predictive Maintenance.

Electrical power consumption: Monitoring the
power consumed by the pump motor provides
insights into its operational efficiency. Devia-
tions from expected power consumption levels
can indicate problems such as wear, blockages,
or reduced pump efficiency.

Hydraulic power: Measuring the pressure dif-
ference and flow rate of the pumped fluid helps
assess the hydraulic performance of the pump.
Any significant deviations from the expected
values may indicate issues like impeller dam-
age, blockages, or excessive wear.

Temperature: Monitoring temperature at vari-
ous points in the pump system can help identify
abnormal heat generation, which may be indica-
tive of problems such as bearing failure, lubrica-
tion issues, or inefficient cooling.

Vibration analysis: Vibration sensors are
widely used for condition monitoring of pumps.
By analyzing vibration patterns, abnormalities
such as unbalance, misalignment, worn bear-
ings, or cavitation can be detected. Vibration
analysis can also provide insights into the over-
all mechanical health of the pump.

Operating-point monitoring: Tracking the
pump’s operating point on its characteristic
curve helps identify any deviations from the op-
timal operating range. This information is crucial
for ensuring efficient pump operation and pre-
venting issues like cavitation or overload.

Maintenance intervals: Monitoring the actual
operating hours and the duration of operation
under different load conditions (e.g., blocked,
partial load, optimum, overload) helps schedule
preventive maintenance tasks based on actual
usage, ensuring optimal performance, and ex-
tending the pump’s lifespan.

Energy consumption: Evaluating the energy

consumed by the pump provides insights into
its overall energy efficiency. By identifying en-
ergy-saving opportunities, such as optimizing
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pump speed or adjusting impeller diameter, en-
ergy consumption can be reduced, resulting in
significant cost savings.

Start count: Keeping track of the number of
starts helps assess the pump’s usage intensity
and plan maintenance accordingly. Frequent
starts can indicate a higher wear rate, requiring
more frequent inspections and preventive
measures.

Condition monitoring plays a vital role in opti-
mizing the performance, reliability, and lifespan
of pumps. By monitoring parameters such as
electrical power consumption, hydraulic power,
temperature, vibrations, and operating condi-
tions, potential issues can be detected early, en-
abling proactive maintenance, and minimizing
downtime. Intelligent IOT sensors, combined
with advanced analytics and machine learning
algorithms, provide valuable insights for predic-
tive maintenance, enabling efficient pump oper-
ation and maximizing energy savings. Following
relevant norms and standards ensures accurate
monitoring and helps benchmark performance
against industry standards. Implementing com-
prehensive condition monitoring systems can
significantly benefit pump operators by increas-
ing plant performance, reducing maintenance
costs, and ensuring a reliable and efficient
pumping process. In Figure 4.15, the Siemens
SITRANS SCM 1Q IIOT system is shown. The
Smart Condition Monitoring System uses lloT
sensors and offers Al-based monitoring func-
tionality for pumps. The system consists of a
battery-driven multi-sensor, a cloud gateway
for secure and encrypted data transmission, and
an app for Al-based detection of deviations
from the normal operating status in due time of
the pump.

Figure 4.15 Siemens SCM - IQ sensor system for
condition monitoring and anomaly detection
(Source: Siemens AG)

Condition monitoring of heat exchangers: Key
aspects and importance in industrial applica-
tions

Heat exchangers are integral components in in-
dustrial processes, facilitating efficient heat
transfer between fluids. However, fouling, the
accumulation of deposits on heat transfer sur-
faces, can significantly impact their perfor-
mance. This results in reduced heat transfer effi-
ciency, increased energy consumption, and po-
tential equipment failure. Effective condition
monitoring strategies are crucial to ensure opti-
mal heat exchanger performance and prevent
costly downtime. In the following, important pa-
rameters for condition monitoring are shown.

Heat transfer coefficient (k-value) calcula-
tion: The heat transfer coefficient, expressed in
Watts per square meter Kelvin (W/m2K), repre-
sents the efficiency of heat transfer in a heat ex-
changer. The actual k-value in operation can be
determined by comparing the measured k-value
with the reference k-value calculated using rig-
orous models assuming no fouling. Norms such
as ISO 16812 [International Organization for
Standardization 2019] provide guidelines for
the calculation and evaluation of heat transfer
coefficients.

Fouling detection and quantification: Regular
monitoring of fouling levels is essential to iden-
tify potential performance degradation and
schedule maintenance activities. The fouling
factor, expressed as a percentage, quantifies the
extent of fouling on heat transfer surfaces. Vari-
ous techniques, including direct measurement,
indirect estimation, and model-based ap-
proaches, can be employed to detect and quan-
tify fouling.

Instrumentation and monitoring systems: Ap-
propriate instrumentation is necessary for effec-
tive condition monitoring. Temperature sensors,
pressure sensors, flowmeters, and fouling sen-
sors provide valuable data for assessing heat
exchanger performance. Advanced IOT monitor-
ing systems, integrated with data acquisition
and analysis capabilities, enable real-time mon-
itoring and early detection of fouling-related is-
sues.
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Using state-of-the-art condition monitoring
functionalities can significantly reduce the life-
time costs of heat exchangers. Efficient heat ex-
changer operation translates into reduced en-
ergy consumption. By monitoring fouling levels
and promptly addressing fouling-related issues,
heat exchanger performance can be optimized.
As an example, a 2 % increase in fouling can re-
sultin aup to 15 % increase in energy con-
sumption. Regular condition monitoring allows
proactive maintenance planning, minimizing the
risk of unexpected equipment failures and
costly downtime. By monitoring fouling levels,
maintenance activities, such as cleaning or re-
placement of heat exchanger surfaces, can be
scheduled based on actual fouling rates, ensur-
ing optimal heat exchanger performance.

In summary, condition monitoring of heat ex-
changers is crucial for maintaining optimal per-
formance, energy efficiency, and reliability in in-
dustrial applications. By calculating heat trans-
fer coefficients, detecting and quantifying foul-
ing, and implementing appropriate instrumenta-
tion and monitoring systems, industrial pro-
cesses can benefit from improved heat ex-
changer operation and reduced operational
costs. Regular condition monitoring enables
proactive maintenance planning and minimizes
the risk of unexpected failures, ensuring unin-
terrupted operation and cost savings for indus-
trial processes.

Condition-Monitoring Infrastructure

In Germany, out of approximately 40,000
bridges, 2 % are rated “insufficient” and 11 %
“not adequate” [BMVD 2024] while truck traffic
increases put even higher demand on structure
and health of traffic infrastructure. A similar pic-
ture can be drawn for most countries: traffic in-
frastructure is in a critical state and needs effi-
cient investment.

Structural health monitoring is crucial to extend
lifetime and protect bridges from damage and
reduce public spending.

Traffic loads have a direct impact on bridge fa-
tigue. Therefore, real traffic load analysis is an
important factor in calculating a bridge's re-
maining lifetime. Moreover, once a bridge is
identified as critical, load monitoring can help to

identify overload and heavy vehicles and en-
force adequate measures.

The basics of a comprehensive structural -
health monitoring of a bridge are sensors: strain
gauge sensors and accelerometers for monitor-
ing changes in the bridge’s structural behavior
to detect faults at an early stage and load moni-
toring. For load monitoring systems, usually pie-
zoelectric sensors are applied due to their intrin-
sic overload protection and robustness towards
harsh conditions, e.g., salt, temperature, and fa-
tigue due to load cycles.

Sensors are combined with data acquisition sys-
tems and edge computers to reduce data traffic.
Monitoring data is collected and assessed to-
wards the load conditions (e.g., wind, traffic,
temperature) (Figure 4.16) and is used to train
data models or digital twins. The actual data
can then be compared to the model and help to
analyze the actual state of the bridge and re-
maining lifetime (Figure 4.17). In summary, this
helps to detect damage, facilitate inspections
and maintenance schedules, and help authori-
ties in decision-making.
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Figure 4.16 Vehicle-load monitoring for bridge pro-
tection. The load is measured with a so-called
weight-in-motion sensor (WIM), which is based on
piezoelectric technology (Source: © 2024 Kistler
Group)

o —
Figure 4.177 Accelerometer attached to a bridge’'s

structure (Source: © 2024 Kistler Group/Shutter-
stock.com)
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Condition Monitoring for Sustainable Energy

In a soon to be net-zero future, renewable en-
ergy generation will soon dominate the land-
scape, and because of the urgent need for con-
version will determine our daily lives one day
(Figure 4.18).

Figure 4.18 Condition monitoring for sustainable en-
ergy (Source: HBK)

Wind energy is the most important renewable
energy source. Wind turbines are huge electri-
cal machines and therefore often require super-
latives in terms of their size as a building. If
there are many wind turbines, it opens up possi-
bilities to effectively compare them with each
other. Condition monitoring can benefit from us-
ing exactly that fact. [Schafer 2015]

For the further development of this resource,
offshore wind turbines will be especially im-
portant. Since they are outpost to waves and
constantly being turned into the wind, and since

Figure 4.19 Influences to offshore wind turbines
monitored by a Condition Monitoring System (CMS),
Condition monitoring on FBG basis (Source: HBK)

all components of the drive train are installed in
the nacelle, a special kind of condition monitor-
ing is required, the so called Structural Health
Monitoring, which must be able to rely on both

accelerometers for global observation and strain
gauges for local observation as well as to the
drivetrain itself. Interestingly, such condition
monitoring systems can also be built on an FBG
basis, i.e., optically, which meets the desire for
stronger lightning protection (see Figure 4.19).

Thus, condition monitoring of wind turbines is a
crucial factor of energy transition. [Schafer
2024]

Trends in CbM and PdM

This subchapter deals with the development
and current state of Condition-based Mainte-
nance (CbM) and Predictive Maintenance (PdM).
The role of smart sensors and the relevance of
[loT for cost-effective monitoring of entire sys-
tems are highlighted. The historical develop-
ment from reactive maintenance to predictive
maintenance through advanced data analysis is
demonstrated. Current challenges such as the
generation and processing of sensor data, the
adaptation of generic models to specific appli-
cations, and the need for large training data sets
are discussed. Practical examples illustrate the
application of condition monitoring in various in-
dustries and the importance of real-time moni-
toring to prevent failures and reduce costs.

Summary on Smart Sensing

Here, we have given an overview of smart sen-
sors, which are devices that can sense, process,
and communicate data from the physical world,
and their evolution, definition, classification, de-
sign, challenges, trends, market, ethics, and fu-
ture directions. It has been explained how smart
sensors use data processing and network tech-
nologies, such as sensor and information fusion,
sensor orchestration, sensor conflict manage-
ment, sensor defect analysis, edge computing,
cloud computing, and data platforms, to per-
form analytics. In one subchapter, there was a
description about communication paradigms
and protocols for smart sensors, such as the In-
ternet of Things and the Industrial loT. The dif-
ferences and challenges between them in terms
of range, data rate, power consumption, secu-
rity, safety, interoperability, and scalability were
discussed. There was a discussion on the relia-
bility and resilience of smart sensors, and how
they can be affected by sensor degradation, en-
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vironmental conditions, and artificial intelligence performance, efficiency, and lifespan of various

processing. Examples of sensor systems for ap- industrial assets, such as pumps, heat exchang-
plications of condition monitoring and predictive ers, filling processes, and wind turbines were
maintenance and how they can optimize the presented.
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5 Packaging, Manufacturing Technologies, and

Sensor at Extremes

(Wurz, M.)

In addition to the sensor itself, the design of a
suitable housing in combination with innovative
manufacturing technology is becoming increas-
ingly important. In particular, measurements un-
der extreme conditions such as temperature and
pressure require the use of new manufacturing
approaches and innovative materials. This chap-
ter therefore does not focus on the traditional
methods used in assembly and connection tech-
nology, such as wire bonding and housings
such as DIL, TO and BGA. Instead, this chapter
provides an overview of new technologies that
have already emerged and the possibilities that
are expected in the future. The newer processes
in housing technology include digital printing
techniques, 3D circuit carriers and 3D printing,
but also heterointegration as required by mod-
ern circuit carriers in microelectronics for
chiplets. New housing technologies for the fu-
ture market of quantum sensors have also been
added, in particular technologies for the produc-
tion of vapour cells or vacuum packages. How-
ever, established joining techniques such as sol-
dering are also being supplemented or replaced
by processes such as nanoklett or nanofoils.

5.1 Packaging Technology

(Bengsch, B.; Eberhardt, W.; Lorenz, L.;
Pligner, T.; Zimmermann, A.)

In addition to pure transducers, the field of
packaging and connection technology is also in-
creasingly experiencing the trend towards min-
iaturization. Former classic housings such as DIL
(Dual In Line Package), TO (Transistor Outline)
or BGA (Ball Grid Array) will be replaced in the
future. They will be replaced by solutions for
System on Chip (SoC) and System in Packages
(SiP). This trend requires an adaptation to the
integration and handling technology. For this, it
is particularly important to take into account the
high requirements in terms of CTE (Coefficient
of Thermal Expansion). In addition, new materi-
als such as glass or laser-functionalizable plas-
tics and ceramics are coming onto the market.
With their specific properties, these materials

open new possibilities for designing sensors. As
a further driver, structuring possibilities of mi-
cro- and nanotechnology are now also finding
applications in the field of housing and integra-
tion technology. Examples of this are stereo-
lithography and the embedding of components.
The recording of measured variables goes hand
in hand with SmartSensors (Chapter 4), Sensor-
Fusion (Chapters 3 and 4) and Self-X (Chap-
ters 2, 3, and 4). In particular, there is a trend to-
wards monitoring our energy consumption com-
bined with energy management. In addition to
energy, more recent developments are making it
possible to extend the measuring range further
and further, thus opening up fields of applica-
tion where previously only indirect measuring
methods were possible. This goes hand in hand
with the future market of quantum sensors.
These sensors usually place more far-reaching
requirements on the housing than conventional
sensors. This includes possible hermetic encap-
sulation, maintenance of an enclosed vacuum or
optical accessibility. Further challenges for the
production and use of sensors are posed by
stricter nature conservation laws. The best-
known example at present is the ban on PFAS
(perfluorinated and polyfluorinated chemicals),
which is leading to the substitution of some
plastics.

511 Mounting and Assembly Technolo-
gies

The assembly technologies for sensors rest on
the broad technology portfolio for electronic as-
sembly and interconnection technology. How-
ever, due to the specific aspects of sensor as-
sembly, there are currently a number of trends
which are further described in the following
section.

Digital Printing Technologies

Digital printing processes enable the realization
of layouts without the need of specific masks or
tools. Thus, layouts can be easily adjusted dur-
ing the development phase. For the production
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of sensors, the application of different printing
technologies [Keck et al. 2022] paves the way
to products with a high number of variants and
finally completely individualized solutions
[Civelek et al. 2023]. Furthermore, the produc-
tion can be scaled from small lots to mass pro-
duction. Since digital printing is based on addi-
tive processes, the consumption of resources is
reduced. An example for an individualized sen-
sor system used as a functionalized otoplastic is
shown in Figure 5.1 [Werum et al. 2022].

