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Stretchable electronics being a fast growing and developing field both commercially and
as a study field, the need to put effort on quality increases. Because stretchable electronics
is also rather a new field, there are no tester, standard or practices ready but all must be
designed and created. Because of this, the data handling has been done manually and the
surplus of data is laborious to handle.

This thesis was written in a Finnish stretchable electronics company and is a part of the
internal development of the company. The goal was to design a universal test electronics
to act as an interface between a tester and a PC in an automated test system. The first
phase in the project was to choose components and design the schematics of the test
electronics. The second phase was to write embedded software for the test electronics in
C-language. Lastly, the software was tested by performing measurements on three
stretchable samples in a so-called Press & Bend test.

The developing of the automated test system will continue and the universal test
electronics and the embedded software are an integral part of the system. This thesis has
provided a good basis for the test system and offered insight on how the developing
should be continued.
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Koska venyvi elektroniikka on nopeasti kasvava ja kehittyva ala seké kaupallisesti etti
tutkimuksessa, laadukkuuteen panostamisen tarve kasvaa. Koska venyva elektroniikka on
suhteellisen uusi ala, valmiita testilaitteita, standardeja tai kéytdnt6ja ei ole vaan
testausmenetelmat laitteineen pitdd suunnitella ja luoda itse. Téstd syysté tiedonkdsittely
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1. INTRODUCTION

Stretchable electronics have the possibility to transform the way we think about
electronics. Instead of traditional, rigid semiconductor chips in consumer electronics,
using materials that can stretch, bend and conform to different shapes creates exciting
possibilities for example in health care industry, wearables, screen technologies and
energy harvesting, to name a few. There are soft biocompatible sheets for devices in
health care industry [1], stretchable transistors [2], stretchable LEDs [3], smart stretchable
sensors [4], stretchable energy harvester [5], stretchable energy-storage devices [6] and
human-machine interfaces [7]. In health care possible applications are for example
artificial skins [5] and prosthetics [4, 8]. As an example, two stretchable LED display
devices which use mesh designs with microscale inorganic LEDs or stretchable
interconnects with organic LEDs is shown in figure 1.

—5mm

Figure 1. Stretchable LED devices with either a mesh design of microscale inorganic
LEDs (left) or OLEDs with stretchable interconnects (right) [9]

Because stretchable electronics is fairly new as a commercial field, there is still a lot to
study. Materials and their possible combinations in a sensor stack require more testing to
know for which application is the stack the most suited. Stretchable electronics does not
have any standards of the field of its own and therefore the testing itself still needs more
studying. Additionally, the large amount of test data has still been handled manually and
is often very time-consuming and taxing. Then it was decided in the stretchable
electronics company, in which this thesis was written, that an automated test system will
be developed for quality assurance testing. This system will control a tester and collect
test data. Then it will parse the data and pass it on to a PC. A part of the automated test
system is a so-called Universal Test Electronics (UTE), which acts as the interface



between testers and samples and a PC. The goal of this thesis was to design the hardware
and software of the UTE.

First, in chapter 2, the basics of stretchable electronics are discussed. The chapter presents
the material components in a stretchable product and the most common material that are
used in them. After the basics, the topic in the chapter is capacitive and resistive
measurements in stretchable electronics. The effect that stretching has on the capacitance
or resistance are examined and possible methods to measure either capacitance of
resistance are presented.

Chapter 3 focuses on quality assurance and testing. Before learning about the testing of
the stretchable electronics and how quality assurance is taken into consideration there,
the theory of quality is discussed. Aspects on how the quality can be defined are explored
and then how stretchable electronics testing methods are used to test these aspects.

The hardware and software design of the automated test system is focused on in chapter
4. After setting the requirements for the system, the hardware design process is discussed.
The choices for components are justified and the schematic is presented. Next, the basics
of Bluetooth communication and the software design for the application is discussed.

In chapter 5, the application software is tested. A test measurement was performed using
the application software to prove that the software works. A few of the measurement
results are presented and analysed to some extent. The pros and cons of the software and
possible developments are also discussed. Chapter 6 continues this discussion. Chapter 6
is the conclusion, where this thesis work is summarised, and the future development ideas
are presented.



2. STRETCHABLE ELECTRONICS

For at least the last ten years stretchable electronics has been thought as the “next big
thing” in the field [1]. Although not yet stretchable, the first developments on flexible
printed electronics were made in the beginning of 1990s [10,11]. The electrical
characteristics in both solutions were insensitive to mechanical strain such as bending and
twisting. The first actual steps on stretchable electronics were taken at the end of 2000s
[1,9] and thus the concept of electronics that could be stretched was created.

Stretchable electronic devices that have high performance and elastic mechanical
responses are highly desirable for next-generations applications, such as stretchable
transistors [2], stretchable LEDs [3], smart stretchable sensors [4], stretchable energy
harvester [5], stretchable energy-storage devices [6] and human-machine interfaces [7].
There is huge interest in stretchable electronics also in the medical and healthcare
industry. In the hopes of promising applications in artificial skins [5], prosthetics [4, 8],
human-activity monitoring [2] and personal healthcare [2], stretchable electronic devices
with multiple functionalities have been developed in large-area arrays that mimic the
properties of human skin [4,7]. The structures of two example applications are illustrated
in Figure 2.

PDMS
SWNT-film

Porous PDMS
PDMS Spacer

SWNT-film
PDMS

Figure 2. The structures of an energy harvesting electronic skin [5] (left) and an all-
elastomeric transparent and stretchable device [2] (right)

2.1 Structures and materials for stretchable electronics

There have been three different approaches to fabricate stretchable electronic devices and
devise arrays under study. Firstly, obtaining stretchable components by geometric
engineering of non-stretchable but flexible components, secondly, combining non-
stretchable and stretchable components and thirdly, stacking only stretchable
components. The fabrication via the first or the second approaches are very complicated
and costly, give low yield and are difficult to control. Moreover, the stretchable metal
interconnects and circuits in these approaches require large areas, which may lead to low
device density. Therefore, it is an important challenge to develop stretchable electronic



devices that are based on intrinsically stretchable components. The components need to
have intrinsically large mechanical deformability, reliability, integrity, good adhesion,
simple fabrication processes, low cost and high yield, and they do not require structural
engineering. [4,7]

Stretchable electronics consist of a number of different materials. Substrates, electrical
conductors, adhesive layers and protective layers all have different physical, mechanical
and chemical properties. Taking all into consideration makes it challenging to combine
the materials into a device, especially mechanically. [12]

Stretchable circuits are produced on a new class of substrates called elastomers.
Elastomers are highly elastic polymers, and they can stretch several times their original
length and recover their initial state in a reversible way. [ 13] Furthermore, elastomers are
rather cheap materials, which makes them desirable in mass production [12]. Common
elastomers are silicones, polyurethanes, polyvinylidene fluoride (PVDF) and acrylics
[13]. One of the most commonly used materials is a silicon called polydimethylsiloxane
(PDMYS). It has many desirable qualities to stretchable electronics such as bendability,
twistability and stretchability. In addition, it is a good electric insulator. [14] Another
common material is thermoplastic polyurethane (TPU). TPUs are strong, tough, elastic
and resistant to abrasion. In addition, it can be moulded by heat into almost any shape.
[15] Figure 3 shows an example of four differently encapsulated stretchable
interconnects, which are all printed on TPU substrate. Interconnects are either partially
or entirely dielectric ink-coated or heat-laminated with TPU.

