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In the past decade, development of stretchable, thin-film electronics have

garnered attention from healthcare industries to general public, since such plat-

form would enable a direct integration with skin, providing the means of intimate

and unobtrusive health monitoring. However, such transition of the technology to

consumers has been hampered by challenges associated with high-cost, inability

to scale, and low device reliability. To address this, we see an increase in research
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effort in adopting the use of rigid, yet small, commercial-off-the-shelf chip compo-

nents. The value gained by employing the full sophistication of modern integrated

circuits (ICs) is disproportionate to the slight loss in overall stretchability.

This dissertation aims to provide a unique methodology that weds the ben-

efits of both thin-film and surface mount technologies. However, the focus is

not only on developing the new sophisticated systems but also on scalability of

the manufacturing process. First, we introduce a method to produce a stretch-

able, thin-film interconnection platform exhibiting an excellent solderability with

industry-standard SAC (Sn96.5/Ag3.0/Cu0.5) solder alloy. This platform, which

we call Solderable and Stretchable Sensing System (S4), was further verified for

its feasibility to be scalably manufactured through the demonstrative production

of S4 respiration sensing devices. Finally, we demonstrated the direct integration

of fully assembled S4 devices with a large area adhesive film, proving the methods

compatibility with a roll-to-roll process.

Next we explored S4s capacity as a platform for wireless communication de-

vices involving high frequency radio signals, such as those involved with Bluetooth

protocols. We introduced the engineering challenges found in designing thin-film

conductive traces for reliably accommodating radio frequency RX/TX. As a solu-

tion to these challenges, S4s utilized novel stretchable antennas boasting similar

thin-film conductive properties, obviating chip antennas and further demonstrating

their versatility as an electronic platform. Finally, we employed S4 devices capable

of physiological monitoring, signal amplification, analog-to-digital conversion, and

xviii



wireless communication via Bluetooth Low Energy protocols using the integrated

stretchable antennas.

We demonstrated S4s capacity for adopting various surface mount chip

packages, scalable manufacturing and packaging, support for high frequency digi-

tal signals, and transmitting/receiving wireless radio signals. We believe the com-

patibility of the manufacturing methods with existing tools and materials, as well

as S4s versatile and modular characteristics successfully tie together the values of

stretchable electronics and advanced IC technologies.
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Chapter 1

Introduction

In the past few years, we have witnessed the concept of wireless health

monitoring transform into reality with increasing variety of commercial products

being offered to both the care providers and the general consumers. The continued

trends in the miniaturization of electronic packages as well as the advances in

the wireless communication technologies have enabled the development of small,

wearable devices with form factors that could not be easily achieved as recent as

five years ago. The technology adoption is apparent by the recent market analysis

of personal health and wellness products which predicts 70 million unit sales in

2018 in the US alone [Tillmann, 2014]. It is also apparent that our society is

gradually moving toward a lifestyle where continuous monitoring of ourselves is a

norm, and utilizing the stream of physiological information for making informed

decisions is a daily task. However, in order for continuous health monitoring to

become fully integrated with our daily life, several requirements need to be met.

1
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First, the devices need to be manufacturable in large scales with a cost-effective

way. While we hear about breakthrough development of sophisticated wearable

sensors, we rarely witness their translation into commercial products due to the

high-cost of the processes and the lack of large-scale manufacturability. Second, the

products need to be unobtrusive and comfortable to wear. If the device is designed

to be mounted on the skin for a long-term monitoring, it must be comfortable to

wear while the users carry out their daily tasks. Good wearability can be achieved

for wearable devices if the mechanical properties of the device is matched with

that of skin. However, since flexible printed circuit boards (PCBs) make up the

majority of modern wearable devices, most wearable devices do not exhibit the

mechanical trait fundamental to human skin—that is, stretchability.

In 2011, a new class of electronic platform called Epidermal Electronics

System (EES), which is a fully thin-film package of polyimide (PI) layer insulating

active electronic components, consisted with thin-film metal traces and inorganic

semiconductor devices [Kim et al., 2011]. Owing to the superb electrical properties

of the single-crystalline active devices as well as the ultrathin, stretchable inter-

connection layout, EES held the potential to become the next generation platform

for active wearable devices that could be worn intimately on skin. The mechanical

and electrical robustness of EES also convinced many researchers to adopt the use

of the platform and enabled them to develop the variants of PI-based systems, with

differentiating factors in their specific functionalities. As of this writing, however,

the interests in the research and development of active, thin-film, stretchable de-
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vices seemed to have diminished, perhaps due to the low device yield caused mostly

by the difficulties in the processing and handling of the thin inorganic nanomem-

brane structures and the low reliability of the thin-film integrated circuits under the

dynamic deformation of biological tissues. While numerous teams of researchers

have proposed new methods to improve the yield or to achieve the more sophis-

ticated electronic properties, we are yet to find a conclusive method that allows

one to reliably produce an active, fully stretchable electronic system. Instead, we

are witnessing an increased number of reports on new developments of stretchable

systems comprising not only the stretchable components, but also the rigid elec-

tronic packages. Whiles these systems may not exhibit the level of stretchability

and wearability of the thin-film systems, the integrated chip components are in-

expensive, and their functionality is independent to the mechanical disturbances.

Moreover, due to the continued trend in the miniaturization of chip packages, the

overall stretchability may not be significantly affected, especially by embedding

the devices in soft materials, or even in a bag of fluid [Lee et al., 2016, Xu et al.,

2014, Kim et al., 2015, Jang et al., 2017]. The abovementioned systems have suc-

cessfully demonstrated the methods with which stretchable and wearable devices

can be manufactured. However, while these systems may be mechanically compli-

ant for long term wearability, the feasibility for large scale manufacturing of these

type of devices is unclear. The research work presented in this thesis is motivated

by the seemingly wide technological gap between sophisticated, next generation,

skin-like electronics and commercially available wearable devices. The aim is to
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focus not only on the development of new stretchable and wearable systems, but

also on their manufacturability. The author hopes to achieve this goal by making

sure the methods presented are fully compatible with existing tools and materials.

