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Abstract

Most of current wearable devices used for health monitoring (e.g. Fitbit) are composed of bulky
rigid electronics that are not customizable and are too rigid for the skin. To overcome such limita-
tions, a modular system based on thin and stretchable electronic modules was proposed. To link
modules together, a novel four pin sliding connector was designed, fabricated, integrated into an
stretchable electronic circuit and characterized.

The first part of the thesis focused on investigating different stretchable conductive materials
that could be integrated into soft rubber substrates. Two materials were tested. First, a com-
mercial silver ink was deposited onto polyurethane rubber (PUR), showing high conductivity but
minimum stretchability (below 3% strain). Second, serpentine shaped FPCs were designed and
integrated into a silicone substrate, showing stretchability up to 160-170% strain with minimum
changes in conductivity (below 30%). Additionally, a tensile cycling test showed stable electrome-
chanical behavior up to 3,500 cycles at 30% maximum tensile strain.

The second part of this work addressed the design, fabrication and testing of a novel system
for modular stretchable electronics. A four pin sliding connector to enable I12C communication
was fabricated by assembling 3D printed parts with brass components manufactured with an EDM
cutter. The mechanism could be easily integrated within the previously made stretchable FPC
serpentines and demonstrated excellent electromechanical performance. A sample module could be
stretched until complete serpentine failure (120% strain) with resistance values across the four pins
lower than 2Q. Furthermore, the device evaluation on a treadmill showed changes in resistance
lower than 4.27Q2 during the 15 minute experiments.
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1 Problem statement

Most of high-performance electronics use inorganic materials, such as silicon or gallium ar-
senide, in a rigid and planar fashion [1]. On the other hand, the human body is made of soft
and curvilinear surfaces, which limits the possibility of making devices that can conform to
biological tissues. This is specially important when making wearable devices such as smart
wristbands, where softness and comfort are key features to the user. Medical applications
are another example, where patients may be using wearable technologies to monitor their
vital signs or provide drugs for long periods of time. It is challenging to build integrated
devices with sizes, weights and shapes that do not cause discomfort after continued use. [2].

The wearable device market is expected to grow up to $ 27 billion in 2022, which doubles
the current sales in 2018 [3]. Smartwatches, specially those for health monitoring applica-
tions such as the Fitbit, are forecast to have the highest growth, well above other devices
such as smart clothing, glasses and headphones. From their conception, smartwatches have
attempted to replicate the shape and form factor of conventional watches. The first ever
computerized wristwatch was created in 1972 by Pulsar, as it was capable of storing data
[4]. However, the smartwatches as we know them today started in 2013 with devices like
the Samsung Galaxy Gear [5], as the size and cost of hardware made it possible to integrate
into the form factor of a watch a high number of sensors such as heart rate (HR) monitors,
Global Positioning Systems (GPS) and pedometers.

Non customizable
electronic hardware

Bulky
—p electronic
core

No electronics
on the strap

Poor adaptability
to the skin

Figure 1: Issues with current wearable smartbands. Image source: Garmin Forerunner 935 [6]

The main limitations of current wearable devices are represented in Figure 1 and sum-
marized below:

e Non-customizable components. Most devices cannot be customized to have differ-
ent hardware than the default when purchased. Users often dispose of gadgets to buy
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new ones with additional features or upgrades. This is not only an economic burden
for the user, but the e-waste also damages the environment.

Bulky electronic core. All rigid electronic components are concentrated into a bulky
electronic core on approximately one fourth of the device length (Figure 1). This makes
wearables unevenly heavier and thicker along its perimeter, moving relative to the wrist
(unless strapping devices too tight to the skin). This may cause accelerometers and
gyroscopes to have signal artifacts (additional movement relative to the wrist) and HR
sensors to fail detection (sensor detaches from the skin).

Poor adaptability to the skin. Wearable straps are usually made of semi-rigid
rubbers or leather to make them relatively comfortable to the user but strong enough
to hold the rigid electronic core without breaking. Bovine leather is between two and
three orders of magnitude stiffer than human skin (Young modulus of 94-100 MPa for
cow leather [7] and 0.14-0.6 MPa for the epidermis [2]). Additionally, human limbs
change in size subtly during the day, specially during physical activity due to fluid
translocation across muscles that causes them to swell [8]. Variations in limb size are
uncomfortable and causes users to constantly adjust the strap length.

No electronics on the strap. Straps currently used in wearables are only designed to
secure devices on our skin. However, sensors could benefit from better signal acquisition
if they were placed in more strategic body areas. For example, doctors commonly use
the palmar side of the wrist to take measurements of the pulse by touching the radial
vein with their fingertips [9]. If smartwatches placed their HR monitors on the palmar
side of the hand instead of the dorsal, signal acquisition could be greatly enhanced.
Furthermore, distributing the electronics homogeneously throughout the device would
distribute its size and weight along their perimeter.
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2 Related work

This section covers the related work that sets the basis for this thesis, which aimed to make
a soft and modular wearable system for on-body health monitoring applications. First,
commercial wearable devices using flexible printed circuits (FPC) are introduced. Second,
the most relevant modular wearables in the market are presented. Third, the emerging
research field of stretchable electronics is reviewed as well as the fabrication strategies to
integrate electronics into soft rubber. Last, recent research articles in modular stretchable
electronic devices are discussed.

2.1 Wearables using flexible circuitry

A fitness tracker is a specific type of smartwatch that records a person’s daily physical ac-
tivity (e.g. amount of steps) and health data (e.g. heart rate) to monitor health or overall
fitness. The popularity of these devices has boomed in the last ten years [10] and some
companies have lead substantial design and engineering changes to solve some of the issues
presented in Section 1.

Figure 2: Commercial smart wristbands using flexible PCBs. A) Jawbone UP and B) its exploded
view [11]. C) Nike Fuel Band with the cover and D) without it [12]

A company named Jawbone produced in 2011 a smart wristband named ”UP” which
stood out from their competitors for achieving a slimmer design (See Figure 2A). Reduction
in size was not only due to the non inclusion of a built-in screen, but the fact that electronics
were distributed across the device perimeter. Discrete rigid PCB units such as the battery
charger, flash memory and microprocessor were all interconnected by flexible circuitry to
allow bending. Electronics were then fixed onto a sheet metal band to provide its curved
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shape and encapsulated into a structural overmold with a hard button and a 3.5mm audio
connector (See Figure 2B). Despite Jawbone efforts in making upgrades since their initial
"UP” model and raising a valuation up to $3.4 billion in 2014, the company went out of
business in 2017 [13]. Their flexible technology proved to be too expensive and prone to
failure. The company claimed issues with two particular capacitors and users experienced
difficulties to syncing with external devices [14].

Another company that used flexible circuitry for making fitness trackers was Nike with
their model ”FuelBand” in 2012 [12] (See Figure 2C). This smart band has all the electronics
assembled in one long flexible circuit board with a low resolution screen for basic notifica-
tions. Hardware includes two batteries, a front button and a USB stick (See Figure 2D).
Despite being bulkier than the Jawbone UP, this band gained momentum until Nike paused
its production in 2016 to team up with Apple and make the Apple Watch Nike+ that same
year [15].

Even though the market of fitness trackers is expected to decline with a reduction in
sales of 10% in the next four years [3], a few companies have demonstrated clear innovation
advancements to make wearables more flexible and modular.

2.2 Modular wearable devices

There are currently two commercial wearable smartbands that include modularity in their
devices. BLOCKS is a smartwatch that began as a Kickstarter in 2015 and contains a main
core with electronic segments that are snapped together with a multiple pin connector mech-
anism [16] (See Figure 3A). BLOCKS sells its main display module at a price of $259 and
the other interchangeable modules at $35 each (HR monitor, environmental sensor, GPS,
extra battery, etc).

Another example is the Nex Band, a smartband without display that has five notches
to insert modules that add specific functions (eg. fitness tracking, messaging) or aesthetics
[17] (See Figure 3B). However, this initial 2014 modular prototype has now evolved into a
non-modular $38 commercial version where functions of five nodes can be customized (eg.
smartphone shortcuts, notifications, fitness monitor, etc).
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Figure 3: Modularity in commercial wearable devices. A) BLOCKS smartwatch, commercially
available for $259 [16]. B) Nex Band, a modular smartband that has evolved into a non modular
band in their first commercial release [17]. C) SensorTape, a modular flexible dense sensor network
[18]

Modularity is also present in extremely thin configurations. Recently, researchers at the
MIT Media Lab have fabricated a dense sensor network in a form factor of a tape that can
be cut and rejoined to customize its shape [18] (Figure 3C). The electronic circuit is made
using FPCs and modules are joined with one another using Z-tape, an adhesive tape that
is electrically conductive on the Z-axis (perpendicular to the tape surface). Other research
attempts to achieve modularity with small form factors can be found in Eco, a wireless device
for infant monitoring and interactive dance that is under lem?® and can be expanded using
flex-PCB connectors [19)].