Figure 3. Screen-printed interconnects on TPU substrate. Encapsulation is either
partially (A) or entirely (B) dielectric ink-coated or partially (C) or entirely (D)
TPU heat-laminated. [12]

Adhesives are used in stretchable electronics for several purposes such as attaching rigid
components on stretchable surfaces, creating an electrical contact and mounting
additional parts e.g. protective layers and supportive structures. Mechanical connecting
1s accomplished using non-conductive adhesives (NCAs). NCAs help to increase
connection durability by making the joint stiff and thus help the joint to endure more
stress and distribute stress to a wider area. Electrical connections can be formed by
contacting pads together with NCAs or a compression joint. [16,17] However, a more
advanced choice is to use conductive adhesives, which are normal adhesives enriched



with conductive filler, or solders. Conductive fillers are for example metallic or
metallized particles. Unfortunately, conductive adhesives and solders have poor
mechanical properties and require NCAs to be used with them. [18] Providing protection
and support is performed either with a low viscose adhesive or a polymer resin which
forms a bubble over the module or by making a case with methods like 3D printing or
injection moulding. [19]

As for the conductive materials, there are two types. The first group includes intrinsically
soft materials, for example conductive polymers (e.g. polyaniline) [20], liquid metals (e.g.
Eutectic Gallium-Indium, EGaln) [21] and conductive composite materials (e.g. carbon
nanotubes) [22]. The second group consists of rigid solid metals and inorganic
compounds. [12] All the materials have some advantages and disadvantages. Polymers
and composite materials lack in conductivity or require post-processing, whereas liquid
metals, while being good conductors, are quite expensive [23]. On the other hand, rigid
metals are traditionally used because of their low resistivity and high thermal
conductivity, but in bulk they lack flexibility and stretchability. [12]

The conductive traces can be embedded in substrates in several ways such as etching [24],
screen and stencil printing [ 12], and inkjet printing [20] among others. [25] Inkjet printing
is rather a flexible and versatile solution for low-viscosity inks and does not require
mechanical contact with substrate. Screen printing uses paste-like materials and produces
thick, patterned layers. Printing quality depends on the characteristics of the ink, e.g.
viscosity, surface energy and particle size. [26] Because the nozzles of an inkjet printer
may become clogged with too thick ink, and because low-viscosity inks are more
challenging to develop than thicker paste-like inks, screen printing is more commonly
used in production than inkjet printing. However, more nanoparticle inks are being
developed, which may increase inkjet printing in the future.

2.2 Capacitive measurement in stretchable electronics

The structure of a capacitive sensor is presented in Figure 4. A capacitor consists of two
parallel conductive plates, which in stretchable electronics are printed on a stretchable
substrate with conductive ink, and a dielectric between them. The dielectric can be either
air or some other medium. The capacitance, C, is given by

Eo&rA

=" M

where ¢, is the absolute permittivity, ¢ is the relative permittivity of the dielectric between
the plates, 4 is the area of the plates and d is the distance between the plates. Two types
of capacitive sensors exist depending on whether the distance between plates is fixed or
not. [27, pp.318-319]



Conductive plates

d Dielectric

Figure 4. The structure of a capacitor

Capacitive measurement is commonly used in displacement sensors. One of the plates
has a fixed position and the relative motion of the other plate changes the capacitance.
Depending on the solution, either the distance between the plates or the area of the plates
is the changing factor. When the distance between plates is variable, the affecting force
is perpendicular to the plates [27, pp.318-319]. The other option is that the affecting forces
are in parallel to the plates. The plates move in relation to the other and thus change the
area in which the plates overlap. The most common applications for this kind of sensors
are measuring displacement directly or pressure, sound or acceleration as part of the set
of instruments. [27, pp.318-319]

The alternative is that the distance between the plates is fixed. The variations in
capacitance are achieved by changing the dielectric constant of the material between the
plates. Two of the most common applications are a humidity sensor, where the dielectric
medium is air where the moisture content of the air is measured, and a liquid level sensor,
where the dielectric is partly liquid and partly air. [27, pp.318-319] This alternative,
however, is not currently relevant in stretchable electronics and therefore not discussed
more in this thesis.

An unknown capacitance can be measured by connecting it in series with a known
resistance and powering them at a known frequency. The voltage drops across both the
resistor and the capacitor are measured with an alternating current (AC) voltmeter. The
capacitance value is then given by

Vr

C = (2)

2nfRV,




where V, and V. are the measured voltage drops across the resistance and capacitance, f
is the frequency of the voltage from the power source and R is the known resistance. [28,
pp-229-230]

Another option is to measure the time constant of the capacitor in a RC circuit [28, p.
230]. The capacitor is in series with a known resistor and while the capacitor is charged,
the voltage drop across it is monitored. A target voltage is defined and the time for the
voltage drop across the capacitor to reach the target voltage is measured. The capacitance
can be calculated with

V=V, [1-e re] 3)
where Vis the voltage drop across the capacitor, V,, is the target voltage, ¢ is the measured

time, R is the value of the resistor and C is the value of the capacitor. [29] Schematics for
both these measuring methods are shown in Figure 5.

v(t)

Figure 5. Schematic to measure capacitance with AC voltmeters (A) or with time
constant of RC circuit (B)

Generally, when a sheet is stretched the distance between electrodes decreases. Hence
according to formula 1, the capacitance must increase. However, when bent, the
capacitance does not change linearly but as a function of the bending angle. [8] According
to Park et al. [8] the increase in bending angle causes the capacitance to increase as well.

2.3 Resistive measurement in stretchable electronics

There are several ways to measure an unknown resistance. The choice of which of them
to use depends on the range in which the unknown resistance is, the required accuracy
and the equipment available. The most commonly used for medium value resistances are
direct current (DC) bridge circuits such as Wheatstone bridge and deflection-type bridge.
Deflection-type bridge circuit is shown in figure 6. The circuit is powered with DC



voltage Vi. R, is the unknown resistance and R; has the same value as the nominal value
of the unknown resistance. R, and Rj; are equal resistances of a known value. When R,
changes, the output voltage V, changes as well and the R, can be calculated with

Ry Ry

Vo= Vi m ~7ars)" (4)

Vo

Figure 6. A deflection-type DC bridge [28]

Bridge circuits are the most accurate measurement methods and they are particularly
useful in converting changes in resistance into voltage signals. The second option is to
use various meters, e.g. voltmeter-ammeter method, resistance-substitution method and
digital voltmeter or ohmmeter. In voltmeter-ammeter method both voltage and current
are measured, and the resistance is calculated with Ohm’s law. Resistance-substitution
method means that the unknown resistance is replaced by a variable resistance and its
value is adjusted until the voltage and current are the same as for the unknown resistance.
Then the variable resistance must be equal to the unknown resistance. [28]

The sheet resistance of printed, stretchable electronics increases when the sheet is either
stretched or bent in some way. [8,30,31] If a printed, stretchable sample is considered as
any electrical conductor, its resistance can be presented with formula 5, where p is the
resistivity of the conducting material, / the length of the conductor and A the cross-
sectional area of the conductor [32]. If a sample is stretched, the length of the conductor
increases and the cross-sectional area decreases. Therefore, as can be seen in the formula
5, the resistance will become greater.

