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Stretchable electronics is a relatively new field in electronics. It has been researched quite
intensively in the past 20 years, and significant progress has been made throughout the years.
Interesting applications arise as the fabrication methods are developed further, and the most sig-
nificant applications seem to lie in the medical and wearable field as well as robotics and sensor
applications. The biggest advantage of stretchable electronics versus the traditional printed circuit
board approach is that devices can be made to be less obtrusive, lighter, less noticeable and
more comfortable. To this day, the testing of stretchable electronics is still far less standardized
and organized than the rigid counterpart.

The aim of this thesis is to develop a device to biaxially deform stretchable samples that are
used mostly in on-skin and textile integration applications. The introduction of printing as a man-
ufacturing method has boosted the interest in stretchable electronics, and the need for tests that
emulate the real-life situations well enough is growing. The biggest interest lies in different types
of biaxial deformation, symmetrical and asymmetrical. In real-life applications, the stretching of
on-skin and textile-integrated stretchable electronics, for example, plaster-like health monitoring
patches, is rarely symmetrical, which is why a testing method to better emulate real-life conditions
is necessary. In addition to the biaxial deformation, the electrical properties of the samples are
recorded simultaneously. It was found that biaxial testing methods for stretchable electronics have
been rarely developed in the past, however, some examples can be found along with a readily
available reference design. The benchmark device was built and characterized with digital image
correlation (DIC) measurements. After the characterization, the weak points of it were identified,
and a new design was introduced. The new device was characterized the same way as the ref-
erence device in order to obtain valid, comparable results. Lastly, a demonstration of simultane-
ous deformation and electrical measurement is done to show the behavior of example samples
under stress.

The development of the new device for testing stretchable samples was successful. The im-
posed strain on the samples was uniform and symmetrical, more so than in the case of the refer-
ence device. The design process of the device succeeded. In addition to outperforming the refer-
ence device, the new features introduced in the improved design are the most significant ad-
vantages. The new device is capable of imposing various different loading conditions on the sam-
ples, making it more useful in emulating real-life situations. However, some improvements for the
future need to be done in order to maximize the potential of it. The asymmetrical biaxial mode
needs to be further examined to identify the weak points of it. Also, the sample attachment system
needs to be considered for redesign, as well as the attachment of the measurement probes. With
the improvements, the built device will be able to better meet the requirements for precise, pre-
dictable functionality.

Keywords: stretchable electronics, printed electronics, embedded systems, testing, stretch
testing
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Venyva elektroniikka on verraten uusi elektroniikan ala. Viime vuosina sitad on tutkittu melko
paljon, ja vuosien varrella on otettu merkittéavia edistysaskeleita teknologian suhteen. Kun valmis-
tustekniikoita kehitetdan pidemmalle, uusia kiinnostavia sovelluskohteita 16ytyy jatkuvasti. Merkit-
tavimmat sovelluskohteet talla hetkella ovat |&aketieteellinen ja puettava elektroniikka seka robo-
tiikka ja sensorit. Suurimpia etuja perinteiseen jaykkaan piirilevypohjaiseen elektroniikkaan ovat
kayttdbmukavuus, keveys ja huomaamattomuus. Kuitenkin yha nykyaankin, venyvan elektroniikan
testaus on lahes standardoimatonta ja vahemman organisoitua kuin perinteisen elektroniikan.

Taman diplomityén aiheena on kehittaa laite, jolla iholle tai tekstiileihin kiinnitettavia venyvia
naytteitd voidaan venyttda biaksiaalisesti. Painaminen valmistusmenetelmana on lisannyt kiin-
nostusta venyvaan elektroniikkaan, ja tarve tosielaman tilanteita mallintaville testeille kasvaa.
Seka symmetrinen ettd asymmetrinen biaksiaalinen testaaminen on herattanyt kiinnostusta eri-
tyisesti siksi, etta iholle ja tekstiileihin kiinnitettava elektroniikka, esimerkiksi laastarintapaiset elin-
toimintoja mittaavat sensorit venyvat harvoin symmetrisesti tai vain yhteen suuntaan kerrallaan.
Tasta syysta on tarkeaa, ettd venyvia naytteita pystytdan testaamaan tavalla, joka vastaa parem-
min tosieldman tilanteita. Biaksiaalisen venyttdmisen lisdksi venyvien naytteiden sahkoisia omi-
naisuuksia tullaan mittaamaan samanaikaisesti. Huomattiin, etté juuri venyvalle elektroniikalle
biaksiaalisia testausmenetelmia on todella harvassa. Kuitenkin, muutama esimerkki ja esimerk-
kilaite 10ydettiin. Esimerkkilaite rakennettiin ja karakterisoitiin kayttden digital image correlation
(DIC) -menetelmaa. Karakterisoinnin jalkeen laitteen heikkoudet tunnistettiin, ja uusi laite suunni-
teltiin. Uusi laite karakterisoitiin samalla tavalla kuin esimerkkilaite, jotta niiden ominaisuuksia voi-
tiin vertailla. Lisaksi tehtiin demonstraatio yhtaaikaisesta venytyksesta ja sahkdisestd mittauk-
sesta naytteiden ja niiden johtimien venymiskayttaytymisen todentamiseksi.

Uuden testilaitteen kehittdminen onnistui. Uuden laitteen venyma- ja siirtymakuviot ovat sym-
metrisempia kuin esimerkkilaitteen. Suunnitteluprosessi onnistui ja siina osattiin ottaa referenssi-
laitteen heikkoudet huomioon oikein. Suurimmat edut esimerkkilaitteeseen nahden ovat rakenne-
tun laitteen uudet ominaisuudet. Sillda on mahdollista toteuttaa useita erilaisia venytyksia, mika
tekee siitd hyddyllisemman, kun ajatellaan tosielaman sovelluksia mallintavaa testilaitetta. Lait-
teeseen taytyy kuitenkin tehda joitain parannuksia, jotta sen potentiaali saataisiin kokonaan kayt-
téon. Asymmetristd venytysta taytyy tutkia tarkemmin, jotta sen mahdolliset heikot kohdat saa-
daan tunnistettua paremmin. Lisaksi saattaa olla, ettd naytteiden kiinnitysmekanismi ja mittajoh-
timien kiinnitys naytteeseen joudutaan suunnittelemaan uudelleen. Parannusten kanssa laite tu-
lee tayttdmaan vaatimukset tarkasta ennustettavasta toiminnasta vield paremmin.

Avainsanat: venyva elektroniikka, tulostettava elektroniikka, sulautetut jarjestelmat, testaus,
venytystestaus
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1. INTRODUCTION

Stretchable electronics is a constantly growing field in electronics. It is widely researched
but still a relatively novel branch in the electronics spectrum [1]. A lot of applications
could benefit from the introduction of an alternative to rigid printed circuit board (PCB)-
based electronics: medical electronics, such as patient monitoring devices, soft robotics
and textile-integrated electronics [2]. A big motivation is to reimagine the old, bulky elec-
tronics equipment as something that conforms to movement and is less obtrusive. The
possibilities that arise from applying novel manufacturing technologies, such as printing,

has also increased the interest in the field.

As new applications arise, the need for extensive testing remains. Currently, there are
few standards on how to conduct stretchable electronics testing, and their applicability in
certain applications is limited [3]. As there are no specific standards on how to conduct
the testing, there is little to no equipment that is designed especially for testing the prop-
erties of stretchable electronic systems. This creates a problem which can either be
solved by coming up with standardization or creating the equipment that the standardi-
zation could then be based on. As the possibilities to creating stretchable electronic sys-
tems are, at least in theory, limited by imagination, it is hard to consider all the options
that could come up while developing a standard. Therefore, developing the equipment
that suits the specific needs of the imagined stretchable system might be more appeal-
ing. The current trend in testing is mostly uniaxial strain testing, which does not emulate
real-life situations such as on-skin applications very well. On-skin and textile-integrated
stretchable electronics can experience multiaxial and/or asymmetrical deformation,

which is not taken into account while conducting uniaxial testing.

The aim of this thesis is to develop a device that combines 2-dimensional (biaxial) defor-
mation and electrical measurements to characterize printed stretchable electronics,
something that has rarely been documented in the past years, even though some exam-
ples can be found in the literature [4]. The biggest interest lies in emulating the defor-
mation experienced by on-skin and textile-integrated electronics. First, a reference de-
vice is built and analyzed based on the accuracy of stretching. Based on the results, a
new device is designed and built. The materials and device dimensions that are present
in the above applications provide basic guidelines on, for example, the stretching forces

and the overall dimensions of the device and the samples. The newly designed device



should be able to accurately stretch the samples up to 100 % strain with varying config-
urations, such as symmetric and asymmetric biaxial deformation. Simultaneously, the
device must measure the electrical behavior of the sample and log the data into a file for

later analysis.

Chapter 2 covers the basics of stretchable electronics, the manufacturing methods and
materials. Also, an overview of uni- and biaxial testing, how it is being performed in both
material science and the field of stretchable electronics and how it can be applied in this
particular case. The reference device, the Radial Stretching System is presented in chap-
ter 3 along with the pros and cons of it. Also, the design and construction process of the
improved device is reviewed. In chapter 4, characterization methods and the electrical
measurement demonstration are presented. In chapter 5, the results of the characteri-
zation and electrical measurement demonstration are presented. Possible reasons for
unideal behavior and errors are suggested along with analysis of the data. In chapter 6,
conclusions are drawn, and possible future improvements and applications are pre-

sented.



2. PRINTED STRETCHABLE ELECTRONICS

Stretchable electronics have emerged as an alternative for traditional electronics in var-
ious applications, such as wearable devices, robotics and medical electronics [2]. Printed
electronics can be manufactured in different ways, which include, for example, inkjet,
screen, gravure and flexo printing [5]. In this thesis, the main focus is on printed stretch-
able electronics. There are other ways to manufacture stretchable electronics, such as
purely structural approaches, but with the help of printing, the mass-production possibil-

ities of stretchable electronics seem promising.

2.1 Fabrication Methods

The most common printing methods used in manufacturing printed electronics are inkjet,
screen, gravure and flexo printing. They have differences which make them suitable for
different applications. However, they have one factor in common: prior to their application
in printed electronics, they have already been established as forms of printing other ma-

terials. The basic principles of inkjet and screen printing are shown in Figure 1.
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Figure 1: Basic principles of A: inkjet and B: screen printing.

Inkjet printing is the most familiar method for the general public. The basic principle of
inkjet printing is shown in Figure 1A. A direct analogy to the commonly used desktop
printers, inkjet printing uses the same principle of depositing ink droplets (grey) on the
substrate (white) through a nozzle. It is used mostly with low-viscosity inks due to the
small nozzle and the resulting limitations on, for example, particle size. After the printing,
the ink is cured in an oven, which sinters the particles together. [5] Due to the small
particle size and sintering, the particles are firmly stuck together but when stretched, the

inkjet-printed structures often crack and lose conductivity quite rapidly.



Screen printing is one of the most commonly used printing methods in printed electronics
manufacturing. Previously and to this day used as a method in, for example, printing
patterns on clothing and everyday objects, screen printing is now applied in printed elec-
tronics as well. Figure 1B shows the basic idea. The ink is spread onto a pre-patterned
mesh, through which it is deposited onto the substrate with a squeegee. Screen printing
inks have a higher viscosity and bigger possible particle size compared to inkjet inks.
Conductive inkjet inks are usually comprised of nanoparticles, which require sintering to
enable the conductivity via bonding of the particles. They can also be used in screen
printing, but an alternative is to use flake-based inks. The flake inks can be cured, which
does not stick the particles together permanently. The approach of not physically con-

necting the conductive particles together makes the structures stretchable. [2][5]

In addition to inkjet and screen printing, flexo and gravure printing are used, mostly in
high-volume applications, such as roll-to-roll processes. The operating principle is similar
in both techniques, a patterned cylinder transfers the ink to the substrate. In gravure
printing, the printing cylinder has recesses, which, when filled with ink, transfer the pat-
tern to the substrate. In flexo printing, the pattern that transfers the ink to the substrate
is embossed onto the flexo plate. The plate is placed around a cylinder and rolled against

the substrate, transferring the pattern onto it. [5]

Different printing techniques require different types of inks and printing conditions for
each of them to work. Inkjet inks are lower in viscosity and contain smaller particles than
screen printing inks, gravure and flexo inks fall between the two. The solid content in the

inks also affect the printing results and the overall printability of the inks. [5]

With printing, there are multiple ways to achieve stretchability. Printing techniques, sub-
strate materials and inks all affect the result, and some combinations provide excellent
stretchability. However, it can be a trade-off of properties when trying to optimize the
process. There are two main approaches to producing stretchable structures on sub-
strates: structural solutions and the use of intrinsically stretchable conductive materials.
The use of intrinsically conductive materials often differs quite vastly from printing. They
apply, for example, liquid metals, conductive putties and different kinds of composites
[6]. Structural solutions can often be manufactured with printing. They can further be
divided into out-of-plane and in-plane structures, which will be presented next. Both have

their advantages and disadvantages as well as applications.

Out-of-plane structures involve buckling, which in this case means the bending of the
conductor material and/or substrate due to compression. The two most common ways

to produce out-of-plane structures are wavy ribbons and pop-up structures. They share



the same basic idea, but it is applied differently in the structures. [2][7] The principle of

manufacturing wavy ribbons is shown in Figure 2.