Figure 5.1 Pressure sensor with aerosol jet printed
wiring on additively manufactured substrate
(Source: Hahn-Schickard/Bernd Miiller)

Using drop-on-demand inkjet technology, sin-

gle droplets are deposited on flat [Mattana et al.

2016] or 2.5-dimensional substrates enabling
individualized products. Aerosol jet technology
is based on continuous material deposition on
two or three-dimensional substrates. For both
deposition processes, numerous functional ma-
terials are available on the market, e.g., conduc-
tive materials like silver, copper, or gold, and di-
electric insulating materials like epoxy or polyi-
mide. Inks containing metallic nanoparticles are
one widely used material class to realize con-
ductive traces or sensor elements. After print-
ing, a sintering step is required for nanoparticu-
lar inks in order to achieve functional structures
(thermal or photonic sintering).

Pick and Place of Sensitive Chips with Vac-
uum-Free Tools

To cope with the lack of suitable pick-and-place
methods for sensitive chips, a new process us-
ing a gripper tool from the company INNOCISE
called Gecomer® is very promising (Figure 5.2).
The tool is designed for the handling of sensi-
tive and/or wavy surfaces. Possible fields of ap-
plication are handling of optics, fibers, (micro)

electronics, mechanical parts, and different
packages in general (Figure 5.3). The tool, made
of polymer pillars, is using Van der Waals
forces to create adhesion between the gripping
tool and the chip surface. Hence, the tool works
without any vacuum. While placing, the Van der
Waals interactions are reduced by buckling
those pillars resulting in a decreased contact
area. The challenge is to find the right parame-
ters to avoid a re-gripping of the chip during the
Gecomer®-movement away from the chip.

Figure 5.2 Gecomer® tool with five pillars used for
chip gripping up to 800 mg (Source: Dr. Lukas Lo-
renz, Fraunhofer IPMS, [Lorenz et al. 2023])

The Gecomer® gripper allows for safe handling
of highly sensitive chip surfaces like membranes
or mirrors without using vacuum or edge grip-
ping tools. The achievable placing accuracy is as
precise as with standard vacuum tools and is
only determined by the xyz portal of the pick-
and-place machine. With designing chip-spe-
cific gripping tools, it is possible to use areas for
gripping which are less sensitive, e.g., bond
pads. [Lorenz et al. 2023]
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Figure 5.3 Image of a dummy chip attached to the
pillars of the Gecomer® tool captured with the mon-
itoring camera built-in in the pick and place ma-
chine (Source: Dr. Lukas Lorenz, Fraunhofer IPMS
[Lorenz et al. 2023]).

Three-Dimensional Circuit Carriers for Mi-
crosystem Packaging and MID

So-called MIDs (mechatronic integrated devices
or molded interconnect devices), which are
three-dimensional rigid circuit carriers [Franke
2014], can be used for the assembly of sensors.
This approach enables to position complete
sensors or sensor components in a defined spa-
tial orientation (Figure 5.4). A trend is moving in
the direction of standardized sensor carriers. In
many cases, the optimal use of a given installa-
tion space also makes it possible to miniaturize
sensors, as non-electrical functional elements
(e.g., mechanical and optical) can be integrated
alongside electrical functional elements.

Various process chains are available for the pro-
duction of spatial circuit carriers, with laser di-
rect structuring (LDS) being the most widely
used. The LDS process substitutes traditional
photolithographic structuring which is not capa-
ble of dealing with three-dimensional parts.

After the 3D base body has been produced by
injection molding, selective laser activation is
carried out with subsequent electroless plating
to create the 3D conductor pattern, followed by
the assembly and contacting of components.
The freedom of movement of the laser allows
complex 3D conductor structures to be created
on circuit carriers in a highly flexible and time-
saving manner. Selectivity is achieved by laser-
induced modification of the substrate material
surfaces, whereby special additives are some-
times required for the substrate materials.

Figure 5.4 Three-dimensional circuit carrier with
spatially oriented light sensors (Source: Hahn-
Schickard/Bernd Miiller)

Thanks to a wide range of possible substrate
materials [LPKF 2023], spatial circuit carriers
can be adapted to the operating conditions of
sensors in a wide variety of industries. Thermo-
plastics such as LCP (liquid crystal polymer) are
suitable for the assembly of sensor carriers due
to their thermal expansion properties, high tem-
perature stability and good flow properties in
the injection molding process. PEEK (polyether
ether ketone) is an alternative thermoplastic
material, e.qg., for use in high-frequency applica-
tions. Due to its dielectric properties, PEEK has
also the potential to substitute some fluorinated
circuit board materials that are being discussed
in connection with the PFAS ban.

Thermoset epoxy-based substrate materials are
used in particular when functionalized housing
solutions are required, e.g., a combination of en-
capsulation of chips with electrical circuits on
the surface of the package (Active Mold Pack-
aging, AMP) [He et al. 2022].

For prototyping and small-scale production, ad-
ditively manufactured substrate materials can
also be functionalized by laser structuring and
electroless plating [Vieten et al. 2024].

Another process chain for functionalized sub-
strates is Ensinger Microsystems Technology
(EMST) (Figure 5.5). The process chain, which
was developed at the Institute of Micro Produc-
tion Technology (IMPT) at Leibniz Universitat
Hannover, utilizes plastic substrates based on
the LDS-capable TECACOMP PEEK LDS. The
material has favorable properties in the field of
microsystems technology. The high chemical re-
sistance, temperature resistance and thermal
expansion coefficients, which are very close to
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metallic PVD thin films, should be emphasized.
Using TECACOMP PEEK LDS as a substrate
material leads to creating robust microsystems
which can offer benefits regarding their physical
properties. For instance, flow or temperature
sensors can deliver very fast signals due to the
thermal properties of the PEEK base material if
such sensors are built on TECACOMP PEEK
LDS-based substrates. The EMST process chain
offers the possibility of building high-precision
microsystems on PEEK wafers without the need
for lithography. The basis for this is the injection
molding of microstructures using high-precision
tool inserts, which are produced using lithogra-
phy and electroplating or milling processes.

Figure 5.5 EMST process chain on wafer substrate
from Ensinger GmbH (Source: Ensinger GmbH)

This technology is expected to improve integra-
tion capability, adaptability, and functionaliza-
tion. Figure 5.6 shows a customized solution of
a sensor array on a ready-made substrate.

Figure 5.6 Individualized sensor carrier with func-
tion integration in component (Source: Ensinger
GmbH)

This example clearly shows that EMST creates
possibilities that cannot be realized economi-
cally with lithography-based processes or even
on substrates such as silicon. With EMST, even
“large” sensor arrays or varying quantities can
be mapped cost-efficiently and can therefore

avoid assembly, joining and cutting processes
compared to conventional PCB assembly and
connection technology.

EMS technology can be purposefully combined
with LDS technology in order to marry the ad-
vantages of both process chains. In order to in-
crease integration density and shorten signal
paths, the creation of VIAs (Vertical Interconnect
Access) in the case of semiconductor compo-
nents TSVs (Through Silicon Vias) is technically
feasible. Via structures are an important topic
here. These vias are extremely difficult to realize
in other substrates such as silicon and ceramics.
TSVs are produced using deep reactive ion
etching (DRIE), PECVD (Plasma Enhanced
Chamical Vapor Deposition) or atomic layer
deposition (ALD) and other thin-film technolo-
gies. In comparison, LDS vias can be produced
with great benefit using laser drilling and elec-
troless metallization. The dielectric strength of
PEEK compared to PECVD insulation layers
should also be emphasized (TECACOMP PEEK
LDS approximately 17.5 kV/mm). Offering these
technological advantages, EMST leads to a re-
thinking of packaging for MEMS, neglecting wire
bonds and housings for various applications.

Another process for creating three-dimensional
molded bodies for use as a carrier system for
electronic components is the in-mold structural
electronics (IMSE) technology from Tactotek.
The process consists of four basic process
steps: screen printing, surface mounting, ther-
moforming and smart film insert molding. The
materials used are Polycarbonate (PC) and
Thermoplastic polyurethanes (TPU). Areas of
application include ambient lighting in the auto-
motive industry.

However, circuit carriers made of polymer can
often no longer meet the increased require-
ments, especially with regard to resistance un-
der extreme conditions and high-frequency
properties. Ceramic-based circuit carriers have
the necessary properties to meet these chal-
lenges and are already being used for example
for radar sensors for autonomous driving or
lighting technologies. The possibility of hermetic
sealing and the chemical resistance make ce-
ramic a suitable material for applications in for
example medical technology [Ermantraut et al
2018]. Ceramic materials are particularly attrac-
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tive due to their high thermal stability, electrical
insulation, good mechanical strength, high
chemical resistance and low thermal expansion.
Therefore, injection-moldable ceramic materials
based on alumina have been increasingly inves-
tigated in recent years [Ermantraut et al. 2019;
Ermantraut et al,2018; Zhao et al. 2020; Sha-
feev 1993], but there are also investigations on
aluminum nitride [Yung et al. 2011], diamond
[Shafeev 1998], silicon carbide [Shafeev 1998],
zirconium oxide [Ninz et al. 2020; Li et al. 2018]
and silicon nitride [Shafeev 1998]. The chemical
processes that take place during laser activation
vary for the materials examined. In the case of
aluminum nitride, the high temperatures during
laser treatment cause the aluminum nitride
compound to break up, leaving a thin film of
molten aluminum on the surface, which serves
as a catalyst for subsequent electroless deposi-
tion. At the same time, this leads to liquefaction
and filling of the previously porous surface,
which reduces the surface roughness. Previous
research results have shown that thin conductor
paths (< 10 um) and vias have been success-
fully created on ceramic surfaces [Bachy et al.
2018; Emantraut et al. 2018]. The metallization
of the machinable composite ceramic aluminum
nitride/boron nitride was also investigated for
the first time at the Institute of Micro Production
Technology in Hanover. Sensor structures, con-
ductor paths and contact pads on 3D milled
components were laser-activated and electro-
less metallized with a Cu/Ni/Au layer structure.
Contacting techniques such as wire bonding
and soldering could be carried out successfully
on the deposited layers. The developments in
recent years have led to a higher degree of min-
iaturization and a higher integration density for
universally applicable ceramic three-dimen-
sional circuit carriers.

PCB-Based Integration

According to the state of the art, sensors are of-
ten mounted on PCBs in the form of SMDs (sur-
face mounted devices). However, it is also pos-
sible to realize sensor elements directly using
PCB technology.

The need for costly investments in production
facilities poses a major difficulty for small and
medium-sized enterprises (SMEs) when enter-
ing the market. The direct integration of sensor

functions in printed circuit boards is a concept
that enables SMEs to benefit from the large
predicted growth of the sensor market by in-
creasing vertical integration (reuse of existing
SMD assembly machines, use of cost-effective
production technologies). Thanks to the low ini-
tial costs and design flexibility, customized sen-
sor solutions can also be produced economi-
cally in small quantities.

T

Figure 5.7 Capacitive pressure sensor with mem-
brane mounted on the PCB, a) without housing, b)
with housing for differential pressure measure-
ment (Source: Hahn-Schickard)

The integration of functions in printed circuit
boards (e.g., passive and active components) is
a trend that has been pursued for some time
and from which the integration of sensor-rele-
vant functions can also benefit [Kostelnik 2015].
Sensor structures such as electrodes or coils
can be integrated in addition to the printed cir-
cuit board layout [Hella 2017]. Other compo-
nents required for the sensor, such as mem-
branes for pressure sensors, can be mounted on
the PCB using conventional assembly technol-
ogy (Figure 5.7) [Schwenck et al. 2021]. Differ-
ent capacitive, resistive and inductive sensors
can be realized with these integration concepts
[Bulau 2024].

Heterogeneous Integration with Flexible Car-
rier Material (System-in-Foil)

Polymer foils are already widely used as flexi-
ble circuit carriers. However, there is currently a
trend to realize sensors via heterogeneous inte-
gration with mechanically flexible substrates
[Saleh et al. 2021], so called system-in-foils
[Koyuncu et al. 2015]; Elsobky et al. 2021]. This
includes the possibility to integrate discrete
components such as ultra-thin flexible chips
and direct integration of functions on polymer
foils, e.g., by printing or thin film technology.
One advantage of this approach is given by the
overall reduced thickness in the order of

100 pm which enables sensor integration in flat

135 VDI | Sensor Trends 2030



structures. Depending on the substrate material,
sensor application on curved structures can be
achieved due to stretchability or bendability.
One example for the capabilities of foil-based
sensors is the temperature sensor for diabetes
patients shown in Figure 5.8 [Polzinger 2017].

Silicon chips become flexible when the thick-
ness is reduced to a value below 50 um. Special
pick-and-place tools are required to mount
these ultrathin chips on flexible substrates. Sev-
eral process chains are available for face-up or
face-down assembly of the chips. Thin film and
printing technologies can be utilized to integrate
transducers or passive components directly on
the flexible substrate.

Figure 5.8 Foil based temperature sensor for shoe
soles for diabetes patients (Source: Hahn-Schick-
ard)

Polymer Technologies for Optical Sensors

Optical sensors offer several advantages such
as touchless measurements and high accuracy.
While optical components in the past were
mainly manufactured using inorganic materials,
there is currently rising interest in polymer-
based optical components. Since replication
techniques for polymer parts have gained a high

maturity level, the use of polymers enables sig-
nificant cost reduction of optical components for
mass production.

Figure 5.9 shows an optical encoder as an ex-
ample of an optical microsystem which uses a
diffraction-based principle. The light of a laser
diode is diffracted at a micro-structured polymer
disc and detected via photo diodes [Seybold et
al. 2019]. Another example would be a micro-
lens array for hyperspectral imaging applica-
tions.

Figure 5.9 Optical encoder with micro-structured
polymer components (Source: Hahn-Schick-
ard/Bernd Miiller)

For manufacturing of optical polymer compo-
nents, several processes such as injection mold-
ing, injection compression molding or hot em-
bossing can be chosen [Roeder et al. 2019].
Quality criteria include high molding accuracy
for diffractive components and low surface
roughness for refractive components. The as-
sembly of optical components demands high
accuracy as well. One approach to achieve the
requested accuracy level is the so-called active
alignment which uses light sources and image
processing to ensure precise positioning of opti-
cal components during assembly processes.

Since sensors based on quantum effects often
require optical detection principles, polymer
technologies offer high potential for miniatur-
ized quantum sensors as well.