R=#& (5)



Stretching a sample causes tiny fractures in the conducting material, which inevitably
increases the resistance. In addition, these fractures lengthen the conductor, which makes
the resistance increase even more. [30] Another factor in the resistance of printed
electronics is the consistence of the ink. The fewer conductive particles in the ink, the
greater resistance in the conductor. [31] A study from J. Li et al., which results are
presented in figure 7, showed that the sheet resistance of a stretchable conductor increased
only a little when the conductor was stretched 30% but after that until 80% strain the sheet
resistance increased steadily [33]. When the conductor was stretched and relaxed in
cycles, both the baseline resistance (at 0% strain) and the peak resistance increased
already after 100 cycles and even more after 800 cycles.

b 36
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Figure 7. Resistance measurement from a study from J. Li et al. [33] a) Sheet
resistance (Q/m?) of two composite electrodes with increasing strain. b)
Resistance between 0% and 30% strains for 15 Q/m’ composite electrode during
800 stretching cycles.
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3. QUALITY ASSURANCE

The definition of quality depends on the perspective. When considering product
development in a company of engineering, quality can be considered as the fulfilment of
customer’s needs in the way that is as efficient and profitable as possible to the company.
According to Olli Lecklin, David A. Garvin defined, in Harvard Business Review in 1987,
8 different dimensions to product quality, which are performance, special features,
reliability, uniformity, durability, maintainability, aesthetics and perceived quality. [34]
On the other hand, Paul Lillrank states that quality is relative, as it shows results of various
comparisons: expectation vs. realisation or need vs. satisfaction for example. Therefore,
it is important to have different scales and measurements on which the evaluation of a
product or service can be based. [35, pp.24-25]

The first of the eight dimensions of quality is performance, which refers to the operating
characteristics of a product, e.g. how accurately a sensor measures something or how fast
it reacts. This attribute of quality can be compared between products fairly easily, because
usually the characteristics are measurable. However, which of the products is of the
highest quality still depends on the particular use. Sometimes a fast notification from
sensor is more important than the most accurate reading and sometimes accuracy
outweighs time. The second dimension is features, which often is considered as a
secondary aspect of performance. Features are characteristics in products that supplement
their basic functionalities and they also include measurable attributes. One feature is
rarely the deciding factor in the quality of a product but offering choice in features
increases the feel of quality. Reliability, the third dimension, considers how probably a
product malfunctions or fails in a specific time period. This dimension is important to
customers, since product downtime and maintenance will bring costs. The fourth
dimension is conformance. Conformance states the level where a product meets its
specification. Every product has a specification that says what it should do and how, e.g.
does a sensor measure pressure or touch. This is important to remember, because without
conformance, the product does not meet with what was promised. [34]

Durability, the fifth dimension, measures a product’s life expectancy. Nowadays, when
environmental issues bear increasing amount of effect on decision, durability is not only
a financially important aspect. Generally, a product of good quality has a long life and is
repairable and, when discarded, recyclable. The sixth dimension, serviceability, relates to
this as well. Serviceability has an impact on the speed, competence and ease of repair
when a product breaks. Furthermore, concerning company’s support functions,
serviceability needs to be considered as early as in the design phase of the product. When
a component in product breaks down, can it be replaced, and are customers able to do it
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themselves? How easily a product can be repaired affects the speed of service even when
it is performed by professionals. [34]

Aesthetics and perceived quality are the last two and the most subjective dimensions.
Aesthetics is the appearance, feel, sound, taste or smell of a product and a matter of
personal preference, although there are also some general patterns. Perceived quality can
be affected by image, advertising and brand. Both dimensions are hard to measure but
have a clear effect on sales. [34]

Managing quality can be divided into quality assurance (QA), quality control (QC) and
quality standards. Quality assurance means ensuring that adequate systems, procedures
and control documents are used to meet the quality criteria set by the management. QA
can be summed up in one basic principle, which is to get it right the first time and every
time after that. Whereas QA focuses on processes, quality control focuses on products.
QC is about finding the defects in products and correcting them. This is done by finding
and eliminating sources of defects by the means of certain tools and equipment. [36,
pp-18-19] Both QA and QC can be thought of as data handling. In order to ensure
sustaining quality, you need to have data or knowledge about the goals and expectations,
the current state of the affairs and the methods are needed, i.e. how different processes
affect reaching the goals. [35, pp.24-25] International quality standards ISO 9000, ISO
9001 and ISO 9004 address different aspects in quality management and provide tools
and guidance for companies and organisations to ensure consistent quality and ongoing
improvement. ISO 9000 contains the fundamentals and vocabulary and ISO 9001 the
requirements of quality management systems, whereas ISO 9004 focuses on the quality
in an organisation. [37,38]

3.1 QA in stretchable electronics

Although stretchable electronics has been studied for some time now, as a commercial
field it is still in its infancy. Few people are focusing on developing practical applications
and therefore there has not been enough personnel for reliability studies. Since there is no
earlier experience, no general customs of the field have been formed. [14] Furthermore,
there are no standards concerning testing or quality assurance in stretchable electronics,
although some standards that cover electronics or material testing can be used for
stretchable electronics as well. In addition, even though there are some usable standards,
there are no general boundary values to determine whether something is acceptable
quality or not. This causes challenges, because the available data needs to be analysed
individually for every project. [39] Another issue is fabrication techniques. Most of the
currently used techniques are closer to handicraft than efficient, automated production.
Thus, to develop testing, processing and especially repeatability requires great efforts, or
else future development and commercialisation will be hindered. [14]
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Currently, stretchable electronics are tested by exposing them to various stresses such as
stretching, bending, twisting and pressing or to environmental changes such as heat and
moisture. Pictures of these different stresses are shown in figure 8. Stress can be either
cyclic or static and in environmental testing there can be different profiles of how the
conditions change. [39] Tests are used in initial material selection and qualification, in
life prediction [40, pp. 390-392] and in proving functionality. Characteristics, which are
studied, include durability, endurance, functionality, and performance among others. [39]
Chapters 3.2 to 3.5 will review various tests against different needs in quality assurance.

In order to monitor the previously mentioned characteristics during testing, for example
to know if a sample breaks, electrical characteristics are measured continuously. The
electrical characteristics, which are measured, are mainly resistance or capacitance.
Common ways to measure capacitance and resistance were discussed in chapters 2.2 and

2.3 respectively.
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Figure 8. Different stresses, which are used in the testing of stretchable electronics.
A) stretching, B) twisting, C) pressing and D) bending a sample and E) an
environmental chamber.