Another example of modularity but exclusively in terms of design is the Apple Watch.
Different straps can be clipped to the electronic core using a thin profile mechanism as shown
in Figure 4. The system is comprised of a female part on the sides of the watch core and a
male part on the strap. The male part can be slided into the female sideways and it locks
once both parts are aligned. The locking mechanism consists of a pin with a spring situated
in the middle of the connector. Once the male part is aligned, the pin pops to keep both parts
fixed. The user can release the strap by pressing the female pin, which in turn compresses
the spring that allows free lateral movement of the male part. Even though most watches
have the ability to interchange straps, this method stands out for being user friendly and
not requiring any tools.
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Figure 4: Apple watch and its modular design for customizing straps [20]

There are other companies outside of the wearable market that use modularity in their
hardware. Littlebits is a Media Lab spinoff making an education oriented product that
assembles LEGO-like electronic modules with magnets [21]. Another commercial example
is Roli Blocks, a modular music synthesizer with magnetic connectors that allows users to
assemble a custom made instrument [22]. Modular physiological sensing is commercialized
by companies such as Libellum, BITalino, OpenBCI and OpenEEG, where electrodes and
other sensors can be plugged into a controller board on demand.

2.3 Stretchable electronics fabrication techniques

The problem statement introduced how most of current electronics use materials that are
rigid and planar while the human body is soft and curvilinear. Stretchable electronics is a
growing field of research that aims to overcome such physical limitations to allow electronic
materials to bend, twist and stretch. If electronics were made stretchable it could drasti-
cally impact a great number of medical applications, ranging from soft neural interfaces to
medical monitoring to detect electrophysiological signals in cardiac tissue as well as skin
moisture levels [23]. It could also introduce soft robotics to the market as well as changing
how wearables are made [24].

One of the most common approaches to make flexible electronics is the placement of thin
metallic and ceramic materials (hundreds of nanometers thick) on the device neutral axis to
reduce strain (under 1%) [24], while the outer layers are made of softer materials accommo-
date the high compressive and tensile stresses [25]. The same approach is commercially used
for making flexible printed circuits (FPC). However, these devices do not offer stretchability
or ability to conform 3D curved surfaces.

One of the key aspects to fabricate electronic devices that comply to large deformations

is the use of elastomeric substrates instead of rigid polymers as well as engineering the device
geometry. Some of the most popular techniques are summarized in the following list and
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introduced in Figure 5.

A B

Buckled flexible conductor Percolating cracks
Metal film

Elastomeric substrate Elastomeric substrate

C Elastomeric substrate

Conductive filler Serpentines Elastomeric substrate

/ Percolation path

Figure 5: Main strategies to achieve stretchable conductors. A) Schematic of the buckling pre-
stretching technique (adapted from [26]). B) Representation of the solid metal microcrack strategy
(adapted from [25]) C) Schematic of the composite material technique. D) Representation of the
serpentine structure strategy (adapted from [27])

e Buckling. This technology requires the attachment of a flexible device into a pre-
stretched elastomeric substrate. Once the prestrained substrate is relaxed, the flexible
device buckles out of the plane of deformation [28]. Furthermore, encapsulation layers
can be added to the device to position the active components in the neutral plane and
minimize strain. Main limitations of this approach are the change of sensing capabil-
ities when bent and the restriction to applications than do not require full contact of
the device with the target object [29]. See schematic in Figure 5A.

e Solid metal microcracks. Uses thermal evaporation of thin metallic layers onto thick
elastomeric substrates. Devices can withstand high strains (up to 100%) with minimal
changes in electrical resistance [30]. Tens of nanometer thick gold can be deposited
on a stretchable substrate to form a network of gold ligaments spaced by microcracks,
yielding conductivities just one order of magnitude lower than bulk gold [25]. This
technology has allowed the development of soft neural interfaces for the spinal cord
[31]. See schematic in Figure 5B.

e Intrinsically stretchable materials. Conductive stiff material particles or nanowires
can be combined with insulating elastomers to make stretchable conductors [32]. Some
examples of such technology are percolating networks of silver particles or carbon nan-
otubes (CNT) [33-35]. Other approaches involve the use of liquid metals such as
mercury or gallium, which can be embedded in microfluidic channels or evaporated
onto thin solid metals to make fine conductors [36, 37]. Figure 5C shows an schematic
of the a conductive composite material. When the concentration of conductive filler
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in an elastomer is high enough, resistivity falls exponentially due to the creation of a
percolation path (See supplementary Figure 37). This approach has the advantage of
being easy to process with screen-printing or ink-jet printing.

e Serpentine structures. Rigid conductive materials like gold or copper can be en-
gineered to form serpentine/meander structures consisting of trilayer stacks of poly-
mer /metal/ polymer. These constructs are two dimensional but can bend out of plane
to accommodate strains [26]. Figure 5D shows a schematic of two coplanar serpen-
tines embedded in an elastomer and Figure 6A displays serpentines bending out of
plane. This strategy has been widely used in research [27, 38, 39] and external vendors
manufacturing FPCs make it feasible to use this strategy both in research and industry.

Based on the techniques above, researchers have discovered ways to make complex stretch-
able electronic circuits that contain rigid components such as transistors, resistances and
capacitors. One of the most popular methods is the "rigid island” approach, where rigid
electronic components are distributed within an elastomeric substrate to evenly distribute
stress concentrations. Rigid components are electrically connected using stretchable con-
ductors such as out of plane deformation of serpentine-like structures (Figure 6A and B) or
intrinsically stretchable silver composite materials (Figure 6C).

Figure 6: Rigid island strategy for making stretchable integrated circuits. A) SEM image of
device islands that support transistors for CMOS inverters interconnected by conductive serpentines
deforming out-of-plane [38]. B) Image of an stretchable system based on off-the-shelf resistors
connected with serpentine interconnects and suspended in liquid to allow free out-of-plane buckling
[39]. C) Organic thin film transistors (OTFT) interconnected with silver-rubber composite material
[40]

Silver composites demonstrate several advantages over conductive serpentines for mak-
ing stretchable electronics. Composites are easy to process, as they can be screen-printed
using a polymer or metallic stencil. They are also commercially available from multiple
vendors. DuPont, Engineered Materials Systems and Creative Materials manufacture com-
posites based on thermoplastic polyurethane (TPU) and silver or carbon.

On the other hand, serpentine interconnects usually require multiple fabrication steps to
achieve a polymer-metal-polymer trilayer and microfabrication is usually necessary to make
thin features. Furthermore, rubber encapsulation of serpentines to increase device robust-
ness reduces overall stretchability, as out of plane deformation is necessary to allow stretch.
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To avoid this, there is research work that embeds serpentines in a liquid chamber to allow
free buckling (Figure 6B).

Composite materials have several disadvantages compared to the serpentine strategy.
First, conductivity is much lower than bulk metals like copper. Second, resistivity increases
with the stress applied. Third, materials have relatively low resistance to fatigue due to the
Mullins effect (separation of the filler particles from the polymer matrix) [41].

Researchers have also explored using liquid metals such as gallium or its alloys (eg.
Gallinstan or EGaln) as they can be strained up to high deformations with minimum changes
in resistance. Such materials can be deposited using screen printing techniques [42] or mi-
crocontact printers [43, 44]. However, it is challenging to print traces that are thinner or
pitched less than 0.5mm without short circuiting [42].

Besides the challenges mentioned above, making flexible electronics using gallium presents
two other issues. Firstly, Gallium is highly reactive with other metals (eg. Cu, Al, Fe or
Au), forming alloys, which can lead to the destruction of the contact between gallium and
the embedded electronic components. Secondly, the oxide layer of Gallium is resistive, which
can pose an issue for sensitive external electrical contacts [36].

2.4 Modularity in stretchable electronics

Modularity in stretchable electronics is a topic that has been largely unexplored until this
year 2019. Three papers from different research institutes propose modular devices using
stretchable electronics in unique ways.