A

Er‘"’Q_Em—e

A _/
Vo

g
Prestrain (>g.),
bind conductor
aterial

B Conductolr material

o ¥ 1

lReIease strain

Buckled conductor

Figure 2: Principle of buckling, A: pre-stretch substrate, B: bind conductor
material, C: release pre-stretch. Based on [2] and [8].

In Figure 2, the stretchable substrate is uniaxially pre-stretched to a certain prestrain &y,
which needs to be higher than the critical strain &. for buckling to occur. The critical strain
determines the strain after which the conductor ribbon no longer stays flat but buckles
as the strain is released. After that, the conductor material is bonded to the substrate,
and &6 is released. As the prestrain g, is released, the conductor material is com-

pressed, resulting in 3-dimensional sinusoidally curved shapes. [2][7]

The maximum strain of the system can withstand, €peax, Can be approximated with

Speak ~ 2\/ Spregc- (1)

Finding out the maximum strain is important, especially when designing a system that
needs to withstand certain pre-determined strains. The buckling amplitude A can be cal-

culated with

A:hf\/fpre—j%ued_l, (2)

in which hris the thickness of the conductor material and €appica is the applied strain. The
stretchability of the system thus depends on the prestrain, the material choice, the thick-

ness of it and the critical strain. More on the derivation of these equations and the theory



behind them can be found in Takao Someya’s (ed.) book Stretchable Electronics (2013).
[2]

Pop-up structures are achieved by bonding the conductor material to the substrate in
only certain spots. This way, when the pre-strain is released, the buckling happens in
the non-bonded areas. However, they are practically never manufactured with printing.
There are more complex structures, such as 2-dimensional wavy membranes and buck-
led mesh structures. They mostly follow the same principles, but the pre-stretching needs

to be done in two directions. [2][7]

With out-of-plane structures, it is easy to determine the boundaries of stretchability, as
most of the parameters can be controlled during fabrication. As the buckling amplitude
increases, there is more material to be elongated, resulting in higher stretchability. How-
ever, the fabrication of these structures does not usually suit mass production, such as
roll-to-roll processes, so well due to the required pre-stretching and resulting three-di-

mensional form.

By using in-plane structures, it is possible to achieve better stretchability without having
to apply three-dimensional alternatives. The interconnects can be something else than
a straight line. By modifying the shape and routing of said interconnects, stretchability

can be highly improved. Examples of in-plane structures are presented in Figure 3. [9]

Figure 3: Different conductor geometries, A: horseshoe, B: pulse, C: zigzag.

In Figure 3, three different conductor geometries can be seen: horseshoe/semicircle,
pulse and zigzag patterns. The main idea behind these geometries is to relieve stress
that is imposed on the straight line as the strain increases. The more complex patterns
can straighten up and/or bend out of plane by some amount before cracks start to form

in the conductors, resulting in higher stretchability. [2][9]

The zigzag pattern is commonly the weakest due to its shape. It can only straighten up
a fairly small amount before starting to crack in the corners, which is also what happens

to the pulse pattern. The pulse pattern, however, can withstand a higher elongation than



the zigzag. The most durable is the horseshoe pattern, which has no angles and experi-
ences a more even distribution of force. The cracks form more evenly, but still concen-

trate around the apexes of the semicircles. [2][9]

With two different approaches to interconnects, what is left is the attachment of the com-
ponents. This can also be done in different ways: by dividing the circuits to smaller sec-
tions and placing the sections as rigid “islands”, or by gluing the components directly on
top of the substrate and conductors with a suitable conducting glue. The first technique
is more commonly used if the circuit is more complicated, and the second can be utilized
if the circuit is very simple and the stress is known to be limited. [2] The rigid island

principle is shown in Figure 4.
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Figure 4: Rigid island system. 1: rigid island, 2: stretchable conductor, 3: sub-
strate.

In Figure 4, the rigid islands are marked with number 1, the interconnects with number 2
and the substrate with number 3. The basic idea is that the rigid islands host the compo-
nents and functionality, and the islands are connected together into a mesh with stretch-
able interconnects printed onto the stretchable substrate. This is preferable if the circuit
is complicated, as it is difficult to produce, for example, multilayer circuits or very thin
lines by printing. [2] If the circuit is simple, the components can be glued directly on top

of the conductors, as seen in Figure 5.



Figure 5: Example of glued components.

As seen from Figure 5, the component is attached directly onto the tracks. This is done
by depositing conductive glue onto the top of the conductor, placing the component on
top and curing the glue. The glue needs to be cured for it to secure the connection and
for it to bond the two pieces together. As components get bigger and the strain gets
higher, the reliability of the glued connection will be affected due to the concentration of
strain in that area. [10] However, when the strain is low and the circuit is simple, gluing

the components is significantly simpler than the rigid island method.

The most important benefits of printed and stretchable electronics compared to normal
rigid electronics are increased comfort and decreased obtrusiveness in wearable solu-
tions, ability to conform to more complex shapes and softness. Rigid PCB-based elec-
tronics is usually bulky and hard, which is a disadvantage when considering, for example,
patient monitoring systems and other wearable solutions. The resistance of the printed
tracks increases during stretching, which is a phenomenon that can be utilized in sensor

applications. [2]

However, there are some fallbacks. Usually, the resistance of the printed interconnects
is higher than that of a solid (metal) one. In addition to that, the resistance further in-
creases as the system is stretched. This can sometimes be seen as an advantage, for
example, in sensor applications, but also as a clear fallback when considering the use of
printed structures as interconnections. However, out-of-plane structures and 2-dimen-
sional conductor geometries tend to have a better strain response as well as durability
under stretching, increasing their usability as interconnects. When adding real function-
ality, through at the moment mostly rigid components, the interface of rigid and stretch-
able is proven to be problematic, as it is often the first spot that breaks during use. [2][9]

2.2 Materials

Intrinsically stretchable materials and engineered shapes provide the needed functional-
ity for stretching. Substrates that utilize these materials are better able to conform to new



shapes, and accompanied by the techniques demonstrated in 2.1., it is possible to man-
ufacture functional stretchable electronics. Functional materials of inks vary; however,
silver remains one of the most used ones due to its properties. Other ink materials in-
clude copper, carbon in its various forms, and conductive polymers, for example, PE-
DOT:PSS. Among substrate materials, stretchable elastomers are the most used. The
two most common substrate materials are thermoplastic polyurethane (TPU) and poly-
dimethylsiloxane (PDMS); other materials include natural rubber and styrene butadiene
rubber. [11]

The substrate materials play a big role in the stretchability and overall usability of the
whole system. Some materials can withstand far more extreme strains than others but
might have some properties which prevent their use in certain applications. For example,
PDMS has been reported to withstand >200% elongation before breaking [11], when
Covestro Platilon® U 4201 AU can elongate up to 500% before breaking [12]. These
materials differ from each other in more ways than just maximum elongation, such as

hardness, operating temperature and ultimate tensile strength [12][13].

Substrate materials are usually stretchable as-is, and suitable substrate materials are
available for various applications. However, this is not always the case with conductors.
The most obvious choice for conductor material in any electronic circuit is a metal, copper
to be more specific. Nearly all of the rigid-platform PCBs use copper as the conductor
material [14]. However, when considering printed stretchable electronics, the conven-
tional approach of applying a metal (copper) film on top of the substrate rarely done as
solid copper is hardly ever stretchable. In addition to previously mentioned stretchable
3D structures, there are ways to improve the stretchability of the interconnects with ma-

terial choices.

As mentioned before, silver is one of the most studied metals in electronics. It is used in
various forms: nanoparticles, nanowires, other silver nanostructures and flakes. In addi-
tion to silver, copper nanowires carbon nanotubes, graphene, and conductive polymers
are also used, amongst other materials. [5][11] The common factor among most conduc-
tor materials is that they are composed of small-scale particles. Examples of conductive

ink materials and their selected properties are presented in Table 1 [5][15].
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Table 1: Different ink materials and their properties [5][15].

Material Thickness (nm) Length (um) Resistivity (Q cm)
Silver nanowire 20-150 1-50 1,6 x 10°

Silver flake 200 5-10 8,7x10°*
Copper nanowire 5-120 10-50 1,7-40 x 10°°
Carbon fiber 100-150 50-100 30-50 x 10°®
PEDOT:PSS - - 1x1073-1

* paste with PDMS

As seen from Table 1, the properties of the ink materials vary quite much, especially with
the resistivity ranging from low values with silver to quite high values of PEDOT:PSS.
The different properties make the materials suitable for different applications, some of

them work well as conductors, as other might work better as sensors. [2]

In addition to the conductor material, the ink contains a solvent. It is also possible that
the conductor material particles are coated with a polymer in order to prevent them stick-
ing to each other. The ink is often cured in an oven, in which the heat evaporates the
solvent and breaks the polymer coating, leaving the solid material on the substrate. If the
conductive material is comprised of nanoparticles, the particles are also sintered together
during the heating process. The ink can also be cured with, for example, laser and ultra-

violet curing. After sintering, nanoparticles form conductive pathways. [5]

As mentioned before, different printing techniques favor different ink properties. Flake
inks for screen printing cannot be used in inkjet printing due to their higher viscosity and
relatively large particle size, while nanoparticle inks are more commonly used in inkjet
printing. Optimizing inks is a relatively complex operation, but when done correctly, the

printing results are improved vastly. [5]

2.3 Testing Methods

The testing of stretchable electronics is developing all the time. Some guidelines for test-
ing have been produced, but the level of standardization is still far lower than the one of

traditional rigid-platform electronics. The guideline IPC-9204 [3] presents stretchable
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electronics testing methods, including stretchability, bending, torsion, rolling and crum-
pling tests. They all serve a different purpose in examining the properties of stretchable

electronics. In this chapter, the main focus is in stretchability tests.

2.3.1 Uniaxial testing

Uniaxial testing is a strain testing method in which the sample is deformed along one
axis. It is used in material science to characterize materials but also in stretchable elec-
tronics testing. Different types of stretchability testing include limit / maximum strain test-
ing, cyclic testing and testing under different torsion conditions. IPC-9204 lists different
types of stretchability testing principles, which are all different types of strain testing. Limit
testing is a method which determines the maximum elongation after which the sample
either reaches a set resistance value or breaks either physically or electrically. The re-
sistance is monitored throughout the test. In cyclic testing, the sample is repeatedly
stretched to a certain percentage under the maximum strain and returned to the resting
state, with the resistance monitored constantly. Torsion conditions during testing can
also vary between constant and cyclic torsion. [3] The stretching happens uniaxially in
each testing method depicted. The rotational axis for the torsion is the same as the

stretching axis. Figure 6 shows the different types of stretchability tests.
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Figure 6: Different stretching test schemes with according strain and torsion
graphs. A: limit test. B: cyclic test. C: constant torsion test. D: cyclic torsion test.

Different parts of the testing setup are marked with 1-5 in Figure 6. Numbers 1 and 2 are
the sample fixing grips, which are either stationary or moving. In most cases, only one
grip moves while the other is stationary. Also, torsion is applied by rotating either of these
grips. Number 3 marks the points of contact from which the sample is connected to the
resistance measurement setup. Number 4 is the conductor pattern, and 5 is the stretch-

able substrate. [3]

In addition to strain testing, creep tests can be performed. In creep testing, the sample
is stretched with a constant force for a certain amount of time and the elongation of the
sample is recorded. The tests can take a long amount of time, depending highly on the
properties of the tested materials. For example, samples prepared on TPU substrate with
silver flake ink might only take 120 minutes, while creep testing for solid metal samples
might take several months. [16][17] Creep testing can provide additional data on how the
sample performs under stress. The results can be applicable in circumstances which
involve constant or near constant loading, for example, wearing a tightly fitted piece of

clothing, for example, an armband.



13

Uniaxial strain testing is a widely used testing method, and the procedures are quite well
standardized. It is one of the reasons it is also applied in stretchable electronics testing.
However, more complex phenomena might occur, especially in the case of wearable,
medical and textile-integrated electronics. Deformations in real-life situations are hardly
ever uniaxial, but more complex, biaxial (strain in both x- and y-directions) or even 3-
dimensional deformations. Therefore, when considering the above applications, it is use-
ful and justifiable to be able to test the stretchable structures in more ways than barely

uniaxial testing.

2.3.2 Biaxial Testing

As mentioned before, biaxial testing differs from uniaxial testing because it consists of
stretching the sample along 2 different axes. Biaxial stretching is widely used in the pack-
aging industry for orientating the polymer chains in the packaging materials, thus
strengthening them. [18] Despite the clear differences in techniques, materials and ap-
plications, the basic idea of biaxial stretching can be applied into stretchable electronics
testing as well. The standard IPC-9204 mentions that the procedures used for uniaxial

testing mentioned in it can also be applied in biaxial testing [3].

There are 2 ways of imposing biaxial strain on the materials: simultaneous, which means
both directions at once, and sequential, one direction at a time. There are certain differ-
ences in the two techniques. The sequential process usually applies different values of
strain in the two directions, while in the simultaneous process, the strain is often the
same in both directions. [18] Both are used in the packaging industry, but to study the
behavior of on-skin and textile-integrated stretchable electronics, it is most useful to as-
sume the stretching is done simultaneously in both directions, as it better resembles the

real-life cases.

If the industrial packaging film orientation is not considered, most biaxial testing systems
so far have been developed for testing metals and their properties [19]. However, the
same methods of those stretching devices can be applied in stretchable electronics test-
ing. The two most common ways are stretching of rectangular and cruciform samples.