3.2 Mechanical testing

Mechanical tests are performed on both materials (like substrates, inks and adhesives)
and end products. By exposing the materials to stress, it can be tested how they withstand
stress and how they recover from it. An example of a stretchable circuit under mechanical
stress is presented in figure 9, where a stretchable silicon circuit is compressed in the
centre by a glass capillary tube. If a substrate is not durable enough, it either breaks or
loses its shape, which can either be seen, felt or measured in dimensions of the device
under test (DUT). If an electrical connection, i.e. ink, cannot withstand the stress, the
connection may break. This can be detected by measuring the resistance of the connection
or even by the human eye. Sheet resistance increases when a DUT is stretched and after
repetitive stretching also the baseline resistance increases. Hence, it can be deduced that
the connection has broken if the resistance increases suddenly. If an adhesive between the
connections or a connection and a component breaks, it can be seen or at least detected
when the electrical connection is lost. Since determining anything by the human eye is
slow and hard, other visual detection techniques could be considered. For example,
defects could be detected with image recognition software from microscopic images of
the DUT.
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Figure 9. A glass capillary tube compressing a stretchable silicon circuit [2]

3.3 Environmental testing

In addition to mechanical stress, durability is tested with environmental tests [39].
Changes in temperature, humidity or pressure can cause materials to behave differently.
For example, some elastomers may grow denser and embrittle or soften when they are
exposed to heat [41]. Tests can be designed based on particular use cases but there are
standardised tests as well. Standards include IEC 60068-2 series and JESD22-A101
among others. IEC 60068-2-1 is called a cold test and its objective is to determine the
ability of a DUT to be used, transported or stored at low temperatures [42]. In the cold
test, the DUT is exposed to a temperature between -65°C and +5°C for the duration of 2-
96 hours. Measurements may be performed on the DUT either during or after the cold
test if specified but the DUT must not be removed from the test chamber.

Another example of environmental test standards is IEC 60068-2-30, which is called a
cyclic damp heat test [43]. The test comprises one or more cycles in which the relative
humidity is maintained at 90 % or higher. A graph of test conditions during one cycle of
the test is presented in figure 10. The temperature is increased from 25°C to either 40°C
or 55°C for the first 12 hours until it is decreased back to 25°C and maintained there until
24 hours is full. The scope of this standard is determining the suitability of a DUT for
use, transportation and storage under the test conditions, where temperature changes and
condensation will appear on the DUT surface.


http://www.jedec.org/sites/default/files/docs/22a101c.pdf
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Figure 10. The conditions during one test cycle of SFS-EN 60068-2-30 Damp
Heat test [43]

Lastly, JESD22-A101 is a steady-state temperature humidity life test and its purpose is to
evaluate the reliability of non-hermetic packaged solid-state devices in humid
environments [44]. The test is also known as 85-85 test, because the test temperature and
the relative humidity are 85°C and 85%. The test lasts usually for 1000 hours and is
performed in a test chamber that has the capability to maintain steady conditions while
providing electrical connections to DUT. 85-85 test is also used as an aging test. The goal
is to study the long-term effects of use in a shorter time by estimating the lifespan of a
DUT in an accelerated manner and performing tests between periods of aging.
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3.4 Durability vs. endurance

Both durability and endurance are tested with mechanical and environmental tests.
Durability and endurance are often used interchangeably and the difference between them
is small. Durability can be defined as the ability to resist wear and to continue reliable
performance over a long time [45], whereas endurance is defined as the length of time
that a product can continue its operation under specified conditions [46]. In terms of
testing, the difference between durability and endurance is the load. Durability illustrates
the time that a DUT lasts a regular or a cyclic load. The better durability, the lower the
maintenance costs are. Endurance on the other hand is the ability to bear extra load which
is larger than the expected load. Endurance is tested in accelerated lifetime tests, where
the goal is to uncover potential faults and modes of failure in a short amount of time.

3.5 Functionality

The Oxford Dictionary of English defines functionality as “the quality of being suited to
serve a purpose well” and “the range of operations that can be run on a computer or other
electronic system” [47]. In short, functionality describes how well a product suits its
predefined purpose. Functionality is tested from an end-product or a demo. DUT has
specified use conditions and use cases in which it is expected to function properly. Test
conditions that resemble DUT’s use conditions as closely as possible are created using
previously mentioned mechanical stress and environmental tests. For example, a wearable
application that is worn on the human skin should be tested between room temperature
and high body temperature and stretched and bent at the same time. In addition, humidity
should be increased if the use cases include sweating. Another example could be a sensor
in a car or some other automotive system. Being outdoors, they are exposed to great
changes in temperature and moisture, not to mention other wearing forces such as dirt and
wind, which all need to be taken into consideration when test cases are designed.
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4. DESIGNING THE AUTOMATED TEST SYSTEM

This chapter describes the designing process of the embedded measurement environment
for the automated test system. The first subchapter establishes the background and the
need for the test system. Then the schematic design and the choice of components is
discussed in the second subchapter and the third subchapter focuses on the software of
the automated test system.

4.1 The need for the automated test system

Because of the current state of affairs in the field, testers and test cases are designed and
built according to the purpose and, as noted earlier, there are many different test cases,
which require several testers and varying amount of test sequences. Thus, it is important
to consider what kind of data a test provides and what the data can be used for. Because
there are numerous different tests, the amount of test data is substantial and test results
have been handled manually and unsystematically so far. Furthermore, there is a need to
synthesise data from several different test cases in order to find out more about a material
or a technical solution. By data synthesising new information could be found that is not
discovered when studying only one test at a time. [39]

Therefore, it was decided that an automated test system was needed, where the acquired
results are automatically uploaded to a server or a cloud. To prevent every tester having
their own test electronics and test software and to minimize differences between the data
from different testers, the system should be as universal and work with as many tests as
possible. This enables wider comparison between tests and then possibly finding
explanations for behaviour or breaking of the samples. The purpose of this thesis is to
design such automated test system, including both the electronic design and the embedded
software for the system. Figure 11 shows an outline of the system. In the middle of the
sketch there is a device called universal test electronics (UTE), which provides an
interface where different DUTs can be connected to. During testing a DUT is connected
to UTE and UTE collects data from the DUT and controls the tester. Then it passes the
data on to a PC and onwards to a cloud or a server. The focus of this thesis is to design
the hardware and software of the UTE.
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Figure 11. An outline of the test system

The first step in the design process was to enquire wishes and requirements concerning
the planned test system from test engineers. Based on the enquiry, a requirement
specification was created. The specification states the desired features of the system and
will work as a tool of evaluation in the end of the project.

The requirement specification contains four different sections: usability, test control,
resistance measurement and capacitance measurement. The most important point in
usability is that the system is easy and simple to use. In addition, it contains points on,
how test data is formatted and available, and that the extra I/O pins are available to use in
case they are needed. Test control -part contains both hardware and software
requirements on how the tests and testers are controlled. One notable request was that
setting limits for test data would be possible and then stopping or restarting the test if a
limit is passed. Resistance and capacitance measurement parts state the number of
measurement channels and that the measurement frequency should be at least 50 Hz. The
test specification is presented in its entirety in appendix A.