First, researchers from Stanford University have developed modular electronics through
self-healing materials that communicate with a standard 12C communication protocol (Fig-
ure 7TA) [45]. Their technology is based on liquid gallium films deposited on a self-healing
elastomer that can be cut and rejoined multiple times (Figure 7B). However, this type of
chemistry is at its infancy and researchers claim material properties are still not comparable
to non-healable functional electronic devices [46]. Indeed, Figure 7C shows the electrome-
chanical performance of the device with a 5 to 50 fold increase in resistance when cut and
rejoined multiple times and 500% differences in relative resistance when stretched to double
its original length.
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Figure 7: Stretchable and self-healable modular device. A) Two sensor modules with four lines
for I12C communication. B) Self healing technology based on tough self healing elastomer (t-SHE)
and liquid EGaln. C) Resistance values when the self-healing material is cut and rejoined up to
10 times (top image) and relative changes in resistance after cut and rejoing the material (bottom
image). Images reproduced with permission of Kang et al [45]

Second, researchers from University of Texas at Austin have made thin film stretchable
e-tattoos that can be connected and disconnected multiple times by stacking one on top of
each other (Figure 8) [47]. The system is made of a multilayer stack of three independent
modules (NFC communication, ECG circuit and electrode module) which are interconnected
through vias and double sided z-axis tape (Figure 8A). This strategy is similar to the one
adopted by the SensorTape project (Figure 3D) [18] as they both use z-axis tape to connect
exposed metallic pads between modules on top and bottom. The thin soft layer in contact
with the skin is disposed after use due to the accumulation of skin dead cells but other
layers can be reused for a minimum of 20 times. However, the extremely thin configuration
of each elastomeric layer (Tegaderm, 47um) does not make it practical or user friendly to
manipulate the device layers as tweezers or other precision tools might be needed.
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Figure 8: Stretchable modular e-tattoo. A) A wireless ECG device worn on the skin made of three
layers: NFC, electronic circuit, and electrodes. B) Exploded view schematic of the three-layer
wireless ECG device. Reproduced with permission of Jeong et al [47]
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The third paper, published by researchers at Seoul National University, describes a sys-
tem to interconnect stretchable electronic systems through conductive strips (Figure 9) [48].
Their technology consists of placing electronic blocks in any position on the skin and in-
terconnecting them with a thin strip made of silver nanowire (AgNW) / PDMS silicone
composite and the help of tweezers (Figure 9A). Stable electromechanical connection is en-
sured by surface-treating the conductive strips with oxygen plasma prior to the assembly.
Despite the possibility to fully customize the sensor types and placement on the skin, it
does not truly provide modularity as permanent silane bonds on the silicone do not allow
for device disassembly.
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Figure 9: Stretchable modular sensor by bridging modules with a conductive composite strip. A)
Placement of the interconnect conductive strips between functional electronics with the help of

tweezers. B) Cross section schematic of the device process flow. Reproduced with permission of
Yoon et al [48]

2.5 Thesis statement and contributions

This master’s thesis aims to fabricate a modular stretchable system for on-body health mon-
itoring applications. This technology would enable the creation of soft electronic modules
that can be customized by the user and placed in any body location (wristband, chestband,
headband) to provide multiple types of health related sensing (heart rate, motion, tem-
perature). The device consists of two main components as shown in Figure 10: first, soft
electronic modules with stretchable interconnections, and second, an electrical connector
system that can join the soft modules together.
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Electrical connector system Soft electronic module (M1)

Figure 10: Example schematic of a modular and stretchable wearable band consisting of four soft
modules (M1-M4) joined with an electrical connector system

Previous research on modular stretchable electronics has shown devices that either de-
crease performance when cut and rejoined [45] or are difficult to assemble given their ultra
thin configurations [47, 48]. More specifically, these thin devices are designed to be worn as
e-tattoos exclusively.

Unlike previous research, this modular stretchable system is designed to be worn as a
wearable band (Imm thick) and its mechanism to assemble modules is user friendly and has
high electromechanical performance.

To reach the thesis goal of making a modular stretchable wearable device, the work was
split in two main objectives:

e Integrating an electrically conductive stretchable material into a rubber
substrate. Techniques for making stretchable electronics are investigated and samples
are fabricated onto soft rubber. Samples are electromechanically characterized using a
uniaxial tensile testing machine. First, a tensile test until rupture is performed. If the
material properties are satisfactory (over 50% strain with low changes in resistance) an
additional sample is tested to fatigue by uniaxial tensile cycling (over 1,000 cycles).

e Inventing a system to connect stretchable electronic modules. A system for
modular stretchable electronics is designed, fabricated and integrated with the pre-
viously developed stretchable conductive material. Samples are electromechanically
characterized on a tensile testing machine and evaluated on-body by wearing the sys-
tem as a bracelet and exercising on a treadmill.
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3 An electrically conductive stretchable material on a rubber sub-
strate

3.1 Introduction and evaluation metrics

This section represents the basis for making modular stretchable electronics. Without con-
ductive stretchable lines embedded onto a soft substrate, it is not possible to integrate and
evaluate the modular stretchable connectors that are made in the next chapter (Section 4).
The material properties have to satisfy the following requirements:

e Stretchability over 50% strain with minimum changes in resistance. Human
skin can stretch to a great extent. For example, movement on the fingers, wrist or
elbows can cause deformations of about 40% 45% and 60% respectively [49]. Further-
more, limbs vary greatly in size depending on the subject. For example, the average
adult wrist oscillates between 14 and 18cm in women and 16cm to 20cm in men [50].
Making a device that can deform from 14cm up to 20cm results in 43% stretch.

e Easy to process and integrate with other components. The conductive material
should be well integrated with the rubber substrate. The chemical and physical proper-
ties of the elastomer are specially important when using conductive inks, as dissimilar
materials tend to delaminate and cause electrical failures.

Two stretchable conductive strategies were developed and characterized: First, a commer-
cial ink based on thermoplastic polyurethane (TPU) and silver deposited on polyurethane
rubber (PUR), and second, a stretchable FPC using serpentine geometry manufactured by
an external provider and encapsulated on extra soft silicone rubber.

Samples were prepared by depositing or embedding the stretchable material into a soft
rubber film with four pads to perform a four-point resistance measurement. Samples were
then electromechanically tested using a universal uniaxial tensile testing machine (Instron
5900), and resistance values were measured with an LCR meter (Agilent Keysight E4980a)
and a dedicated Labview program that recorded the signal at 6.3Hz. If the uniaxial tensile
test was successful (over 50% strain with minimal changes in resistance) the sample was
tested to fatigue by applying a cycling strain over 1,000 cyles at 30% maximum deformation.

The four-point method for resistance measurements was used to electrically evaluate the
samples, as it removed residual resistances added by the wires and contacts that connected
the sample with the resistance meter. The main difference between this method and the
common two-point method of probing is that the measuring device passes a current by two
outer probes and measures the voltage by two inner probes (See schematic in supplementary
Figure 38). The electrical properties of the material were obtained based on the sample
resistance and its geometrical parameters. Equation 1 [51] represents the sheet resistance of
a sample, where R represents the resistance, p the resistivity, W the width, T" the thickness,
L the length, R, the sheet resistance

W p
= _— = — 1
R R><L ; (1)
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3.2 Commercial TPU/Ag composites on PUR
3.2.1 Methods

As seen in the related work section 2.3, most of the commercial high conductivity inks are
made of a mixture of TPU (Thermoplastic polyurethane) and silver. Inks are an interesting
option for making stretchable electronics, as tracks can be printed fast and inexpensively
onto a rubber substrate using stencils or direct printing. However, the elastomers should
have similar chemical and physical properties as the inks that are printed on it, which is why
manufacturers recommend printing TPU-based composites on TPU films.

Polyurethane (PU) elastomers are commonly synthesized by reacting a polyol molecule
(an alcohol with two or more hydroxyl groups) and a diisocyanate [52]. There are multiple
variations of PU depending on the polyol used, which can provide the rubber with different
properties. For example, rubbers using a polyester polyol have good heat and oil resistance,
while polyether polyols offer high resistance to moisture.

Amongst the polyurethane elastomers commonly found in the industry, one can find two
types:

e Thermoplastic polyurethane (TPU). Contains no cross-links between the poly-
meric chains and therefore can be dissolved with solvents to make conductive inks (e.g.
silver-TPU) or heated up to 235°C to be processed using injection molding. TPU is
available in pellets or sheets and must be dissolved or melted to process it. If TPU is
mixed with a solvent, it is harder to control the viscosity and thickness of the screen-
printed layer, as the solvent evaporates while processing it. Other options such as
injection molding are too expensive in terms of equipment required.

e Polyurethane rubber (PUR). Chains are cross-linked and the polymer is thermoset,
which means the physical properties remain constant with temperature (no melting).
A great advantage of PUR versus TPU is that it is commercially available as a two-
part liquid rubber, which cures after mixing both components. Manufacturers claim
negligible shrinkage after curing, and multiple hardnesses are available (Eg. from 30
Shore A up to 95 Shore A). The material is suitable for the device process flow, as
films of PUR can be easily processed using screen printing techniques (with controlled
thickness) and the multiple hardnesses are compatible with the soft-rigid interfaces
necessary in this work (See Section 4.2).
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Figure 11: TPU/Ag ink sample screen printed in PUR with four wires for four-point resistance
measurement

PUR of shore 30 hardness (Clear Flex 30, Smooth-On) was used as a substrate material
and a conductive TPU-silver ink (PE874, DuPont) was chosen for the electrical stretchable
lines. The processed PUR substrate had a thickness of 0.5mm and was deposited using a
thin film applicator. The TPU/Ag ink was screen printed using a 125um thick stencil and
was oven cured at 130°C for 15 minutes.