Finally, this dissertation introduces a strategy for a large scale manufacturing of a

wearable devices consisted with thin-film interconnection systems and small rigid

chip components.



Chapter 2

Development of Solderable

Stretchable Systems

2.1 Handling and Transfer of Thin-film Electron-

ics

To fabricate flexible and/or stretchable electronic systems that are made of

thin PI films with total thickness as thin as few hundreds of nanometers, ensuring

a secure adhesion to a handle substrate throughout the series of microfabrication

processes is critical. The handle substrate needs to withstand the cycles of thermal

processes (such as those required during PI and photoresist bake steps and chemical

vapor deposition), a range solvents including acetone, isopropanol, and developers,

and needs to be both chemically and mechanically stable even in varying degrees of

5
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vacuum conditions. The most common choice that satisfies these requirements has

been the use of photoresist-coated silicon, or glass wafers [Teh et al., 2003, Ferrell

et al., 2007]. The hard-baked surface of a photoresist, for example polymethyl

methacrylate (PMMA), is sufficiently inert for the following deposition steps, given

the next immediate film (e.g., PI) provides a good barrier for solvents, but is

removable if left submerged in solvents.

Figure 2.1: Schematic illustration of the microfabrication strategy for releasing
thin-film electronics by the dissolution of a sacrificial layer.

Numerous research groups adopted this method of dissolving an underlying layer

(PMMA or other photoresists) by submerging in a solvent or water bath to separate

the adhesion between the handle substrate and devices [Kim et al., 2009a, Linder

et al., 2005]. While the removal of a sacrificial layer for releasing upper layers may

appear convincing and straightforward, there are four critical drawbacks to this

method. First, the stripping rate is proportional to the amount of sacrificial mate-

rial to be removed. For example, the dissolution process for a feature with larger

lateral dimension will take longer than narrow features. This means that the com-

pleted devices, depending on their design, need to be left in a solvent bath for hours,
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which is not acceptable in the case of a large scale production. Second, features

with large lateral dimensions could eventually collapse onto the handle substrate,

halting the stripping process altogether. Third, because the stripping process is

deemed completed once the entire device is released, portions that have already

been released can freely move around in the solution. The inability to maintain

its intended shape and position can be detrimental not only from the structural

standpoint, but also from the electrical signal standpoint, if the affected portion

is intended for relaying high frequency or other digital signals. Specifically, the

displaced portions of the device can contribute to developing unintended stresses,

and the affected interconnect traces could suffer from an increased resistance or a

loss signal qualities if the

Figure 2.2: Schematic illustration of the microfabrication strategy for releasing
thin-film electronics by the dissolution of a sacrificial layer. (a) Dissolution rate
is determined by the lateral dimension of the PMMA layer. (b) Overhanging film
can block the dissolution process. (c) Released features can be displaced freely in
the stripping solution.

trace was intended to relay high frequency signals. Fourth, and perhaps most
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critically, the use of a sacrificial layer requires that the released devices be picked

up by a temporary carrier and subsequently released onto the target substrate.

Currently, there is no robust way to reliably transfer the film structures to an-

other substrate, and the most popular method is the use of a polydimethylsiloxane

(PDMS) stamp and utilizing its nonspecific van der Waals interactions with film

structures [Sundar et al., 2004, Meitl et al., 2006, Kim et al., 2010b].

Figure 2.3: Schematic illustration describing the kinetics, such as the peeling
force (F), peeling velocity (vp), and delamination velocity (vd), involved with film
transfers using a PDMS stamp.

However, the rate of success is heavily dependent upon the surface structure of the

devices and the amount of total area in contact with the stamp. Moreover, whether

the device is retrieved or printed is determined by the kinetics of the PDMS stamp

[Carlson et al., ]. Hence, the use of a polymeric stamp for transferring thin-film

devices requires significant optimization processes for each new design and there

has not been a report on the long-term reliability of this method.
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2.2 Microfabrication on a PDMS-coated surface

PDMS has already been extensively studied and adopted in a variety fields

of engineering and science with its roles ranging from a microfluidic channel to

a substrate for a migrating cells [Chow et al., 2005, Saez et al., 2007]. Aside

from its elastomeric properties, PDMS satisfy all of the criteria listed above for

the requirements of a good handle substrate with its chemical inertness, thermal

stability, isotropic and homogenous properties, low cost, and ability to conform

to microstructures [Mata et al., 2005]. Most importantly, PI-based devices can

be easily peeled from the PDMS layer due to the non-interaction between PDMS

and the fully cured PI layers. Despite the advantage, there have only been few

reports on the use of PDMS as the substrate for microfabrication, with the initial

report by Xiao et al where the authors demonstrated peeling a sheet of PI film

from a PDMS-coated silicon wafer [Xiao et al., 2008]. It wasnt until recently that

the use of PDMS-coated substrates was revisited where the authors demonstrated

the fabrication of fully stretchable systems on PDMS-coated substrates [Jeong

et al., 2014, Huang et al., 2014]. The biggest advantage to using PDMS-coated

substrates is that it obviates the need for a sacrificial layer, thereby eliminating

the issues mentioned in the previous section. Specifically, the completed devices

can be simply peeled off from the substrate without involving a long dissolution

process or an intermediate stamp. The devices also retain their intended shape

since they remain physically attached to PDMS. Lastly, the completed devices
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can be directly embedded into target materials, whose surface is treated with an

adhesive layer. For example, a soft adhesive wound dressing (e.g. Tegaderm, 3M)

can be brought into contact to both peel the devices off from the handle wafer as

well as to embed them into the film itself. This process of direct integration is

particularly advantageous in a large scale manufacturing scenario using a roll-to-

roll process.