136 VDI | Sensor Trends 2030



SLA Printing for Component Embedding

Fan-out wafer-level packaging is increasingly
developing into a serious packaging solution.
With the help of 3D printing, special and indi-
vidual solutions can be developed that make it
possible to embed active and passive compo-
nents and thus achieve an extremely high pack-
ing density in a multi-chip module. This minia-
turization is of particular interest for sensor ap-
plications. Stereolithographic (SLA) printing is
particularly suitable for achieving high precision.
Figure 5.10 shows the basic process flow for a
3D additively manufactured package. In both
cases, the components are placed on a tempo-
rary carrier in order to be subsequently embed-
ded using SLA printing. The advantage of this is
a particularly low temperature input compared
to injection molding processes [Tiedje 2017].
The differences in the process flow result from
the way in which the RDL is produced. This can
either be created on the temporary carrier or ap-
plied to the finished printed package after-
wards.
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Figure 5.10 Two typical RDL processes in FOWLP: a)
chip-first process flows; b) chip-last process flows
(Source: [Mo et al 2023]

5.1.2 Heterogeneous Integration

(Behrmann, O.; Bertke, M.; Dubey, V.; Diex,
K.; Gojdka, B.)

Heterogeneous integration is the approach to
integrating separately manufactured compo-
nents into higher level system which is com-
monly referred to as a System-in-Package (SiP)
which in its holistic form provides enhanced
functionality with improved operating character-
istics. The SiP can be a final product (e.g., Ar-
duino board, Raspberry Pi, or a working com-

puter) or a sub-system which may lead to easy
assembly to a final product (such as solid-state
memory, CPU, graphics card). The complete
system may differ for a given technology (e.g.,
optimization in terms of size, while another
component is optimized for a low-power or a
high-temperature application) or functionality
(e.g., MEMS device, memory, specialized pro-
cessing units such as NPU, CPU, or GPU) or
system level (such as complete packaged sys-
tems or a sub-system).

There are several advantages of heterogeneous
integration over a monolithic integration. Using
heterogeneous integration, chips of different
sizes, fabricated with different technology
nodes, can be integrated on a common sub-
strate. As the chips are getting larger with in-
creasing transistor count reaching almost 1 tril-
lion with decreasing transistor gate length, it
becomes more difficult to integrate such large
chips with other technologies. In this case, het-
erogenous integration can provide a solution by
enabling tighter integration. At the same time,
this approach essentially maintains progress to-
ward higher performance, lower latency,
smaller form factor, lighter weight, low power
and cost and better thermal performance. Het-
erogeneous integration is enabled by several
key packaging technologies, such as bumping,
interconnect, wire bonding, 2.5D/3D integration,
flexi-connectors, several embedded technolo-
gies, fan-in or fan-out chips, interposers, wafer-
level-packaging (WLP), etc.

The largest players in the heterogeneous inte-
gration technologies are:

Intel
TSMC
Samsung
ASE

EV Group

Some of the key industry players that are taking
advantage of heterogeneous integration are Ap-
ple, Nvidia, AMD, Samsung, BBK electronics,
Microsoft, Google, Asus, Qualcomm, Intel. There
is growing demand for applications such as arti-
ficial intelligence, internet-of-things, high-per-
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formance computing (HPC), 5G, medical health
and wearables, MEMS and Sensors. Among the
regions which are leading to the growth of the
heterogeneous integration are [Precisionreports
2024]:

Europe (Germany, Belgium, UK, France, Rus-
sia, Italy)

North America (United States, Canada),

Asia (China, Japan, Taiwan, South Korea,
Singapore, India, Philippines, Vietnam, Thai-
land)

South America (Brazil, Argentina, Columbia)

Middle East and Africa (UAE, Saudi Arabia,
Egypt and South Africa)

One of the key technologies enabling advanced
3D heterogeneous integration is wafer level
packaging. This is further described in the next
section.

3D Advanced Packaging W2W

Wafer-to-wafer bonding is a key technology to
enable the packaging of components at the wa-
fer level. There are several key advantages of
wafer level packaging, such as use of existing
process modules that are at wafer level, e.g.,
testing, cleaning, inspection, handling, align-
ment, and bonding. Cleaning and handling of
chips are critical and have downsides in terms
of alignment accuracy. The state of the art for
chip alignmentis 1 um, while it is 50 nm for wa-
fer alignment. Figure 5.11 shows the trend for
3D interconnect scaling which is key towards
realizing the further process challenges that
would be necessary for the hybrid bonding on
the wafer level. In research and development
(R&D), the alignment accuracy for W2W bond-
ing is at 400 nm pitch (with interconnect density
of 10 million/mm3), while in the industry, it is
still at 1 ym (with interconnect density of 1 mil-
lion/mm?2). For chip-level assembly in R&D, the
alignment accuracy is 2 ym pitch, while the in-
dustry is still at 40 um pitch. Additionally, there
are challenges with scaling processes which are
described in the next section.

Blnmprnesgyr G ay i Frpgeran

] 1 .-

T Ry W

: - i

Figure 5.11. Trends for the pbump scaling along
with interconnects pitch for D2W and W2W bonding
[Source: [imec 2024]].

Wafer-to-Wafer Hybrid Bonding

Wafer-to-wafer hybrid bonding is a mature
technology compared to die-to-wafer hybrid
bonding. The first industrial application of
W2W hybrid bonding is demonstrated by Sony
in their stacked backside illuminated CMOS im-
age sensor (BI-CIS) [Haruta 2017]. This work
was demonstrated in 2017. This technology
helps deal with the distortion in the acquired
image created by the rolling shutter effect of a
fast-moving object. Here, when the image is
captured, a delay in the information is created at
the output interface (I/F) when the signal is
transmitted serially from the image sensor to
the logic and then to the output interface (I/F).
This is resolved by adding a high-speed dy-
namic random-access memory (DRAM) chip
which captures and stores the information par-
allel to the image sensor. Then, it is transmitted
to the substrate-output interface. [Haruta 2017]
shows the 3-layer sensor architecture
(pixel/DRAM/logic substrate) which greatly de-
creases the distortion in the final image due to
the rolling shutter effect. In this heterogeneous
integration scheme, the DRAM wafer is flipped
and bonded to the logic substrate face to face
(F2F). The DRAM wafer is then thinned down to
3 pm thickness, then through silicon vias
(TSVs), and the required metal wiring is fabri-
cated connecting the substrate. The pixel wafer
is flipped and bonded to the DRAM/logic sub-
strate wafer, and then the TSV are formed to
connect the pixel wafer to the bottom
DRAM/logic wafer. This is subsequently real-
ized using 6 pm low resistance Cu-Cu hybrid
bonding [3Urata 2024].

As of 2024, the W2W hybrid bonding has been
successfully demonstrated for 400 nm pitch in
research [Chew 2024]. For such a small inter-
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connect pitch size, the overlay accuracy has to
be below 100 nm, which requires advanced
wafer-bonding equipment with a vision system
that can enable such high alignment accuracy.
This is realized using the SmartView® alignment
by EVG Group [EVGROUP 2024]. The scaling of
the interconnect for hybrid bonding is motivated
mostly by the CMOS scaling needs. The ad-
vantage of scaling for fine pitch Cu-Cu hybrid
bonding is that there are fewer masks required
for fan-out of the interconnects from the transis-
tor level to the outside, which in turn contrib-
utes to the decreasing cost and time required in
realizing such a complex technology. Addition-
ally, with the advent of system technology co-
optimization (STCO), circuit portioning is real-
ized at a lower hierarchy. This leads to several
interesting mix matches of devices for advanced
heterogeneous integration. The need for W2W
hybrid bonding also holds key importance in
several applications, such as sensor integration
for smartwatches and AR/VR glasses. The
smartwatches and wearables are currently de-
signed with a multitude of sensors like temper-
ature sensors, strain sensors, pressure sensors,
physical sensor, biosensors, accelerometers,
and infrared sensors. Integration of these sen-
sors is realized using advanced heterogenous
integration technology.

For sub-micron pitch, there is also a possibility
that the copper might re-sputter in the oxide re-
gion during the plasma pre-treatment, leading
to electrical pathways between subsequent
copper vias. This would affect the electrical per-
formance and the reliability of the finally
bonded wafers [Hahn 2023]. The O, plasma
leads to oxidation of the bond interface with a
bond strength of 1.65 J/m2, and the N; plasma
leads to a bond strength of 1.80 J/m2 [Hahn,
2023]. O, plasma also shows the formation of
an oxide layer at the copper surface, while N,
plasma does not lead to any oxide formation in
between the copper interface.

The design and density of the copper vias can
have a significant impact on the bond surface
that needs to be realized for hybrid bonding. It is
shown in the work [Dubey (ECTC) 2023] that
the copper via density and pitch size can have
an impact on the bond surface topography,
dishing and roll-off. However, there are two
ways in which this can be mitigated: by inclu-

sion of dummy vias (vias that do not connect to
the underlying circuitry) and by using compati-
ble dielectric film.

Die-to-Wafer

For D2W bonding research, the current inter-
connect pitch in research is 3 um, while in the
industry it is still at 10 um pitch. The key ration-
alization for such a large pitch at the chip level
are the challenges that come with alignment,
placement accuracy, surface quality and bond-
ing. The technology for D2W hybrid bonding is
in the nascent stage with most of the equip-
ment reaching maturity since 2019. However,
with a chip, there are additional challenges
when compared to the wafer-level process,
such as cleanliness after dicing on a dicing tape,
and surface activation, which is realized using
the plasma cleaning and de-ionized water rinse
and then flip chip bonding. Alternatively, there
are other concepts that are in the research
phase, such as an innovative collective D2W
bonding (cD2W) approach. Here, the chips are
stacked picked on a carrier wafer and then
transferred to the target wafer, thereby ensur-
ing the sanity of the surface quality needed for
D2W hybrid bonding. Additionally, the technol-
ogy of interest also adheres to the thickness of
the chip, wherein the chips are thinned to ex-
pose the TSV on the backside for RDL and pad
processing or to make an interconnect across
the thickness of the chip for multichip stacking.

Ll
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Figure 5.12: Stage 1and 2 of the self-aligned as-
sembly process. Stage 1 shows the wetting of the
overlapping chip, stage 2 shows the motion of the

chip during the alignment process (Source: Re-
printed from [Dubey et al. 2018])

To realize high integrity of the alignment accu-
racy, self-aligned assembly is an innovative as-
sembly technology that is foreseen as an option
to further improve the alignment accuracy to
sub 100 nm [Dubey (EPTC) 2023]. Self-aligned
assembly (Figure 5.12) is a stochastic technique
when compared to standard pick-and-place ap-
proach that is realized using direct bonding,
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which is a deterministic approach. The details
and fundamentals of this approach are de-
scribed in detail in the work done by [Dubey et
al. 2018].

Another technique which is used is the bump-
less technology wherein the chips are fabricated
and the microbumps are embedded in the wa-
fer-level photo-patternable underfill (WLPUF)
[Derakhshandeh et al.2016], which, after CMP
planarization, leads to effective isolation and
high bond strength between the chip and wafer.
One advantage of this approach over standard
flip chip bonding is the improvement in planari-
zation of the placed chips, leading to high vyield
and better alignment accuracy.This approach is
helpful for fine pitch interconnects with solder.
It is essential to maintain a good solder volume
which leads to high solder interconnects which
in turn are supported by WLPUF. This technique
is demonstrated for 5 um pitch microbumps for
N>2 stack [Derakhshandeh et al. 2022].

Hybrid Bonding with TSV Integrated

Two critical processes are required for the reali-
zation of a TSV for 3D heterogeneous integra-
tion. Firstly, the deep silicon etch, and secondly,
the metallization fill, which is TSV-conformal
seed layer deposition, and then the electro-
chemical deposition of the copper fill in the vias.
To enable the scaling of the TSVs, the scaling
needs to rely on a 1:10 (via diameter:etch
depth) aspect ratio. With regard to this for

10 uym-diameter TSVs, the etch depth can go to
100 um. However, challenges arise for the di-
ameter scaling of the TSVs from 10 um to 1 uym
as the thickness of the silicon will translate from
100 um to 10 pm, which is challenging and re-
quires innovations in the handling of chips.

Chiplets

The slowdown of Moore's Law is increasingly
shifting the focus to packaging and assembly
when it comes to achieving further increases in
performance. In this context, chiplets have be-
come increasingly important and can be found
in almost all packaging concepts for highly inte-
grated heterogeneous systems [Lau 2021].

The integration of sensors also benefits from
this development. For example, sensor chips
can be integrated together with the control

electronics in a very small footprint in a system-
in-package (SiP). The advantage of this “near-
sensor computing” is the significantly more effi-
cient exchange of data between the sensor unit
and the processing electronics. The close prox-
imity alone means that unnecessary data trans-
fer can be avoided, and energy efficiency is in-
creased [Zhou et al. 2020].

The most recent option for chiplet integration
developed at Fraunhofer IPMS is the quasi-
monolithic integration (QMI) (Figure 5.13). The
idea is to combine several chiplets (e.g., sen-
sors/MEMS togehter with ASICS) on a passive
interposer and an RDL on top of them. For that,
the chiplets are bonded onto the interposer al-
ready in the backend of line (BEoL). Afterwards,
the redistribution layer (RDL) is fabricated with
frontend instead of packaging technologies in
the BEoL as well. Hence, the chiplets are inte-
grated with the wafer, and from the outside, it
looks like a monolithic integration of sensor and
computing functions directly on a chip. Among
other things, challenges are the die-to-wafer
bonding, which needs to be highly accurate, and
the fabrication of the interposer with its pockets.

N

Chiplet 1

Figure 5.13: Schematic of a quasi-monolithic inte-
gration (QMI) of two chiplets on a passive inter-
poser with a redistribution layer (orange) fabri-
cated in the BEoL on top of the chiplets ((Source:
Dr. Lukas Lorenz, Fraunhofer IPMS)

One advantage of bumping vs. bumpless inte-
gration of multi-chip stacking is the thermal effi-
ciency of the stack. The bumping process and
the underfill material sandwiched between the
chips lead to additional spacing compared to
hybrid bonding technology. This leads to im-
proved thermal efficiency in terms of heat dissi-
pation for the stack, realized by using a bump-
less process instead of a bumping process. The
bumping is created using tin-based solder
which is realized using thermo-compression
bonding and then closing the open space with
non-conducting film (NCF). This is shown by
Samsung for their memory chips realized for
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high-bandwidth memory (HBM) stack for a 12-
plus chips stack [Kim et al. 2023].