Conductive samples were 20mm long and 0.75mm wide and have probes for measuring
four-point resistance (See Figure 11). Samples were electrically interfaced with liquid gallium
(EGaln) and wires which were covered with a flexible encapsulation adhesive (3M, Scotch-
Weld DP100 Epoxy Adhesive) and prepared following the process flow shown in Figure 12.

The PUR substrate was cured with three different protocols:

e Room temperature and post curing. Room temperature curing for 16 hours fol-
lowed by a post curing at 60°C for 5 hours to remove the tacky surface as recommended
by the manufacturer’s technical bulletin.

e Room temperature. Room temperature curing overnight (12 hours) to preserve a
tacky surface when screen-printing the silver ink.

e Room temperature and solvent. Room temperature curing for 12 hours and surface
cleaned with acetone prior to screen-printing of the silver ink.
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Figure 12: Process flow for preparing samples to characterize TPU /silver inks on PUR. A) Screen-
printing of PUR on a glass carrier substrate and curing (room temperature or oven). B) Screen-
printing of the TPU /silver ink on the rubber substrate. C) Placement of Liquid Gallium (EGaln)
on the connection pads. D) Adding wires to the EGaln drops to interface the sample with the
resistance measuring device. E) Addition of a rubber adhesive to encapsulate the connection pads.
F) Removal of the sample from the carrier substrate

3.2.2 Results and discussion

As described in the methods section, three different polyurethane rubber preparation proto-
cols were tested. Two samples were prepared for each protocol (6 samples in total). Samples
showed high conductivity before testing with an average resistance of 0.245(2 (0.013 S.E.).
Sheet resistance calculated with the geometrical sample parameters provided in the methods
section 3.2.1 with equation 1 was 9.2:1072Q/sq, 5.2:107% S.E. The electromechanical testing
results and discussion for each of the three protocols used is described below:

e Room temperature and post curing. Results showed limited stretchability up
to 3% strain maximum (See Figure 13A) for both samples after which the electrical
connection was lost. One potential theory for such low performance is that PUR was
completely cross-linked and the polymer chains were unreactive after depositing the
silver ink. This theory led to the next experiment, which was curing the rubber to only
12 hours, so the rubber surface remained tacky. Potentially, the PUR would remain
reactive, so the polymer chains from the TPU silver ink could make chemical bonds
with the polymer.

e Room temperature. The changes in resistance vs strain reported in Figure 13B
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showed similar results to the previous experiment. Samples could not be stretched over
3% strain without electrical failure. Even though the manufacturer (Smooth-On) did
not disclose product formulations, some of their polyurethanes do not bond well to
themselves, as they exude an oil that helps the demolding of certain materials [53]. It
is theorized that such oil might be inhibiting the chemical reaction between the PUR
and TPU. This leads to the next experiment, where the PUR surface is cleaned with

solvent prior to depositing the ink.

e Room temperature and solvent. Results are almost identical to the previous two
attempts, with stretchability ranges below 3% (Figure 13C).
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Figure 13: Electromechanical behavior of commercial TPU silver inks deposited on PUR with three
different treatments. A) PUR cured at room temperature. B) PUR cured at room temperature

and surface cleaned with solvent. C) PUR cured at room temperature and oven post cured.

Even though TPU and PUR should have very similar chemical formulations, it was not
possible to make them react and bond to form a stretchable electric conductor that could
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deform over 50% strain. PUR has proven to be chemically inert to TPU regardless of its
curing protocol. Unknown factors such as different polyols used for each proprietary formu-
lation could be the reason why the PUR rubber and TPU had poor bonding and delaminated.

Despite the low performance of the samples developed in this section, composites are
still a promising solution as they can be easily processed using screen printing and can have
extraordinary electromechanical properties. Some of the latest research in the field showed
composites with resistivities as small as 1.62-107* Q-cm) that can stretch up to 400% [33].
This was achieved by using fluorine based elastomers, the inclusion of surfactants to help
dispersion and specific curing protocols.

3.3 Stretchable FPC using serpentine geometries
3.3.1 Methods

There has been extensive research on how to optimize the shape of serpentine interconnects
to have maximum stretchability. Figure 14 depicts the different geometric constraints that
can be modified on a serpentine structure. Stretchability can be enhanced by lowering the
w/R coefficient, while maximizing I/R and « [54-56]. On the other hand, high values of R
and [ would increase the overall trace width (Y'), which is an undesired design parameter.
Ideally, the connectors should occupy a limited physical space in the circuit (low Y values),
meaning there is a trade off between size and stretchability. Given these constraints, the
following parameters were chosen:

e Width (w): for the copper traces, 0.15mm was chosen given the fact that common
flexible PCB manufacturers do not fabricate copper traces thinner than 0.1mm. Copper
traces are then ’sandwiched’ by polyimide slightly wider than the copper trace, as it
increases device performance [27].

e Apha (a): Also equivalent to #-90. A value of 30° was chosen based on a simulation
study [57] that found that stretchability of copper serpentines embedded on elastomer
increases from 70% to 110% when « is increased from 0 to 30. However, further
increasing a from 30 to 45 does not show a significant improvement in performance.

e Interserpentine legth (1): To avoid increasing the serpentine width (Y'), the [ value was
disregarded (1=0).

e Radius (R) : Even though a higher radius implies higher stretchability, it also incre-
ments the serpentine amplitude (V). A trade off value of 0.35mm radius was chosen to
achieve maximum stretchability within the limited device width.

The maximum stretchability of coplanar serpentines is equal to the total length of the
serpentine. This value can be also calculated if the geometric parameters of the coplanar
interconnects are known by using equation 2, where €, represents the maximum stretchability
of the serpentines and L, # and R the parameters shown in Figure 14 [56].
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Figure 14: Geometric constraints of serpentine interconnects. The horseshoe design shown is a
non-overlapping serpentine, X>0 with a = 30 (# = 120). Reproduced with permission of Widlund
et al. [b4]
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For the configuration chosen of a=30 (=120), R=0.35mm and L=0mm, the maximum
theoretical stretchability is 142%.

Given these parameters, testing samples containing two serpentines with top and bottom
conductive layers were manufactured. The serpentine design was performed using AutoCAD

software (Autodesk) and the final circuit design was made using Altium Designer software
(Altium).

FPCs of 104um total thickness were manufactured by Shenzhen JDB Technology Co. us-
ing a polyimide layer with double sided copper and a final polyimide coverlay to protect the
copper layout. Further details about the FPC cross section can be found in Supplementary
Figure 40.

Testing samples were prepared with the process flow shown in Figure 15. A layer of
0.5mm thick soft silicone (Ecoflex 00-30, Smooth-On) was screen-printed on a carrier sub-
strate and oven cured at 65°C for 15 min, followed by the pick and placing of the stretchable
FPC on the substrate layer.
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Figure 15: Process flow for preparing samples to characterize the stretchable conductors. A)
Screen-printing of soft silicone on a carrier substrate and curing for 15 minutes at 65°C. B) Pick
and placing of the Stretchable FPC on the elastomer substrate. C) Soldering of wires on the FPC
connection pads. D) Pouring of a hard silicone adhesive to encapsulate the connection pads. E)
Screen-printing of a final soft elastomer layer to encapsulate the FPC. F) Removal of the sample
from the carrier substrate

To help the correct placement of the stretchable FPC on the substrate, a few drops of
isopropanol (IPA) were added on the silicone surface. Sixteen wires were then soldered to
the stretchable FPC for four-point resistance measurements (four wires for each of the four
copper lines).

Next, hard silicone adhesive (Dowsil 734 flowable sealant, Dow Corning) was poured on
the connection pads and was left curing overnight (12 hours). A layer of soft silicone was
screen-printed with equal thickness and curing protocol as the first layer to encapsulate the
stretchable FPC. Once the sample was removed from the carrier layer, it was ready for the
electromechanical testing (Figure 16).

Samples were electromechanically tested using the same equipment as in section 3.2.1.