The rectangular and cruciform samples are shown in Figure 7.
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The sample designs shown in Figure 7 are different in the way they behave during
stretching. The rectangular sample (A), being attached to the device from its edges, does
not stretch uniformly. The outer edges of the sample will not deform in a similar way as
the center because of the attachment. The more attachment points the sample has, the
more homogenous the deformation will be. [20] Another sample type is the cruciform
sample (B). The red rectangle marked with 1 in Figure 7 is the area of interest in the
cruciform sample. The shown cruciform sample is a simplification, the geometry of the
sample is often modified to optimize the behavior under testing and reduce unnecessary
failures. [21][22]

The rectangular and cruciform samples are widely used in material science. Some ex-
periments on circular samples have also been conducted [4][23][24]. These testing meth-
ods vary from the others by imposing radial strain on the sample by either pulling it or

inflating it. The result, as in the previous methods, is biaxial strain.

The bubble method has been used in the testing of rubbers, and it has also been pro-
posed as a means of stretchable electronics testing. It involves a membrane which is
clamped to the top of the pressure chamber with a circular clamp. The chamber is then
pressurized, causing the membrane to bulge. Figure 8 shows the principle of the bubble

test.
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Figure 8: The principle of the bubble test.

In Figure 8, the sample is marked with blue. As pressure inside the pressure chamber
increases, the sample is being inflated like a balloon, imposing biaxial strain on it. This
method has a potential to be used as a way of stretchable electronics testing. The pro-
posed way is to use the membrane as a platform to which the stretchable electronics
samples are attached. This is done with an adhesive. The sample could be attached with
either 2 or 4 contact points to impose different kinds of strains on it. However, there are
some issues with the method: the adhesive should also be able to withstand the strain,
and the strain figure is not ideal if the shape of the membrane is anything other than a
perfect sphere. Also, it is mentioned that the stretching of the adhesive affects the strain
experienced by the sample, which means that the evaluation of strain directly from the
size of the bubble is complicated. [4][24]

A different kind of example is the Radial Stretching System (RSS), which is discussed
more in 3.1. It uses circular samples and stretches them in a radial way with 18 grips
placed around the sample in a circle. [23] The digital image correlation (DIC) measure-
ments presented in 4.1. show that the stretching is relatively uniform even near the edges
of the sample, which means that the material can be examined, and its properties quan-

tified also closer to the edges.

This, and the open source nature of the device is why the RSS was chosen to be built
as a reference device, thus giving grounds for the design of the new biaxial stretching
machine that uses circular samples. This way, the newly designed device’s performance
can also be assessed in terms of quality and repeatability by comparing the results to
the ones of the RSS.
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3. DESIGN AND CONSTRUCTION OF A BIAXIAL
STRETCHING DEVICE

When building a stretching device, many different aspects must be considered. One of
the most important factors is whether a uniaxial (x- or y-direction only) strain test device
is sufficient for testing the properties of the samples in question. If not, what other forms
of stretching will be needed is a major decision. Some options are equibiaxial and asym-
metric biaxial stretching. Once the decision has been made, the material to be stretched
and its size determines, for example, the force needed to stretch it. These parameters,
along with the desired testing schemes define the requirements for the mechanical

strength, size and stretching speed of the device.

The goal of this thesis is to provide a way to characterize stretchable samples in a way
that the effects of both x- and y-directional deformation can be examined. The motivation
for this is that the deformation of stretchable objects in on-skin e-patches and textile-
integrated applications is rarely uniaxial or symmetric biaxial deformation. Therefore, uni-
axial stretchability testing does not provide sufficient information on the behavior of the
system, but neither does the symmetric biaxial testing. This is why asymmetric biaxial
deformation is considered as an additional option. To be able to determine the most
important aspects to consider during the design, a readily available reference device was

first built and analyzed.

3.1 Radial Stretching System

In order to get a reference of the performance of a system similar to the one that will be
designed, an open source stretching device called the RSS [23] was built. The device,

shown in Figure 9, is fabricated mostly out of laser-cut polymethylmethacrylate (PMMA).
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Figure 9: Radial Stretching System, 1: the motor, 2: the clamps, 3: the outer
rim.

The RSS is a simple radial stretching machine that is controlled by only one motor. The
device can simply be operated with a power supply and a switch to turn the motor on
and off. The motor rotates a worm gear, which in turn rotates the outer rim of the ma-
chine. The screw-bearing assemblies are placed in the grooves in the rims. The screw-
bearing-assemblies are fixed to the moving shafts pointing towards the center of the
device. The circular movement of the rim results in the in-out movement of the shafts.

3D-printed magnetic grips, one of which is shown in Figure 10, are attached to the shaft.
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Figure 10: Magnetic grip.

The magnetic grips in Figure 10 fix the stretchable sample in place, as shown with a TPU

sample in Figure 11.

Figure 11: A TPU sample fixed to the magnetic grips.

The 18 grips, shown in Figure 11, fix the sample firmly and provide sufficient grip so that

the sample does not slip during the stretching cycle.

The bill of materials along with the instructions required to build the RSS can be found in
the RSS website [23]. When built according to the plans, the RSS is run with an Arduino
Uno R3, a microcontroller prototyping board, and an Easydriver stepper motor driver
connected to a stepper motor [23]. However, after running preliminary tests with the de-
vice, it was noticed that the motor did not have enough torque to stretch the TPU sam-

ples. The stepper motor started skipping steps nearly immediately after the sample had
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been stretched only by less than 10 %. Therefore, the stepper motor was swapped to a

more powerful DC motor.

After swapping the motor, the RSS could stretch dummy samples to ~50 % strain. This
strain is enough for cyclic testing and pre-stretching. However, the parts have slight er-
rors in their dimensions, such as the diameter of holes and the outer dimensions of the
parts, due to the manufacturing method of the RSS. This originates from the laser cutting
process and the refraction of the laser beam in the air-PMMA interface. This makes the
edges of the cut parts slightly beveled. The error makes the connected parts have slack,
which makes the device less accurate. After testing the device with conductive test pat-
terns, it was found that all of the traces that are placed on the motor’s side of the RSS
are the first traces to lose conductivity. The loss of conductivity determines when a sam-
ple is considered broken in this case. The uneven results stem from the slack, which
makes the shafts retract unevenly as the rim spins. In addition to the lost precision, the
device is too slow for, for example, cyclic testing even after installing the DC motor. More

information on the performance of the system can be found in chapters 4 and 5.

Despite the slight drawbacks in the device’s performance, the RSS is capable of per-
forming, for example, pre-stretching of substrates. The main advantages are that it is
cost-effective and precise enough for applications that do not require precise, uniform
stretching. The affordability and commercially available parts make the device suitable
for preliminary radial stretch testing of prototypes and new materials. It needs to be noted
that the samples that were examined were fabricated out of TPU and not PDMS, like in
[23]. Therefore, the examined performance might have also been degraded due to the

increased stiffness of the used samples.

3.2 Design Process of the Improved Stretching Device

As mentioned above, the RSS could not meet the criteria for a laboratory-grade precise
radial stretching machine. A new design had to be taken into consideration for precise
stretching, cyclic testing and both symmetric and asymmetric biaxial stretching. It had to
be precise, strong, easily controllable and affordable. Arduino Mega 2560 R3 was used
as the platform for the system to be universally compatible with Tampere University work-
stations. The Mega uses an Atmel ATMega2560 chip. It has a serial communication in-
terface (USART) [25], via which the program can be controlled with any laptop with serial
monitor software, for example, PuTTY. In addition, the software development on Arduino
IDE is straightforward and intuitive due to the existing libraries and functions. Developing
the program with Arduino IDE, instead of, for example, changing the register values bit-

by-bit in C language, is a valid choice for the project since there is no need for very time-
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critical and clock-cycle-accurate structures. All of the features can be implemented pre-
cisely enough with the pre-made library functions, as they are executed rapidly enough

to not cause any unintended delays.

The dimensions of the setup are determined by the size of the sample. The samples
have a conductive pattern with a maximum diameter of 100 mm. However, the conduc-
tive patterns must remain uncovered by the attachment system when the sample is at-
tached to the system. Therefore, an extra 30 mm was added to the minimum diameter
of the sample. The device must be able to stretch the samples to at least 100 % strain,
which determines the stretching range of the system. The system must be able to stretch
the sample to a diameter of 260 mm. The physical capabilities of the system are dis-

cussed in 3.2.2.

3.2.1 Specifications and Working Principle

The improved device needs to have separate control for the sample attachment parts to
be able to perform both symmetric and asymmetric stretching unlike in the RSS, which
controls all the sample attachment shafts with one input. The symmetric stretching also
includes 2 different cases: stretching of both rectangular/cruciform and circular samples.
In addition to the stretching, the requirements for the improved device include a meas-
urement system to monitor the resistance of the samples during the measurement. The
addition of the measurement system introduces a need for a more complicated user in-
terface, which combines the controls for both the mechanical operation and electrical
measurements in one user interface (Ul). Figure 12 shows a basic block diagram of the

system, with different colors noting different sections of the system.

User input User Control Control Mechanical Stretching of
P interface software circuitry parts sample

DUser-deﬁned values

OSoftware -~ -
|

OEIectronics Measurement| . [Measuremen
software | | circuitry |
Dl‘dechanical parts y \

Figure 12: Block diagram of the system.

The basic working principle of the improved design can be seen in Figure 12. The infor-
mation or command flow moves from left to right with possible feedback structures mov-
ing from right to left. The starting point, the user input can be seen on the left side. This
means all of the user-defined inputs, such as the stretching mode, strain amount, speed

and start/stop commands. The Ul receives these commands and passes them to the
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control and measurement software. Based on the commands, they perform actions
which affect the control and measurement circuitry based on the given commands. The
control circuitry translates the commands into physical movement of the mechanical
parts, which in turn results in the stretching of the sample. The design and construction

of each part is discussed in the next sections.

3.2.2 Mechanical Design

The mechanical design of the improved stretching device must fulfill two main criteria: it
must be precise enough to achieve uniform stretching of stretchable electronics materi-
als and strong enough to stretch the samples to even over 100 % strain. Therefore, the
mechanical parts need to be manufactured out of suitable materials with high enough
precision. Due to this, aluminum brackets and beams were chosen as the main building
blocks for the frame, and clamps fabricated out of aluminum were designed for sample

attachment.

The stretching functionality is achieved with thread drives, which are structures that
translate rotational motion to linear motion. Thus, they can be precisely controlled with,
for example, stepper motors and suitable control electronics. Choosing thread drives as
the stretching units is a sensible choice, because the stepper motors are simple to oper-
ate and provide good precision. The main frame of the device consists of 12 thread drive
assemblies placed in a circular configuration. Figure 13 shows a drawing of the designed

system.
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Figure 13: Drawing of the improved stretching device, 1: thread drive, 2:
thread drive bracket, 3: sample clamp, 4: sample.

In Figure 13, the main parts of the system are marked with numbers 1-4. Part 1 is the
aluminum thread drive, 2 is the clamp fixing bracket, 3 is the sample clamp and 4 depicts
the sample. In addition to these main parts, stepper motors, marked with a red rectangle,
are shown connected to the thread drives. These stepper motors and their function in

the system are discussed more in 3.2.2.

The thread drives were assembled from Makeblock brand parts [26]. They were chosen
because of their relatively low price, high quality, availability, and a wide variety of op-
tions. To achieve the required 100 % strain, the thread drives were built using beams
0808-184 and 0824-080 as the main frame [26]. 184 mm long 0808-184 beams provide
enough room for the thread drive beams to move to achieve 100 % strain. Figure 14

shows one thread drive.



23

Figure 14: Thread drive. 1: the bracket for attaching the stepper motor, 2: the
moving thread drive beam.

The movement that stretches the samples is produced by rotating the mandrel marked
with number 1 in Figure 14, which rotates the threaded rod connected to it. The rotation
of the threaded rod causes the movement of the thread drive beam marked with number
2. The stepper motor and thread drive assembly was first evaluated in terms of speed
and accuracy. With a very simple program written in Arduino, the system achieved a
speed that is sufficient for stretching tests (~1mm/s) as well as an accuracy of ~5 %. The
speed of 1 mm/s is high enough, as there is no need for really fast deformation. With
these results, it was decided that this configuration was to be developed further. The next
step was to design the clamps which would fix the sample to the thread drives. A mag-
netic clamp and a thread drive bracket for it were 3D-modeled using Autodesk Fusion
360. Figure 15 shows the 3D-model of the thread drive bracket.
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Figure 15: Thread drive bracket. A: top view, B: bottom view, C: side view, D:
back view.

The holes in the feet in Figure 15D are connected to the thread drive beam in Figure 14
with M4 bolts and nuts. The larger hole in the top of the bracket in Figure 15A connects
the clamp to the bracket with an M6 bolt and nut. The rotation of the sample fixing clamp
is prevented with an M4 bolt fixed to the smaller hole in the top of the bracket. Figure 16

shows the 3D-model of the sample fixing clamp.

\l

Figure 16: Magnetic clamp.

The attachment holes are shown at the leftmost end of the clamp in Figure 16, and the
other end of the clamp and the counterpart have circular slots for neodymium magnets.
When the clamp and the counterpart are brought together, these magnets will attract
each other. The sample is placed between the magnets, and the force of the magnets
keeps the sample secured in the clamp. Magnets were chosen as they provide a stable
grip and are easy to attach and detach. The measurements of the 3D-modeled parts can

be found in Appendix 1.