The use of PDMS-coated wafers as handle substrates was repeatedly verified

by developing multiple flexible and stretchable devices using four-inch PDMS-

coated glass wafers. For each design, the same preparation steps as the following

were conducted: 1. Cleaning dehydration of a glass wafer, 2. Spin coating mixed

and degassed PDMS mixture, 3. Baking the PDMS-coated wafer in a convection

oven at 80◦C, 4. Oxygen plasma treatment of PDMS, 5. Spin coating PI solution.

Figure 2.4: (a) Photograph of the spin coated PI film on a PDMS-coated wafer
without oxygen plasma treatment. (b) A cured PI layer can be peeled off the
PDMS-coated wafer as a whole film.

Due to its hydrophobic property, the PDMS-coated wafer needs to be
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treated with oxygen plasma to oxidize the surface and achieve a uniform and

smooth coating of PI (Figure 2.4). Once the first layer of PI was fully cured,

standard microfabrication processes, such as photoresist coating, developing, rins-

ing, chemical vapor deposition, sputter and electron beam deposition, wet and dry

etching could be carried out without affecting the underlying PDMS layer. Fig-

ure 2.5 shows the various PI-based flexible and stretchable systems, such as strain

gauges, amplifier circuits, fan-out interconnects, stretchable antennas, stretchable

wireless sensors, developed by performing standard microfabrication processes on

the PDMS-coated wafers.

2.3 Release of Devices from Handle Wafers

Completed devices can be released from the handle wafer in two different

manners. First, devices can be released from the handle wafer by tweezing an edge

then directly raising the whole device. This method is appropriate if the device

is capable of retaining its shape without a support film. However, most thin-film

stretchable devices require the structural support of the target substrate since

the thin and serpentine mesh network would get tangled and fold uncontrollably.

Hence, the second method is to use an adhesive film to peel off a single or multiple

devices. In this scenario, the released device can either be permanently embedded

into the adhesive, or be subsequently released onto another substrate by controlling

the strength of the adhesive. In the latter case, water-soluble, ultraviolet (UV), or
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Figure 2.5: Photograph showing various completed flexible and stretchable de-
vices fabricated on PDMS-coated glass wafers.

thermal tapes can be used to retrieve the device first, then to release it onto the

final substrate. A water-soluble tape can be dissolved by submerging it in water

while UV and thermal tapes can be exposed to UV light and heat, respectively, to

significantly reduce their adhesive strengths (Figure 2.6).
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Figure 2.6: Demonstration of various release strategies for completed devices on
PDMS-coated wafers.

2.4 Reverse Microfabrication

In the previous section, a method for directly integrating devices into target

adhesives was discussed. Figure 2.7(a) illustrates the resulting orientation of the

device when choosing such method and shows that the top surface of the device

ends up being covered by the film, whereas the bottom surface is exposed. This

can pose a problem if the devices top surface is desired to make contact with a

target surface. For example, flexible electrodes for monitoring electrophysiology

would end up facing the adhesive film, rather than target tissues, if the option of

direct integration is chosen. One could choose to transfer the device twice using

an intermediate carrier described previously, but the additional steps of retrieving
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and releasing would result in increased cost and production time, and lower yield.

Another solution is to construct the device in an upside-down manner by reversing

the order of devices layer stackup. As illustrated by Figure 2.7(b), the electrodes

of a device fabricated by the inverted process would make a direct contact with

tissues and only require a single retrieval step, provided the PDMS-sensor interface

behaves similarly to that of PDMS-PI. Fortunately, spin coated PDMS exhibited

the similar level of poor adhesion to the thin layers (0.2 µm thick) of gold or sil-

ver, deposited by electron beam evaporation or sputtering. The weak interaction

between PDMS and evaporated Au films has been examined by Loo et al where

the authors demonstrated transfer printing of thin gold films by direct metal evap-

oration onto a PDMS stamp followed by printing of the deposited films to target

surfaces [Loo et al., 2002]. Our method exploits this weak interaction between

PDMS and metal films, and demonstrates that additional polymer layer can be

further constructed. It was found that a chromium interlayer could be used to

promote the adhesion between gold and PI films despite the reversed order in the

fabrication steps. Moreover, by using a photodefinable PI itself as the wet etch

mask, the overall process for producing an adhesive-integrated electroencephalo-

gram (EEG) sensor could be dramatically shortened compared to those produced

by using the conventional method relying on a sacrificial layer [Kang et al., 2015].
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Figure 2.7: (a) Illustration of the sensor orientation with a normal microfabrica-
tion steps. (b) The sensor is oriented to directly contact target tissues by reversing
the microfabrication steps.

2.5 Integration of Commercial-Off-the-Shelf Chip

Components

So far, the previous sections discussed the various strategies for microfab-

rication and handling of thin-film flexible and stretchable systems consisted with

PI and metal layers. The functionalities of the devices are limited to EEG sensors,

temperature sensors, strain gauge, and interconnection systems, mechanisms of

which are passive by nature. Therefore, these systems require wired connection to

external components in order to accomplish the more sophisticated, yet necessary,

tasks as signal amplification, data storage, analog-to-digital conversion, signal pro-

cessing, wireless communication, voltage regulation, and so on. While embedding
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thin-film-based, fully flexible active electronics into stretchable, PI-based systems

has been demonstrated previously, replicating the small-scale, lab-setting results at

a larger scale production level has been unsuccessful. Instead, an increasing num-

ber of research groups have begun to embrace the use of the commercial-off-the-

shelf chip components for their passive electronic platforms [Xu et al., 2014, Kim

et al., 2016, van den Brand et al., 2015]. The interests in further development of

active and fully thin-film electronic platforms may have been further lost due to

the recent advances in chip packaging technologies. Due to the continued trend

in the miniaturization in chip packages and the increase in the number of input

and output (I/O) pads, adopting small chip components has become an attractive

option for researchers and developers who require systems with both stretchability

and electronic performances.