Since four lines were tested simultaneously, resistance measurements were taken at 10%
strain intervals instead of continuously.
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Figure 16: Stretchable FPC sample embedded in soft silicone with sixteen wires for four-point
resistance measurement of its four conductive lines

3.3.2 Results and discussion

The electromechanical test for two independent samples (Figure 17) proved that the serpen-
tines had practically no changes in resistance until 100% strain with an average of 0.45¢).
Past that range, the serpentines experienced a linear increase of their resistance up to 0.6€2
at 160%. Between 160% and 170% strain, both of the serpentines fractured and the electrical
connection was lost.
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Figure 17: Resistance vs strain plot of two independent samples of serpentine FPC stretchable
interconnections under uniaxial strain. Measurements were taken every 10% strain. Error bars
correspond to the standard error of the four lines (two serpentines with both top and bottom
conductive layers)
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Electrical failure was confirmed with the crack of the serpentines as shown in the photo-
graphic sequence in Figure 18.
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Figure 18: Photographic sequence of the serpentine FPC stretchable interconnections under uniaxial
strain until electromechanical failure occurs

Error bars in Figure 17 represent the variability of the initial resistances for each of
the four conductive lines. Supplementary Figure 39 shows the resistance changes for each
conductive line (two serpentines, top and bottom layers). Samples experienced almost no
variations in resistance (below 0.5%) until approximately 100% strain after which resistance
values increased up to 25-30% before rupture at 160% strain. Each plot represents Serpen-
tine 1 Top layer (Serp 1 Top), Serpentine 1 Bottom layer (Serp 1 Bot), Serpentine 2 Bottom
layer (Serp 2 Bot) and Serpentine 2 Top layer (Serp 2 Top).

The average resistance of each line of the 25.5mm long serpentine was 0.443(2. The
maximum theoretical stretchability for serpentines with this geometry is 142%, as previously
calculated in the methods section 3.3.1 using equation 2. However, the serpentine samples
in this work showed stretchabilities over 160%. This can be explain by analyzing the stress-
strain curve as plotted in Figure 19. Two distinct regions could be observed:

e Buckling region. Up to 90-100% strain, stress increased linearly at a 100% modulus of
93.9KPa (average between Sample 1 and 2). In this region serpentines changed from a
2D planar structure into a 3D shape by buckling. This mechanical deformation did not
occur freely given the fact serpentines were embedded into an elastomeric substrate,
adding stress to the sample while buckling. However, the rubber substrate was the
main contributor of the sample’s elastic modulus. Figure 19 depicts the stress-strain
plot of the elastomer (Ecoflex, 00-30), assuming it deformed linearly up to the 100%
modulus of 68.9KPa provided by the manufacturer’s technical data sheet [58]. It can
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be observed that at 100% strain, only 27% of the total sample stress (68.9 vs 93.9KPa)
is caused by the serpentine structures.

Plastic region. After 100% sample strain, the serpentine cross-section started to
shrink as it continued transforming its 3D structure into a 1D line. Serpentines were
made of a PI layer with double sided copper embedded into a PI adhered coverlay as seen
in supplementary Figure 40. Copper can stretch up to 20%-40% elongation depending
on material parameters such as processing temperature and phosphorous content [59].
On the other hand, polyimide can stretch up to 70% [60] (See supplementary Figure
41 for additional details), and it was assumed the proprietary adhesive is stretchable
over 30% strain. These material properties may justify the extra deformation from
the 142% theoretical maximum strain calculated in the methods section 3.3.1 up to the
experimental 160-170% (18-28% difference). Another way to validate this plastic region
was the approximately 30% increase in resistance seen in Figure 39 as the resistivity of
a material varies proportionally with its cross section (see Equation 1).

Once the serpentines rupture, the sample stress decreases from 330.9KPa at 160%
strain down to 148KPa at 170% elongation, which is slightly over the estimated stress
concentration of Ecoflex 00-30 at such strains (See yellow plot in Figure 19).
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Figure 19: Stress vs strain uniaxial tensile test plot of the serpentine interconnects for two indepen-
dent samples. The yellow line represents the stress strain plot of Ecoflex 00-30 (soft silicone used to
embed the FPC) assuming the material deforms linearly up to 100% strain (100% modulus of 68.9
KPa) provided by the manufacturer’s technical data sheet [58]. The dotted green line separates the
buckling region from the plastic deformation region of the serpentines. There might be certain error
with the values obtained as measurements were taken every 10% strain at different time intervals.
Variations might be due to the viscoelastic behavior of the elastomer, geometrical relaxation of the
serpentines within the elastomer and material creep in the plastic region
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Given the high performance of the stretchable FPC samples, an additional FPC sample
was tested to cycling strain up 10,000 cycles at 30% max strain. For this test, the four
conductive lines were connected in parallel. The initial measured resistance was 0.118¢2,
therefore each copper line had an average resistance of 0.472€) (the inverse of the equivalent
resistance of two or more resistors connected in parallel is equal to the sum of the inverses
of the individual resistances). Results are shown in Figure 20.
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Figure 20: Electromechanical behavior of the stretchable FPC under a uniaxial tensile cycling at
30% maximum strain. Plot represents the relative changes in resistance as a function of applied
strain and Ro the average resistance of each of the four conductive lines connected in parallel
(measured Ro = 0.118Q2)

Results demonstrate the stretchable FPC has good resistance to fatigue up to 3,500 cyles
at 30% strain. Over 4000 cycles resistance increases steeply due to fatigue damage of the
copper wiring.

Since the serpentine performance is highly dependent not only on its geometric con-
straints but also on the substrate encapsulation (material and thickness) it is difficult to
compare its performance to similar work in the literature. However, the high electromechan-
ical performance under uniaxial strain obtained in this work (160 - 170%) is similar to other
recent work in the literature reporting 171% [61].

High performance of the electromechanical cycling test at 30% maximum strain (up to
3,500 cycles) can be compared to similar commercial products. The company Fineline QPIT
develops stretchable PCBs based on copper and polyurethane encapsulation that can stretch
up to 30% [62]. It can then be assumed that a 30% maximum stretch is desired for long
term robust applications of this technology.
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3.4 Conclusions

This chapter aimed to find a stretchable conductor that could be integrated into an elastomer
and have satisfactory electromechanical properties (over 50% stretch with minimum changes
in resistance). Two different techniques were attempted: the screen-printing of a commer-
cial TPU based silver ink on PU rubber, and the encapsulation of flexible FPC designed
serpentines into silicone. The following conclusions were drawn.

e Silver/TPU conductive inks screen-printed on PUR were highly conductive (average
sheet resistance of 9.2:10720)/sq, 5.2:10~* S.E.) but not electromechanically stretchable
over 3% strain. Even though TPU and PUR materials were both based on polyurethane
formulations, results showed poor bonding and delamination when stretched. Three
treatments were made on the PUR prior to depositing the TPU /silver ink (fully cured,
partially cured and surface cleaned with acetone), but they all achieved similar results.

e Flexible PCBs with serpentine designs embedded into soft silicone were highly elec-
tromechanically stretchable and conductive. Uniaxial tensile testing showed the mate-
rial could stretch up to 100% with resistance values practically unchanged (0.44€ for a
25.5mm long serpentine). This region corresponded to the geometrical buckling of the
serpentines inside the elastomer.

e Past 100%, it is theorized the stretchable FPCs underwent a plastic deformation and
its cross section shrinked. This was validated by the steep increase in mechanical stress
(100KPa to 330KPa) and resistance (30% changes) of the copper traces.

e A fatigue test proved the stretchable FPCs could withstand 0-30% strain up to 3,500
cycles with minimum relative changes in resistance. After 4,000 cycles, the conductivity
of the copper traces decayed steeply due to damage of the copper lines.
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4 Four pin sliding connector for modular stretchable circuits

4.1 Introduction and evaluation metrics

When optimizing for device design and performance of the modular connector mechanism,
the following key traits were pursued:

e Low and ergonomic profile. A successful modular stretchable device should be
designed so it is almost not perceived by the user (little difference in size between a
modular and non modular wearable band). However, soft thin films are difficult to
manipulate, so the mechanism should have dimensions that are also user friendly (easy
to open/close using fingers). Furthermore, it should contain a locking mechanism to
prevent the device from falling once its worn on the body.

e Ability to electrically connect four conductive lines. One of the most popular
serial bus communication protocols is the 12C (Inter-Integrated Circuit). 12C allows the
communication of a master with multiple slaves by only using two lines (data and clock).
When choosing this serial bus for device communication, the modular mechanism must
connect four independent lines: power, ground, clock and data.

e High electromechanical stability. The mechanism should be able to withstand
mechanical stresses when the device is stretched or worn with little changes in resistance
across the conductive lines.

e Easy to integrate with the device process flow. The modular mechanism should
be easily integrated as any other electrical component without additional steps in the
process flow. This not only saves time, but makes it more feasible for mass manufac-
turing.

e Easy to fabricate. The fabrication process for making the stretchable mechanism
should be fast, inexpensive and reproducible. Without this key trait, the modular
device is not suitable for mass manufacture.