Figure 17 shows the finished thread drive assembly with the thread drive bracket and

the magnetic clamp in place.
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Figure 17: The full thread drive assembly, limit switches marked with dashed
rectangles. A: birdseye view, B: top view.

The thread drive assembly in Figure 17 is the complete functional structure. In Figure
17B, limit switches marked with dashed rectangles can be seen attached to both ends
of the thread drive along with the stepper motor attached to the other end. The stretching
device consists of 12 of these assemblies as well as the electronics for controlling them,
a modifiable measurement circuit, and a data acquisition module, all of which are dis-
cussed in the next section. With the bracket, clamp and the limit switches in place, the
thread drive can travel 90 mm from either extreme to the other. This means that when
the system is fully extended, the diameter at the inner edge of the magnetic clamps is
extended from 100 mm to 280 mm. This results in a theoretical maximum strain of 180

% with a sample that has a pattern of 100 mm.

3.2.3 Electrical Design

A control circuit for the stepper motors and a measurement circuit with data acquisition
capability are needed to be able to control the system according to the specifications and
measure the electrical properties of the sample simultaneously. In this chapter, the de-

sign of the control and measurement circuits is discussed.

An Arduino Mega 2650 R3 prototyping board was chosen as the main unit for the con-
trolling circuitry, because it has various advantages over the more common counterpart
Arduino Uno. The biggest advantages are a bigger digital /0 (DIO) pin count and bigger
flash memory capacity (256 kB) [25]. It uses the Atmel ATmega 2560 microcontroller
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chip, which has 86 DIO pins [25], 54 of which are available on the Arduino Mega 2560
board, and 16 analog-to-digital converter (ADC) channels [27][28]. In addition, the AT-
mega chip has an USART interface to enable straight-forward connectivity to work-
stations. Via any serial monitor software, it is simple to send and receive instructions to
and from the microcontroller, which enables the user to be able to send the parameters
for the program. In the case of this thesis, the ability to change the stretching modes
without having to modify the code each time is particularly important, as the workflow is

much smoother that way. The Arduino Mega is shown in Figure 18.
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Figure 18: Arduino Mega 2560 R3.

In Figure 18, the ATmega 2560 chip can be seen in the middle, and the headers at the
edges of the boards are used to connect the peripherals to the Arduino. DIO pins 0-21
are located at the top of the board, DIO pins 22-53 at the right side, and analog input
pins 0-15 and power-related pins at the bottom. Other components on the board include,
for example, an on-board 5 V regulator, a DC power jack, a reset button and an USB-B

connector.

In addition to the Arduino, 12 stepper motors were chosen to rotate the thread drives for
a number of reasons. Firstly, they are widely available and affordable, secondly, the
Makeblock range has suitable connector brackets to fix the stepper motors to the thread
drives [26]. This makes attaching the stepper motors to the thread drives less compli-
cated. Wantai 42BYGHMB809 stepper motors, one of which is pictured in Figure 19, were
chosen for the design.
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Figure 19: Wantai 42BYGHM®809 stepper motor.

The stepper motors require a suitable driver chip for controlling the movement and the
direction. It has a step accuracy of 5 %. Commercial options are numerous, but the
EasyDriver v4.5 stepper driver PCB was chosen. It is a fully functional driver with one-
wire inputs for the step and direction functions. In addition to these two, the Easydriver
has enable, sleep and microstepping functions. The use of them is not mandatory as the
only signals needed to drive a stepper with the EasyDriver are ground, step, direction
and an operating voltage from 5 up to 30 V. However, with the enable and/or sleep signal
in use, power consumption at resting states can be minimized. [29] The EasyDriver PCB

is shown in Figure 20.
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Figure 20: EasyDriver PCB.

In Figure 20, the ground, step and direction signal pins can be seen in the bottom right
corner of the PCB. Other signal pins, such as the sleep and enable pins, are placed near
the edges of the PCB to ensure easy connectivity. All of the pins are placed in a way that
the distance between pins is a multiple of 100 mils, which ensures that the PCB fits on a
breadboard. The EasyDriver is based on Allegro Microsystems’ A3967 microstepping
driver chip [30], which can be seen in the middle of the PCB in Figure 20. With microstep-
ping, it is possible to make the motor step with improved accuracy and smaller step size.

The EasyDriver allows for full, 72, ¥a and % stepping [29][30]. This means that with a

stepper motor that has a step size of 0.9 ° per step, the step size can be downscaled to
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even 0.1125 ° per microstep. Instead of the original 400 steps per full 360 ° revolution,
the & microstepping mode provides 3200 steps per full revolution, increasing the reso-
lution of the stretching. With the chosen stepper motor, the accuracy of the individual
steps is 0.1125 £ 0,005625 °. The thread drives have a threaded rod with a thread pitch
of 0,7 mm. With the thread drives, the use of ¥ microsteps results to a resolution of 0,7
mm / 3200 = 2,2 ym per step. However, the mechanical inaccuracies are far more than
this, but an accuracy of 1 % can certainly be reached. In addition to the A3967 driver,
the PCB has a current adjustment potentiometer and an on-board 5 V regulator. The
current adjustment potentiometer’s resistance value can be changed with a screwdriver,
which changes the driving current of the motors up to 750 mA [29]. A higher driving
current results in more torque, as long as the stepper motors can handle the higher cur-
rent without breaking. The on-board 5V regulator regulates the operating voltage to 5 V

and supplies power to the A3967 driver chip.

Limit switches were installed to both ends of the thread drives to make resetting the
device easier. When the stretching device reaches maximum or minimum extension, the
corresponding limit switches are pressed and an electrical connection is formed, which
can be registered by the Arduino program. This way, it is possible to determine when
either extreme is reached and perform actions based on that. Figure 21 shows the limit

switches in one thread drive.

Figure 21: Limit switches.

To ensure reliable connectivity between different parts, custom-made PCBs were man-
ufactured for the controlling circuitry. An Arduino Mega -compatible shield PCB, 4 step-
per driver grouping PCBs, a limit switch breakout PCB and a power supply splitter PCB
were designed in Mentor Graphics’ PADS Logic and Layout design software. The circuit
diagrams are presented next, and the corresponding layout designs can be found in Ap-

pendix 2.

The Arduino shield schematic is shown in Figure 22.
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Figure 22: Arduino shield schematic.

The Arduino shield schematic in Figure 22 connects all of the peripherals to the Arduino
board. With the shield, there is no need to connect the peripherals with bare jumper
wires. On the left, the connections to the stepper motor drivers can be seen, with a
header for a MicroSD card module below them. The rightmost headers connect the limit
switches, and the ADC channels can be seen in the top-left corner of the Arduino Mega

schematic symbol. In addition to these, there are also two extra ground and +5 V pins.

The EasyDriver boards are placed on the grouping PCBs in groups of three to ease
connection and reduce the count of needed power supply wires. The grouping PCB sche-

matic is shown in Figure 23.
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Figure 23: EasyDriver grouping PCB schematic.

In Figure 23, the header in the bottom right connects the Arduino shield to the EasyDriver
PCB. The direction and enable signals are shared by each EasyDriver, but the step sig-
nals marked with STEP1-3 are separate for each driver. At the top, the power supply
connectors are shown. These are connected to the power supply splitter board, which is
presented next.

The EasyDriver boards require a 5-30 V operating voltage [29]. The grouping PCBs all
have their own input terminals, which is why the original power supply output needs to
be split into four separate terminal pairs. This is done with the designed power supply

splitter PCB. The schematic for it is shown in Figure 24.
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Figure 24: Power supply splitter schematic.

The connector at the top of Figure 24 connects to the power supply. The EasyDriver
units can draw up to 1.5 A with a 5 V supply [29], which results in a maximum current of
18 A if powered with 5 V. The divider PCB has to handle high currents, which is why the
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individual connections to the grouping PCBs are done with two screw terminal connect-
ors per signal. The connectors to the EasyDriver grouping PCBs are shown at the bot-

tom.

In addition to the stepper drivers, the linear motors need limit switches to operate
properly. They connect to the Arduino via the breakout board. This is done to reduce the
required connections on the Arduino shield. As the switch has 2 terminals that need to
be connected, the total count of terminals is for the 12 linear motors with 2 limit switches
each is 48. The diagram of connecting one switch to the breakout board is shown in
Figure 25.

Vce
T O vout
O ——
R1 S1 .

Figure 25: Switch wiring diagram.

In Figure 25, V.. is the operating voltage, R1 is the series resistor, S1 is the switch and
Vout is the output signal. When the switch is open, Vout is Ve, which in this case is +5 V.
When the switch is closed, Vou: drops to ground potential. By only connecting the Vou
signals from the switches to the Arduino, the total pin count can be reduced from 48 to
24. However, the V. and ground signals are needed to operate the breakout board, so
the total pin count is 28, as 2 pins each are used for connecting V.. and ground. The

breakout board schematic is shown in Figure 26.



32

To Arduino shield
156PINHEADER 16 6PINHEADER

J1 BPINHE ‘ ]2 BPINHE

B

RrE 10k
R2010k

R2 10k _
SAAYA s
RE 10k
AR
R 1410k
AR

2 pq710k

2
2
2
2

R1610K _
R 1910k

R1 10k .
VY

R4 10k
Wy

R 710k

E 1010k
VY

R 1310k
VY

R2210Kk
VY

= ' 513
e 514
a4 515

516
S5
o 517
i 518
a8 519
a0 520

s1o 521

a11 - 522

S12 523

1 524
07 || U D | M |00 [ (N M= 0 [ LD | P |00 [ (N
bl bl Bl bl Bl bl bl [NV I A ENE (] [ bl bl bl bl bl bl bl IR [ NI RA (D (X
s I bty aea bl b bl nd el ] N 1
14 S 13 S
SWITCHES SWITCHES

2
3
4

—|r
oo

P&
7
P
E
2
3
7
P&
7
P&

P
FS

|| =y — n
o || oo oo ol
N

Fg
]
P11
P12

Figure 26: Limit switch breakout board schematic.

In Figure 26, the 2 leftmost pins at the top row connect to +5 V, and the 2 rightmost pins
at the top row connect to ground. The rest of the pins are for connecting the V.. signals
of the switches to the Arduino shield PCB in Figure 22. The limit switches themselves
connect to the connectors at the bottom of the schematic. The series resistors are lo-
cated in the middle.

The different PCBs are connected together with pin headers and wires which has suita-
ble crimp connectors at both ends. The power supply connections are an exception,
since they are done with screw terminals. However, after the design has been proven to
work, all the connections can be replaced with, for example, screw terminal connectors
to make them more secure and reliable. Figure 27 shows the configuration of the control

electronics and their connections.
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Figure 27: The control electronics assembled. A: Easydriver PCB, B: Arduino
shield, limit switch breakout PCB and power supply divider.

Figure 27A shows the Easydriver PCB. The cables marked with number 1 run to the
Arduino shield in Figure 27B and connect to the upper row marked with number 2. The
Arduino equipped with the shield PCB can be seen in the middle. The limit switch
breakout board is located on the right side next to the Arduino, with the black connection
cables marked with number 3 running into it. The power supply splitter PCB is found at
the top-right, and the leads connecting the PCB to the Easydriver PCBs are marked with

number 4.

As discussed in 3.2.1, the user interface enables the user to input commands and start
and stop the device. Therefore, it is important that both the instructions that guide the
control electronics and the program that runs the measurement system can be controlled
in the same interface. National Instruments’ LabVIEW was chosen as the program to
build the user interface and functionalities with. More discussion on LabVIEW and the

user interface can be found in 3.2.4.

While the control electronics are responsible for the movement of the linear motors, the
measurement electronics simultaneously measures the electrical changes in the sample
that is fixed to the stretching machine. Depending on the conductive pattern of the sam-
ple, the required number of measuring channels can vary. However, in the case of this
thesis, the channel count should not exceed 15. National Instruments manufactures Lab-
VIEW-compatible USB data acquisition devices, and USB-6210 USB multifunction 1/0O
device was picked as the data acquisition module for the measurement system. It has
16 analog input channels with an absolute accuracy of 1.41 mV with an input voltage
range of -5 to 5 V. A higher range of -10 to 10 V is also possible, but with a lower accu-
racy. [31] The device is shown in Figure 28.
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Figure 28: NI USB-6210 device.

It is possible to perform measurements for samples that are patterned even in quite com-
plex ways with the 16 available channels. One additional benefit of simultaneous muilti-
channel measurements is that the average behavior of the conductors on the sample is

easier to define. The measurement circuit is presented in 4.2.

The device was assembled on a 5 mm thick PVC sheet. The finished device is shown in
Figure 29.

Figure 29: The built stretching device, 1: control electronics, 2: motor driver
board, 3: thread drive, 4: sample clamps, 5: sample area.

The size of the PVC sheet is 850 x 950 mm. The stepper motors extend a bit over the

edges, so the final dimensions of the whole device are ~1000 x 1000 mm.
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3.2.4 Software

The software of the system consists of 2 different components: the Arduino Mega pro-
gram and the user interface/data acquisition program. The Arduino program is written in
Arduino IDE and programmed to the microcontroller via USB. The user interface/data
acquisition program runs on a PC, with both the Arduino and the USB-6210 data collector
connected to its USB ports. The communication between the Arduino and the computer
is done by serial communication, and the data acquisition device uses National Instru-

ments’ DAQmx drivers to communicate with the LabVIEW program.

To be able to control the movement of the stretching device according to the user’s in-
structions, a suitable software was written in Arduino. The flowchart in Figure 30 shows

the basic execution of the program.