2.6 Methods for Chip Integration with Thin-film

Interconnection Systems

Several methods for achieving both mechanical and electrical connectivities

between chip components and PI-based stretchable interconnection systems have

been explored and evaluated.
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2.6.1 Si Trench Using Self-Aligning

Inspired by Dr. Theogarajan’s, who demonstrated a wafer scale integration

of CMOS chips into large area silicon substrates using self-aligned masking, bare

die chip components are evaluated for this method [Uddin et al., 2011]. We used a

1-µm thick electron beam deposited chromium layer as the hard mask for the deep

reactive ion etching of a silicon wafer with 500 µm in the thickness. The shape

of the trenches were defined by exposing the spin coated negative-tone photoresist

layer while physically placing the chip components on top. This method allowed

us to create trenches in the silicon substrate with the exact lateral dimensions as

the components to be inserted (Figure 2.8). However, one critical drawback to

this method was the difficulty with acquiring both the planar surface to perform

microfabrication and efficient release of the chip-film products. While Dr. Theog-

arajans work achieved a good planarization using spin-on-glass and its subsequent

oxidation process, sourcing a material with an excellent gap-filling properties as

well as the ability to be dissolved for the final release of devices was challenging.

Moreover, the method would only be applicable for bare die or other similar pack-

ages and further post-processing would be required for assembling components in

different packages, such as thick film resistors. As a result, the method of using a

silicon substrate with dry-etched trenches was deemed not applicable for a scaled

manufacturing of stretchable electronic systems requiring the use of various chip

packages.
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Figure 2.8: (a) Optical micrographs shows the ’self-aligning’ process using a
negative-tone photoresist (left) and its trench created by DRIE process (right).
(b) Optical micrographs of a bare die chip components (left) and placement of the
chip into the trench, with its boundary determined by its shape.

2.6.2 PDMS Trench with Sequential Layer Formation

The use of a thick PDMS substrate with a thickness of 1 mm was tested in

place of a silicon wafer. While the trenches formed by casting PDMS on various

chip components provided far superior fit compared to dry etched silicon trenches,

the thick PDMS substrate exhibited significant volume expansion during every

thermal cycle, rendering even a simple photoresist bake step a engineering feat. The

thermal expansion of PDMS often resulted in the development non-planar surfaces
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Figure 2.9: (a) Schematic illustration of the chip integration method using PDMS
trenches. (b) Optical micrographs showing embedded chip resistor (left), bare die
unijunction transistor (middle), and integrated circuit (right).

around trenches, causing undesirable buildup of photoresists. Furthermore, the

efficiencies of dry etch processes were reduced due to the loss of kinetic energy in

the reactive ions. The acceleration of the ions was most likely decreased since the

effective surface of reaction was raised from the chamber plate by the thickness of

the PDMS. These processing difficulties as well as the difficulty in the release of

final devices, this method was concluded as not applicable.

2.6.3 PDMS Trench with Preformed Layer Integration

The same PDMS molding technique was used, however, the film structures

were constructed on a separate PDMS-coated wafer then bonded with the chips

placed in the PDMS trenches. A UV curable polymer was used to mechanically

bond the chip components to the film while the electrical connection was created by
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dry etching openings followed by sputter metal deposition. This method resulted

in a higher yield compared to the previous two methods and was deemed as a

feasible manufacturing method. However, the use of a thick PDMS substrate still

resulted in the lower dry etch efficiency and forming robust electrical connections

with chip components other than bare die, such as the thick film passive chips with

rounded electrode surfaces, was not easy. Hence, the method can be considered

for prototyping of stretchable electronics involving bare die and other components

with flat metal pads and only few additional passive thick film components.

Figure 2.10: (a) The process cycle involved with the integration of chip com-
ponents with a preformed thin-film interconnection is schematically illustrated.
Optical micrographs show (b) an integrated light-emitting diode (LED) die and
(c) a bare die amplifier chip.
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2.6.4 Chip Bonding Using Anisotropic Conductive Adhe-

sive (ACA)

A use of an ACA film for achieving mechanical and electrical connection

was evaluated. A commercially available ACA film (126-22-F, Creative Materials)

with silver-coated particles (average diameter of 20 µm) suspended in PET layer

was used to bond a bare die component. While the small conductive particles were

able to provide an excellent lateral resolution down to 25 µm, electrical connectivity

through the chips pads could not be achieved since the surfaces of both the chip and

the film interconnection was flat. Extra binding pressure could be applied during

the thermomechanical bonding process, however, the added amount of pressure

could damage the chips. Consequently, bare die chips without a protruded pad

features (e.g. bumped pads) was not fully compatible to achieve the good electrical

connectivity using a ACA film. More critically, the bonding process cannot be

performed on multiple chip components of various packages, which makes the use

of an ACA suitable only for bonding one, die-format package per bonding process.

2.6.5 Chip Integration Using Solder Paste and Reflow Sol-

dering

advances in the flip-chip technology has allowed most chip manufacturers

to form a dense array of solder balls on the active side of the die. Packages

like Ball Grid Array (BGA) and Chip Scale Package (CSP) maintain the same
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Figure 2.11: Schematic illustration of a bare die chip, ACA, and a substrate (a)
prior to an application of heat and pressure (b) and after. The inset describes the
mechanism behind the anisotropic characteristic. (c) Optical micrograph shows
that conductive spheres are small enough to isolate two adjacent traces with a
pitch of 25 µm.

footprint as the bare die components with the only difference found in the effective

added height from the solder connection, which can be as small as 50 µm once

the solder connection has formed. The advantages of using the solder-based chip

bonding is that the process will inherit decades of optimization that has already

been established by the chip assembly industry. Hence, the key to a successful

evaluation was to develop a thin-film interconnection system that is as close to

the conventional printed circuit boards as possible in terms of the layer structure.