Glass as Functional Material

Glass possesses a unique set of properties that
make it increasingly favorable for sensing appli-
cations. Its optical, mechanical, chemical, and
thermal characteristics render it ideal for mi-
crosensor fabrication [Weigel et al. 2023; Yu et
al. 2024; Tang et al. 2021]. Glass’s isotropic
structure, low thermal conductivity and low in-
ternal friction reduces thermal noise and ther-
moelastic damping, enhancing sensor sensitivity
[Zeng et al. 2021], while its excellent dimen-
sional stability ensures long-term accuracy
[Rocheleau et al. 2013]. The low dielectric con-
stant and loss tangent ensure minimal signal
loss and distortion at radio frequencies. Due to
its versatility as a carrier substrate, packaging
material, or functional microsystem, glass is in-
creasingly employed across various sensing ap-
plications such as environmental monitoring
[Glukhovskoy et al. 2021], lab-on-a-chip [Sand-
strom et al. 2022], medical sensing [Han et al.
2023], industrial process control, RF or radar
sensors [Galler et al. 2021] and high-perfor-
mance inertial sensing [Su et al. 2023; Li et
al.2020]. Besides traditional sensor principles,
quantum or photonic integrated sensors are ac-
tively researched [Hansel et al. 2020; Quack et
al. 2023]. They offer a promising platform for
developing compact, sensitive, and multiplexed
sensor systems [Broquin et al. 2021; Schroder
et al. 2021]. Photonic integrated circuits (PICs)
based on glass substrates offer several ad-
vantages, including low optical loss, high ther-
mal stability, and compatibility with existing mi-
crofabrication processes [Schroder et al. 2021].

Ensuring the functionality and performance of
glass-based microsystems hinges on meticu-
lous control of precise sensor fabrication, sur-
face roughness and defect minimization. This
attention to detail is vital during fabrication pro-
cesses [Weigel 2023]. Glass microstructures
are intricately formed through selective etching
using wet or dry techniques, creating channels
or cavities. Yet, challenges persist in achieving
uniformity and high aspect ratios across large
areas [Yu 2024]. While some glass microfabri-
cation methods promise high-quality results,
they may prove costly or time-consuming, limit-

ing scalability for mass production [Hamed
2023]. However, laser-induced deep etching
(LIDE) emerges as a potent solution, propelling
the advancement of glass in microsystems and
sensors. This technique enables the creation of
high aspect ratios structures, precise defect-free
feature resolution (Figure 5.14), and scalability,
effectively addressing the challenges inherent
in traditional fabrication methods [Bertke 2024;
Santos 2022]. Additional techniques like photo-
lithography, wet etching, thin-film deposition,
and anodic bonding are commonly used in mi-
crosystem processing, and glass is highly com-
patible with most materials, though process in-
tegration is part of current developments [Karl
2023].

Figure 5.14: a) 5 um through holes in a 30 um
glass-membrane anodic bonded to a micro-struc-
tured handle wafer for environmental sensing ap-
plications; b) glass-based micro opto-electro-me-
chanical system (MOEMS) (Source: LPKF Laser &
Electronics SE)

Integration of Functional 3D Microstruc-
tures

The fabrication of “bulky” three-dimensional
(3D) microstructures with dimensions between
several tens to several hundreds of micrometers
is of considerable interest to enable new de-
grees of freedom for the design of microsys-
tems. Integrated permanent micromagnets can
be applied, e.g., in magnetic field sensing and
guantum components, whereas porous 3D
structures can contribute to environmental sen-
sors and microfluidic devices. Several substrate-
level technologies emerge with integration
characteristics potentially suitable for industrial
fabrication of sensor components.

The company Magnetfab offers a sputtering
process for NdFeB magnets with lateral dimen-
sions between 50 ym and 300 ym at a maxi-
mum thickness of 50 pm. [Keller 2022]. While
silicon is the typical substrate, other substrates
like titanium, glass, and sapphire can also be
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used. Such magnets offer a high remanence of
1.3 T out of the substrate plane.

A wide material choice and low process tem-
peratures can be achieved using powder-based
techniques. While not integrated within the sili-
con substrate, Infineon’s integrated back bias
(ibb) technology is an example of polymer-
bonded magnets for magnetic field sensors.
[Elian et al. 2014] Widely used for 3D micro-
structure fabrication is the filling of mold pat-
terns with particle-loaded inks or pastes via
spin coating or squeegee coating. [Pallapa et al,,
2014] The properties of such 3D microstruc-
tures can be tailored within a broad range.
However, the geometric precision and minimal
structural dimensions of these methods are lim-
ited; due to the viscosity of highly loaded or-
ganic matrices and trapped air, proper filling of
micro-molds is challenging.

A technique from Fraunhofer ISIT called Pow-
derMEMS offers an organic-free approach for a
wide range of magnetic and non-magnetic ma-
terials. [Lisec et al. 2022] Microfine powder is
dry-filled into pre-formed micro-molds and so-
lidified by atomic layer deposition. In this way,
porous and magnetic structures can be fabri-
cated with lateral dimensions from 30 pm to
millimeters and thicknesses of several hundreds
of micrometers (Figure 5.15).

Figure 5.15; 200 mm silicon wafer with integrated
NdFeB magnets. The magnets have lateral dimen-
sions between 40 pm and 2 mm and are 500 pum
thick. (Source: Bodo Schmidt)

Thanks to process temperatures below 100 °C,
the structures can be integrated into pre-pro-
cessed substrates like silicon, glass and even
PCB. A monolithically integrated back-biased
hall sensor was demonstrated by wafer-level
integration of NdFeB magnets into the silicon

substrate of the sensors (Figure 5.16). [Gojdka
et al. 2023] Non-magnetic porous membranes
realized with the PowderMEMS technique were
applied for the functionalized capping of envi-
ronmental sensors on wafer-level. [Behrmann
etal. 2023]

Figure 5.16: 3D Hall sensor with NdFeB magnets in-
tegrated into the substrate at wafer level on the
back (Source: Florian Ziegler)

5.1.3 Joining Technologies for the Het-

erointegration of Quantum Sensors
(Droese, N.; Kassner, A.)

Classic joining technologies for wafer-level-
based joining or heterointegration include eu-
tectic bonding, anodic bonding, and direct sili-
con bonding. Eutectic bonding is a joining pro-
cess in which a strong bond is created between
two materials using a eutectic alloy. This alloy
melts at a lower temperature than the individual
components and forms a strong bond when it
solidifies. During anodic bonding, an electrical
voltage is applied between a glass wafer and a
silicon wafer. This causes sodium ions to mi-
grate in the glass, creating an electrostatic at-
traction that firmly bonds the two materials to-
gether at relatively low temperatures. In direct
silicon bonding, also known as Si-Si bonding,
two clean, flat silicon surfaces are bonded to-
gether at the atomic level. This is usually
achieved by pressure and sometimes heat, cre-
ating strong covalent bonds without intermedi-
ate layers. When selecting joining technologies
for the heterointegration of quantum sensors,
however, a number of boundary conditions
must be taken into account. Quantum sensors
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such as vapor cell-based magnetometers,
atomic clocks, or ion and atom traps are sensi-
tive to external magnetic fields, so the use of
non-magnetic material pairings must be given
priority in the joining process. In addition, many
quantum sensors are operated under high vac-
uum (HV) or ultra-high vacuum (UHV) condi-
tions. Consequently, the outgassing rate of the
joint is of paramount importance. Another as-
pect concerns the maximum temperature re-
sistance of the quantum sensors during the join-
ing process. Atom chips, which are used in gra-
vimeters and gyroscopes, should be mentioned
here as an example. These consist of different
materials with different thermal expansion coef-
ficients. Temperature input during joining can
lead to delamination of layers. Two promising
joining processes at this point are transient lig-
uid phase (TLP) bonding (Figure 5.17) and
bonding using silver sintering paste.

TLP bonding is a form of eutectic bonding
[Kassner et al. 2023; Kassner et al. 2024].

Figure 5.17: TLP bonding process sequence

With a suitable choice of material pairing, it is
characterized by comparatively low process
temperatures with a higher re-melting tempera-
ture. It also offers the possibility of compensat-
ing for unevenness in the joint. The material
pairing Au-In has proven to be particularly ad-
vantageous at this point. The melting point of
indium is 156 °C, while the re-melting tempera-
ture of the alloy Auln2 is 540.7 °C. Like the sub-
strate, the quantum sensor to be joined is
coated with the base metal gold by sputtering.
The indium intermediate layer can be applied in
the form of a foil, for example. The components
are then brought into contact under the influ-
ence of pressure and temperature. The latter
must be at least as high as the melting temper-
ature of the intermediate layer. This is followed
by melting and homogenization of the interme-
diate layer. This leads to a reaction with the
base metal, resulting in the formation of inter-

metallic compounds with a higher melting point.
When the interlayer is completely transformed,
isothermal solidification follows. This joining
process is tolerant of superficial oxides or de-
fects and is also characterized by high thermal
conductivity, high tensile and shear strength
and low mechanical stresses.

Alternatively, silver sintering paste can be used
as a non-adhesive joining technique for applica-
tions that exclude pressure during joining. At
235 °C, the temperatures are higher than with
Au-In TLP bonding. During the joining process,
the solvent outgasses so that a silver frame-
work is finally formed. Application to silver or
gold surfaces guarantees appropriate adhesion.
The melting point of this compound is 961 °C. A
comparative measurement carried out by the
PTB of the outgassing rates and the residual
gas composition of a quantum sensor and a
guantum sensor joined using silver sintering
paste proves the vacuum compatibility of this
joining process.

Table 5.1; Outgassing measurement of the quan-
tum sensor with joining [Kassner et al. 2023].
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Atomic Clocks/Vapor Cells

Quantum technologies are considered one of
the key technologies of the 215t century, and
their application in sensor technology and me-
trology has opened up new possibilities in
terms of sensitivity in fields such as medicine,
communication, and navigation technology. This
includes highly stable and precise time and fre-
quency standards. With current atomic clocks,
frequency accuracies and stabilities of less than
107 can be achieved [Kitching 2018]. Quantum
systems with the best current sensitivity also
have a frequency uncertainty of less than 10718
[Kitching 2018; Ludlow et al. 2015]. In contrast,
conventional systems such as quartz crystal and
MEMS oscillators provide less accurate refer-
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ences and suffer from insufficient long-term fre-
quency stability in the 104 range due to aging
and environmental changes such as tempera-
ture and mechanical vibrations. While tempera-
ture or oven-compensated systems can increase
stability in the 1071 range, they require high
power consumption and a relatively long
switch-on time [Taitien 2021; ITU 1997; Lud-
low et al. 2015]. As a result, the stability of os-
cillators is no longer sufficient for many applica-
tions. Highly stable and accurate time and fre-
guency measurements are required, for exam-
ple, for GPS navigation and telecommunica-
tions. In the case of modern mobile telephony, a
relative deviation of the clock of 3-:10°%? is re-
quired over a period of 24 hours. The require-
ments for satellite navigation are even higher,
with a time difference of 10 ns corresponding to
a location error of approximately 3 m, and devi-
ations of less than 107* being necessary [Almat
2020]. As frequency standards improve, the
spatial resolution of these systems also im-
proves. If the accuracy is too low, the clock must
be reset at regular intervals.

To achieve economic use, it is necessary to min-
iaturize the overall system and shift from labor-
atory operation to mobile applications in the
field or on-board aircraft or satellites. Atomic
clocks are based on either the principle of opti-
cally pumped atomic vapor or the generation of
ultracold atoms in a magneto-optical trap
(MOT). MOT atomic clocks achieve the best ac-
curacy, but their high complexity makes them
mainly suitable for laboratory operation. Atomic
vapor cells, on the other hand, can be produced
in compact dimensions at a low price and still
have good long-term stability in the range of
10712, making them interesting for commercial
time and frequency standards. In an atomic va-
por cell, which is often filled with an alkali metal
in a specific atmosphere, a laser of the corre-
sponding wavelength 7 is used to selectively
depopulate the lower hyperfine structure level
of alkali atoms by optical pumping. With further
microwave irradiation, electromagnetic waves
with characteristic oscillation frequency 7% are
absorbed. The better the resolution or the
smaller the line width of the resonance signal,
the better the accuracy of the atomic clock. The
stability of atomic clocks based on atomic vapor
cells is influenced by various physical effects,
such as changes or deviations in pressure con-

ditions, magnetic field, microwave power, light
intensity, and light frequency, which can reduce
long-term stability [Almat 2020]. The basic
components for a chip-scale atomic clock are
shown in Figure 5.18, which include light source
(e.g., laser), optics, vapor cell, detector and ana-
lyzing electronics. The alkali vapor cell repre-
sents the core element of the sensor.
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Figure 5.18: Schematic principle of an alkali vapor
cell

The current state of technology and science in-
volves the production of micro-integrated
atomic vapor cells, primarily in an academic
context. Vapor cells come in various configura-
tions with different contents, atmospheres, and
manufacturing methods. Among the commonly
used components are alkali metals, which are
vaporized by heating during operation. One ad-
vantage of alkali metals is that they generate a
sufficient vapor density even at relatively low
temperatures of —=50 °C to 150 °C. Different al-
kali metals, such as rubidium [Limes et al. 2018;
Limes et al. 2019; Lucivero et al. 2022; Gergi-
nov et al. 2020; Kennedy et al. 2016; Almat at
al. 2020], cesium [Abdullah et al. 2015; Maurice
etal. 2017; Hafiz et al. 2015; Woetzel 2017],
potassium [Chen et al. 2007], or mixtures of al-
kali metals like rubidium-potassium [Chen et al.
2007; Huang et al. 2021] have been employed.
In addition to alkali metals, buffer gases like ni-
trogen [Lucivero et al. 2022; Gerginov et al.
2020; Almat et al. 2020] or argon [Almat et al.
2020], or functional gases such as noble gases
like xenon-129 [Kennedy et al. 2016; Limes et
al. 2018; Limes et al. 2019], neon [Abdullah et
al. 2015], or helium-3 [Huang et al. 2021; Limes
et al. 2018; Masuda et al. 2005] may be used to
reduce excited atom relaxation processes or in-
crease magnetic activity. The pressure within
the vapor cell can also vary, ranging from
high/fine vacuum [Woetzel 2017; Lucivero et
al.2022] to rough vacuum/atmospheric [Gergi-
nov et al. 2020] or overpressure [Limes et al.
2018; Limes et al. 2019].
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Earlier, gas cells were produced through glass
blowing or prefabricated glass cells with a
pinch-off system. However, with the advent of
miniaturization, vapor cells are now primarily
manufactured using microtechnology. This ap-
proach enables the production of cells with ad-
justable geometry in various sizes and a signifi-
cantly reduced volume in the mm3 range. Fur-
thermore, the production method is attractive
for industrial applications due to the prospect of
high quantities and relatively low production
costs. The vapor cells are created by bonding
structured silicon and glass substrates with a
glass lid in a controlled atmosphere, which her-
metically encapsulated the previously dosed al-
kali metal. There are different bonding methods
which are already demonstrate the ability to
produce such hermetic packaging for this appli-
cation. These include anodic bonding, eutectic
bonding or thermocompression bonding. The
common method in the state of the art is anodic
bonding, which seals glass to silicon or metal
without introducing an intermediate layer
though electric fields and temperatures.