Mot valid
Move clamps Parform
Resetto Wait for Check validity : to match ] .
default state parameters of parameters Valid starting Wait for start stretching

cycle

position

A
Other mode
Rectangular mode

Figure 30: Flowchart of the Arduino program.

At start-up, the device resets itself to the default state. All of the linear motors are run to
minimum extension and the sample diameter is set to the minimum value. After the reset,
the program waits for parameters, that are passed as characters via the serial bus. After
the program receives the parameters, it performs checks on their validity. The program
selection, the stretching amounts in both x- and y-direction, speed and sample diameter
are all checked so that when running the stretching cycle, possible faulty parameters
should not affect the execution. In addition to individual checks, the stretching amount is
checked in reference to the sample diameter so that the diameter and stretching amount

never surpass the maximum extension of the thread drives.

After the validation of the parameters, the software picks the executable stretching mode
based on the program parameter. The modes are symmetric biaxial stretching of circular
samples, symmetric biaxial stretching of rectangular/cruciform samples and asymmetric
stretching of circular samples. However, it needs to be noted that there is no limit on the
amount of modes, as the system was designed to be fully modular and modifiable. Each
of the motors can be controlled separately from each other, so even setting an arbitrary
value to each motor and stretching the samples totally randomly is possible. The full

Arduino program can be found in Appendix 3.
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With each program, the program makes the thread drives move the clamps to the new
diameter if it differs from the previous one. With circular samples, this is the only step
before continuing to wait for start. However, with rectangular samples, the only clamps

that are needed for sample attachment are the 4 clamps colored blue in Figure 31.

Figure 31: Clamps in rectangular mode, active clamps marked with blue.

The 8 clamps colored red in Figure 31 move away from the center to maximum exten-
sion. This way, the rectangular or cruciform sample can be mounted to the clamps and
stretched without the other clamps getting in the way. Once the other clamps have
moved out of the way, the system pauses. Then, the sample can be placed in the clamps

and the user can continue the execution.

The program waits for the start command from the user after the attachment has been
done. Once the command is received, the stretching cycle is performed according to the
parameters. All of the thread drives travel the same distance with the same speed in the
case of symmetric stretching. However, in asymmetrical stretching, the speed and the
distance need to be scaled to achieve an elliptical pattern. If we assume the blue clamps
in Figure 31 to be the two axes along which the two radii of the ellipse are placed, we

can calculate the distance of the other clamps with

_ ab
J(bcosa)2+(asina)?’

Ta

3)

where rq is he radius at the angle in question, a is the first main radius, b the second
main radius and a is the angle. In the case of the built device, the angles of the two

different linear motor groups are 30° and 60°. The system then calculates the speed in



37

which the thread drives need to travel in order to achieve the ellipse based on the dis-

tance.

After a successful execution of the stretching cycle, the system returns either to wait for
new parameters or resets itself to the default state, if the mode used was symmetric

stretching for rectangular/cruciform samples.

The LabVIEW user interface and data acquisition program sends the stretching param-
eters and start/stop commands to the Arduino and simultaneously saves the measure-
ment data into a file as the measurement cycle is performed. The program was imple-
mented as a LabVIEW Virtual Instrument block diagram with ready-made functionalities.

The basic functionality of the program is shown as a simplified flowchart in Figure 32.

Compose a

Send
string of Wait for press Pressed—» parameters to t Wait for
param eters of send-button Arduino response

Open file to Update
save data into parameters

Negatwe

Positive

Make End
Wait for press Pressed Send start Wait for Positive Start easurem ents measurem ent
of start-button com mand response m easuremen‘c wait for end- close file
command

Negative

Figure 32: Simplified flowchart of the user interface/data acquisition program.

The program flow in Figure 32 starts with a dialog box which asks a name for the file the
data is to be saved into. After this, the system loops the first loop for as long as the
parameters are sent with the send button. Every time the parameters, which include the
stretching amounts in both x- and y-direction, the stretching mode, speed and the diam-
eter of the sample, are changed, the parameter string is updated. After pressing the send
button, the string is sent to the Arduino via serial interface. If the Arduino sends a positive
response, which means that the parameters are valid, the program proceeds to wait for
the pressing of the start button. If the response is negative, the parameters must be

updated, and the program returns to the first loop.

The program sends a start command to the Arduino when the start button is pressed. If
the response from the Arduino is positive, the measurement system starts. If not, the
program returns to the wait state. During the measurement, the system records the data
with a user-definable sample rate and saves it into the previously named file. The Arduino
sends the information of the end of the stretching cycle back to the program. Finally, the

measurement is stopped, the file is closed, and the cycle is complete.
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4. CHARACTERIZATION

The device was characterized to confirm the uniformity of stretching after the building. In
addition to this, the functionality of the system was proven by conducting two experi-
ments with screen-printed samples. In this chapter, the characterization tests and the

demonstration are explained.

4.1 Uniformity of Stretching

To prove that the improved device exceeds the performance of the reference device,
DIC measurements were conducted on both. DIC measurements involve taking a series
of pictures during the stretching cycle, comparing the images to each other and identify-
ing the behavior of the sample during the stretching cycle from the image comparison.
As the reference device is only capable of symmetric radial stretching, the performance
comparison between the two devices can only be done by inspecting the symmetric
stretching. However, to verify the operation of the elliptic mode, DIC measurements were
also conducted on it. From the DIC measurements, a biaxiality distribution diagram was
produced to validate the different asymmetric biaxial as well as the symmetric biaxial

stretching ratios.

4.1.1 Symmetric Biaxial Mode

The main objective of the comparison was to confirm that the improved stretching device
performs more symmetrically and evenly than the reference device. The precision is im-
portant, as all of the dimensional errors in the stretching cycle affect the evaluation of the
performance of the conductors. An error in the stretching device likely results in errors in

the characterization of printed patterns and thus should be avoided.

The DIC tests for this mode were conducted in the following way: the samples were
stretched to the point in which either they broke or detached from the clamps. The results
were analyzed from the beginning up to before the point of breakage or detaching. The
DIC measurements are informatic in many ways: for example, they show if there are
abnormalities in the uniformity, if the strain amount matches the predetermined value

and how much the sample has moved in the z-direction.

The reference device was tested only with samples that have conductor patterns on

them, one of the samples shown in Figure 33.
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Figure 33: DIC sample with printed silver conductors on a TPU substrate.
Straight part of the conductors marked with dashed rectangle.

The sample in has nine V-shape conductive patterns arranged radially. The width of the
conductors is 1 mm and the length of the straight part is 36 mm. The large pads at the
edges of the sample are used for connecting the sample to the measurement probes.
The improved device was tested with both samples that have conductor patterns and
plain TPU. The plain TPU was cut to similar-sized circles and stretched in similar

amounts.

4.1.2 Asymmetric Biaxial Mode

The most important factor in the DIC measurements of the asymmetric biaxial mode was
to determine whether the sample was being stretched in the proportions that were deter-
mined. To confirm the correct functionality, test with multiple x and y strain ratios were
conducted and both the x- and y- directional strain were examined. Also, both samples
with conductors and plain TPU were used. The diameter for all of the samples was 100
mm. Table 2 shows all the DIC measurements conducted with the elliptic mode.
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Table 2: Test schemes for DIC measurements of asymmetric biaxial mode.

Sample Y-deformation X-deformation Speed Patterned
(mm) (mm) (mm/s) Y/N
1 40 4 0,1 Y
2 40 4 0,1 N
3 40 10 0,1 N
4 40 20 0,1 N
5 40 30 0,1 N

4.2 Electrical Measurements

Two resistance measurements were conducted to demonstrate the measurement func-
tionality of the setup. In addition to that, the measurements show the correlation between
strain and the resistance of the conductors. The same samples that were used in the
DIC measurements were used in the electrical measurements as well. To be able to
measure the voltage over the screen-printed silver tracks, normal PCB pieces with leads
acting as the probes were attached to the pads in the sample with anisotropically con-

ductive film (ACF) tape. A sample with the probes attached is shown in Figure 34.
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Figure 34: TPU sample with measurement probes.

As seen from Figure 34, all of the conductors 1-9 have been connected to the measure-
ment setup. The axes for the asymmetric biaxial stretching are clamps 4-10 and 1-7, and
the clamp 4-10 exhibits the higher deformation when asymmetric biaxial stretching is
used. This is important when examining the measurement results, as the conductors are

stretched unevenly.

The used measurement setup is shown in Figure 35.
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The measurement circuit in Figure 35 is a 15-channel voltage divider network. It consists

Figure 35: Measurement setup.

of ballast resistors and the samples, which are connected to the nodes marked with S1-
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S15. The voltages over the individual samples are measured with the USB-6210’s chan-
nels 1-15, marked with C1-C15. The source voltage that is fed to the network is sampled
by the USB-6210’s channel C16. This is done to improve accuracy in the measurements

in the case that there is some drift in the source voltage, which is quite common.

The resistance of the sample is calculated from the measured voltage in the LabVIEW

program with the following formula:

Vsamplen*Rn

R = L ) (4)
’ Viyer=V

ref~Vsamplen

where Rs, is the resistance of the sample, Vsampie,n is the voltage over it, R, is the re-
sistance of the ballast resistor and V. is the reference voltage. In the measurements,
the resistance of the used ballast resistors was 1500 Q, and the used source voltage

was 5 V. Table 3 shows the conditions under which the samples were tested.

Table 3: Test conditions for electrical measurements.

Sample Mode Deformation Deformation Speed Measurement

x-axis (mm) y-axis (mm) (mm/s) frequency (Hz)

1 Symmetric 30 30 1 10
biaxial

2 Asymmetric 30 20 0,1 1
biaxial

Two different settings were used, symmetric biaxial deformation with higher speed and
asymmetric biaxial with lower speed, both with nearly similar levels of deformation. The
schemes were chosen so that the conductors would not break, but rather show a steady

increase and decrease in the resistance, which can be easily plotted and visualized.
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5. RESULTS AND DISCUSSION

The results of the measurements are discussed next. Possible reasons and factors that

contribute to the results are presented along with the analyses of them.

5.1 Uniformity of Stretching

The DIC figures acquired from both devices are presented next. The symmetric biaxial
mode is examined first, and a comparison on the two devices is done. Then, the asym-

metric mode is analyzed.

5.1.1 Symmetric Biaxial Mode

Figure 36 shows the strain figure measured from the reference device.

[5] wiens jeuuou wnwixep

Figure 36: Strain figure measured form the reference device.

Figure 36 shows that despite the relative uniformity, some differences in the strain values
can be noticed. The top-left part is stretched more due to the bigger displacement, and
vice versa. The larger deformation is shown in green (0,38-0,58), and the smaller is

shown in blue (0,18-0,38), as the scale in the right side of Figure 36 shows. In addition
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to this, the area around the printed conductors does not behave similarly to the surround-
ing blank material. The ink does not stretch as well as the substrate, which affects the

strain figure.

The displacement figure of the reference device shown in Figure 37 reveals the main

reason to the uneven strain.

]
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Figure 37: Displacement figure measured from the reference device.

Figure 37 indicates the minimum point of displacement, which could also be considered
as the center point of the stretching. This center point is relatively far from the center of
the actual sample. This is the main reason for the uneven strain in Figure 36. Uneven
displacement and strain could result in uneven loading on the conductors, breaking some
of them earlier than others, which might corrupt possible resistance measurement re-

sults.

The non-symmetrical behavior seen in the figures can be explained by the mechanical
structure of the device. The slack mentioned in 3.1 contributes highly to any asymmetry
seen in the figures. The side that the motor is placed on in the RSS experiences higher
values in strain and displacement. This further supports the evidence that the rim spins
unevenly, causing the shafts to also retract unevenly. Rotating the rim with only one
motor placed on either side of the system causes problems, which probably could be
eliminated with another motor.
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Figure 38 shows the strain figure of the improved device.
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Figure 38: The strain figure measured from the improved device.

As seen from Figure 38, the strain figure of the improved device is very close to symmet-
rical from all sides. The majority of the sample experiences strain of 0,2-0,25. The con-
ductors do not seem to significantly affect the strain. This might be due to the lower
overall strain values when compared to the reference device. The conductors might be-
have similarly to the substrate in lower strain values making the effect of them less visi-
ble, thus making the strain figure more uniform. The lower overall strain is due to the
sample not being stretched as much as in the case of the reference device. The sample
detached from the clamps by itself, which is why it could not be stretched further. The
strain seems to be centered around the center of the sample, which indicates that the
displacement is also even. Some irregularities can be seen around the edges of the
sample. The big silver pads show significantly lower strain values, which is balanced out
by larger strain between the pads. Also, on the very edges, there are some uneven spots.
They are probably due to the uneven attachment of the sample, as the procedure is still
quite counter-intuitive. Figure 39 shows the displacement figure from the improved de-

vice.
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Figure 39: Displacement figure measured from the improved device.

As seen from Figure 39, the displacement is far better focused around the center point
of the sample. The displacement also seems to be more symmetrical and even through-
out the sample. The aforementioned combined with the strain figure in Figure 38 indi-

cates that the symmetric biaxial mode works as it should, stretching the sample evenly.

Based on the uniformity of strain and more centered nature of displacement, it can be
said that the improved device has a better performance compared to the reference de-
vice. Also, while stretching, the system seems sturdier during stretching, more reliable
and a more suitable alternative for more precise applications. However, more measure-

ments should be conducted on the device to better understand the functionality of it.