The thin-film system was constructed on PDMS-coated glass wafers with various

combination of sputtered metal layers to evaluate the resulting solderability. The

first criteria for good solderability was to have a complete solder wetting as well as a

good confinement of the solder product within the pad areas. For our film systems,

we patterned the top-most PI layers to expose only the metal pads and to restrict a

flow of solder to within the pads. We explored three pad metal combinations where

all metal layers were deposited via sputtering and PI layers formed by spin coating.

Also, we used a solder paste with an alloy composition of Sn96.5/Ag3.0/Cu0.5
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(SAC305) by Chip Quik (SMD291SNL10T5) sine increasing number of flip chip

packages were being offered with SAC305-based solder structures.

Chromium/Gold

For gold (Au) metallization by evaporation or sputtering, a thin layer of

chromium (Cr) is often used to promote the adhesion of Au to various substrates.

Many stretchable electronic systems also adopted Cr/Au bilayer as the intercon-

nection, electrodes, and antennas [Kim et al., 2009b, Kim et al., 2010a, Fan et al.,

2014]. Once the solder paste is applied on the exposed metal pads and reflowed,

the boundaries of the solder mass were removed, and the underlying PI layer was

exposed. Since we expected Au to be easily penetrated by reflowing solder, it was

concluded that the active flux at an elevated temperature could reach the Cr layer

and begin to react with it. Since Cr would still provide a good adhesion between

Au and PI, the parts of metal pads not affected by solder remain intact.

Copper/Gold

Copper (Cu) is widely used as a conductor material for most modern elec-

tronic systems for its cost-effectiveness and good electrical properties. We tested

the solderability of a thin-film Cu/Au bilayer metal system with reflow soldering.

Again, Au was used to prevent Cu oxidation as well as to promote wetting of re-

flowing solder. The result of reflow soldering with Cu/Au showed that any exposed

metal system would be removed by soldering. The complete removal of Cu/Au bi-
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layer can be explained by the poor adhesion between Cu and Au. When the molten

solder soaks the Au layer, the solder mass likely have peeled away Au from Cu, ex-

posing the Cu layer. The unprotected Cu then would have been instantly oxidized,

forming a form of copper oxide. Finally, the presence of flux would react with the

oxidized copper, as if it were a contaminant, ultimately removing the entire pads.

Copper/Nickel-Vanadium/Gold

The effect of inserting a layer of nickel-vanadium (NiV) between Cu and

Au layers is studied since the use of nickel would provide not only good wetting of

solder but also the stability even at an elevated temperature. The results showed

that the pad metal system held its integrity without showing any damages by the

solder paste. A complete wetting of solder across the pads was seen and the top

PI layer functioned as a good solder stop material, restricting the solder product

to form only within exposed metal regions.

The results of reflow soldering using SAC305 solder paste showed that de-

veloping a solderable thin-film metal system required additional considerations

such as the metal adhesions to the polymer substrate as well as to other metal

layers. Also, since the tested metal layers were extremely thinner than the con-

ventional PCB metal systems, the behavior of each metal layer was either all or

nothing. In other words, while a thick Cu layer would have withstood a level of

solder penetration and actually form an intermetallic layer toward its top surface,

the sub-micron metal layers do not have enough thickness to exhibit the depth-
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dependent variability. Hence, in thin-film systems, additional metal layers need to

be incorporated to achieve the similar solderability found in thick PCBs. In par-

ticular, the Cu/NiV/Au proved to achieve great solderability with SAC305 solder

paste due to each layer accomplishing its role successfully. Finally, this combi-

nation of metal system is continuously used throughout the development of S4

devices involving surface mount technology.
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Figure 2.12: The figure summarizes the solderability results of the three metal
systems tested.
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Figure 2.13: The robustness of Cu/NiV/Au pad system in reflow soldering with
SAC305 allows integration of a wide variety of surface mount packages as shown
in the figure.



Chapter 3

Development of a Respiration

Sensing Solderable Stretchable

Sensing System (S4)

3.1 Introduction

In the last decade, wearable sensors and wireless health monitoring have

been transformed from science fiction to reality, with many products and services

now commonly available [Berglund et al., 2016, Iqbal et al., 2016]. The form factor

dependent nature of the devices design criteria and their inability to adhere to the

skin create challenges for indirect sensing of physiologic signals (e.g. heart rate

estimation from optical measurements rather than from an electrocardiogram).

The technical challenges these products face, such as motion artifacts, poor sig-

28
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nal to noise ratio, and need for additional circuits, generate fidelity and energy

tradeoffs that are not always satisfactory. Problems such as these contribute to

the recent pessimism about how wristbands and related wearables can truly bring

forth the changes in healthcare that we have imagined. It is increasingly being

realized that there are needs to monitor physiological signals of interest without

being compromised by the abovementioned issues, in manners that are unobtrusive

and independent of the sensors form factor. The sensors measurement reliability

and capabilities to directly capture the target physiology are even more critical

if the measured data is to be used for diagnosis. Stretchable electronics have the

potential to provide such capabilities. For example, in 2011, epidermal electronics

developed by Kim et al. demonstrated the feasibility of wireless physiological mon-

itoring using skin-conforming electronics [Kim et al., 2011]. The extremely thin

and stretchable electronic platform addressed the issues rising from non-contact

measurements by effectively eliminating the gap between electrode and skin. Since

then, various research groups around the globe with collective interests in improv-

ing human health have introduced numerous variants of skin-wearable systems

involving organic, inorganic semiconductors, fluid-filled circuits, die-thinning, and

flexible printed circuit boards (PCB) [Roberts et al., 2008, Viventi et al., 2011, Xu

et al., 2014, Sterken et al., 2011, Gao et al., 2016]. Each of the technologies men-

tioned here successfully advanced its precedent counterpart by improving specific

aspects of the wearable systems, such as wearability, specificity for target biomark-

ers, and capabilities to wirelessly transfer data and power. However, the common
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obstacles many of these new systems face is the technical challenges in going from

proof-of-concept to large scale fabrication in ways that are cost-effective and com-

patible with existing processes that fully leverage economies of scale.