On the industrial side, there are a few commer-
cial partners known to offer atomic vapor cells
for use in atomic clocks and other quantum sen-
sor technologies. Microchip Technology Incor-
porated was one of the first companies to re-
lease a commercial chip-scale atomic clock with
a frequency stability of 10-!! at an averaging
time of 1,000 seconds, using the optical reso-
nance D1 line of atomic cesium [Microchip
2024]. Similarly, Stanford Research Systems of-
fers a rubidium oscillator with similar stability
for precision frequency measurements [Thinksrs
2023]. Vapor Cell Technologies and Twinleaf
are two additional companies that offer inte-
grated atomic cells. Vapor Cell Technologies, a
spin-off from NIST, offers customized vapor
cells as the “heart of quantum standards” for
length measurement, optical frequency meas-
urement, and high-resolution optically pumped
magnetometers (OPMs) [VCT 2021]. OPMs can
be used in magnetoencephalography (MEG) to
analyze brain activity and have potential appli-
cations in the treatment of epilepsy and as a bi-
omarker for Alzheimer's dementia. Other poten-
tial fields of application for OPMs include geol-
ogy and safety. The measurement resolution of
atomic vapor cells is sufficient to detect mag-
netic fields of landmines or raw-material depos-

its [Woetzel 2017]. Twinleaf, a Princeton spin-
off company, offers an optically pumped mag-
netometer based on Rb vapor with a magnetic
sensitivity of < 0.2 pT/HzY2 [Twinleaf 2023].
QuSpin Incorporated also provides such sys-
tems [QuSpin 2024]. In addition, CSEM, a semi-
commercial Swiss research and development
center, is active in the field of atomic vapor cells
for quantum technology.

Atomic vapor cells are increasingly important
for the industry due to their potential in improv-
ing time and frequency standards for communi-
cation and navigation. Current research focuses
on enhancing sensor performance to the limit of
possibility. The European MacQsimal Project,
coordinated by CSEM, should be mentioned
here. Involving 14 partners and based on alkali
vapor cells, it aims to develop a chip-scale
atomic clock, miniature magnetometer for brain
imaging, compact shoebox-size NMR gyro-
scope, novel GHz spectrum analyzer demon-
strator, and novel THz imaging technique with a
budget of 10.2 million euros [MacQsimal,
2024). In addition to improving performance,
another research focus is the transition to an in-
dustrial product. While commercially available
systems already exist, they are still expensive
compared to conventional sensor technology
and cannot be produced in large quantities.
Therefore, various challenges related to low-
cost production of high-quantitative systems
need to be addressed to fully exploit the poten-
tial of atomic clocks or, in general, atomic vapor
cells for quantum sensor technology.

514 New Materials for Joining

Assembly and connection technology (ACT) is
primarily used for the connection of micro-tech-
nical components with a higher contacting level.
There are various extreme environmental condi-
tions (harsh environments) with different re-
quirements, such as wear, high and low temper-
ature, chemicals, radiation, forces and accelera-
tion, high and low pressure (vacuum), flow,
EMC (high frequency), humidity, vibration, dust.
Here, the focus is on the presentation of a selec-
tion of ACT processes suitable for the high tem-
perature range starting at 125 °C [Wilde 2022].
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High-Temperature Assembly and Connection
Technology

Various methods are employed for chip bond-
ing. Eutectic bonding is conducted thermocom-
pressively and is characterized by the fact that
the melting temperature of the alloy of the
bonding partners, and thus the bonding process
temperature, is significantly lower compared to
the pure elements.

The distinction from Transient Liquid Phase
(TLP) Bonding lies in the fact that one bonding
partner is melted and subsequently, through
diffusion, forms an alloy with the other bonding
partner thermocompressively. The re-melting
temperature here is above the utilized process
temperature.

For the connection of (metal ion-containing)
glasses and silicon, usually anodic bonding is
carried out, requiring high pressure, tempera-
ture, and electrical voltage.

Another approach involves reactive multi-layer
foils. They consist of an alternating nanolayer
stack of two metals, such as Al and Ni, and are
placed between the components to be bonded.
Activation can be electrically induced, causing
the foil to exothermically react to form an alloy,
generating short-term (within milliseconds)
temperatures above 1000 °C, enabling the con-
nection of components without subjecting them
to temperature stress.

In high-performance electronics, silver sintering
is particularly utilized for mechanical and elec-
trical chip contacting. The thermocompressive
process (200 °C to 300 °C) leads to degassing,
compression, and sintering of the applied silver
paste.

For mechanical bonding while ensuring electri-
cal isolation, ceramic adhesives are employed.
They dry by solvent evaporation and are charac-
terized by extremely high maximum operation
temperature ranges.

Wire bonding is the most commonly used
method for chip level contacting. The methods
include ultrasonic, thermocompression and
thermosonic wire bonding. The primary parame-
ters for creating a permanent connection are
force, ultrasonic power, temperature, and dura-

tion. The quality of the bond results from the
production vield and the bond strength
achieved and is largely dependent on the mate-
rial pairing between the bond wire and the bond
pad (compare Table Al). The bond strength is
determined, for example, by shear or tensile
tests. The challenges are a loss of adhesion and
an increase in contact resistance.

Soldering is used to create material-to-material
connections between two materials. In contrast
to welding, the liquidus temperature of the sol-
der is exceeded during fusion soldering, but not
that of the two materials to be joined. Soft sol-
dering (liquidus temperature TL< 450 °C) is
most commonly used in electronic contacting,
rarely hard soldering (450 °C < TL < 900 °C)
and high-temperature soldering (TL > 900 °C).
Common processes are reflow soldering, wave
soldering or laser beam soldering. Glass solders
are used in packing and are used to bond
glasses or glass with metal or ceramics. The
process belongs to the category of adhesive
bonding.

A summary of these processes is given in the
Table Al (Annex) including maximum tempera-
ture ranges.

Application of High-Temperature Connection
Technology

Often, a combination of the mentioned methods
is employed, such as in the case of strain meas-
urement utilizing directly deposited thin-film
sensors [Kayser et al. 1993; Lei et al. 1997; Ot-
termann et al. 2023; Klaas et al. 2020]. Exem-
plifying this, a schematic representation of the
electrical contacting setup, as utilized by Otter-
mann et al. [Ottermann et al. 2023], is depicted
in Figure 5.19. Initially, a ceramic board was ap-
plied onto a steel substrate using a reactive
multi-layer foil. Subsequently, contact pads
were deposited through cathode sputtering, es-
tablishing a connection to the thin-film sensors
via gold wire bonds. Additionally, nickel wires
were affixed through spot welding to facilitate
the transmission of electrical signals from the
strain sensors. Consequently, successful strain
measurements were achieved at 515 °C.
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Figure 5.19: High-temperature contacting with reac-
tive multi-layer foil, ceramic board, spot-welded Ni
wire and Au wire bonding for thin-film strain
gauges (top: scheme, bottom: photo) (Source: [Ot-
termann et al. 2023])

Nanofoils

For the system integration or packaging of mi-
croelectronics, bonding processes such as an-
odic bonding, thermal compression bonding and
transient liquid phase bonding are used at tem-
peratures of at least 200 °C, which can lead to a
high heat input into the temperature-sensitive
components. A reduction offers further potential
for the three-dimensional integration of compo-
nents that have different requirements depend-
ing on their optical, mechanical or electrical
function [Braeuer 2012]. One solution is offered
by reactive bonding, which is achieved using re-
active material systems (RMS) in the form of
foils or thin-film-based layer systems (inte-
grated Reactive Material System — iRMS) and
results in two components being connected
within milliseconds without an external heat
source at room temperature [Vogel et al.
2021a]. The films were first commercialized in
2001 by the Indium Corporation under the
brand name Nanofoil® [Rogachev et al. 2016].
The foils consist of a multilayer system of at
least two components and are produced in vari-
ous combinations such as Ti/Al, CuO/Al, Pt/AL,
Pd/AL Ni/Al with thicknesses of up to 300 pm.
While foil-based RMS have limitations in struc-
turing and pose challenges in handling at wafer

level, iIRMS show greater potential for integra-
tion into the process chains of microsystems.

The reaction is activated by a low energy pulse,
for example from a 5-9 V battery or of an opti-
cal or thermal origin. It runs independently and
exothermically along the entire layer system
[Voge et al. 2021]. The process is based on the
reduction of chemical energy within the multi-
layer system, which is promoted by the thin
layer thicknesses and the short diffusion path of
the materials. Speeds of up to 80 m/s and tem-
perature peaks of over 1200 °C are achieved
within the layers, which only occur locally
within the film due to the brief reaction time of
40 ms to 80 ms, making an external heat source
unnecessary [Wang et al. 2003]. The high local-
ized heat leads to the bonding of the multilayer
system with the solderable layers on the sub-
strates. These can be realized from gold or tin,
for example. The reaction is therefore flux-free,
without outgassing, and can also be carried out
under vacuum. Notably, foils are also used to
bond stainless steel, aluminum, titanium and
metallic glasses [Qiu et al. 2009].

Nanoklett

Another method for joining two substrates at
room temperature is bonding using nanowires,
which is developed at the Technical University
of Dresden and by the company NanoWiring
GmbH [Strahringer et al. 2021; Roustaie et al.
2016]. The principle behind the process is com-
parable to a miniaturized Velcro fastener, in
which the nanowires tilt within a flat nanogrid
during joining and the individual wires form a
positive connection as in cold welding (Fig-

ure 5.20). The process is therefore a competitor
to traditional bonding processes, but also to
gluing and soldering. For nanowires to grow on
surfaces, they must be conductive or first be
functionalized with a conductive layer. Poly-
mers, glass, ceramics, and semiconductors (and
others) can be used as substrates, but the appli-
cation is also suitable for wafer-to-wafer and
chip-to-wafer bonding [Roustaie et al. 2020].
After the metallization, the nanowires can be
grown on the desired surfaces, which are usu-
ally structured using photolithography. For this
purpose, a sponge with the desired electrolyte
is pressed onto the area and the wires grow
galvanically in the pores of the sponge. Nan-
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owires can be produced from copper, gold,
nickel, silver and others.
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Figure 5.20: Growing Nanowires [Roustaie et al.
2020]

There are different variants of the joining pro-
cess: KlettWelding, KlettWelding+, KlettSinter-
ing, KlettSintering+, KlettGlueing and KlettGlue-
ing+. These differ fundamentally in their tem-
perature, whether the nanowires are only ap-
plied to one joining partner (KlettSintering) or
via a film between the joining partners and
whether a supporting adhesive is used (Klett-
Glueing). For a bond between copper nan-
owires, contact pressures of approximately

20 MPa are required with a process time of
100 ms. This achieves shear strengths of

12 MPa and a temperature resistance of =50 °C
to 500 °C [Roustaie et al. 2021; Roustaie et al.
2020]. KlettWelding is shown in Figure 5.21.
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Bild 1. Figure 5.21. Bond process with NanoKlett
[adapted from https://nanowired.de/klettwelding]
5.2 Measuring in the Extremes

(Fischer, M; Hoheisel, D.; Miiller, J.; Steller,
A.; Bramlage, S., Hild, R; Droese, N.)

Due to exceptionally demanding requirements,
the aerospace industry is a driver for innovation

and new technologies for sensors. This com-
prises equipment testing, sensorics for monitor-
ing and data acquisition (e.g., imagery). Equip-
ment and thus sensorics need to be functional
in extreme environments: wide temperature
ranges from cryogenic to highest temperatures,
large pressure fluctuations, shocks, and differ-
ent vibration levels.

Space applications require the handling of cryo-
genic fluids, such as liquid hydrogen, methane
or oxygen which are used for propulsion. In this
applications, temperature ranges down to

—196 °C. In this region, piezoelectric crystals for
accelerometers need to exhibit a low tempera-
ture coefficient of sensitivity and high sensitivity
in order to reduce mass. Less element mass
leads to higher resonance frequencies and bet-
ter frequency response and allows smaller
overall housing designs. Also, sensor electron-
ics need to withstand the low temperature lev-
els, which is usually ensured by adequate coat-
ings.

Figure 5.22. Sensor providing reliable measure-
ment data under extreme conditions (red glowing
metal casing). Temperatures of 700 °C for long-last-
ing pressure and acceleration measurements are
highly demanding requirements for a suitable sen-
sor design. In some cases, even higher tempera-
tures for short-term measurements are possible.
(Source @ Kistler Group 2024)

In rocket engine monitoring, pressure pulsation
is key to ensure stable combustion and in turn
safe operation. For this, measurements are
taken directly in the combustors. Here, the sen-
sor element needs to withstand extreme condi-
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tions and needs provide reliable measurements
at high temperatures of 700 °C or — for short
time periods — up to 1000 °C. (Figure 5.22) This
is only possible when the sensor housing is
made of Ni-based high-temperature alloys and
the (usually) piezoelectric sensing element is
made of crystal material developed for very
high temperatures. Here, it is essential that the
crystal material does not exhibit a pyroelectric
or popcorn effect, which is present in many sen-
sor elements based on ceramic materials. The
popcorn effect is caused by the accumulation of
charge on a sensor element’s surface due to py-
roelectric effect and results in noise spikes in
the electric signal. Also, cabling needs to be
high-temperature safe; usually, a mineral-insu-
lated hardline cable is used. Similar require-
ments are present in stationary gas turbines and
jet engines, where dynamic pressure sensors
are installed in the combustors [Cosi¢ et al.
2022; Li et al.2006; Kim et al. 2021]. Here, for
example, the sensors help in the understanding
of thermoacoustics instabilities, i.e., the coupling
of flame (thermal) and pressure fluctuation
(acoustics) and in turn help to increase combus-
tion stability and efficiency and the reduction of
unwanted vibrations and excitation of down-
stream components.

In detonation engines, the combustion takes
place in a rotating shock wave regime in an an-
nular channel. This fairly new propulsion sys-
tem is a promising technology for space appli-
cations (Figure 5.23) or even as a replacement
of gas turbines as it exhibits the potential of in-
creasing thermal efficiency while profiting from
a substantial simplification of engine design
[Armbruster et. al. 2024; Kindracki et al. 2011].

Satellite Jitter & Micro-Vibrations

Recent years have seen a dramatic increase in
the need to measure the earth’s surface and at-
mosphere with ever greater precision. The qual-
ity of such images would have been unimagina-
ble only a few years ago. Critical steps in
achieving this progress include the reduction of
micro-vibrations on board of satellites. Satellite
jitter, or blurring of the images originating from
micro-vibrations, is a severe deviation source
that affects the geometric accuracy of high-res-
olution imagery. Every satellite requires numer-
ous drives, position controls, reaction wheels,

actuators and cryocoolers, and so on. These de-
vices consist of mechanical components that
cause vibrations when they operate. Micro-vi-
brations consist of extremely small accelera-
tions of very low intensity. Measuring them is a
challenging task (Figure 5.24).