5.1.2 Asymmetric Biaxial Mode

To verify the functionality of the asymmetric mode, the measurements in Table 2 were
conducted. The x- and y-directional strain figures in Figure 40 show results from samples
1and 2.
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Figure 40: Strain figures from asymmetric biaxial samples 1 and 2, A: y-direc-
tional strain (sample 1), B: x-directional strain (sample 1), C: y-directional strain
(sample 2), D: x-directional strain (sample 2).

Figure 40A and 40C show the y-directional strain figures from samples 1 and 2, and
Figure 40B and 40D show the x-directional strain figures from samples 1 and 2. The
asymmetric biaxial nature of the stretching can clearly be seen from the relation of strain
in these figures. Both samples behave similarly, experiencing close to zero (<0,150)
strain in the y-direction and similar higher values (0,1-0,270) in the x-direction. There is,
however, a bigger deviation in the strain values of sample 1. This is most likely due to
the printed silver conductors, which affect the strain distribution in the sample. It can be
seen that around the edges of the sample, the strain values are lower than in the middle,
especially in the case of x-directional strain. The silver conductors and pads do not
stretch as well as the TPU substrate. The sample with no conductors experiences a more

even strain distribution.

The displacement figures of samples 1 and 2 are shown in Figure 41.
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Figure 41: Displacement figures from A: sample 1 and B: sample 2.

After measuring samples 1 and 2, the orientation of the DIC system was rotated 90 °.

This flips the x- and y-axis with each other, but the results are not affected otherwise.

The change of the axes is taken into consideration when comparing the results. The x-

and y-directional strain figures measured from sample 3-5 are shown in Figures 42-44.
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Figure 42: Strain figures from asymmetric biaxial sample 3, A: y-directional
strain, B: x-directional strain.

In Figure 42, the y-x stretching ratio is 40 mm / 10 mm. This can clearly be seen as a
different amount of x- and y-directional strain in Figure 42A and Figure 42B.
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Figure 43: Strain figures from asymmetric biaxial sample 4, A: y-directional
strain, B: x-directional strain.

In Figure 43, the y-x stretching ratio is 40 mm / 20 mm. The difference is x- and y-direc-
tional strain is still clearly visible, but as seen from Figure 43B, the x-directional strain

has increased a lot more than in Figure 42B.
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Figure 44: Strain figures from asymmetric biaxial sample 5, A: y-directional
strain, B: x-directional strain.

In Figure 44, the y-x stretching ratio is 40 mm / 30 mm. The closer the ratio gets to
symmetric biaxial stretching, the more the x- and y-directional strain figures start to re-
semble each other. This kind of behavior is expected, as previously proven, the symmet-
ric biaxial stretching yields nearly symmetric displacement and strain figures.

Figure 45 shows the displacement figures measured from samples 3-5.
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Figure 45: Displacement figures from A: sample 3, B: sample 4, C: sample 5.

The similar trend of increasing x-y symmetry can be seen from Figure 45. As the x-y
strain ratio approaches symmetry, the displacement figures look more and more sym-
metrical, while still retaining the clear difference between x- and y-axis. However, there
is slight deviation in the displacement along the x-axis, especially in Figure 45A and
Figure 45B. This error might stem from the uneven attachment of the samples, slipping

of the clamps or a minor defect in the uniformity of the sample itself.

The difference between the behavior of the samples is visible. The bigger the ratio of the
x- and y-deformations, the clearer the difference between the x- and y-directional strain
figures. However, from these figures, it is still relatively difficult to quantify the applied
ratio of the asymmetric biaxial stretching. This is why a box plot showing the biaxial ratio
distribution in the bare TPU samples was produced. The resulting box plot is shown in
Figure 46. It is important to note that the box plot only illustrates the data points which
are located in a 50 mm diameter circle placed in the center of the sample, so that the

possible error from the sample attachment method can be minimized.
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Figure 46: Biaxiality distribution from different tests with plain TPU.

In Figure 46, the x-axis depicts the applied biaxial ratio. In Table 2, sample 2 was
stretched with a ratio of 40 mm / 4 mm = 0,10, sample 3 with a ratio of 40 mm /10 mm
= 0,25, sample 4 with a ratio of 40 mm / 20 mm = 0,5, and sample 5 with a ratio of 40
mm / 30 mm = 0,75. The results for the symmetric biaxial sample with a ratio of 1 were
taken from the comparison measurements conducted in 5.1.1. As seen in Figure 46, the
distributions mostly follow the biaxial ratios, however, some exceptions are present. The
symmetric biaxial stretching seems to work the best, with the median value exactly at 1.
The results from ratios 0,25 to 0,75 are all relatively close to the theoretical value but
slightly larger, and the result from the ratio 0,1 seems to be slightly less than the theo-

retical value.

The most significant factor contributing to the error in the measurements is probably the
magnetic sample attachment system. During the experiments, the samples were at-
tached manually without a sample holder to secure them in place while opening the
clamps. At times, the attachment succeeded better than in other experiments. If the at-
tached sample was badly wrinkled, it had to be slightly stretched to get rid of the wrinkles,
as the DIC results would have been affected by the wrinkles. The pre-stretching of the
sample might also have affected the results in a less ideal way. Coming back to the
clamps themselves, the magnets seem to have gripped the sample well enough. How-
ever, it was noticed during the measurements that some slipping occurred. This slipping
most definitely affects the results as well. The use of magnets as the attachment method

as well as the clamp design itself should be carefully examined in the future.
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It can initially be said that the performance of the improved device is superior to that of
the reference device despite the deviations in the biaxiality distribution. By comparing
the strain and displacement figures, it is visible that the stretching is both more uniform
and more centered. The asymmetric biaxial mode needs a bit of improvement, but it can
be used in practical experiments already as-is. Also, the improved device is capable of
performing higher ratios of strain, up to 180 %. It must be noted that during the thesis
work, the time available for the characterization was limited due to COVID-19. Therefore,
not all characterization methods were considered. To better understand the capabilities

and limitations of the built device, more experiments should be conducted.

5.2 Electrical Measurement Demonstration

The first sample was stretched from 100 mm to 130 mm with symmetric biaxial stretch-

ing. Figure 47 shows the absolute resistance values over time recorded from sample 1.
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Figure 47: Resistance results from symmetric biaxial measurement.

As seen from Figure 47, R2 was not included in the graph. This is due to a pre-measure-
ment breakage of the conductor, which rendered the results irrelevant. The other con-
ductors behaved similarly, with the slight exception of R8. The lower increase in re-
sistance can stem from multiple different factors. The sample attachment procedure for
the tested samples was not straight-forward due to the previously attached PCB strips.
This made the attachment of the samples quite difficult, which might have caused uneven
strain in the sample. The sample might have had some difference in the quality of the
conductors, and the age of the samples might affect the results as well. Figure 48 shows

the normalized resistance of conductors R5, R8 and R9 in relation to the displacement.
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Figure 48: Normalized resistance of conductors R5, R8 and R9 in relation to
the displacement. Arrows mark the direction of displacement.

The behavior of the conductors in Figure 48 shows that the resistance exhibits hystere-
sis. Three conductors and their resistance values were chosen from each end and the
middle of the results in Figure 47. As noted with the arrows, the resistance is lower as
the displacement (strain) is increased. When the displacement is decreased, the re-
sistance decreases slower. The resistance at the resting state is also higher than prior
to the cycle, averaging at about 1,5 * RO. This behavior can be seen in all of the three

samples.

The results in Figure 47 and 48 show that the measurement setup is working, and no
visible noise is seen in the measurements. Most of the conductors behaved similarly to
each other, starting and ending at nearly equal resistances and peaking at similar values.
The fact that the symmetric biaxial stretching is uniform also supports the results, as all
of the conductors are, in theory, stretched by exactly the same amount. Similar results
with TPU samples and screen-printed silver conductors have been achieved before in,
for example, the article by Jari Suikkola et al. [32]. From the results in Suikkola’s article,
it can also be seen that deviation in the resistance values under strain is normal. Also,
the absolute values seem to match each other quite well, with the peak values at 30 %
strain at around 40-50 ohms. [32]

Next, sample 2 was stretched to 30/20 mm using asymmetric biaxial stretching. Figure

49 shows the resistance values over time recorded from sample 2.
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Figure 49: Resistance results from the asymmetric biaxial measurement.

As seen from Figure 49, data from channels 2 and 8 is missing. There was too much
deviation in them compared to the others to consider the results reliable, so they were
left out. Otherwise, the results show the effect of asymmetric biaxial stretching quite well.
The conductors that are stretched more, which in this case are R1, R5, R6 and R9, yield
higher resistance values. Considering that the initial resistance values were similar, the
deviation in the peak values is reasonable and logical. shows the normalized resistance
of conductors R3 and R6, which are closest to being parallel to the main stretching axes
of the asymmetric mode. Figure 50 shows the resistance of conductors R3 and R6 in

relation to the displacement.
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Figure 50: Normalized resistance of conductors R3 and R6 in relation to the
displacement. Arrows mark the direction of displacement.

From Figure 50, it can be seen that the conductor that is placed parallel to the major axis

of the asymmetrical displacement, R6 in this case, exhibits a higher resistance change
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than the one placed on the minor axis, R3. The resistance of R3 increases by only 5
times as the resistance of R6 increase by almost 10 times. As the biaxial ratio of the
measurement was 30/20 = 1,5 the results are reasonable and inside the boundaries of

normal deviation previously seen in such measurements 60[32].

Based on the two different tests, it can be said that the measurement setup works as
planned, and no noticeable noise is present in the measurements. The behavior of the
samples with the different tests is logical, with the resistance increasing as the strain is
increased. Also, the results compare to previously acquired data relatively well [32]. How-
ever, with the measurement configuration shown in Figure 34, it can be that the actual
change in resistance stems also from the change in the connection between the PCB
piece and the sample. As it is being stretched, the conductive ACF tape between the two
also stretches and might affect the goodness of the connection. However, the connection
pads were quite large, and their contribution in the total resistance could be relatively

small. Despite that, it should never be completely ignored.
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6. CONCLUSION

The guidelines set for the thesis were accomplished and a new device for the character-
ization of stretchable electronics was created. The newly designed device is capable of
characterizing stretchable electronics in terms of 2-dimensional deformation and simul-
taneous electrical measurements. The design of the improved stretching device was
successful, and in the design process, the improvement points of the reference device
were located and taken into account in the design of the improved system. The introduc-
tion of precisely manufactured mechanical parts and stepper motors increased the ac-
curacy of the mechanical structure vastly. The theoretical accuracy of the clamp move-
ment is in the micrometre scale, but even a 100-fold decrease in the real-life accuracy

can be said to be sufficient.

In addition to the improvements, more features were added to make the device more
versatile. The original plan was to build a symmetric biaxial testing device, the reference
device. When built, it was noted that some extra functionalities would make the system
far more useful. This is why the improved device was designed. The new features in-
cluded a bigger possible sample size and maximum deformation, two extra modes for
stretching rectangular/cruciform samples and performing asymmetrical biaxial defor-
mation. The new features broaden the possible applications in which the newly built de-
vice can be utilized. For example, some health monitoring patches or textile-integrated
led matrixes might be relatively large but need testing regardless. Not only can the device
be used in pre-stretching of substrates, but it can also function as a characterization
device for possible new substrate-ink combinations and patterns, and a measurement

device.

The integration of the resistance measurement system enables further possibilities to
determine the boundaries of stretchable systems as they are stretched 2-dimensionally.
Also, the device provides a practical tool for inspecting the real-life equivalent of simula-
tion results as there is interest in modelling the behaviour of similar systems. Combining
electrical measurements and biaxial deformation is a tool that has not been widely uti-
lized yet, which is why the designed device can fill a gap in the possibilities of the testing

of stretchable electronics.

The device can be improved further in the future. The linear motors have sufficient
strength to stretch stiffer materials, and it is possible to swap the stepper motors with

higher-torque alternatives. Also, the modular nature of the device enables the addition
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of new stretching schemes, even arbitrary ones, or, for example, a mode for stretching
circular or rectangular samples into some completely new shape. Neither the mechanical
structure nor the software is limited, as each of the thread drives can be separately con-
trolled. The sample attachment setup was the weakest link, and the clamps might have
to be redesigned. The magnetic sample attachment might not be the ideal way of attach-
ing the samples, as the magnets might slip and affect the end result. Also, the attachment
of the measurement probes needs to be integrated into the clamps to provide more sta-
ble connection and further ease the attachment of the sample during setup. When it
comes to possible applications, the research in the field is ongoing. The modifiability of
the device is high, and with only slight changes it can be utilized in many different tasks.
For example, the device could in the future be used as an aid in characterizing printed

antennas and how they behave during stretching.
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APPENDIX 1: MEASUREMENTS FOR THE 3D-
MODELED PARTS
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Figure 52: Thread drive bracket with measurements, A: bottom view, B: top
view, C: back view.



62

APPENDIX 2: LAYOUT DRAWINGS

Figure 53: Arduino shield layout, A: bottom side, B: top side.
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Figure 54: Easydriver grouping PCB layout, A: bottom side, B: top side.
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Figure 55: Power supply splitter layout, A: bottom side, B: top side.
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APPENDIX 3: ARDUINO CODE

/*TUNIRSS LABVIEWMOD_VOL3
* This file contains the main functionality of the biaxial tester.

* This code, in cooperation with the corresponding Labview-program,

* runs the biaxial tester and resistance measurement setup.

* Programmed by Vanni Panula during 9/2019-7/2020.