Later during the design process a possibility to determine what kind of data would be
collected from the sample will be added. The data could be either raw data from a
capacitive sensing component, processed data or both. In addition, to minimize the
surplus of data when there are several sensors on the sample, it should be possible to
select the sensors from which the data is collected.
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4.2 Schematic design

It was decided that the main focus was to get test data collected from the samples,
analysed and passed on before putting any effort on controlling the testers. Therefore, the
starting point was to take the existing resistance and capacitance measurement circuits
and connect them to the microcontroller of the circuit. The microcontroller is a Bluetooth
module that includes antennas and is based on Nordic Semiconductor’s nRF52 System
on a Chip (SoC) [48]. Figure 12 shows a preliminary structure of the UTE. The Bluetooth
module was chosen because the component series, to which the module belongs, has been
used in previous electronics of the company and it is the most recent model in the series.
It is also the smallest and most powerful Bluetooth Long Range module, which was
considered as an advantage for the future development.
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Figure 12. Preliminary structure of UTE

4.2.1 Power supply

The voltage of the power supply was discussed for some time. The microcontroller is set
so that it needs a 3 V power supply, even though its USB peripheral needs 5 V via a USB
port [48]. However, the resistance measurement circuit needs 5 V, whereas the
capacitance measurement circuit needs 3 V. It was stated in the requirement specification
that UTE should work also as a stand-alone system and not only connected to a voltage
source. Therefore, it was decided that UTE should be powered with a 5 V source, either
via a voltage source or via USB. For those parts, which need 3 V power supply, a voltage
regulator LM317 from Texas Instruments was chosen to produce the 3 V power supply
from 5 V. LM317 is an adjustable voltage regulator and the output voltage range is from
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1,25 V to 37 V [49]. A typical application schematic of LM317 is shown in figure 13.
The output voltage is set with resistors R; and R> using formula 6.

_ Rz
Vo= Vrer (1+52) + laaj* R (©6)
D1
1N4002
Input Output
vi & P LM317 P ® ® *—O Vo
Adjust ? Ri
2400
r
Vet =125V 1N4002
IAdj
= Ci — Co
0.1 pF . * ] 1.0 yF
R2 —— Cany
I ®
= Copyright © 2016, Texas Instruments Incorporated
Figure 13. Typical application circuit of LM317 [49]

Output voltage Vo will be 5 V and Vieris 1,25 V. According to the datasheet the current
Iagj 1s typically SOpA and negligible in most applications, so that term will be forgotten
[49]. From formula 6, the ratio between R and R» is calculated with formula 7.

R2 _ Vo_Vref _ 3V—1,25V _
Ry Vref 1,25V

1,4 (7)

240 Q is not an obligatory value for R, so resistors with values R; =237 Q and R, = 332
Q and tolerance of 1% are chosen for the circuit, since the ratio between them is as close
to the calculated value as possible (1,4008...).

4.2.2 ADC for resistance measurement

Resistance is measured from a DUT via 12 channels of the resistance measurement
circuit. All channels produce an analog signal, which depends on the resistance. As figure
12 shows, the resistance measurement circuit needs to be connected to an analog-to-
digital converter (ADC).

For the purpose of choosing between external and the internal ADC of the microcontroller
four external ADCs were compared to the internal ADC. The external ADCs in the table

1 are designed for weight scale applications, have at least 16-bit resolution and are
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available in abundance from Digi-Key, which is a commonly used electronic component
distributor (www.digikey.com). The table is colour coded with green and red based on
whether a component attribute fits the requirements or not. An appropriate supply voltage
for the ADC must be either 5 V or 3 V. AD7799 and AD7192 come from the same
manufacturer, Analog Devices Inc, and unfortunately, they are quite expensive [50], [51].
Of those two, AD7192 is better since the data frequency requirement from load cell was
at least 500 Hz. ADS1115 can be eliminated as well because its programmable-gain
amplifier (PGA) is used only to set the full-scale range of the input and not to amplify the
input signals [52]. In addition, the data output rate of ADS1115 is limited to 860 samples
per second (SPS). NAU7802 is a cheap component and has a good resolution, but its
output data rate is only maximum 320 SPS [53]. Hence, it is eliminated as well. The
remaining choices are either AD7192 or the internal ADC of nRF52. The advantages of
using the internal ADC are numerous. There will be no additional costs and it will not
need space on the PCB, since nRF52 is used as the microcontroller anyway. It needs fewer
lines of code and therefore is easier than controlling external ADC via a serial such as
SPI and external ADC’s software. nRF52 also has the ability to set different gains and
sample rates for different input channels, which AD7192 does not [54]. The biggest flaw
in the ADC of nRF52 is its resolution which is only 12 bits, whereas AD7192 has 24 bits.
In the end, it was decided to use the internal ADC. Even though the resolution is only 12
bits, it is still an improvement to earlier solutions. Since the resistance measurement

circuit is currently used to indicate if a sample breaks, absolute precision is not necessary.
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Table 1. ADC component comparison colour coded based on whether a component passes
the requirements or not

Component Power PGA Gain Resolution Output Price
SRR (bit) Data Rate  (€/pc)
ADT7399 [50] 27-525 1-128 16/24 417470 10,07
Hz
ADT192 [51] 3-5.25 1-128 24 4THz-48 10,03
kHz
ADS1115 [52] 2-55 No clear 16 6 — 860 5,55
values, PGA s5PSs
used to set
input range
NAUT802 [53] 2755 1-128 24 10-320 1,60
SPS
nRF52 internal 1,7-55 16104 8-12 - -
ADC [54]

The ADC inputs that are not currently used are connected to a pin header, so they are
available in the future. Figure 14 shows the schematic of ADC and a multiplexer (MUX),
which is discussed in the next chapter.

4.2.3 Multiplexer

Unfortunately, the ADC of nRF52 has only eight channels, so a multiplexer component
needs to be used between the resistance measurement circuit and the microcontroller.
ADG706 from Analog Devices was chosen as the multiplexer component. It has single
power supply from 1,8 V to 5,5 V, so either a 3 V or 5 V power supply works for the
component. Because the MUX is used in resistance measurement, it should have low on-
resistance. ADG706 has typically only 2,5 Q on-resistance and low power consumption
with less than 0,01 uW as well. ADG706 is a 16:1 MUX, which means that it has 16 input
channels and one output channel. It is used, because MUXs that have 12 input channels
do not exist, even though only 12 channels are needed. [55] Figure 14 shows the
schematic of the MUX and the ADC. The MUX is on the left and a part of the
microcontroller containing the essential connections on the right. The MUX is controlled
by the microcontroller via five general I/O-pins, which are named in the schematic as
MUX EN,MUX A0, MUX Al, MUX A2 and MUX A3. These control signals determine
which of the twelve outputs from the resistance measurement circuit (PD_OUTPUTI-12)
is forwarded via MUX’s output to the analog input AINO (MUX to ADC) of the
microcontroller.
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Figure 14. Schematic of the MUX (left) and the ADC (right)

4.2.4 Load Cell and instrumentation amplifier

A load cell is a transducer that is used to create an electrical signal, which magnitude is
directly proportional to the force that is measured. Some testers have a load cell that
provides a reference value for force measurements. This project is designed for a load cell
from VETEK and it is connected to ADC via pin header. The load cell has sensitivity 2
mV/V. Recommended supply voltage for the load cell is 10 V, so maximum output
voltage is 20 mV. In order to use the whole scale of the ADC, an amplifier is needed.