This chapter is divided into three parts. The first subsection covers the design and fab-
rication of the four pin sliding connector mechanism. Second, the connectors are electrome-
chanically characterized using a uniaxial testing machine. Last, the electrical performance
of the connectors is examined when samples are worn as a bracelet on a treadmill. Sam-
ples in the last two subsections are prepared by embedding the connector mechanism into
stretchable serpentines as seen in section 3.3.

4.2 Connector design and fabrication

4.2.1 Methods

A novel mechanism to satisfy all the design and performance metrics was designed using
3D CAD software (Solidworks) (Figure 21). The design was optimized to have a low profile
(p4mm x 28mm) and be connected laterally in a similar user friendly and ergonomic fash-
ion as the Apple Watch straps (as seen in Figure 4 in the introduction section 2.2). The
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Metallic connector . Insulating spacer . Locking mechanism

Figure 21: 3D model representation of the four pin sliding modular connector. A) Male (top) and
female (bottom) modular connectors. B) Male and female parts electrically connected. The main
three distinctive functional parts are colored: metallic connector (yellow), insulating spacer (blue)
and the locking mechanism (green).

mechanism consisted of a male and a female part with four metallic connectors (represented
in golden color) which could be attached by sliding one inside of the other (Figure 21B).
The device also contained an insulating spacer (represented in blue color) to keep each of
the four pairs of metallic pins electrically connected without shorting of the lines. Lastly,
the device also had a locking mechanism (represented in green color) that added minimally
to the device profile and prevented it from sliding out. This lock consisted of another male-
female pair by inserting a sphere (on one side of the male part) into a tight tolerance hole
(on the corresponding side of the female part). The sphere was designed to pop in and out
easily with a gentle force applied by the user.

The modular mechanism design was also made to satisfy the requirement of easy integra-
tion with the target device process flow (See Figure 34). The connectors could be integrated
with other electronic components within the same process flow step (Figure 34C). Each of
the metallic pins contained a flat squared area to electromechanically connect the mecha-
nism to the stretchable circuit using solder or conductive epoxy (Figure 34D). The area in
contact with the stretchable circuit is then covered with hard rubber to make a soft-rigid
transition to minimize stress concentrations (Figure 34E). The surface in contact with the
hard rubber were designed with ridges to increase surface area and decrease stresses at the
interface between the two materials.

The metallic connectors were made by cutting a brass sheet with high precision using

41



Figure 22: A) Electrical discharge machining (EDM) of brass to fabricate metallic connectors and
B) Form 2 3D printer by Formlabs

an electrical discharge (EDM) machine (Sodick SL400G). This method of making brass con-
nectors was compatible with mass manufacturing techniques, as it allowed cutting various
metallic pieces simultaneously as well as stacking multiple brass sheets.

The insulating spacer and the locking mechanism were fabricated using a 0.025mm ac-
curacy stereolithography printer with a clear resin (Form 2, Formlabs).

4.2.2 Results and discussion

A batch of 22 pairs of female and male connectors was fabricated by cutting a brass sheet on
an EDM machine (as seen in Figure 23. Each piece could be easily snapped from its center
piece by swinging each piece laterally 3-4 times with the fingers.

The 3D parts containing the insulating spacers and the locking mechanism were 3D
printed and assembled with the brass connectors (Figure 24A). The final prototype looked
very similar to the initial design in Figure 21 and a two-point resistance measurement test
validated the electrical conductivity across the male and female parts.

Moreover, multiple pairs of female-male connectors could be manufactured and easily
assembled in a repeatable manner, demonstrating its compatibility with mass production
methods (Figure 24B).
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Figure 23: Fabricated batch of male and female brass connectors. Each piece could be easily
removed from the core brass piece by snapping the thin section that connected them

Figure 24: A) Final assembly of the four pin sliding connector mechanism (female-male pair con-
nected) B) Batch of five assembled sliding connector female parts (left) and male parts (right)
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4.3 Electromechanical characterization of the modular connector
4.3.1 Methods

The stretchable FPCs fabricated in section 3.3 were combined with the four pin connector
mechanism to make a modular stretchable sample for electromechanical characterization.
Samples consisted of two parts: one containing the male connector and another one with
the female mechanism. On the sides of each sample part, eight wires were soldered for
four-point resistance measurement to evaluate the resistance changes across the connector.
Samples were prepared following the process flow in Figure 25.

The fabrication process had some common traits compared to the stretchable FPC sam-
ples (Figure 15). Same substrate material and thickness was used (0.5mm each side). How-
ever, the modular mechanism was connected to the FPC pads using a silver epoxy (8331
Silver Epoxy Adhesive, MG Chemicals). To do so, a thin 0.125mm layer of silver epoxy
was screen-printed on the pads. Second, the modular connectors were placed on the epoxy
and cured at 65°C for 15 min. Silver epoxy was used instead of solder paste because the
3D printed parts of the connector were made of a polymer resin that cannot withstand the
elevated temperatures necessary to solder (usually over 200°C)

Figure 26 shows the final sample with both female and male parts connected, ready for
testing. Each male and female part of the sample could be easily connected and discon-
nected by holding the sides with the fingers and sliding the device sideways (Figure 27) The
same electromechanical testing protocol as seen in section 3.3.1 was used. The sample was
stretched every 10% strain and values of four-point resistance and force for each connector
were registered as well as the force value measured by the uniaxial testing machine. Sample
stress was calculated by dividing the force values by the sample cross section (28mm x Imm).

4.3.2 Results and discussion

Electromechanical failure of the modular stretchable samples occurred between 110 and 120%
strain with the rupture of both serpentines. Values of equivalent serpentine strain (e4) shown
in the photographic sequence in Figure 28 were obtained by dividing the stretch values by
0.721, which was equivalent to the proportion of the sample length containing the stretchable
FPC. Failure between 110 and 120% translated into an (&,) between 153% and 166%. These
results were consistent with the electromechanical test on the stretchable FPC samples in
section 3.3.2 as serpentine samples failed between 160 and 170% strain.

Resistance values across the four conductive lines remained stable in a range between
1 and 2. There was a small decay in resistance from 1.7(2 down to 1.1 €2 as the strain
increased from 0% up to 80% respectively. This behavior was justified with the particular
locking design of the modules. The device was designed to be placed on closed body regions
(e.g. wrist, head, chest, etc) and tight to the skin. Therefore, the modules withstand a
certain amount of tension, which kept the male and female parts secured, providing a stable
electrical signal. Higher strain translated into higher contact forces between the male and
female pins, slightly improving the conductivity.
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Figure 25: Process flow for preparing samples to characterize the modular connector mechanism.
A) Screen-printing of soft silicone on a carrier substrate and curing for 15 minutes at 65°C. B) Pick
and placing of the stretchable FPC on the elastomer substrate. C) Soldering of wires on the FPC
connection pads and placing of the modular mechanism on previously screen-printed silver epoxy
followed by oven-curing. D) Pouring of a hard silicone adhesive to encapsulate the connection pads
and the modular mechanism E) Screen-printing of a final soft elastomer layer to encapsulate the
FPC. F) Removal of the sample from the carrier substrate

Figure 26: Modular connector sample connected to FPC stretchable serpentines ready for elec-
tromechanical testing
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Figure 27: Connecting and disconnecting the modular connector sample. A) Disconnected. B)
Connected

€=0% €=50% €=100% €=120%
£,=0% €,=69% £,=139% &,=166%

Figure 28: Photographic sequence of the stretchable modular system connecting two serpentine
FPC stretchable interconnections under uniaxial strain until electromechanical failure occured.
Values of €, corresponded to the equivalent strain sustained by the serpentines
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Figure 29: Resistance vs strain plot of the stretchable modular system connecting two serpentine
FPC stretchable interconnections under uniaxial strain. Measurements were taken every 10% strain

and error bars corresponded to the standard error of the four lines (two serpentines with both top
and bottom conductive layers)

The results also show a decrease of the standard error of the mean from 0.24Q2 down to
0.009 Q within the 0-80% range. The variability across pins might be due to the difficulty to
keep the metallic connectors perfectly aligned during the fabrication process (Figure 25C)
which might cause that some connectors make better contact than others. However, increas-
ing tension past 70% strain kept the value of each pin stable

From 80% strain until failure at 110%, resistance values increased 15% from 1.1 up to
1.27Q. The 80-110% strain range converted into 111%-152% equivalent serpentine strain,
which fell into the plastic deformation range of the stretchable FPC serpentines (See Figure
19). This justified the 15% change in resistance, as serpentines in the stretchable FPC sam-
ple increased resistances up to 30%.