A few recent reports have addressed the issues of feasibility in manufac-

turing and cost using cut-and-paste methods, or by making use of commodity

materials such as the gold leaf and copper tape [Yang et al., 2015, Kao et al.,

2016]. While these approaches achieve the goal of low-cost manufacturing and fast

prototyping, an end-to-end manufacturing solution enabling the full integration of

modern active electronic components, which require a multilayer, high precision

interconnection system, is yet to be presented. Moreover, as more sensor systems

adopt advanced wireless interconnectivity, on-board integrated circuits (ICs), for

example, microprocessor, amplifier, wireless power/data transfer, memory, multi-

plexer, etc. have become indispensable for skin-wearable devices. Demonstration

of connecting various small electronic packages to thin copper traces by a solder-

ing process has been demonstrated recently by Kim et al., but the solderability

between chip components and thin, flexible pad systems as well as a strategy for

large scale manufacturing have yet to be established [Kim et al., 2017a]. Fortu-

nately, over the past decade, advancements in microfabrication processes and flip

chip technologychip assembly method where the active ICs face down to the sub-

stratehave steadily increased the density of input and output connections while

decreasing the overall size [Tong et al., 2013]. With the consistent demand from

the mobile phone and wearable device industries, the total flip chip market is ex-
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pected to reach $35 billion in 2018 [Beica, 2013]. Naturally, the majority of chip

manufacturers are offering more compact forms of packaging, such as the Wafer

Level Chip Scale Package (WLCSP). Owing to their small form factor (hundreds

of microns in thickness and millimeters wide), most WLCSPs, along with other

thick film passive components, are good candidates for skin-wearable devicespro-

vided solder-compatible pad system is present in the stretchable substrate. Within

the context of health monitoring, multiple considerations must also be taken into

account for packaging such heterogeneous systems including: 1) circuit isolation,

2) ease of application, 3) durability, and 4) biocompatibility with the epidermis.

Commercial soft adhesive film dressing (Tegaderm, 3M, USA), for example, can

serve as a material to help satisfy these requirements, since its semi-permeable

nature provides a good barrier for the underlying electronics, and it is considered

one of the clinical-standard film dressings [Dhivya et al., 2015, McCord and Levy,

2006]. Moreover, the adhesiveness of Tegaderm can be utilized to directly peel

completed stretchable devices off of a donor substrate effectively allowing the end

users to only remove the liner before use [Kang et al., 2015]. Finally, the ad-

hesive nature of the system allows the sensors to be applied at desired locations

determined by the applications, rather than, for example, to a wrist.

In this report, we present a modularized manufacturing process consisting

of four standard manufacturing methods: (a) microfabrication of thin-film inter-

connection, (b) film transfer using thermal release tape (c) PCB assembly, and (d)

roll packaging. Unlike many previous manufacturing methods that require uncon-
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ventional usage of equipment or manual dexterity, our method allows the use of

standard materials and equipment under each of the four categories and combines

their key benefits to enable scalable manufacturing of stretchable electronics [Hus-

sain et al., 2016, Hwang et al., 2012, Viventi et al., 2010]. The microfabrication

steps yield a solderable and stretchable sensing system (S4), which is unique in its

compatibility with the standard processes for lead-free PCB assembly, such as the

reflow soldering (a high temperature process reaching a maximum of 260 ◦C), sten-

cil printing of solder paste, and automatic placement of surface mount components.

Another novelty, in terms of packaging methods, is in how the presented approach

allows scaled integration of heterogeneous electronic systems with large area soft

adhesives; this is accomplished by selectively weakening the adhesion of chip com-

ponents to the donor substrate. We also provide an exemplar circuit pertaining

to human respiratory monitoring with a strain gauge and amplification circuit. In

this regard, we characterize its system level behavior and reliability with the use

of a soft robotic actuation system that closely mimics abdominal expansion and

retraction mechanics. A viability test for health monitoring using the S4 respira-

tion sensor manufactured by the proposed processes is conducted by comparing

the accuracy of respiratory rate measurements to that measured simultaneously

by a conventional chest strap device. Finally, we investigate the durability and

biocompatibility of the S4 by monitoring the functionality and conditions of the

sensor and the skin over a period of 72 hours.
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3.2 Materials and Methods

3.2.1 Manufacturing of S4 Respiration Sensor

Figure 3.1a-d schematically illustrates the four representative processes used

to construct an active S4 respiration sensor, and Figure 3.1e, 3.1f show the exploded

view rendering of the device components and application of the sensor on skin,

respectively. The details of each process are as follows:

Microfabrication of S4

Conventional IC microfabrication techniques such as spin coating, sputter

deposition, chemical vapor deposition, wet/dry etching, and photolithography were

used to form the conducting traces, solder pads, and insulative polyimide (PI)

layers, shapes of which are specified in computer aided design software (AutoCAD,

Autodesk Inc., USA).In order to leverage the benefits of the high manufacturing

yield and excellent transferability, all microfabrication steps were carried out on

a weakly-adhering polydimethylsiloxane (PDMS)-coated substrate (primary donor

substrate) as demonstrated by Kang et al [Kang et al., 2015]. The fully continuous

mesh network in the circuit area prevented the localization of stresses caused by

epidermal strain, and served as the pathway for the conductive traces (Figure 3.2).

Device footprint and interconnect lengths were minimized by overlapping multiple

copper traces in the same section of the polymer body at different depths, and

the design rule of the horseshoe shaped interconnects were guided by previously
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reported stretchable systems [Jahanshahi et al., 2013, Kim et al., 2009b].