Figure 5.23. Inside NASA's giant thermal vacuum
chamber, called Chamber A, at NASA's Johnson
Space Center in Houston, the James Webb Space
Telescope's Pathfinder backplane test model is be-
ing prepared for its cryogenic test. (Source; [NASA)

For example, reaction wheels are used for alti-
tude control of satellites without the need to
use thrusters and propellant, which are in lim-
ited supply. The operation of a reaction wheel
uses an electrical motor to rotate a flywheel at
various rotational speeds, causing the satellite
to counterrotate proportionately due to the con-
servation of angular momentum. As the fly-
wheels rotate, jitter couples onto the structure
and can affect imaging precision [Cavalloni et al.
2020].
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Figure 5.24: Micro-vibration testing on an optical
payload with a Force Plate (Source © 2024 Kistler
Group)

Pressure Sensing in H, industry

But not only in space industry, extreme condi-
tions, and thus challenging requirements to
sensorics are present. Pressure sensors play a
fundamental role in monitoring and control in
hydrogen production, distribution and storage
and its related infrastructure. In production and
compression pressure ranges extend between
25 bar and 1,000 bar, where temperatures are
up to 200 °C. In the course of the transformation
towards hydrogen industry, sensors also need
to be adapted to be operational in H..

In hydrogen environment, technical challenges
arise due to the embrittlement of steel parts and
the permeation (diffusion) of hydrogen into the
sensor, making state-of-the-art sensor designs
unsuited for long-term pressure monitoring.

First of all, oil-filled pressure sensors are by de-
sign unsuited for application in H; environment,
as H, can potentially diffuse through the mem-
brane into the oil-filled cavity (Figure 5.25),
leading an expansion of cavity volume and in
turn faulty measurement signals or membrane
fracture. Thus, “dry” packaging technologies
need to be followed. However, care also has to
be taken here, as, e.g., standard Ni-Cr metal
thin-film strain gauges bonded on a thin steel
membrane are very sensitive to interaction with
H, permeating into the sensor [Matsuo 2014].
The technology, shown in Figure 5.25, is tested
and proven to be a robust solution for high tem-
peratures. Here, the pressure is transferred via a
steel diaphragm as a force acting on a silicon-
on-insulator (SOI) bulk sensing chip [Gramich et
al. 2023].
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Bild 2. Figure 5.25: a) Typical oil-filled piezoresis-
tive sensor: H2 can diffuse through the thin mem-
brane into the oil filling and silicon cavity, causing
measurement errors; b) Principle of “dry” block-type
piezoresistive sensor technology: pressure is trans-
ferred to stress in a Silicon-on-insulator (SOI) block-
type chip, measured via piezoresistors on both
sides of the chip; c) Picture of the sensor proto-
types, with a 3 mm diameter diaphragm [Gramich
et al. 2023]. (Source © 2024 Kistler Group)

3D Printing for Vacuum Chambers

The additive manufacturing of ceramics, metals
and polymers for vacuum applications is cur-
rently under investigation in research. It has
been demonstrated that it is already possible to
produce hermetically sealed chambers or com-
ponents with low outgassing using various ma-
terials (Figure 5.26) [Povilus et al. 2014; Wolf et
al. 2019; Vovrosh et al. 2018; Eickenscheidt et
al. 2021]. Additive manufacturing for vacuum
components enables significant savings in size,
weight, and power, which makes the systems
even more transportable. The use of polymers
offers a range of applications in a rough vac-
uum, but is less suited for lower pressure
ranges due to the solvents dissolved in the
components from the manufacturing processes.
However, the printing of housings in the pack-
aging technology of MEMS systems is intriguing
[Lifton et al. 2014]. Plastic processes with wall
thicknesses below 100 um can be used for en-
capsulating individual sensor structures or fin-
ished components, where a wafer could serve
as the starting layer.
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Figure 5.26: Additively manufactured vacuum
chamber for cold-atom experiments with a gyroid
lattice for weight reduction (Source: IMPT)

Vacuum encapsulation with conventional manu-
factured ceramics is already widespread, such
as the use of Low Temperature Cofired Ceram-
ics (LTCC), which can be sealed in a joining pro-
cess under vacuum and have a low outgassing
rate [Keusseyan et al. 2002; Kopola et al. 2001;
Tanaka et al. 2015]. Vacuum chambers made of
Al,O3 are also used and initial investigations
show that Al,O5 can be produced vacuum-tight
with a low outgassing rate of no more than
3.3-107° mbar/s using the FDM process, a
debinding step and a final sintering process
[Burrow et al. 2021; Eickenscheidt et al. 2021].
This raises the prospect of using fully 3D-
printed ceramic vacuum chambers.

The Laser Powder Bed Fusion process can be
used to print a steadily increasing number of
metals, such as stainless steels, aluminum,
nickel alloys, copper, and various types of tita-
nium. Metal components can be produced with
a high density (> 99.9 %) and are already being
used in ultra-high vacuum applications, includ-
ing in particle accelerators or miniaturized vac-
uum tubes [Grazzi et al. 2021; Deng et al.
2018]. Fully printed chambers have already
been produced from stainless steel and alumi-
num, some of which have integrated channels
that enable heating and subsequent cooling
(Wolf et al. 2019]. The aluminum chamber
achieved a vacuum pressure range of 10 mbar
and enables the use of a magneto-optical trap
based on ultra-cold atoms [Cooper 2021]. The
outgassing rate was a maximum of 3.3-10°%3
mbar /(s mm?), which is presumably influenced
by the magnesium-rich oxide layer that forms
on the surface during the manufacturing pro-
cess using LPBF. In conclusion, it can be said

that there is still a lot of potential in the use of
additive manufacturing in vacuum technology
and the first milestones have been set.

Fiber-Optic Acoustic Measurement System

For characterization of downhole geothermal
reservoirs, a cost-effective, high-temperature
(i.e., higher than 170 °C) measurement technol-
ogy was developed. The technology is suitable
for fracture system characterization while drill-
ing, in terms of fracture distribution, direction,
length, and thickness. This characterization of
downhole geothermal reservoirs is important
for an optimized well placement and efficient
usage of geothermal energy. With the measure-
ments result, it is possible to derive the frac-
ture’s position and at the same time draw con-
clusions about the rock type and porosity. These
are important parameters for the construction of
a geothermal borehole and an enabler for opti-
mized automatic well placement.

Current receiver sections are built with arrays of
piezoceramic hydrophones. A new approach is
to replace the piezoceramic receivers with fiber-
optic hydrophones using fiber Bragg gratings
(FBG). Fiber Bragg gratings are based on inten-
tionally generated periodically defects in the fi-
ber core (Figure 5.27).
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Figure 5.27: Fiber Bragg grating with periodic dis-
tance A, as per [Kruspe et al. 2016] (Source: Baker
Hughes)

These defects are locally changing the refractive
index of the core material. By this, a certain por-
tion of the input light is reflected (Figure 5.28).
The wavelength of the reflected light is propor-
tional to the periodic distance. By stretching or
compressing the FBGs, its periodic pattern is
changed and as result of this, the reflected light
wavelength is shifted. This effect is used to
transduce the acoustic pressure wave into opti-
cal wavelength shifts of the FBG reflected light.
By coupling spectral broadband light into the fi-
ber and using FBGs with individual wavelength
for each hydrophone, multiple hydrophones can
be read out with only one optical fiber.
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Figure 5.28: Fiber Bragg grating principal; a) cou-
pled broadband light; b) reflected light by the FBG;
) further transmitted light (Source: Baker Hughes)

The developed fiber-optic acoustic measure-
ment system consists of a superluminescent
light emitting diode (SLED) as light source, a fi-
ber-optic coupler, a fiber-optic feedthrough
(FOFT), a hydrophone array with sensing FBGs,
and a fiber-optic interrogator, using an arrayed
waveguide grating (AWG), photodiodes (PD)
and necessary readout electronics. Figure 5.29
shows a schematic overview of the optical sys-
tem.
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Figure 5.29: Schematic overview of the fiber-optic
measurement system, as per [Kruspe, 2016]
(Source: Baker Hughes)
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The SLED is emitting broadband light which is
coupled via a fiber-optic coupler into the hydro-
phone array. The hydrophone array is located at
the outer diameter of the drill string and faces
the extreme environmental conditions of high-
pressure and high temperature. All other com-
ponents are stored inside the tool and shielded
against the pressure. Because of that, there is a
special FOFT installed between the coupler and
the hydrophone array withstanding the pressure
difference. Inside the hydrophone array, each
hydrophone FBG is reflecting a different wave-
length of the incoming light. The reflected light
is transmitted backward through the FOFT and
through the fiber-optic coupler to the fiber-optic
interrogator, including the AWG. The AWG
splits the incoming light in spectral separated
channels. The light signals are converted into
electrical signals by a photodiode array (Fig-
ure 5.42). The signals are finally processed in
the evaluation electronics and output via a digi-
tal interface.

Fiber-Optic Hydrophone

The hydrophone array is assembled of individ-
ual hydrophones in a row featuring one com-
mon optical single-mode-fiber. The array is oil-
filled and pressure compensated. A metal mem-
brane separates the oil filling from the drilling
fluid in the borehole allowing at the same time
acoustic signals to enter the hydrophone array.
Each hydrophone converts the acoustic pressure
waves into optical signals. For that conversion
of pressure amplitudes into spectral wave-
length shifts, a transducer element was devel-
oped (see Figure 5.30). To avoid multi-material
composition with signal disturbances coming
from different thermal expansion coefficients,
the transducer element with a beam-like shape
is formed by etching of a glass chip. The gap
between the transducer element and the glass
chip provides a built-in high pass filter against
drilling noise. The fiber with the FBG is glued to
the transducer element as shown in Figure 5.30.
For spectral separation of the hydrophone posi-
tions, the reflecting profile of each FBG has a
slightly different central wavelength. When an
incoming acoustic wave is moving the trans-
ducer element, the FBG is hence stretched or
compressed. This is modulating the central
wavelength of the FBG and the acoustic pres-
sure signal is converted into an optical signal.
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Figure 5.30: Acoustic pressure transducer element;
(top left) sketch; (top right) Simulation of defor-
mation; (middle) Photograph, for illustration with a
red laser; (bottom) Schematic cross-section of a fi-
ber-optic hydrophone [Jung et al. 2019]
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By using the fiber-optic technology, it was pos-
sible to design very slim hydrophone arrays.
This enables a more cost-effective design and
manufacturing of the whole tool, e.g., by re-
duced manufacturing time and material costs.
Furthermore, this fiber-optic hydrophone array
can be used in tools with very different outer di-
ameters without the need for any design modifi-
cations (e.g., changed dimensions). Another ad-
vantage of the fiber-optic sensing approach is
the resistance against electromagnetic interfer-
ence during sensing as well as during infor-
mation transmission. With that, there is no need
for a preamplifier closely to the receivers. The
sensed signals are converted to spectral infor-
mation, transmitted within only one fiber com-
pared to a bundle of cables used for pie-
zoceramic hydrophones. This further reduces
the number of pressure feedthroughs needed to
a minimum and results in increased reliability.
The measured optical signals are centrally con-
verted into electrical signals and digitalized
within one interrogator. This minimizes the in-
troduction of electronic noise and improves the
signal-to-noise ratio.

Fiber-Optic Interrogator

The fiber-optic interrogator is designed to con-
vert the optical signals coming from the hydro-
phones to electrical signals. Furthermore, the in-
terrogator electronics is performing digitization
and initial data processing. Inside of the interro-
gator, an AWG is used to spectrally differenti-
ate the incoming signals. Each optical signal is
differentiated by its wavelength. The optical in-
tensity signals are converted to electrical sig-
nals using photodiodes in combination with
transimpedance amplifiers. The converted elec-
trical signals are digitized with analog-to-digital
converters (ADCs) and processed with a digital
processor (see Figure 5.31). All signals are syn-
chronically digitized and processed. The pro-
cessed data is transferred via digital high-speed
data bus for further downhole processing.

To achieve a higher grade of integration and an
extended lifetime, a multi-chip module (MCM)
design approach was chosen. Figure 5.32
shows the integration step from first prototype
in classic printed circuit board assembly (PCBA)
technology to the final design in MCM technol-
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Figure 5.31: Schematic overview about signal con-
version and processing (Source: Baker Hughes)

In addition to the reduced size, the MCM tech-
nology features increased reliability and lifetime
at downhole conditions including strong vibra-
tions with amplitudes higher than 20 g rms and
shocks with several hundred g. The electronics
components are bare dies glued on a ceramic
substrate to achieve low thermal expansion
mismatch. The used wire bonds are matched to
the bare-die metallization. For increased relia-
bility, the components are hermetically encap-
sulated within an inert gas atmosphere.

Figure 5.32: Fiber-optic interrogator comparison;
(top) PCBA technology; (bottom) MCM technology
(Source: Baker Hughes)

High-Temperature Electronics Packaging

To understand why a specific high-temperature
packaging technology is required, the
knowledge about the limits of conventional
packaging is essential: What failure modes are
observed when standard packaging is exposed
to high temperatures?

There are two major areas of concern: One is re-
lated to mechanical properties and the linear
coefficient of thermal expansion (CTE). The
other one is related to material selection and
chemical interaction. At higher temperatures,
chemical reactions can be triggered that cannot
take place at lower temperatures due to their
required activation energy.
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Figure 5.33: Internal structure of a plastic molded
integrated circuit and the typical failure modes for
high-temperature operation

CTE Mismatch and Thermomechanical
Stress

A typical integrated circuit (IC) in standard pack-
aging contains a semiconductor die mounted on
a die attach pad, uses wire bond connections
from the die bond pads to the lead frame and is
protected by a mold compound covering the die
and wire bonds. The CTEs of this assembly
range from 2.6 ppm/K for silicon as the predom-
inant semiconductor material over 17 ppm/K for
copper as typical lead frame base material to
the epoxy-based mold compound which can
have a strong variation depending on its formu-
lation, but values between 10 ppm/K and

30 ppm/K are typical. Glass filler particles are
used to engineer the mold compound’s CTE.
Most critical for high-temperature applications
is that the partially crystalline polymers have a
significantly higher CTE above the glass transi-
tion temperature (Tg) which is approximately
three times higher. Tg of standard mold com-
pounds is in the range of 100 °C to 125 °C. Un-
der temperature cycles, these different CTEs
cause high mechanical stress which can result
in delamination, cracking or fracturing (Fig-

ure 5.33).

Thermomechanical stress at the wire bond heel
can lead to a fractured wire bond on the lead
frame side. The typical electrical behavior is an
electrical interruption (“open”) under high-tem-
perature conditions while at room temperature
(RT), the device is fully functional because the
mold compound keeps the fractured wire in
place. For failures like this, the component-in-
ternal CTE mismatches as well as the board
level interaction are important, and pin geome-
try and component stand-off play a role as well.

Chemical Interaction and Diffusion

Especially the polymer materials like the mold
compounds, but also the printed circuit board
material and conformal coatings are a highly
complex material mix that can not only contain
fillers and coupling agents, but numerous other
additives like curing agents, accelerators, flame
retardants, ion-getter additives, and coloring
agents.

Multiple options for chemical interactions arise
from this material mix.