INA125P was chosen as the amplifier. It is an instrumentation amplifier from Texas
Instruments [56]. Figure 15 shows an example schematic from the datasheet of INA125P
that was used as an example when designing the amplifier circuit. The gain is set with a
resistor Rg between pins 8 and 9 and it is calculated with the following formulas 8 and 9,
which are shown in figure 15 as well.

Vo = (VI-XI - VinG 3

G=4+2" 9)
Rg

In formula 8, Vo is the output voltage of the amplifier, which in our application needs to
be maximum 3 V and V;§ — Vjy is the difference between amplifier inputs. In this case
V& — V;y comes from the output of the load cell and it is maximum 20 mV. G stands for

gain.
_ Vo _ 3V
G = Vih-Viy  20mv 150
Ry =3 -0 _ 410,958..0

G-4  150—4
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The resistor needs to have a tolerance of 1%. A resistor value 412 Q is chosen, because
that is the closest resistor value with 1% tolerance. There are two deviations from the
example schematic. The first is that the SLEEP-pin is connected to the positive supply
pin, because INA125P’s shutdown function is not used, and the second deviation is
connecting Vrer2.5 pin to Vrerout instead of VREF10. Voltage, which is connected to
Vrerout, determines a reference voltage that supplies the bridge circuit. The datasheet
states that the positive supply voltage must be at least 1,25 V above the reference voltage
[56]. Therefore, the reference that is used is 2,5 V, and the supply voltage is 5 V.
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Figure 15. Example schematic of INAI125P [56]

4.2.5 SPI for capacitance measurement

The capacitance measurement circuit communicates with the microcontroller via a serial
peripheral interface (SPI). SP1is a synchronous serial communication interface and needs
four pins for communication signals serial clock (SCK), master input slave output
(MISO), master output slave input (MOSI) and slave select (SCN). nRF52 does not have
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dedicated pins for SPI but they can be chosen from general I/O-pins [54]. Therefore, four
pins were chosen with the layout in mind so that the wires would be as short as possible.

4.3 Software design

The top-level structure of UTE software is presented in figure 16. Depending on which
characteristic is selected, either resistance or capacitance is measured. When resistance
measurement is on, there is a loop in software that controls the MUX and decides which
channel from the resistance measurement circuit is measured. The measured analog value
is then handled by ADC and converted to digital form. If the reference from the load cell
is also enabled, then that value is converted as well. When the capacitance is measured,
the capacitance measurement circuit sends a raw capacitance value to microcontroller via
SPI. Depending on user’s wishes, the raw data is either passed on without any processing
or a force value can be calculated from the capacitance with a force algorithm. Before
sending a finished data packet to PC via UART, it is parsed with a data parser into a
unified form so that the data is presented similarly regardless of the test.



Which measurement is used? ]7

Resistance measurement: Capacitance measurement:
loop that switches the MUX to measures capacitance from the
choose between the channels channels and sends it to

of resistance measurement microcontroller via SPI

Load Cell 1
/— \ ¥
Analog to Digital Conversion: /— \
Force algorithm:

an analog value is convertad .
to a digital form. if (raw_data, == true)

1) only the resistance value the raw capacitance data is
passed on without processing

2} both the resistance and

load cell value are converted else

in turns the data is processed into
3) only load cell value is ﬁ:IrEE.'-faHJES with and
converted (when capacitance \Elgﬂrlthm _/

\ismeasured:n —/

Data parser:

Data is parsed into a packet in a
unified form containing a time
stamp and possibly the
reference

Send via UART:

Data is sent to a PC via UART

Figure 16. The top-level structure of UTE software
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5. TEST APPLICATION SETUP

Because this thesis was done in a rather fast schedule, there was not time to order PCBs
with UTE design or to design software for the whole design. Therefore, it was decided
that a smaller test software was to be designed for this thesis.

This test application software was designed on the nRF52 Development Kit (DK). The
DK belongs to the same series as nRF52 SoC, which is used in UTE, and hence the
software is mostly applicable to UTE as well. The company’s existing capacitance
measurement PCB has the feature to send via Bluetooth force values, which are calculated
based on measured capacitances. The DK orders force data from the measurement circuit
and after receiving the data, the DK will parse it and pass it on to a PC where it will be
logged.

The Bluetooth Core Specification, which is defined by Bluetooth Special Interest Group
(SIG), has a few standard Profiles, Services and Characteristics. However, sometimes a
custom profile, service or characteristic is needed. For that, the theory of Bluetooth
communication, i.e. Attribute Protocol and Generic Attribute Profile, should be familiar.
[57] Attribute Protocol is discussed in chapter 5.1 and Generic Attribute Profile is
discussed in chapter 5.2.

The test software was decided to be written in C-language. The decision was not difficult
to make, because C is one of the most common languages in embedded systems
applications. In addition to that, the software development kit (SDK) from Nordic
Semiconductor is written in C. Because the SDK libraries are utilised in the application
software, C is a logical choice as the programming language.

5.1 Attribute Protocol (ATT)

Attribute Protocol (ATT) is the first thing to understand, when it comes to Bluetooth
communication. This lays the basis for understanding Generic Attribute Profile (GATT),
which comes into play after a connection has been formed between two Bluetooth
devices. ATT defines two roles for devices that communicate via Bluetooth: server and
client. The server provides data and possibly other aspects for other devices to access.
The server accepts commands from peer devices and sends responses, notifications and
indications. For example, a thermometer device as server can notify a client device when
the temperature changes instead of the client having to poll for the data. A client
constitutes of the devices that may read the data that the server provides or control the
server’s behaviour. The client sends the server commands and requests and accepts
incoming notifications and indications. If a thermometer device acts as a server, then a
mobile device that reads the temperature data is an example of a client. [57]
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The data in a server is structured as attributes. An attribute can be any kind of data and it
defines the structure of the data. An attribute has a type, a handle and permissions. The
structure of an attribute is shown in figure 17. An attribute type is a unique number
specific for this attribute and is known as Universally Unique Identifier or UUID. The
size of the attribute type is either 16 bits or 128 bits. An attribute handle is a 16-bit value,
which is assigned by the server when the connection between a client and a server is
formed. A client uses the handle to reference to a specific attribute and it can be thought
of as an address. Attribute permissions tell if an attribute can be read or written to or
whether it can be notified or indicated. They also tell the security levels which are
required for these operations. Attribute permissions are defined and discovered at a higher
layer such as GATT or the application and not at ATT. [57]