Transfer of S4 from Primary to Secondary Donor Substrate

The completed S4 was peeled-off from the primary donor substrate and

onto a thermal release tape (Revalpha 3195M, Nitto Denko, Japan). The thermal

release tape containing the S4 was brought into contact with the secondary donor

substrate, which is a PDMS-coated substrate patterned with PI islands, which

are additive PI features that render target areas of the secondary donor substrate

non-adhesive. Using optical microscope and alignment marks present on both the

S4 and the secondary donor substrate, regions of the S4 containing solder pads

were positioned precisely over PI islands. The thermal release tape was released

by heating at 120 ◦C on a hot plate, leaving only the S4 on the secondary donor

substrate (Figure 3.1g).

Chip Assembly with Reflow Soldering

A flexible stencil, made by oxygen plasma etching a 125 µm-thick Kapton

film, was laminated over the secondary donor substrate and S4. The solder paste

(SMD291SNL10T5, Chip Quik, Canada), which is a SAC305 alloy (Sn96.5/Ag3.0/Cu0.5)

with an average solder sphere radius of 20 µm, was dispensed over the stencil.

Then, a rubber squeegee was swiped across. Removal of the stencil left solder

masses to be printed only on desired solder pads on the S4. The chip compo-

nents were placed onto the designated locations using a three-axis aligner while,
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the placement accuracy and polarity were maintained with an optical microscope.

Recommended reflow temperature profile was followed by placing the substrate on

a programmable hot plate [Liang et al., 2005].

Integration with soft adhesive films

Once all chip components were soldered onto S4, Tegaderm with openings

precisely etched in the shape of chip components with a CO2 laser cutting machine

(Rabbit RL-80-1290, Rabbit Laser USA, USA) was laminated over the S4 (Figure

3.1h). After ensuring all chip components had passed through the openings and

the S4 was fully in contact with the adhesive film, the Tegaderm was peeled off

the secondary donor substrate (Figure 3.1i). The Tegaderm containing the S4

device was applied on the skin, followed by an optional application of spray-on-

bandage (Nexcare, 3M, USA) for total insulation of the chip components from

the environment. Finally, we further demonstrated the processs compatibility for

large scale manufacturing by integrating an array of devices with a single large

sheet of adhesive. An array of twenty-three amplification circuits was assembled

on a secondary donor substrate in a flexible roll format, then integrated into a

single large sheet of Tegaderm (15cm x 20 cm, Figure 3.1j).

3.2.2 Strain-sensitive S4s

To develop a sensor system capable of detecting skin deformation caused

by breathing, a Wheatstone bridge and a stage of differential amplifier circuits
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were incorporated into the S4. A portion of the S4 was directly transformed into

a single-element strain gauge made of eight parallel Cr/Au (3 nm/6 nm) traces

fully insulated with PI. The resistors used in the remaining Wheatstone bridge

arms and the amplification circuit were type 0201 thick film resistors (0.60 mm x

0.30 mm x 0.26 mm, ERJ1G series, Panasonic Electronic Components, USA). The

amplification of the voltage offset created by the Wheatstone bridge was done by

using a 6-Ball WLCSP amplifier chip with 260 µm solder ball diameter and 400

µm pitch (1.38 mm x 0.91 mm x 0.40 mm, AD8505, Analog Devices, USA). The

indicator LED (0.65 mm x 0.35 mm x 0.20, XZBBR155W5MAV, SunLED, USA)

was a surface mount chip component with dimensional similarities to 0201 compo-

nents. The resistance values in the Wheatstone bridge and amplifier circuits were

determined by a circuit simulation package (LTspice, Linear Technology Corpora-

tion, USA) such that the output of the system was an optical illumination in the

presence of strain greater than 1. The final device configuration of the respiration

sensor was completed by connecting a thin lithium polymer battery (3.7 V, 45

mAh, GMB, China) to the power terminals.

3.2.3 Human Surrogate system for automatic cyclic load-

ing tests

The soft actuator was molded from a platinum cured two-part silicone elas-

tomer (Dragon Skin 20, Smooth-On, USA), and designed following an approach
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described in recent work on Soft Robotics (Figure S7a, Supporting Information)

[Rus and Tolley, 2015, Ilievski et al., 2011]. Variable pressure to the actuator

was applied via a tube that delivered controlled air flow produced by an Arduino

board, a microcontroller, a pump, and solenoid valves, producing a sinusoidal input

of 0.27 Hz (16 cpm) to simulate natural respiration rate at rest (Figure 3.3b) [Zhu

et al., 2006]. In order to continuously validate the amount of strain applied to the

electronics, two markers for color tracking were attached to the actuator and their

movement was recorded with a digital microscope (Dino-Lite, AnMo Electronics

Corp., Taiwan). By filtering individual frames of the video with MATLAB and

measuring the displacement between the two dots, respective strain for each frame

was calculated. The robustness of a Tegaderm-integrated strain gauge was exam-

ined throughout the repeated cycles of actuation by attaching the strain gauge to

the actuator while placing the remaining circuitry on a rigid surface (Figure 3.3c,

left). Throughout 3 hours of testing, continuous data from the amplifier circuit

output, which oscillates due to the cyclic strain applied to the strain gauge, and a

video showing the movement of two color markers were recorded. For system-level

behavior of an S4 amplifier circuit (Figure 3.3c, right), we replaced the strain gauge

with an electrical input signala 1 Hz sine wave with 0.1 V amplitude. Thus the

source of the input oscillation was due to the external sine voltage wave, rather

than by the deformation of the strain gauge. Under the same 0.27 Hz actuation

frequency, the amplifier output as well as the movement of the color markers were

recorded for 3 hours.
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3.3 Results and Discussion