But even at simple systems like the interface of
two solids, high temperature can dramatically
change the behavior. Typical diffusion pro-
cesses can be described by the Arrhenius equa-
tion, which means they show an exponential
dependency on temperature. See, for example,
the interdiffusion of gold and aluminum at a
wire-bond interface on the die bond pad. Au/Al
shows several intermetallic phases (IMP) that
differ in volume. By these, voids at the interface
are created until the Au ball has lost the contact
(so-called Kirkendall voiding). This is a typical
end-of-life failure, where the lifetime at high
temperature is drastically reduced. Together
with chlorine residues in an epoxy mold com-
pound and humidity, a highly accelerated corro-
sion of this Au/AlIMP occurs (so called Horsting
voids).

Approach for Reliable HT-Electronics

Material selection is crucial: materials in contact
must be selected by their diffusion properties,
and diffusion barriers can be essential. The
same applies for the involved CTEs, respectively
the CTE mismatch between materials. An ap-
proach to completely eliminate mold com-
pounds and the second-level interconnects is to
build multi-chip modules (MCM) using bare dies
and ceramic substrates in hermetic housings.

High Temperature Substrate Materials

Substrate materials for high-temperature appli-
cations need to consider both the temperature
stability of the material itself and the interaction
with other parts of the electronic assembly. Of-
ten, additional factors such as thermal conduc-
tivity or high frequency properties need to be
taken into account.
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Circuit board materials can be divided into two
major material groups: organic and inorganic cir-
cuit boards, the first of which is most widely
used in standard electronics and generally
known as printed circuit boards (PCB).

In this technology, copper-clad organic lami-
nates are structured through etching and plat-
ing processes to receive the final electronic de-
sign. Most of these materials are epoxy-based
and not suitable for operating temperatures
above 125 °C. However, there are polyimide or
hydrocarbon-based PCB materials that tolerate
temperatures up to 200 °C. Since these materi-
als can be processed in the same way as stand-
ard PCB materials, they are very cost-efficient
and readily available.

But even if generally suitable for high-tempera-
ture applications, those materials add a wide
range of organic components to the system,
which might reduce the overall lifetime of the
package e.g., by outgassing, especially if used in
hermetic housings.

The second group, inorganic materials, include
everything from ceramic and glass to silicon to
ceramic coated metals, with aluminum oxide
(Al,O3) ceramic as the most commonly used
substrate material.

Opposed to PCB technology, conductive tracks
are added to ceramic substrates using additive
processes, mostly screen printing, plating or
sputtering. Screen-printed thick film materials
are generally fired at temperatures above

800 °C, which also ensures that no organic con-
taminations are present in the final product.

The wide material range of ceramics allows so-
Lutions tailored to various thermal and electrical
needs.

Due to the high firing temperatures (1,500 °C)
required for HTCC (High Temperature Cofired
Ceramic), only a very limited selection of materi-
als is available as conductors for the inner lay-
ers, namely tungsten and molybdenum, with
tungsten most commonly used. An overview of
ceramic substrate materials and some specific
advantages is shown in Figure 5.34.
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Figure 5.34: Overview of properties of different ce-
ramic substrate materials. (Source: Baker Hughes)

Compared to copper used at organic substrates,
the specific conductivity of tungsten is signifi-
cantly lower, which must be considered in the
design /geometry of the conductor layers (three
times higher resistivity for tungsten).

Additionally, tungsten is not suited for wire
bonding and will oxidize at air without building
a diffusion-tight oxide layer, which means un-
limited oxidation of the volume. Therefore, the
tungsten has to be protected.

Analog to the coating of copper at the organic
substrates, the combination of a nickel diffusion
barrier and a gold top layer for oxidation protec-
tion is widely used.

But the choice of coating system also offers the
opportunity to optimize the material system for
the wire bonding material or make it suitable for
a broad range of materials. Thin immersion pal-
ladium and immersion gold over nickel (ENIPIG),
for example, result in highly reliable wire-bond
connections for both gold and aluminum wire
on the same surface.

In contrast to HTCC, LTCC substrates (Low
Temperature Cofired Ceramic) contain a certain
amount of glass, which reduces the firing tem-
perature to 800 °C. Benefits of this modification
are the possibility to match the CTE of the sub-
strate to the CTE of silicon and the use of gold
and silver based thick-film pastes for all sub-
strate metallization layers. On the downside,
the glass material reduces the thermal conduc-
tivity and the metallization is not suitable for
Aluminum wire bonding: on gold thick-film alu-
minum, wire bonding will result in void-induced
wire bond lift-offs (= Kirkendall effect); alumi-
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num wires on AgPd and AgPt thick-film are ex-
tremely sensitive to humidity.

Component Attach Technology

Attaching components to a substrate is one of
the important aspects of packaging technolo-
gies for electronic applications. The primary
function of attach materials is to provide reliable
mechanical, thermal and, if required, electrical
interconnect between component and substrate
to prevent detach or fracture when exposed to
high temperature, changes in temperature, high
power and/or mechanical loads. The choice of
attach technology depends on several aspects,
for example component type, substrate metalli-
zation, design complexity, and reliability re-
quirements. Figure 5.35 illustrates some of
these factors in more detail.
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Figure 5.35: Examples of influencing factors for the
choice of a component attach technology (Source:
Baker Hughes)

A very common attach technology is the solder
connection. As a rule of thumb, a solder mate-
rial can function reliably up to a homologous
temperature of 80 % of its melting temperature
before creep leads to quick degradation. For the
most commonly used lead-free near eutectic
solder alloys like SnAgCu and SnAg, this means
a maximum allowable temperature of approxi-
mately 125 °C for long lifetime applications.
Higher temperatures will reduce the lifetime.
Adding additional elements like Bi, In and Sb
can increase thermomechanical fatigue life, al-
tering the microstructure of the solder connec-
tions and leading to solid solution and precipita-
tion strengthening [Choudhury et al. 2022].

For higher temperature requirements, eutectic
AuSn and Pb90Sn10 with melting tempera-
tures in the range of 280 °C can be used.
Though high-melting PbSn solder is still ex-
empt from the Restriction of Hazardous Sub-
stances (RoHS), lead-free, more environmen-
tally friendly materials should be preferred.
AuSn on the other hand needs very high solder-
ing temperatures which might pose a risk for
components to be attached. Additionally, it
shows a very high stiffness which can lead to
reliability concerns [Sousa et al. 2014]. Itis not
compatible with a wide variety of component
metallization systems, making it useful for cer-
tain die attach applications but limiting its appli-
cation for complex electronics where also pas-
sives need to be attached.

Electrically conductive adhesives (ECAS) pro-
vide an alternative to solder materials. Their ad-
vantages are easy processing, higher resolution
printing, lower processing temperature, and en-
vironmental friendliness [Aradhana 2020]. Ad-
hesives are suitable for a wide variety of com-
ponent metallization, like Ag, Au, but also non-
metallized component surfaces like ceramics
and bare silicon.

The main components of ECAs are polymer and
electrically conductive fillers. The polymer ma-
trix can consist of thermoplastics like polyimide
and thermosets like silicon, epoxy, or acrylate
resins. The most commonly used filler is micro
silver, used in the form of powder, flakes,
spheres, nanowires or dendrites [Latko-Duratek
etal. 2020].

The type of polymer matrix used determines the
temperature range in which adhesives can be
used. Epoxy-based adhesives can work up to
200 °C continuous operating temperature, while
silicone-based adhesives also withstand tem-
peratures up to 260 °C [McCluskey et al. 1997].

While ECAs can withstand higher temperatures
compared to solders, their thermal conductivity
is comparatively low. Thermal conductivity can
be a critical factor, for example, for high power
applications. It can be altered by the amount
and type of filler content and processing condi-
tions. Hybrid sinter adhesives combine the ad-
vantages of a silver-filled adhesive (thermal-
mechanical stability, low sensitivity to surfaces)
with the high conductivity of a sintered Ag ma-
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terial. The remaining resin content is a key factor
determining the physical properties of the mate-
rial. The transition from an adhesive with very
low resin content to a pure Ag-sinter material is
gradual.

Sintered die-attached connections show highest
thermal conductivity. Processing is more com-
plex because pressure needs to be applied to
the components for the connections material to
properly sinter.

Pressure assisted sintering thus gives the best
high-temperature and high-power performance
but is limited to a certain type of components
and complicates production processes.

5.3 The Future of Production Systems
and Energy Distribution

(Lohweg, V.)

This section provides an overview of the need
for various sensor technologies in the area of fu-
ture sustainable production and energy supply
in the context of a climate-neutral view of vari-
ous technical systems.

Many countries face two fundamental changes
at the same time: digitalization and Artificial In-
telligence (Al), and the conversion of the econ-
omy to climate neutrality and sustainability. The
associated pressure to innovate also harbors a
great opportunity to increase competitiveness.
However, manufacturing companies are faced
with the challenge of ensuring production qual-
ity and quantity at the highest level despite
transformative changes.

Industry 4.0 and Cyber-Physical Production
Systems. To increase sustainability in produc-
tion, many companies focus on the innovative
approach of combining production machine ret-
rofitting [Hemmelgarn et al. 2021], multi-sen-
sory approaches [Kancharla et al. 2021] and Al-
based analyses on effective production
[Ehrhardt et al. 2022]. In specific applications,
process parameters are optimized in order to re-
duce waste, minimize energy and maximize per-
formance.

Individualized production is usually placed in
the context of Industry 4.0 [Terzimehié and Zoitl
2023] or cyber-physical production systems

(Pérez et al. 2015). However, in order to enable
existing production machines to be used in an
Industry 4.0 ecosystem, it is essential to equip
machines with sensors that record the physical
properties of the system. As a rule, hardly any
special sensors are used, but rather mass-pro-
duced, inexpensive elements to detect current,
voltage, forces, movement, structure-borne
noise, etc.

Large-scale industrial machinery applies com-
plex processes to cover the demands put on
them [Otto et al. 2018]. Such processes range
from car manufacturing over newspaper print-
ing up to garment weaving, to name just a few.
The complexity of the machinery applied in such
processes puts subsequent demands on their
handling. In the engineering phase, modulariza-
tion approaches are followed to divide complex
plants into smaller, less complex parts forming
the desired process when operated in the ap-
propriate combination. During operation, the
machineries’ control, supervision, and service
have to be guaranteed reliably.

Within various scenarios mentioned above,
there are of course challenges arising when it
comes to machine condition monitoring with
multiple sources. Besides sensors, hundreds or
thousands of actuators and other sources are
inside those systems [Holst et al. 2021]. Thus,
industrial production processes are clearly to be
categorized as big data applications. Manual
human condition monitoring processing all the
data generated is therefore impossible and is
today to be carried out by multisensory infor-
mation fusion systems (see Chapter 4). Since
signal sources are distributed over the complete
application, all data is to be communicated over
an appropriate network to the condition moni-
toring system [Catenazzo et al. 2018].

Energy distribution. It can be assumed that
major changes are expected in energy distribu-
tion systems and for the society and manufac-
turing by 2030, both throughout Europe and
worldwide. Following the paradigms of sustain-
able, resource-circulating production, a corre-
sponding energy supply with exclusively re-
newable forms of energy will be necessary,
even if these are subsequently used for hydro-
gen generation, for example. This necessarily
means that measurement and sensor technol-
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ogy must be implemented in the aforemen-
tioned processes. The market for sensor tech-
nology will have greatly expanded by 2030.

Essentially, sensors are required for high-cur-
rent and high-voltage measurements as well as
sensors for temperature and power measure-
ment. Here are three examples of the directions
that will drive change processes in the coming
years.

In the United Kingdom, high-voltage direct cur-
rent (HVDC) applications driven by the wind
power industry are on the way. A 443-mega-
watt wind farm was set to power Shetland and
parts of Scotland by mid-2024 [Fairley et al.
2024].

The German government supports companies
and research institutions in the development of
innovative technologies that drive the achieve-
ment of international climate targets. In particu-
lar, the energy research programs of the Federal
Ministry for Economic Affairs and Energy sup-
port the industrial and production landscape in
Germany. The main focus is on energy supply of

industrial plants via intelligent, open DC (direct
current) grids and on DC infrastructure being
implemented. The output of these systems
ranges from a few kilowatts to 2 megawatts
[DC Industry 2024].

Furthermore, the German Commission for Elec-
trical, Electronic & Information Technologies
[DKE] defined guidelines and goals in 2022 to
work on the fastest and most comprehensive
energy transition possible by means of electrical
standardization — with the aim of achieving a
sustainable energy supply. It defines the All
Electric Society (AES) as follows: The DKE's tar-
getimage is the All Electric Society — a world
that is digitally networked and produces elec-
tricity sustainably. The DKE interprets the All
Electric Society as the scientifically based vision
of a CO,-neutral and sustainably developing
world whose energy requirements are covered
entirely by electricity generated from renewable
sources [DKE 2022]. For example, Phoenix Con-
tact in Blomberg, Germany, an electric compo-
nent supplier, is one of the first companies to
demonstrate what is already technologically
possible today [Phoenix 2024].
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6 AMA Innovation Awards

(Schiitze, A.)

AMA, the Association for Sensors and Measure-
ment, has granted the AMA Innovation Award
(Figure 6.1) for ground-breaking innovations in
sensors and measurement science since 2000
[AMA, 2024]. These innovations combine in-
vention, i.e., excellent scientific and technologi-
cal advances, with clear market potential, thus
mirroring the main trends in the field. The award
comes with a prize money of 10,000 € each
year, which is awarded not to the companies,
but to the people responsible for the innova-
tions. Since 2013, a special innovation award is
presented to young enterprises to recognize and
honor new market entries, often spin-offs from
research institutions, and provide wide visibility
for multifaceted developments taking their first
commercial steps.

This chapter reviews the AMA Innovation
Awards presented since 2017, both the award
for young enterprises and the main innovation
award. The structure follows the main chapters
of this study. However, the innovations high-
light the fact that sensors and measurement sci-
ence is very system and application oriented,
thus most innovations actually cover multiple
technological fields to address a specific market
need.

Figure 6.1 AMA Innovation Award (Source: AMA)

6.1 Physical Measurands

Probably one of the last innovations for conven-
tional diesel and gasoline engines before the

transition to e-mobility took hold in the research
departments was awarded with the AMA Inno-
vation Award in 2017, namely the particulate
filter monitoring technology based on radio fre-
qguency (RF) sensing by CTS Corporation and
Filter Sensing Technologies with MIT for on-ve-
hicle applications to meet the latest regulations.
Note, however, that RF and radar sensing solu-
tions are repeated winners with two awards for
young enterprises (Sykno, 2pi-Labs) and one
further innovation award (Scantinel Photonics)
(Figure 6.7) as well as several nominations. Two
other innovation awards in the area of physical
measurements show that even well-known and
established sensor technologies offer potential
for groundbreaking innovations, if their fit for the
intended application is perfect. This certainly
holds for the itherm TrustSens TM37x by En-
dress+Hauser Wetzer, a thermometer with au-
tomatic in-situ and in-process calibration func-
tion, which obviates having to re-calibrate tem-
perature sensors outside the process and, thus,
avoids problems during transport and re-instal-
lation. This is highly relevant especially for steri-
lization applications in the biomedical and food
industries. Similarly, FAMAS, a fast magnetic
angle sensor by Senis, improves existing angle
sensors by integrating a novel algorithm for dig-
itization of the measurement results for practi-
cally unlimited rotational speed. All three inno-
vations also show the importance of combining
sensor principle and data analysis to fit the ap-
plication. The final innovation in this field, which
also received an award for a young enterprise,
the first magnetic quantum sensor for industrial
applications (QT-RH105 by Quantum Technol-
ogies) indicates the increasing importance of
guantum technologies 2.0 for sensing, where
further leaps in improvement are expected es-
pecially for magnetic and gyro sensors (Fig-

ure 6.2).