Given the fact the serpentine average resistance was calculated in section 3.3.2, it was
possible to estimate the average true resistance values at the module interface. The average
resistance of each 25.5mm long conductive serpentine line was 0.443€). Since stretchable
modules were made using two of the exact same serpentine modules, the total resistance of
the stretchable section of the modular sample was approximately 0.89€2. By subtracting the
serpentine resistance from the values obtained in this experiment, it could be estimated that
the true resistances at the module interface oscillated between 0.81 and 0.21€) within the 0
to 80% strain range respectively. As a comparison, standard flex connector systems for flex-
ible circuitry claim to have contact resistances as low as 0.02€2 [63] but still the connectors
fabricated in this work satisfy basic requirements for digital communication.

On an 12C communication bus, high resistances could be an issue on the power line. Sen-
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sors operate under a certain voltage range, and voltage drops on the power line could stop
sensors from functioning. For example, a high accuracy temperature sensor (Si5051, Silicon
Labs), operates at a current of 195nA and a voltage between 1.9 to 3.6V [64]. If a 3.3V
standard supply is used, a voltage drop of 1.4V is needed to bring the electrical potential
down to 1.9V. Using Ohms Law (V=I*R), a voltage of 1.4V at a current of 195nA requires
a resistance of 7.2M(). This value is seven orders of magnitude higher than 0.81€2, leaving a
great safety margin.

However, other sensors bring this safety margin lower. An inertial motion unit (MPU6050,
Invensense) has a minimum operating voltage of 2.375V working at a current of 3.6mA [64]
and a PPG heart rate sensor (MAX86150, Maxim Integrated) has a voltage threshold of
3.1V at an operating current of 0.4mA [65]. Using Ohm’s law, using a power supply of 3.3V
contact resistances higher than 257€2 and 400€2 would cause failures to the IMU and PPG
sensors respectively. Still, these values are three orders of magnitude higher than the 0.81€2
measured in this work, leaving a reasonable safety margin for connecting multiple modules
together.

4.4 Electrical evaluation on a treadmill
4.4.1 Methods

The aim of this section was to further characterize the stretchable modular connector by
wearing it as a bracelet and measuring changes in resistance while performing an experiment
on a treadmill.

Bracelet samples were prepared by fabricating a modular stretchable sample (same pro-
cess flow as in Figure 25) and joining both wire ends with RTV adhesive to make a loop
and obtain a bracelet shape. Next, each of the 16 wires was soldered to thicker and four
meter long cables to make the finished sample (Figure 30A). The device is then worn on the
subject’s wrist (16cm circumference) and it stays in tension at approximately 10% strain
(Figure 30B).

During the treadmill test the cables of the bracelet sample were fixed in two distinct
locations to prevent movement. One elastic band kept the cables close to the arm and a
larger band held them to the chest. The remaining length of the cable was placed over the
treadmill and exposed wires were connected to the LCR resistance meter (Agilent Keysight
E4980a) with a Labview program that recorded four-point resistance values at 6.3Hz. The
experimental setup is shown in Figure 31.

The treadmill experiment consists on measuring the resistance of each of the four pins
in three cases. First, the subject stands still on the treadmill for 5 minutes (Figure 31A).
Second, the user walks at a constant speed of 3 mile/h for 5 minutes (Figure 31B). Finally,
the subject runs at a speed of 7 mile/h for 5 minutes (Figure 31C).
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Figure 30: Bracelet sample to test the modular connector mechanism on a treadmill. A) Bracelet
sample and the 16 wires that were connected to the LCR meter. B) Bracelet sample worn on the
wrist

Figure 31: Electrical evaluation of the modular stretchable connectors on a treadmill under three
different tests. A) 5 minutes standing still. B) 5 minute walk at 3 mph. C) 5 minute run at 7 mph.
The bottom of the figure shows the LCR meter (right) and the Labview program that logs the real
time data (left)
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Figure 32: Relative changes in resistance during the evaluation of the modular stretchable connec-
tors on a treadmill under three different tests. C1 C2 and C3 correspond to each connector pair
measured. The fourth connector C4 could not be tested due to issues with the soldered cables

4.4.2 Results

The bracelet sample is made of four female-male brass connector pairs (C1 to C4) with wires
to measure the electrical resistance across them. All connectors tested (C1, C2 and C3) had
relative changes in resistance below 2.5 (Figure 32). The fourth connector (C4) could not
be tested due to issues with the soldered cables.

Figure 32 also depicts different electrical behavior of the connectors depending on the
activity performed. When standing still, changes in resistance were the most stable, below
20%. When walking, connectors experienced changes in resistance as high as 100%. When
running, resistance fluctuated up to 250% (4.27€2). Those changes were expected as running
involved more aggressive arm movements than walking, exerting higher forces on the mod-
ular device.

The maximum changes in resistance for each connector were 0.24, 2.44 and 2.22 for C1,
C2 and C3 respectively. As discussed in section 4.3 changes in resistance across different
connectors were due to the difficulty to correctly align each of the four metallic parts during
the fabrication process. Hence, some connector pairs might have had slightly more surface
area in contact between them than others. Nonetheless, it could be concluded that all three
connectors tested made stable electrical contact throughout each of the three parts of the
experiment with low changes in resistance (4.27€2 max.).

These measured values were equivalent to the total resistance of two connected modules:
both mechanism and serpentine lines (See Figure 26) . As previously calculated in section
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3.3.2, two 25.5mm long conductive serpentine line modules have a total resistance of ap-
proximately 0.89(2. By subtracting 0.89€) from the measured values, the connector system
resistance can be obtained. The 1.09 - 1.16€2 initial resistance when standing still (C1, C2
and C3 Ro, see Figure 32) is equivalent to 0.2 - 0.27€) contact resistance and the maximum
resistance of 4.27€) when running is equivalent to 3.38(2 contact resistance. These values are
slightly lower than the 0.81 - 0.21§2 measured in the experiment in section 4.3. This could
be explained as wearing the device on the wrist keeps the male-female connector pair at an
angle which might improve the contact surface. To lower this resistance value to the 0.02€2
of standard FPC connectors the contact surface could be enhanced with tin electroplating.

Device operation should not be an issue with resistances across the modules up to 4.27€2.
As previously discussed in section 4.3, resistances of 27082 and 400¢2 between the power
and the sensor node would cause functioning failure a IMU and a PPG sensor respectively
(electrical potential drops below the minimum operational voltage). This gives at least two
orders of magnitude safety margin.

4.5 Conclusions

This chapter aimed to design, fabricate and characterize a connector for modular stretchable
electronics. Device characterization was made by 1) electromechanically testing a connector
pair embedded in stretchable FPCs as fabricated in section 3.3 and 2) Evaluating resistance
changes when performing three different activities on a treadmill. The following conclusions
were drawn.

e A four pin sliding connector was successfully designed and fabricated. The mechanism
had a low profile (¢p4mm x 28mm) and could be easily secured and removed with a lock
mechanism placed on the side of the connector.

e The modular mechanism was easy to fabricate and was compatible with large scale
manufacturing. The metallic parts were made of brass that was manufactured using
an EDM machine. The insulating spacer and locking mechanism was made with 3D
printed parts.

e The connectors could be easily integrated within stretchable FPC serpentines. It did
not add steps on the process flow, making the assembly with stretchable conductors
compatible with mass manufacturing techniques.

e The electromechanical evaluation of the modular connectors integrated into a stretch-
able FPC showed the device could be stretched up to 120% uniaxial strain until the
rupture of the stretchable FPC matrix. Resistance values across each of the connector
lines during the experiment were lower than 2().

e The evaluation of the modular device worn as a bracelet on a treadmill showed electrical
stability throughout the 15 minute experiment for each of the pins tested. Maximum
peak resistance changes of 2.5 (4.272) were found during the running experiment, while
the base resistance when standing still oscillated between 1.09 and 1.1652.
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e By subtracting the serpentine line resistance from the measured values in the treadmill
experiment, the contact resistances of the modular connector when worn were calcu-
lated. The contact resistances when standing still oscillated between 0.2 and 0.27¢),
which are one order of magnitude higher than standard FPC connectors (0.0252). Con-
tact resistance could be lowered if the conductivity at the male-female interface is
improved (e.g. tin electroplating).

e Values of 4.27€) across two stretchable interconnected modules should not interfere with
the digital communication of sensors such as temperature, motion or heart rate. Only
values of resistance larger than 2702 on the power lines could cause voltage drops that
interfere with proper device functioning.
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5 Conclusions

This masters thesis focused on developing a system to connect stretchable electronic circuit
modules. To do so, it was necessary to 1) Integrate an electrically conductive stretchable
material into a rubber substrate and 2) Design and fabricate a system to connect stretchable
electronic modules. The following conclusions have been drawn:

Silver/TPU conductive inks screen-printed on PUR, were highly conductive (average
sheet resistance of 8.58-1072€/sq, 4-1072 S.E.) but not electromechanically stretchable
over 3% strain.