16 bit 16 bit or 128 hit variable length implementation specific
f \f
Attribute Handle Attribute Type Attribute Value Attribute Permissions
Figure 17. The structure of an attribute

5.2 Generic Attribute Profile (GATT)

GATT defines services and characteristics, which are types of attributes that have a
specific purpose, and the procedures used to interface with these attributes, i.e. service
discovery, characteristic reads and writes, notifications and indications. A service is a
group of attributes, some of which are characteristics. These attributes are related to each
other in some way or a specific functionality on the server. For example, the previously
mentioned thermometer device contains a temperature service, which has a temperature
value as a characteristic. In addition to characteristics, services contain attributes that help
to structure data within the service, e.g. service declarations, characteristic declarations,
etc. [57]

A characteristic presents one piece of information which is available for a client and it is
always a part of a service. Characteristic also contains metadata such as properties, which
tell if the characteristic is possible to read, write, notify, etc., and descriptors, which
contain information about the characteristic value, such as format and unit. [58]

5.3 Test application software

As already said, the DK orders force data from the measurement PCB and after receiving
the data, the DK will parse it and pass it on to a PC. After initialising, the software starts
with connecting to the capacitance measurement PCB that is advertising a force sensor
service. Figure 18 presents the communication sequence between the capacitance
measurement circuit and the DK. The capacitance measurement PCB acts as a server and
provides a service that includes three characteristics of capacitance values, each
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containing values from eight sensors and a timestamp. The DK acts as a client and a
service client was created for the DK. [59]

The software begins with the initialisation of all of the needed blocks, such as a timer,
UART module, Bluetooth modules and sensor client, which was written for this test
application. After that the Bluetooth communication starts. The client starts scanning for
possible servers and the server is advertising itself. The client listens to three channels,
which are used for advertising and receives an advertising packet, which is sent by the
server. [59] The packet contains an address to the peer device, which sent the packet, the
strength of the signal, RSSI (received signal strength indicator), type of advertising, which
tells if the server device is connectable or non-connectable, packet data, which contains
advertising packet in byte array and the length of the packet. [60] If based on the device
name, address or some other trait the server is the one that the client is looking for. Then
the client sends a connection request. After the serve has accepted the connection, the
client saves a handle for the connection, which has been defined by the server. [59]
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Figure 18. Communication sequence between client and server

When a connection is made, the client starts database discovery. This discovery finds
services, characteristics and attributes that the server provides. The client knows UUIDs
for the services and others, for which it is looking, and it compares them to the ones that
are found in the database discovery. If UUIDs match, the handles are saved to the client.
Changes in a characteristic, which in this application is the force value, are subscribed by
enabling notifications in that particular characteristic. When a notification is enabled in
the server and a change in the characteristic occurs, the server updates the value of the
characteristic in the local GATT server and then notifies the central of the change. [57,59]
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When the central receives a notification, the data is forwarded via a universal
asynchronous receiver-transmitter (UART) to a PC, where it can be read in a terminal
software. The data is received in packets, which contain a timestamp in milliseconds from
the start of the software in four bytes and calculated force value from eight sensors in two
bytes in hexadecimal.

As an example, functions from the application program are presented in Program 1 and
Program 2. The function ble _sensor c_evt handler is a function that is called when an
event, which has been defined in the header-file of the client, is received. The first event
is called BLE SENSOR C EVT DISCOVERY COMPLETE and it happens when the
discover of the service is complete. Then the handles of the service are saved to the client
and notifications for three force -characteristics are enabled using function
ble _sensor c_notif enable(), which is shown in Program 2 The second event is called
BLE SENSOR C EVT DATA RECEIVED. If that event happens, one of the
characteristics has a new value and it is sent to the client. The received data is printed in
a PC terminal via the function called ble chars_received uart print() that uses a UART-
function from the SDK. The last event is called
BLE SENSOR _C EVT DISCONNECTED, which means that the client has disconnected
from the server. If that happens, scanning possible servers is started again.
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static void ble_sensor_c_evt_handler(ble_sensor_c_t* p_ble_sensor_c,
2 ble_sensor_c_evt_t const * p_ble_sensor_evt)

{
4 ret_code_t err_code;
6 switch (p_ble_sensor_evt->evt_type)
{
8 case BLE_SENSOR_C_EVT _DISCOVERY COMPLETE:
err_code = ble_sensor_c_handles_assign(p_ble_sensor_c,
10 p_ble sensor_evt->conn_handle, &p_ble sensor_evt-
>handles);
12 APP_ERROR_CHECK(err_code);
14 for (uint8_ t force index = 1; force_index < 4;
force_index++)
16 {
err_code = ble_sensor_c_notif_enable(p_ble_sensor_c,
18 force_index);
APP_ERROR_CHECK(err_code);
20 }
break;
22
case BLE_SENSOR_C_EVT_DATA RECEIVED:
24 ble_chars_received_uart_print(p_ble_sensor_evt->p_data,
p_ble_sensor_evt->data_len);
26 break;
28 case BLE_SENSOR_C_EVT_DISCONNECTED:
scan_start();
30 break;
}
}

Program 1. Sensor client event handler function

Function ble sensor c_notif enable() is called, when a desired service is found from a
server. Firstly, the connection handle and the handles of the characteristics are all valid.
If they are, a notification can be enabled using function called cccd configure, which is
provided by the SDK. The variable force index defines which of the three force
characteristics is enabled. Based on that cccd configure() 1s called with right parameters.
The parameters of cccd configure() are the connection handle, the handle of the
characteristic and a bool-value specify if the notification is enabled or disabled. All three
characteristics are enabled one by one, as can be seen on row 13 in Program 1.
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uint32_t ble_sensor_c_notif_enable(ble_sensor_c_t * p_ble_sensor_c,
2 uint8_t force_index)

{
4 VERIFY_PARAM NOT_NULL(p_ble sensor_c);
6 if( (p_ble_sensor_c->conn_handle == BLE_CONN_HANDLE_INVALID)
| | (p_ble_sensor_c->handles.sensor_force 1 cccd_handle ==
8 BLE_GATT_HANDLE_INVALID)
| | (p_ble sensor_c->handles.sensor force 2 cccd handle ==
10 BLE_GATT_HANDLE_INVALID)
| | (p_ble_sensor_c->handles.sensor_force 3 cccd_handle ==
12 BLE_GATT_HANDLE_INVALID)
)
14 {
return NRF_ERROR_INVALID_STATE;
16 }
if (force_index == 1)
18 {
return cccd_configure(p_ble_sensor_c->conn_handle,
20 p_ble_sensor_c->handles.sensor_force_1 cccd_handle, true);
}
22 else if (force_index == 2)
{
24 return cccd_configure(p_ble_sensor_c->conn_handle,
p_ble_sensor_c->handles.sensor_force_2 cccd_handle, true);
26 }
else if (force_index == 3)
28 {
return cccd_configure(p_ble_sensor_c->conn_handle,
30 p_ble_sensor_c->handles.sensor_force_3 cccd_handle, true);
}
32 else
{
34 return NRF_ERROR_INVALID_ STATE;
}
36 }

Program 2. Function for enabling a notification

5.4 Measurement description

In order to prove that the software written for this thesis works, small tests were
performed. Three different sensor sample stacks of the company were tested in a Press &
Bend machine and company’s capacitance measurement circuit was connected to the
stack under test. The measurement circuit calculates, with how much force a sample was
pressed, in Newtons (N) based on the capacitance which is measured from the sensors.