Four further awards in this field were given to
young enterprises, two of which use foil based
thin-film sensors, one with nanotechnology lay-
ers (CelLaGo), the other making use of electroac-
tive polymers (mateligent iDEAS, Figure 6.3),
while the other two both address high-resolu-
tion position measurements, but for very differ-
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ent applications with very different technical so-
lutions. AIM Systems offers a novel measuring
system for non-contact inline measurement of
the coating thickness of Li ion batteries based
on thermo-optical interference, while Sykno
measures vital parameters — heartbeat, respira-
tion rate and even heart sounds — with radar-
based distance measurement as an alternative
to adhesive electrodes used in conventional
ECG.

Figure 6.2 AMA Innovation Award 2023 Quantum
Technologies GmbH. From keft to right: Prof. Dr. An-
dreas Schiitze (Jury Chairman), Dr. Lutz Langguth,
Romy Miiller, Dominik Rajspp, Dr. Robert Staacke
(all Quantum Technologies GmbH), Peter Krause
(AMA Chairman of the Board). (Source: AMA)
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Figure 6.3 FlexSense - Electroactive Polymer (EAP)
stretch and pressure sensors (Source: Alexander
York, mateligent iDEAS)

2017: Radio Frequency Diesel and Gasoline
Particulate Filter Sensor (CTS Corporation / Fil-
ter Sensing Technologies, Inc./Massachusetts
Institute of Technology)

2018: Thermometer with automatic in-situ and
in process calibration function (Endress+Hauser
Wetzer GmbH + Co KG/TU Ilmenau)

2020: FAMAS — FAst Magnetic Angle Sensor
(SENIS GmbH)

2023: Innovation Award and Young Enterprise:
QT-RH105: First magnetic quantum sensor for

industrial applications (Quantum Technologies
GmbH)

2018, Young Enterprise: Customized thin film
foil strain gauges with high sensitivity (CeLaGo
Sensors GmbH with University of Applied Sci-
ences Saarland)

2023: Young Enterprise: Photothermal inline
measurement for battery electrodes (AIM Sys-
tems GmbH)

2023: Young Enterprise: Non-contact measuring
system for breathing, heartbeat and heart
sounds (Sykno GmbH)

2024: Young Enterprise: FlexSense — Electroac-
tive Polymer (EAP) stretch and pressure sensors
(mateligent iDEAS GmbH with ZeMAgGmbH
and Saarland University, Figure 6.3)

6.2 Biochemical and Chemical Measur-
ands

Seven innovations received the AMA Innovation
Award in this field, almost one in every year.
This is an indication of the wide spectrum in this
field, but perhaps also of the greater maturity of
solutions in the physical domain. The awards
are evenly spread between the gas and the
liquid phase with three and four awards respec-
tively. The great difference is that all four inno-
vations for gas sensing offer a broad application
spectrum, while the three innovations for the
liquid phase are fairly specific with two ad-
dressing monitoring of brewing processes

(Plan B by Senorics, also honored as winner in
the category Young Enterprise, and InQGuard
Brew QWX43 by Endress+Hauser), the third
targeting lubrication and hydraulic oils (fluid-
FOX by MicroResonant Technologies, also dou-
ble winner as Young Enterprise). The first three
innovation awards for gas sensor solutions
seem to indicate that this is a field for large
companies (the highly integrated BMEG80 mul-
tisensor by Bosch Sensortec and dielectric exci-
tation gas sensing by GE Research) or consortia
(NDIR gas sensor technology platform by Mi-
cro-Hybrid Electronic, Siegert TFT and bmicrons
together with CiS Forschungsinstitut) which
also reflects the complexity in gas sensing with
large concentration ranges and highly complex
gas matrices. However, in 2024, Faradaic Sen-
sors received the award for Young Enterprises
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with their Micro-Electro-Chemical Sensor
(MECS) (Figure 6.4) technology showing that
even in this field, novel solutions find their way
from research institutes to the market via spin-
offs.

2018: Bosch BMEG8O — first miniaturized, inte-
grated chemical gas sensor (Bosch Sensortec
GmbH)

2019: Innovation Award and Young Enterprise:
Plan B — a compact analytical system for micro-
breweries (Senorics GmbH)

2020: Innovation Award and Young Enterprise:
fluidFOX — the clever online fluid analyser (Mi-
croResonant Technologies GmbH)

2021: Dielectric excitation gas sensing (General
Electric Research Center)

2021: InQGuard Brew QWX43 — multiparame-
ter measurement as a cloud-based sensor for
fermentation (Endress+Hauser SE+Co. KG)

2022: Technology platform for highly reliable
NDIR gas sensor systems (Micro-Hybrid Elec-
tronic GmbH, CiS Forschungsinstitut, Siegert
Thin Film Technology GmbH, 5microns GmbH)

Figure 6.4 Micro-Electro-Chemical Sensor (MECS)
technology (Source: Faradalc Sensors GmbH)

2024: Young Enterprise: Micro-Electro-Chemi-
cal Sensor (MECS) technology (Faradaic Sen-
sors, Figure 6.4)

6.3 Electronics, Information Technolo-
gies, Communication

This field is obviously a domain for young enter-
prises, which is mainly due to the fact that, here,
we find enabling technologies applicable for
various markets and applications and some-

times with seemingly narrow applications such
as the THz absolute power detectors by SLT
Sensor und Lasertechnik. But this technology
contributes significantly to extending the use of
THz sensing and spectroscopy by enabling
comparison of different THz sources and sys-
tems. Similarly, the innovations by 2pi-Labs and
Ackision enable technologies allowing new ap-
plications. These then address primarily physi-
cal measurands in the case of the D-Band
FMCW Software Defined Radar — such as pm-
accurate distance measurements, high-resolu-
tion thickness measurements, radar imaging for
NDT or precise material characterization for pro-
cess control — and (bio-)chemical measurands
with the FUSE technology, a fast and low-noise
current measurement down to femtoampere
with large dynamic range. The latter is espe-
cially interesting for different GC and IMS detec-
tors to improve the overall system performance
in terms of detection limits, linearity, and resolu-
tion. Other innovative solutions result from the
use of advanced signal processing and analysis,
making use of machine learning for measure-
ment applications. Two examples are the inno-
vations by SENVISYS and HCP Sense: vibration
analysis in combination with Al is used to in-
crease safety at railroad crossings while the
“sensor bearing without a sensor” addresses
bearing condition monitoring offering load and
lubrication state determination without addi-
tional mechanical parts by integrating imped-
ance spectroscopy (Figure 6.5).

2017:Young Enterprise: Detectors for absolute
power measurement in the THz spectral range
(SLT Sensor- und Lasertechnik GmbH with
PTB)

2018, Young Enterprise: Efficient security for
level train crossings using vibration analysis
(SENVISYS GmbH)

2021: Young Enterprise: 2nSENSE — D-Band
FMCW Software Defined Radar (2pi-Labs
GmbH)
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Figure 6.5 Sensor bearing without a sensor
(Source: HCP Sense GmbH)

2022: Young Enterprise: Sensor bearing without
a sensor — measure rolling bearing forces within
the existing installation space (HCP Sense
GmbH, Figure 6.5)

FUL nsests

Figure 6.6 FUSE - Capture femto to microamperes
quickly and with low noise (Source: Ackision GmbH)

2022: Young Enterprise: FUSE — Capture femto
to microamperes quickly and with low noise
(Ackision GmbH with Leibniz University Hanno-
ver, Figure 6.6)

6.4 Manufacturing Technologies

The Innovation Award winner 2024 (Figure 6.7)
is a prime example for heterogenous integra-
tion. The photonic integrated FMCW single chip
LIDAR by Scantinel Photonics opens new appli-
cation fields for the well-known LIDAR principle
for ambient sensing by integrating the neces-
sary optical and electronic components on one
single chip. This offers advanced miniaturization
and greatly reduced costs to open up new ap-
plications for LIDAR beyond autonomous driv-

ing, i.e., in robotics and household appliances
for autonomous lawnmowers or vacuum clean-
ers.

2024: Photonic integrated FMCW single chip
LIDAR (Scantinel Photonics GmbH)

Figure 6.7 AMA Innovation Award 2024. From left to
right: Prof. Dr. Andreas Schiitze (Jury Chairman),
Jin Wang, Dr. Michael Richter (both Scantinel Pho-
tonics GmbH), Peter Krause (AMA Chairman of the
Board) (Source: AMA)

This brief overview can only show a few of the
exciting innovations in the field of sensors and
measurement science. Many more can be found
in the complete list of nominations and applica-
tions for each year's AMA Innovation Award.
Also, the level of innovation cannot be de-
scribed in the few lines here, which can only
highlight the main focus of each innovation.
When looking more closely, many innovations
could also be assigned to other categories be-
cause physical and (bio-)chemical measurands
require significant improvements of electronics,
system integration and/or data analysis to
achieve their full performance. All of the innova-
tions, however, demonstrate the interdiscipli-
nary nature of sensing and measurement, span-
ning the spectrum from physical and chemical
basics and principles over material science and
systems engineering to metrology and data
analysis. And all of these innovations provide
valuable solutions for improving science and
technology and, ultimately, our society.
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Annex

Table A1: Comparison of different assembly and connection technologies for high-temperature use

Technology Maximum operation Advantage Disadvantage
temperature Tnax
Anodic Bonding >400°C Extremely high shear High voltage
[BRI-2004] strength [BRI-20041)
Eutectic Bonding ~350 °C Low bonding tempera- Oxide layer removal
Au/Si [LI-2017] ture required
TLP-Bonding (FlipChip) 400 °C higher resulting melting Comparatively low
Au/Sn [AAS-2010] temperature shear strength
TLP-Bonding (FlipChip) 675 °C [LIU-2011] Higher resulting melting Comparatively low
Cu/Sn 415°C temperature shear strength
[CHE-1994]

TLP-Bonding (FlipChip)
Au/In

400 °C [WEL-2010]
454 °C [LEE-1993]

Higher resulting melting
temperature

Comparatively low
shear strength
[0TT19]

TLP-Bonding (FlipChip)
Ag/In

500 °C
[CHU-2002]

Higher resulting melting
temperature

Comparatively low
shear strength

Reactive multi-layer
foil

515 °C [0TT-2023]
1000 °C [IND-2021]

Flexible foil activation

Not automated yet

Silver sintering

900 °"C [KRA-2013]
960 "C [HAD-2023]

High thermal and elec-
trical conductivity

Expensive

Ceramic adhesives
(Zr0y)

2200 °C [FIN-2021]

Extremely high temper-
ature range

Low high tempera-
ture adhesive

strength
High-temperature 260 °C Inexpensive Outgassing possible
epoxies [FIN-2023]
Wire bonding 200 -300 °C Inexpensive, high adhe- Corrosion, electro-

Al/Al (pad/wire)

[GRY-1994, JOH-2008]

sion

migration

Wire bonding
Al/Au (pad/wire)

125 °C [HEI-2013]

Reliable, frequently
used

Pore growth, inter-
metallic phases

Wire bonding 250 °C Halide avoidance influ- Hard, galvanic corro-

Al/Cu (pad/wire) [B1S-1984] ences corrosion sion

Wire bonding 200°C No Kirkendall voids Interdiffusion zone

Al/Pd (pad/wire) [TIJ-1999] at high temperature
possible

Wire bonding 150 °C More stable in a vacuum Oxygen content in-

Cu/Al (pad/wire) [HO-2023] fluences strength

Wire bonding 250 °C pad microstructure de- Strength-reducing

Cu/Au (pad/wire) [HAR-2010] termines strength ductile phase
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Technology

Maximum operation
temperature 7ux

Advantage

Disadvantage

Wire bonding 150 °C No inter-matallic phases Oxidation at high
Cu/Cu (pad/wire) [HEI-2013] temperature

Wire bonding 250 °C Tmox higher than Al/Au; From 5 um: Au pad
Au/Al (pad/wire) [JOH-2008] for pad thickness > 1 pum degradation

Wire bonding
Au/Au (pad/wire)

500 °C [SAL-1998]
515 °C [0TT-2023]

Very corrosion-resistant,
diffusion advantageous

Expensive

Wire bonding 350 °C Tensile strength equal Expensive, high con-

Au/Pt (pad/wire) [HEI-2013] to Au/Au tact pressure

Wire bonding (250...350) °C No brittle intermetal High hardness

Au/Pd (pad/wire) [HEI-2013] phases, fast process

Soft soldering <450°C Widely used Susceptible to oxide
[DIN-2023] surfaces

Hard soldering

450 °C < Tmax <900 °C
[DAV-2021]

More stable than soft
soldering

High thermal load

High temperature sol-
dering

>900°C
[DIN-2023]

More stable than hard
soldering

High thermal load

Glass soldering

(350..700) °C

Gas-tight, chemically re-

Primarily limited to

IMUL-2022] sistant glass materials
Welding 515 °C Suitable for a variety of Conductivity, hard-
[0TT-2023] materials, automatable ness defines

strength
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pflegt den Innovationsdialog auf der Fachmesse SENSOR+TEST sowie der SMS| 2025 — Sensor and
Measurement Science International.

Der VDI

Sprecher, Gestalter, Netzwerker

Seit mehr als 165 Jahren gibt der VDI wichtige Impulse fUr den technischen Fortschritt. Mit seiner
einzigartigen Community und seiner enormen Vielfalt ist er Gestalter, Wissensmultiplikator, dritt-
grofdter technischer Regelsetzer und Vermittler zwischen Technik und Wissenschaft, Wirtschaft und
Politik. Er motiviert Menschen, die Grenzen des Maglichen zu verschieben, setzt Standards fir nach-
haltige Innovationen und leistet einen wichtigen Beitrag, um Fortschritt und Wohlstand in Deutsch-
land zu sichern. Der VDI gestaltet die Welt von morgen — als Schnittstelle zwischen Ingenieurinnen
und Ingenieuren, Wissenschaft, Wirtschaft, Politik und Gesellschaft. In seinem einzigartigen multi-
disziplinaren Netzwerk mit rund 130.000 Mitgliedern bindelt er das Wissen und die Kompetenzen,
die notig sind, um den Weg in die Zukunft zu gestalten.
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