* Master's thesis done for the Laboratory for Future Electronics /

* Prof. Matti Mantysalo's research group as part of the Elastronics

* project.

*/

int dir = 22; //pin that controls the spinning direction of the stepper
motors.

int enable = 23; //pin that controls the enable-signal for the stepper drivers
(if the motors are powered or not).

//int motorl...12: @: step-pin, 1: close limit, 2: far limit

int motorl[3] = {2, 25, 27};

int motor2[3] = {3, 29, 31};

int motor3[3] = {4, 33, 35};

int motor4[3] = {5, 37, 39};

int motor5[3] = {6, 41, 43};

int motor6[3] = {7, 45, 47};

int motor7[3] = {8, 24, 26};

int motor8[3] = {9, 28, 30};

int motor9[3] = {10, 32, 34};

int motorle[3] {11, 36, 38};

int motorll[3] {12, 40, 42},

int motorl2[3] {13, 44, 46};

float stretchingspeed = 9; //variable for storing the speed of stretching.
int delaytimel = 200; //delay times for 4 different motor subsets to
achieve asymmetrical stretching

int delaytime2 = ©;

int delaytime3 = 9;

int delaytimed4 = 0;

float newrl = 0; //variable to store the first stretching amount.
float newr2 = 0; //variable to store the second stretching amount.
float newsetdiam = 0; //variable to store the diameter of the stretched
sample.

int newprogrampicked = 0; //variable to store the program selection.
float rl = 0; //rl-r4: different radii for elliptic stretching,
float r2 = 0; //these control the delay times that the motor
float r3 = 9; //subsets get.

float r4 = 0;

int previousdiam = 130; //value of the previous sample diameter

bool upl = false; //booleans for controlling the step pins' states.

bool up2 = false;
bool up3 = false;
bool up4 = false;
bool startup = true; //boolean for controlling the startup functions.

void setup() {

// put your setup code here, to run once:

//motors' step pins, enable and direction pin as output
pinMode(2, OUTPUT);

pinMode(3, OUTPUT);

pinMode(4, OUTPUT);

pinMode(5, OUTPUT);

pinMode(6, OUTPUT);
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pinMode(7, OUTPUT);
pinMode(8, OUTPUT);
pinMode(9, OUTPUT);
pinMode (10, OUTPUT);
pinMode(11, OUTPUT);
pinMode(12, OUTPUT);
pinMode (13, OUTPUT);
pinMode(dir, OUTPUT);
pinMode(enable, OUTPUT);
//close and far limit pins as inputs
pinMode(24,INPUT);
pinMode(25,INPUT);
pinMode(26,INPUT);
pinMode(27,INPUT);
pinMode(28,INPUT);
pinMode(29,INPUT);
pinMode(30,INPUT);
pinMode(31,INPUT);
pinMode (32, INPUT);
pinMode(33,INPUT);
pinMode(34,INPUT);
pinMode (35, INPUT);
pinMode (36, INPUT);
pinMode(37,INPUT);
pinMode(38,INPUT);
pinMode(39,INPUT);
pinMode (40, INPUT);
pinMode (41, INPUT);
pinMode(42,INPUT);
pinMode(43,INPUT);
pinMode(44,INPUT);
pinMode (45, INPUT);
pinMode (46, INPUT);
pinMode(47,INPUT);
//begin serial communication with baud rate of 9600
Serial.begin(9600);
Serial.println("This Arduino Mega is running the TUNIRSS_LABVIEWMOD_VOL3.ino
code.");
Serial.println("Ask Vanni Panula for more details, if needed.");

}

//function to empty the incoming serial buffer. "Dumps" the rest of the char-
acters.
void serialFlush(){
while(Serial.available()){
char j = Serial.read();

}
}

//function to step motors in subset 1. Toggles the step-pins' state according
//to the boolean upl. This runs motors 4 and 10.
void stephl(){
if(upl == false){
upl = true;
digitalWrite(5, HIGH);
digitalWrite(11, HIGH);
}
else{
upl = false;



66

digitalWrite(5, LOW);
digitalWrite(11, LOW);
}
}

//function to step motors in subset 2. Toggles the step-pins' state according
//to the boolean up2. This runs motors 1 and 7.
void steph2(){
if(up2 == false){
up2 = true;
digitalWrite(2, HIGH);
digitalWrite(8, HIGH);
}
else{
up2 = false;
digitalWrite(2, LOW);
digitalWrite(8, LOW);
}
}

//function to step motors in subset 3. Toggles the step-pins' state according
//to the boolean up3. This runs motors 3, 5, 9 and 11.
void steph3(){
if(up3 == false){
up3 = true;
digitalWrite(4, HIGH);
digitalWrite(10, HIGH);
digitalWrite(6, HIGH);
digitalWrite(12, HIGH);
}
else{
up3 = false;
digitalWrite(4, LOW);
digitalWrite(10, LOW);
digitalWrite(6, LOW);
digitalWrite(12, LOW);
}
}

//function to step motors in subset 4. Toggles the step-pins' state according
//to the boolean up4. This runs motors 2, 6, 8 and 12.
void steph4(){
if(up4 == false){
up4 = true;
digitalWrite(3, HIGH);
digitalWrite(9, HIGH);
digitalWrite(7, HIGH);
digitalWrite(13, HIGH);
}
else{
up4 = false;
digitalWrite(3, LOW);
digitalWrite(9, LOW);
digitalWrite(7, LOW);
digitalWrite(13, LOW);
}
}

//The main function that stretches the sample in elliptic mode.
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//unsigned long int steps = how many steps the stepper motors are stepped.
//bool spindir
tion of the motors.

void stretchellipse(unsigned long int steps, bool spindir){

= controls the stretching/de-stretching, 1. the spinning direc-

//if spindir is true, the device retracts, stretching the sample

//and vice versa. dir-pin is toggled accordingly.

if(spindir ==
digitalWrite(dir, HIGH);

}

else{

true){

digitalWrite(dir, LOW);

}

//time constants to control the 4 motor subsets. Each one needs its own
because the groups are
//being controlled in parallel to each other.

unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned

//run as

long
long
long
long
long
long
long
long
long

long

while(counter

//timestamp
timenowl =

timenow?2
timenow3
timenow4

int previoustimel = micros();
int timenowl = micros();

int previoustime2 = micros();
int timenow2 = micros();

int previoustime3 = micros();
int timenow3 = micros();

int previoustime4 = micros();
int timenow4 = micros();

int counter = 0;

as the counter reaches the step count
< steps){

acquisition
micros();
micros();
micros();
micros();

//if time has passed enough, step group 1. Give new value to previous time

variable.

if(timenowl - previoustimel >= delaytimel){
previoustimel = timenowl;
stephl();
counter++;

}

//if time has passed enough, step group 2. Give new value to previous time

variable.

if(timenow2 - previoustime2 >= delaytime2){
previoustime2 = timenow2;
steph2();

}

//if time has passed enough, step group 3. Give new value to previous time

variable.

if(timenow3 - previoustime3 >= delaytime3){
previoustime3 = timenow3;
steph3();

}
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//if time has passed enough, step group 4. Give new value to previous time
variable.
if(timenowd - previoustime4 >= delaytime4d){
previoustime4 = timenow4;
steph4();
}
}
}

//the main function for stretching the sample in circular mode.
//unsigned long int steps = how many steps the motors are stepped.
//bool spindir = controls the direction of the motors.

void stretchcircle(unsigned long int steps, bool spindir = true){

//if spindir is true, the device retracts, stretching the sample
//and vice versa. dir-pin is toggled accordingly.
if(spindir == true){

digitalWrite(dir, HIGH);
}
else{

digitalWrite(dir, LOW);
¥
//counter for steps and timestamp acquisition.
unsigned long int counter = 9;
unsigned long int previoustime = micros();
unsigned long int timenow = micros();

//run as long as the step count is reached.
while(counter < steps){
timenow = micros();
//if enough time has passed, step the motors.
if(timenow - previoustime >= delaytimel){
stepall();
previoustime = timenow;
counter++;
}
}
}

//function for calculating the steps required to move a certain length.

//int distance = the travel distance set by the user.

unsigned long int calculatesteps(int distance){
unsigned long int steps = 3200 * (float(distance)/0.7);
//3200 steps for 1 round, which accounts for 0.7mm movement with M4 thread.
return steps;

}

//Function for setting the new diameter and moving the clamps to the correct
position.
void setsamplediameter(){

//if the new diameter is smaller, move clamps closer.
if(newsetdiam < previousdiam){
int dif = previousdiam - newsetdiam;
unsigned long int steps = calculatesteps(float(dif));
digitalWrite(enable, LOW);
stretchcircle(steps, false);
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//if the new diameter is bigger, move clamps further.
else if (newsetdiam > previousdiam){
int dif = newsetdiam - previousdiam;
unsigned long int steps = calculatesteps(float(dif));
digitalWrite(enable, LOW);
stretchcircle(steps, true);
}
//set the new diameter as the previously set diameter.
previousdiam = newsetdiam;
digitalWrite(enable, HIGH);

}

//function that calculates the radii and the delay times for the elliptic
stretching.
void calculateellipse(){
Serial.println(newsetdiam);
//just check if the two main radii are a match.
if(newrl != newr2){
//with the formula for calculating the radius at an angle, calculate
//the stretching amounts for the two angled motor subsets. the sample
radius has
//to be added into the calculations for the formulas to work right. It is
//later subtracted to make the numbers match only the stretching amount.
r3 = ((newrl + newsetdiam) * (newr2 + newsetdiam))/(sqrt((newrl
newsetdiam) * (newrl + newsetdiam) * ©.25 + (newr2 + newsetdiam) * (newr2
newsetdiam) * ©0.75));
rd = ((newrl + newsetdiam) * (newr2 + newsetdiam))/(sqrt((newrl
newsetdiam) * (newrl + newsetdiam) * ©.75 + (newr2 + newsetdiam) * (newr2
newsetdiam) * 0.25));;
rl = newrl;
r2 = newr2;
}
else{
r3 = newrl;
rd4 = newrl;
r2 = newrl;
rl = newrl;
}
r3 = r3 - newsetdiam;
r4 = r4 - newsetdiam;
//if the stretching amounts are input in a way that the first is smaller
//than the second, flip them over and flip the angled radii as well.
if(newrl < newr2){
int temp = newrl;
newrl = newr2;
newr2 = temp;

+ +

+ +

temp = r3;
r3 = r4;
r4 = temp;

}
//multiply delaytimel by the ratio of the corresponding radii

//and apply them to control the different motor subsets.
delaytime2 = delaytimel * newrl / newr2;

delaytime3 = delaytimel * newrl / r3;

delaytime4 = delaytimel * newrl / r4;
Serial.println(rl);

Serial.println(r2);

Serial.println(r3);

Serial.println(r4d);
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Serial.println(delaytimel);
Serial.println(delaytime2);
Serial.println(delaytime3);
Serial.println(delaytime4);

}

//step all motors at once,
void stepall(){
if(upl == false){

}

upl = true;

digitalWrite(2, HIGH);
digitalWrite(3, HIGH);
digitalWrite(4, HIGH);
digitalWrite(5, HIGH);
digitalWrite(6, HIGH);
digitalWrite(7, HIGH);
digitalWrite(8, HIGH);
digitalWrite(9, HIGH);
digitalWrite(10, HIGH)
digitalWrite(11, HIGH)

digitalWrite(12, HIGH);
digitalWrite(13, HIGH);

else{

}
}

upl = false;

digitalWrite(2, LOW);
digitalWrite(3, LOW);
digitalWrite(4, LOW);
digitalWrite(5, LOW);
digitalWrite(6, LOW);
digitalWrite(7, LOW);
digitalWrite(8, LOW);
digitalWrite(9, LOW);
digitalWrite(10, LOW);
digitalWrite(11, LOW);
digitalWrite(12, LOW);
digitalWrite(13, LOW);

.
J
5
B
J

according to the state of the boolean upl.

//main function for controlling the circular stretching.
//includes preparations and the main stretching cycle.
void circle(){

unsigned long int steps
stretching.

digitalWrite(enable,

the

stretchcircle(steps,

the

motors.

sample.

delay(1000);
backwards.

stretchcircle(steps,
digitalWrite(enable,

consumption.

}

calculatesteps(newrl); //calculate steps for the

LOW) ; //write @ to enable-pin to enable control of

true); //spin motors the amount of steps to stretch

//wait 1000ms before starting the cycle

false); //spin motors to release stretch.
HIGH); //disable motor control to minimize power

//main function for elliptic stretching.
//includes preparations and the main stretching cycle.
void ellipse(){
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calculateellipse(); //calculate the delay times for the motor subsets.

digitalWrite(enable, LOW); //write @ to enable-pin to enable control of the
motors.

unsigned long int steps = calculatesteps(newrl); //calculate steps for the
stretching.

stretchellipse(steps, true); //spin motors the amount of steps to stretch
the sample.

delay(1000); //wait 1@0ems before starting the cycle backwards.

stretchellipse(steps, false); //spin motors to release stretch.

digitalWrite(enable, HIGH); //disable motor control to minimize power
consumption.