The basic function of the Press & Bend test is presented in figure 19. A sample is pressed
with a round knob and the mounting beneath the sample has a round dent. which causes
the sample to be bent as well as pressed simultaneously. In this test, the samples were
pressed in four cycles, which all had three presses. The Press & Bend test is used to test
how a sample recovers from continued pressing. The capacitance values from the sensor
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should not change but stay in set limits. This shows that the material is able to endure the
stress, which is important for the reliability and the quality of the stack. Whether the
calculated force values are correct or not, depends mainly on the algorithm and not the
quality of the stack.

Press & Bend test

Figure 19. The basic function of the Press & Bend test

A R&D test sensor sample of the company is a printed, stretchable and flexible stack of
nine sensors. The sensors measure capacitance. The materials differ between the three
samples that were used in measurements. The material stack affects the range of the
sensors [39].

In addition to sample values, a reference value was measured. A force plate was placed
beneath the samples during measurements and it also measures the force with which the
samples are pressed.

5.5 Test results

As an example of the results, the force values from sensor no. 8 are presented in the
following figures. Figure 20 shows a graph of force values from sample 1, figure 21 shows
sample 2 and figure 22 shows sample 3. Every figure contains the reference values as
well. In addition to individual graphs, figure 23 presents one pressing cycle of all samples
together with the reference graph. All figures show the measured force in Newtons (N) in
relation to time in seconds (s).
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The measurements were performed with uncalibrated sensors, because the goal was to
test different material stacks and not the algorithm even though the data is presented as
force. The samples that were used in these tests were made from various experimental
materials. The resulting uncalibrated data shows the differences in the behaviour of the
different samples. Even though in this case the tests were performed to prove the
functionality of the application software, these kinds of tests are important as well. They
can be used study the behaviour of a material and help to determine which material is the
most suitable for an application.

The results successfully achieved, it can be said that the software works. However,
performing measurements was slow and manual. This will improve, when the UTE is
developed further and more automated. In addition to that, the data handling after tests
was time-consuming. The software could be developed so that it provides the data in a
manner that is more easily processable.

FORCE MEASUREMENT: SAMPLE 1
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Figure 20. Measured force values from the uncalibrated sensor 8 of the sample
1
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FORCE MEASUREMENT: SAMPLE 2
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Figure 21. Measured force values from the uncalibrated sensor 8 of the sample
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FORCE MEASUREMENT: SAMPLE 3
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Figure 22. Measured force values from the uncalibrated sensor 8 of the sample
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6. CONCLUSION

This Master’s Thesis was written for in a stretchable electronics company in Tampere,
Finland. The goal of this thesis was to design an embedded measurement environment
for an automated test system. The test system is to be used as a part of quality assurance
process in the company.

Stretchable electronics is a new field in electronics, where conductive ink is printed on a
stretchable substrate. Stretchability brings new possibilities in several different fields
such as medical and healthcare [2], wearables [8,24] and other consumer electronics and
different industries. Sensors [4], LEDs [3], energy harvesters [5], artificial skins [5] and
prosthetics [4] are just an example of possible applications for stretchable electronics.

Being a relatively new field, the quality assurance in stretchable electronics is still in its
infancy. [14] While there are many different testing methods available, there are no
standards or customs to rely on. All testers have needed to be designed and built and test
plans created. While the testing itself has been under developing, the handling of the test
data has been manual and unsystematic. [39] Hence, it was decided that an automated test
system was needed. This system would work with any test and the test data would be
collected automatically. Then the data would be parsed and passed on to a cloud via a PC.
Additionally, the test system could control a tester if needed depending on the test
settings.

A part of the automated test system that would act on the interface between the system
and a tester is called a Universal Test Electronics (UTE). The objective of this thesis was
to design the schematic of the UTE and its software. The design process was started with
creating a requirement specification based on the wishes of the testing staff in the
company. Then the schematic of the hardware of the UTE was designed. Components
were considered according their features, price, availability, compatibility with the other
components and practices in the company. Some existing measurement circuits were also
utilised in the design.

The software for the UTE was not designed completely. Because of the tight schedule of
this thesis and long delivery times for PCBs, only a capacitance measurement feature was
designed using a development kit (DK). Additionally, a capacitance measurement circuit
having the ability to measure capacitance and to calculate the force applied to a
stretchable sensor from the measured capacitances was used for the solution. The
calculated force data was transferred via Bluetooth to the development kit. The DK parsed
the data and passed it onto a PC via a UART. The software was tested and proven to be
operational by performing so called Press & Bend tests for three stretchable samples. The
samples were pressed in a Press & Bend machine and the force was measured with this
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solution and a force plate to produce a reference value as well. The results and reference
were drawn in graphs and analysed. Communicating via Bluetooth was considered a
useful addition to the features and its addition to the features of the UTE is considered.

This thesis was successful in its goals for the most part. The hardware design was finished
but the software was not fully designed. However, the part of the software that was
accomplished works and gives a good base to continue working on the full software for
the UTE.

The successful implementation of the automated test system can improve the efficiency
in testing by providing automated features and in data handling by making parsed data
easily available. In addition, it could make trying new tests easier and faster than before.
Thus, moving forward, the software development will continue. The missing parts of the
software will be written in the near future. The layout for the UTE will be designed and
PCBs with that design will be manufactured. This thesis has provided a good foundation
for the automated test system and helpful insight on how the developing should be
continued and what kind of features are desirable in the system. The work towards
implementing it will be the next step.
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APPENDIX A: UTE REQUIREMENT SPECIFICATION

Universal Test Electronics — UTE

Requirements Specification
Usability

e Easy and simple to use

e Test data can be monitored during the test

e Data is formatted in a way that is easy to compare

e Free to use I/O pins for sensors and other possible needs
e Possibility to save data to a memory card

Test Control
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¢ Choice between resistance and capacitance measurement is done with a throw-

over switch

o Acceptable as well: separate connectors for both measurements
o Additional request: switching measurement is also possible within

software

e Interface between PC and UTE is virtual USB port
e DUT can be connected via either ZIF connector or pin header
e Setting limits for test data

o Stopping and restarting a test if a limit is surpassed

o Stops and restarts are counted and timestamped
e As few limitations as possible on test control

o Free to decide the duration and type of the test
e Measurement frequency and time points are free to choose
e If'there is a load cell

o Measurement at least 500 Hz, preferably 1 kHz

Resistance measurement

e At least 12 measurement channels
e Measurement frequency at least 50 Hz

Capacitance measurement

e At least 12 measurement channels for mutual capacitance and 24 for self-

capacitance
e Measurement frequency at least 50 Hz
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