Serpentine designed FPCs embedded into soft silicone had high electromechanical per-
formance. The average resistance of a 25.5mm long conductive serpentine line was
0.44€2. When embedded into 1mm thick silicone, serpentines could stretch up to 160-
170% strain with minimum changes in resistance. When tested to fatigue, the stretch-
able FPCs could withstand 30% max tensile strain up to 3,500 cycles.

A four pin sliding connector was designed and fabricated with low profile (¢4mm x
28mm), user friendly and compatible with mass manufacturing. The system was made
using 3D printed polymer resin and brass parts cut with EDM. Also, it contained a
locking system to prevent it from moving while worn.

The connectors were well integrated with the stretchable FPC modules. Samples were
made and electromechanically tested, showing the soft system could withstand strains
up to 120% with values lower than 2. The device proves to be robust as electrome-
chanical failure occurs on the serpentine structure, not on the modular mechanism.

The electrical evaluation of the modular device worn as a bracelet on a treadmill showed
proper electrical stability. Maximum peak resistance changes of 2.5 (4.27€2) were found
during the running experiment. Such resistance values across modules should not
interfere with the digital communication of sensors (HR, temperature, motion) as only
values larger than 270€2 could cause voltage drops that interfere with device functioning.

The contact resistances of the modular connector when worn oscillated between (.2
and 0.27Q2 when standing still. This value could potentially be closer to standard FPC
connectors (0.022) if the conductivity at the male-female interface is improved (e.g.
tin electroplating).
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6 Future work and preliminary results

Future work focuses on the multiple health-monitoring-related applications that could be
built using the technology developed in this thesis. The main vision of this work is to give
users the ability to customize their own soft electronics. For example, if a doctor wants to
track the temperature and heart rate of a patient continuously, he can place a device with
modules that sense temperature and heart rate on each temple. If a long distance runner is
planning to track his\her heart rate and pace on a race, a chest-band could be assembled
with a heart rate monitor, an accelerometer and multiple extra batteries. If a football player
needs to track how his kicks are improving in terms of power, he can strap a device around
his ankle to measure acceleration.

To reach this goal, a fabrication process flow that contained electronic components was
developed. Five modules that could work with an 12C communication bus were designed
and fabricated. 12C allows communication between sensor modules by daisy chaining them
with clock and data wires and two pull up resistors (See Figure 33). The bus consists of a
master module (dictating the speed of the clock), and the slaves (detecting and processing
a start condition and recognizing its address)

The modules designed for this project consisted of a master, three slaves and an extra
battery module as indicated below:

e Master module: contained the microcontroller (MCU) and a battery. Fanstel BC832
was chosen for the MCU given its small footprint and integrated bluetooth for wireless
communication. The module also contained two pull-up resistors, an LED, a 12mAh
battery with a switch and a 3.3V voltage regulator.

e Heart rate module: The MAX86150 PPG (photoplethysmography) sensor from Maxim
Integrated was selected given its small footprint. A 1.8V regulator was needed for the
internal LEDs of the sensor.

e Accelerometer module: The MPUG6050 sensor from InvenSense was chosen, as only
three resistors were needed for its operation.

e Temperature sensor module: The Si7051 chip from Silicon Labs was selected as it did
not need any passive components for its operation and provided reliable values for
biosensing (0.1°C accuracy)

e Extra battery module: contained a 12mAh battery with a switch and a voltage regu-
lator.
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Figure 33: Electronic schematic of the five modules produced interconnected using an 12C commu-
nication bus. Two pull-up resistors (Rp) are needed for 12C communication. Modules consisted
of a Master module with a battery and a micro-controller, three slaves (PPG, accelerometer and
temperature sensor) and an extra battery

The stretchable FPC circuit was designed using Altium Designer and fabricated through
an external vendor (Shenzhen JDB Technology Co., Ltd.) as in seen section 4.2. The soft
modules were fabricated with the previously seen process flow in Figure 34 and with the same
materials and protocols as in section 3.3.1. The main difference was electronic components
and modular connectors were integrated in the same step (See Figure 34C and D).

Before following the process flow to fabricate the complete modules, the correct function-
ing of the electronics was checked by soldering the components to the FPC and connecting
the pads to a breadboard with a MCU connected to a computer. Data was gathered from
the MCU with the assistance of Dr. Artem Dementyev.

Five FPC stretchable circuits for each module can be seen in Figure 35 corresponding to
the master, accelerometer, temperature sensor, PPG sensor and battery modules. The heart
rate monitor was evaluated by connecting it to a MCU and reading data while placed on
the wrist for a few seconds. Extracted data from the PPG device showed both IR LED and
Red LED signal corresponding to three heartbeat peaks clearly defined (See Figure 36).
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. Soft Rubber . Stretchable Circuit Modular Connectors

. Hard Rubber . Solder/Epoxy Electronic Chip Carrier

Figure 34: Process flow for making modular stretchable electronics. A) Screen printing of a soft
rubber film on the carrier substrate. B) Placement or screen printing of the stretchable circuit. C)
Screen printing of solder paste or conductive epoxy and pick and placing of electronic components
and modular connectors. D) Encapsulation of the electronic components and modular connectors
with hard rubber. E) Device encapsulation with soft rubber film screen printing. F) Device release
from the carrier substrate.
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Figure 35: Five FPC stretchable circuits manufactured
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Figure 36: Signals measured from the heart rate module (Red LED and IR LED)
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Next steps in this project involve:

Checking the electronics for the rest of the modules (master module, accelerometer,
temperature sensor and battery) by verifying they can successfully receive and transmit
data.

Integrating the stretchable FPC circuits into soft modules following the process flow in
Figure 34.

Exploring different module applications: wristband, headband, chestband or even ’an-
kleband’. Moreover, trying the possibility of using it as a sticker by adhering it to the
skin with silicone adhesive. This could open other applications, for example tracking
the movement of the knee with two accelerometer modules on top and bottom.

Performing user studies to understand device comfort and usability compared to other
off-the-shelf devices.

Developing a mobile app to read data from the sensors wirelessly, continuously, and in
real time.

Placing two or more independent devices (more than one master) on different body
regions to create a body sensor network. For example, one device placed on the leg
could be used to track specific rehabilitation exercises while another one placed on the
head measures heart rate and temperature.

Further characterizing the device. The treadmill experiment in section 4.4 could be
repeated by reading sensor data instead of resistance across metallic connectors. Also,
the device could investigated for its adaptability to water proofness, given the fact the
ability of the currently designed device to function underwater is unclear. Pins are in
close proximity to each other and water resistivity could potentially short the lines.
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Appendix

The following section contains supplementary figures that help better understand some of
the concepts covered in this thesis (both theory and experimental data).

A Percolation threshold on composites made of conductive particles and elas-
tomers
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Figure 37: Electrical resistivity of a polymeric based composite vs amount of conductive filler.
Percolation threshold (p;) indicates the weight ratio (wt.%) at which the composite becomes con-
ductive, whilst the screen printing processability threshold (sp;) is the rate at which the viscosity
of the composite is too high for using screen printing techniques
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B Two-point vs Four-point resistance measurement

A B

| |

= S A
| Rw_|

R R
| Rw_|

< [Rw —— - [ Rw ——

Figure 38: Two-point (A) vs four-point (B) resistance measurement. V represents a voltage meter,

I a current generator, R the resistance to be measured and Rw the resistance of the wires and
contacts
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C Comparison of the four conductive lines of a two serpentine FPC under
uniaxial strain
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Figure 39: Comparison of the four conductive lines of a two serpentine FPC under uniaxial strain.
Changes in resistance are practically inexistent (below 0.5%) until approximately 100% after which
the serpentines increase up to 25-30% before rupture at 160% strain. Each plot represents Serpen-
tine 1 Top layer (Serp 1 Top), Serpentine 1 Bottom layer (Serp 1 Bot), Serpentine 2 Bottom layer

(Serp 2 Bot) and Serpentine 2 Top layer (Serp 2 Top)
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D Cross section layers and dimensions of the FPC serpentines

Total thickness = 104um)
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Figure 40: Cross section layers and dimensions of the FPC serpentines manufactured by Shenzhen
JDB Technology Co., Ltd. Information was provided directly from the manufacturer
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E Stress-strain curves of polyimide and copper
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Figure 41: Stress-strain curves of polyimide (Kapton, Type HN Film) [60] and copper (Oxygen-free,
UNS C10200 bar) [59] processed at different temperatures
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