}

//function to perform the rectangular sample stretching.
//moves motors 1, 4, 7 and 10, which are arranged in a cross configuration.
//upl determines the value that is written to the step pins.
void steprec(){
if(upl == true){
upl = false;
digitalWrite(2, HIGH);
digitalWrite(5, HIGH);
digitalWrite(8, HIGH);
digitalWrite(11, HIGH);
}
else{
upl = true;
digitalWrite(2, LOW);
digitalWrite(5, LOW);
digitalWrite(8, LOW);
digitalWrite(11, LOW);
¥
}

//function for moving:

//the rest of the clamps out of the way for

//stretching rectangular samples, if used with direct == true

//returning ALL of the clamps to the initial state of 130mm sample diameter,
//if used with direct == false.

void moverec(bool direct){

digitalWrite(enable, LOW);
bool runthis = true;
bool runl = true;

bool run2 = true;

bool run3 = true;

bool run4 = true;

bool run5 = true;

bool run6é = true;

bool run7 = true;

bool run8 = true;

bool run9 = true;

bool runl® = true;
bool runll = true;
bool runl2 = true;

if(direct == true){
digitalWrite(dir, HIGH);//direction: clamps retract
//this loop works similarly with each if-clause.
//this loop spins all of the motors except 1, 4, 7 and 10 to enable



//rectangular mode and move the other clamps out of the way.
//if the far limit switch is not reached, the motor is spun
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//until this happens. After this, the particular motor is not spun anymore.
while(runthis == true){

}

if(digitalRead(motor2[2])
digitalWrite(motor2[e],

}

else{runl = false;

delayMicroseconds(10);

}

if(digitalRead(motor3[2])
digitalWrite(motor3[e],

}

else{run2 = false;

delayMicroseconds(10);

}

if(digitalRead(motor5[2])
digitalWrite(motor5[0],

}

else{run3 = false;

delayMicroseconds(10);

}

if(digitalRead(motor6[2])
digitalWrite(motor6[0],

}

else{run4 = false;

delayMicroseconds(10);

}

if(digitalRead(motor8[2])
digitalWrite(motor8[0],

}

else{run5 = false;

delayMicroseconds(10);

}

if(digitalRead(motor9[2])
digitalWrite(motor9[e],

}

else{runé = false;

delayMicroseconds(10);

}

if(digitalRead(motorli[2])
digitalWrite(motorili[eo],

}

else{run7 = false;

delayMicroseconds(10);

}

if(digitalRead(motori2[2])
digitalWrite(motori2[e],

}

else{run8 = false;

delayMicroseconds(10);

}

== 0 and runl == true){
!digitalRead(motor2[0]));

== 0 and run2 == true){
!digitalRead(motor3[0]));

== 0 and run3 == true){
!digitalRead(motor5[0]));

== @ and run4 == true){
!digitalRead(motor6[0]));

== @ and run5 == true){
!digitalRead(motorg8[0]));

== @ and run6é == true){
!digitalRead(motor9o[0]));

== 0 and run7 == true){

!digitalRead(motor11[0]));

== @ and run8 == true){

!digitalRead(motorli2[@]));

//if all clamps reached the end, stop the loop.

if(runl == false and run2 == false and run3 == false and run4 == false

and run5 == false and run6é == false and run7 == false and run8 == false){
runthis = false;

}
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else{

digitalWrite(dir, LOW);//direction: clamps return to middle
//this loop works similarly with each if-clause.

//this loop spins all of the motors and brings the clamps
//closer to the middle, 1. into the starting position.

//if the close limit switch is not reached, the motor is spun
//until this happens.

while(runthis == true){

if(digitalRead(motorl[1]) == @ and runl == true){

digitalWrite(motorli[e],
}

else{runl = false;
delayMicroseconds(8);

}

!digitalRead(motorl[@]));

if(digitalRead(motor2[1]) == © and run2 == true){

digitalWrite(motor2[e],
¥
else{run2 = false;
delayMicroseconds(8);
}
if(digitalRead(motor3[1])
digitalWrite(motor3[0],
}
else{run3 = false;
delayMicroseconds(8);
¥
if(digitalRead(motor4[1])
digitalWrite(motor4[@],
}
else{run4 = false;
delayMicroseconds(8);

}

!digitalRead(motor2[0]));

== @ and run3 == true){

!digitalRead(motor3[0]));

== @ and run4 == true){

IdigitalRead(motor4[@0]));

if(digitalRead(motor5[1]) == © and run5 == true){

digitalWrite(motor5[0],
}

else{run5 = false;
delayMicroseconds(8);

}

!digitalRead(motor5[0]));

if(digitalRead(motor6[1]) == © and run6é == true){

digitalWrite(motor6[0],
}
else{runé = false;
delayMicroseconds(8);
}
if(digitalRead(motor7[1])
digitalWrite(motor7[0],
}
else{run7 = false;
delayMicroseconds(8);

}

!digitalRead(motor6[0]));

== @ and run7 == true){

!digitalRead(motor7[0]));

if(digitalRead(motor8[1]) == @ and run8 == true){

digitalWrite(motor8[0],
}

else{run8 = false;
delayMicroseconds(8);

!digitalRead(motor8[0]));

if(digitalRead(motor9[1]) == © and run9 == true){

digitalWrite(motor9[e@],

ldigitalRead(motor9[0]));
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}

else{run9 = false;

delayMicroseconds(8);

}

if(digitalRead(motor1@[1]) == © and runl@ == true){
digitalWrite(motorle[@], !digitalRead(motorle[e]));

}

else{runle = false;

delayMicroseconds(8);

}

if(digitalRead(motor11[1]) == © and runll == true){
digitalWrite(motorll[@], !digitalRead(motorll[@]));

}

else{runll = false;

delayMicroseconds(8);

}

if(digitalRead(motor12[1]) == © and runl2 == true){
digitalWrite(motorl2[@], !digitalRead(motorl2[0]));

}

else{runl2 = false;

delayMicroseconds(8);

}
//if all clamps reached the initial position, stop running the loop.
if(runl == false and run2 == false and run3 == false and run4 == false
and run5 == false and run6 == false and run7 == false and run8 == false
and run9 == false and runl® == false and runll == false and runl2 ==
false){
runthis = false;
}
}
¥
digitalWrite(enable, HIGH);

}

//function for conducting the rectangular stretching.

//unsigned long int steps = how many steps the motors are spun

//bool spindir = which direction the motors are spun.

void stretchrectangular(unsigned long int steps, bool spindir = true){

//toggle dir-pin according to spindir. If true, the direction
//is set to clamps rectracting and vice versa.
if(spindir == true){
digitalWrite(dir, HIGH);
}
else{
digitalWrite(dir, LOW);
}
//step counter initialization and timestamp acquisition.
unsigned long int counter = 0;
unsigned long int previoustime = micros();
unsigned long int timenow = micros();

//run until the step count reaches the wanted limit.
while(counter < steps){
timenow = micros();
//if enough time has passed, step motors 1, 4, 7 and 10. Reset previous
time.
if(timenow - previoustime >= delaytimel){
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steprec();
previoustime = timenow;
counter++;
}
}
}

//function to ask for user to reset the system to the default state
//after moving the rest of the clamps out of the way.
void resetrectangular(){
Serial.println("Detach sample. Then press RUN to return the clamps to the
default position.");
bool detached = false;
//RUN-button sends a 1 in the serial line. Until it is pressed, wait.
while(detached == false){
if(Serial.available()){
int sent = Serial.parselnt();
if(sent == 1){
detached = true;
serialFlush();

}
}
}
}

//function for controlling the rectangular mode.
//includes necessary setup things and the actual stretching cycle.
void rectangular(){
unsigned long int steps = calculatesteps(rl); //calculate steps
digitalWrite(enable, LOW); //enable motor control
stretchrectangular(steps, true); //stretch the sample the amount of steps
delay(1000); //wait 1000ms before going backwards
stretchrectangular(steps, false); //return the sample to the starting posi-
tion.
resetrectangular(); //wait for user input on the reset.
moverec(false); //move ALL clamps back to the initial state.
newsetdiam = 130; //set the diameter to match the one of the initial state.
previousdiam = 130; //-||-
digitalWrite(enable, HIGH); //minimize power consumption

}

//function that picks the program to execute.
void programpicker(int prog){
Serial.println("Starting measurement.");
delay(2000);
if(prog == 1){
circle();
}

else if(prog == 2){
ellipse();

else if(prog == 3){
rectangular();
}
}

//error checking function. various checks for
//all of the parameters that can be modified.
bool checkvalidity(){
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bool error = true;

if(newsetdiam == 0){
Serial.println("Diameter can't be ©. Try again.");
error = false;

}

if(newrl == 0){
Serial.println("Stretching amount 1 can't be @. Try again.");
error = false;

}

if(newr2 == 0){
Serial.println("Stretching amount 2 can't be @. Try again.");
error = false;

}

if(newsetdiam < 130){
Serial.println("Sample diameter too small.");
error = false;

¥

if(newsetdiam > 336){
Serial.println("Sample diameter too large.");
error = false;

¥

if(newrl > (206 - (newsetdiam - 130))){
Serial.println("First stretching diameter too big. Reduce amount of

stretching.");

error = false;

¥

if(newr2 > (206 - (newsetdiam - 130))){
Serial.println("Second stretching diameter too big. Reduce amount of

stretching.");

error = false;

¥

if(newprogrampicked < 1 or newprogrampicked > 3){
Serial.println("Choose a valid program.");
error = false;

}

if(stretchingspeed < 0){
Serial.println("Speed too small.");
error = false;

}

if(stretchingspeed > 6){
Serial.println("Speed too big.");
error = false;

}

Serial.println(M------- - e
___II ;

//if something is wrong, return the value and stop executing the function.

if(error == false){
return error;
}

//if not, continue and provide the user the information they have fed
//into the system to confirm it. Run clamps to new diameter if needed.
if(newprogrampicked == 1){

Serial.println("Symmetric biaxial stretching picked.");

Serial.print("Sample diameter (mm): ");

Serial.println(newsetdiam);

Serial.print("Stretching (mm): ");

Serial.println(newrl);

Serial.print("Speed (mm/s): ");
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Serial.println(stretchingspeed);
Serial.println("Running clamps to position. Attach\nsample and press RUN
when you are ready.");
}
else if(newprogrampicked == 2){
Serial.println("Elliptic stretching picked.");
Serial.print("Sample diameter (mm): ");
Serial.println(newsetdiam);
Serial.print("Stretching x-direction (mm): ");
Serial.println(newrl);
Serial.print("Stretching y-direction (mm): ");
Serial.println(newr2);
Serial.print("Speed (mm/s): ");
Serial.println(stretchingspeed);
Serial.println("Running clamps to position. Attach\nsample and press RUN
when you are ready.");
}
else if(newprogrampicked == 3){
Serial.println("Rectangular sample stretching picked.");
Serial.print("Sample width/height (mm): ");
Serial.println(newsetdiam);
Serial.print("Stretching (mm): ");
Serial.println(newrl);
Serial.print("Speed (mm/s): ");
Serial.println(stretchingspeed);
Serial.println("Running clamps to position. Attach\nsample and press RUN
when you are ready.");

}

return true; //if all good, return true.

}

//function that splits the input string (assumes the correct formatting to be
there)
//to the different parameters and performs the validity check to them.
void inputparameters(){

bool parametersset = false; //boolean for determining if the parameters have
been set in succession.

while(parametersset == false){
if(Serial.available()){

newsetdiam = Serial.parseInt(); //first int of the string is
saved as the diameter

char delimiter = Serial.read(); //dump delimiter character

newprogrampicked = Serial.parselInt(); //second int is saved as the
program selection

delimiter = Serial.read(); //dump delimit...

newrl = Serial.parseInt(); //third int is saved as the first
stretching amount

delimiter = Serial.read(); //dump del...

newr2 = Serial.parselnt(); //fourth int is saved as the
second stretching amount

delimiter = Serial.read(); //dump. ..

stretchingspeed = Serial.parseFloat() / 10; //fifth int is saved as the
stretching speed, divided by 10 because the Labview program sends the speed
multiplied by 10.

parametersset = checkvalidity(); //check the validity of all of
the parameters
serialFlush(); //clear the input buffer

}
}
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serialFlush();//lear the input buffer once more, just in case o_o

}

//this function waits for the RUN-button to be clicked.
//after it is clicked, it sends "start" via serial for
//the Labview-program to acknowledge.
bool startmeas(){
bool start = false;
while(start == false){
if(Serial.available()){
int reading = Serial.parselnt();
if(reading == 1){
start = true;
}
serialFlush();
}
}

Serial.print("start");

}

//scale the delaytime to match the set stretching speed.
void setdelaytimel(){

delaytimel = 1000000/ (stretchingspeed*4571); //4571 steps required to travel
1mm. 1000000 for microseconds

Serial.println(delaytimel);

}

//prepare the system to perform the new cycle.
void preparations(){

delaytimel = 200; //for moving the clamps to position, no need for fast
action

setsamplediameter(); //move the clamps to the new position if needed

setdelaytimel(); //set delaytime to match the speed

if(newprogrampicked == 3){
moverec(true); //if the program chosen is rectangular stretching, move the
other clamps out of the way

}
}

//main loop for the whole system.
void loop() {
// at startup, reset the clamps to the starting position.
if(startup == true){
moverec(false);
Serial.println("Input the parameters.");
}
startup = false; //no need for the reset anymore, the functions do the
tricks themselves
inputparameters(); //wait on the parameters that the Labview program sends.

preparations(); //do the possible preparations before strating the cycle.
Serial.println("Ready to go. Press RUN to activate cycle."); //let's go
startmeas(); //let's GO

delay(100);

programpicker(newprogrampicked); //perform actions based on the program
choice (really GO).

Serial.print("stop");
}

Program 1. The Arduino program for the stretching device.