3.3.1 Solderability of S4s

The electrical connection between S4s and surface mount components is

made by reflow soldering using solder paste. The paste form of solder provides not

only good electrical and thermal conductivity, but its ability to deform to any sur-

face features makes it the most practical solder option for roll-to-roll processes. We

specifically chose SAC305 paste for solder connection in order to verify the solder-

ability of S4s with lead-free solder balls, which have become the norm in WLCSP

[Deng et al., 2003, Anderson, 2007]. The paste of choice showed efficient transfer

of mass during stencil application and resulted in complete and confined wetting

of the exposed pads (Figure 3.4a, 3.4b). The S4s solder pad design criteria directly

employed the industrys standard guidelines. For example, the dimensions of the

land patterns and solder paste stencil were determined by the manufacturers guide-

lines and by those described by the Association Connecting Electronics Industries

(IPC). In regards to IPC-guided land patterns and solder paste stencils, guidelines

IPC-SM-782 and IPC-7351 were used, respectively (Figure 3.5). Figure 3.4c shows

the planar and cross-sectional dimensions of the land areas for the WLCSP am-

plifier chip and 0201 type chip resistors. Here, the layers of the spin coated PI

are serving as the structural supports for the device, insulator for the multilayered

interconnections, and solder mask that retains reflowing solder. Sputter-deposited

copper (∼100 nm thick) was used as the interconnection metal due to its resistance
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to solder as well as good adhesion to oxygen plasma treated PI film [Yang et al.,

2005]. Eliminating the need for an adhesion metal layer, such as chromium or tita-

nium, prevents potential interconnection damage caused by flux component of the

solder paste reacting with oxidized adhesion metal layer (Figure 3.6). The bond

pad metal system is a sputter-deposited bilayer of underlying nickel-vanadium (50

nm, Ni/V, 93/7 wt%), which acts as the anchoring layer for solder, and top gold

layer (600 nm), which provides stability during high temperature processes as well,

as storage [Harper, 2002]. When the recommended reflow temperature profile was

followed, all of WLCSPs solder balls coalesced with printed solder paste and col-

lapsed efficiently onto respective pads (Figure 3.4d, left). Similarly, the solder at

both ends of the chip resistor wet the surface of the metal terminals as well as

the pads, effectively fixing the resistor to S4 (Figure 3.4d, middle). The result of

an x-ray inspection also showed that a 68-Ball WLCSP with the same solder ball

pitch as in the amplifier chip was free of voids and shorts when the same reflow

soldering process was performed (Figure 3.4d, right).

3.3.2 Strain gauge, Wheatstone bridge, and amplification

circuit

The strain gauge in the S4 respiration sensor is a single-element gauge made

of eight parallel Cr/Au (3 nm/6 nm) traces fully insulated with PI, all of which

is integrated with Tegaderm. The resulting resistance was 14.1 kΩ 1%, where the
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device-to-device variation originated from inherent laboratory variables such as

the manual wet etching and photolithography steps. Controlled strain was applied

to the gauges by fixing two opposite ends of Tegaderm to a screw-driven manip-

ulator while the displacement was measured using a USB microscope (Dino-Lite,

AnMo Electronics Corp., Taiwan) using built-in software. Resistance values were

recorded by wiring two ends of the strain gauge directly to an ohmmeter, and

the gauge factor (GF = (R/R)/ε) of the strain gauge was calculated to be ap-

proximately 1.2, which is typical for thin metal film based strain gauges, but far

less than that of single crystalline silicon nanoribbon (43), carbon fiber composite

(155), or ZnO wire (1250, Figure 3.7a and Figure S4, Supporting Information)

[Kang et al., 2015, Won et al., 2011, Hu et al., 2013, Zhou et al., 2008]. As such,

when integrated into a Wheatstone bridge circuit, the maximum change in voltage

was only approximately 15 mV (Figure 3.7b). However, when a stage of a differ-

ential amplification was added, the maximum output voltage signal was roughly

3000 mV, which was sufficient to drive the circuit with clear on/off states for the

LED (Figure 3.7c, 3.7d). More importantly, since the strain gauge was made with

the same set of microfabrication steps required for processing the interconnection

system, no sophisticated, cost-prohibitive processes described in the above reports

were necessary. The particular choice of the resistor values for three fixed arms

of the Wheatstone bridgenamely 14.3 kΩ and two 1 kΩswas determined by a cir-

cuit simulation where it resulted in more distinct on/off states for the LED while

reducing the overall current consumed by the circuit (Figure 3.9). The 14.3 kΩ
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resistor was selected in order to illuminate the LED at strain of 1%, which is

approximately the average epidermal strain at umbilical level observed in adult

men during quiet breathing [Romei et al., 2010]. As a result, with a thin battery

connected, the S4 respiration senor reliably detected a users respiration rate when

applied next to the users umbilicus.

3.3.3 Mechanical roles of soft adhesive film

One of the most important requirements for stretchable electronics systems

that are intended for interfacing with biological tissues is the robustness of the de-

vice throughout the cycles of stretching and relaxation. The role of the Tegaderm

layer in the presented method was to provide not only an efficient way to peel-

and-stick devices to skin, but also to minimize the potential localization of stresses

within thin serpentine structures. Simulation of the interconnection layer posi-

tioned between skin and Tegaderm using finite element analysis (FEA) revealed

a slight reduction (∼10%) in the maximum principal strain in serpentine cop-

per traces bounded closely by non-stretchable components, with maximum strain

reaching 8.8×10−3 when a bi-axial strain of 1.08% was applied (Figure 3.10a). The

strain values observed in the copper interconnection system were much smaller than

thin film coppers yield strain, thus the possibility of the interconnection failure due

to stress cycles from natural breathing is negligible [Chung et al., 2013]. While

the overall stretchability of S4s interconnection system was achieved by extending

individual horseshoe shaped features and allowing the out-of-plane deformation,
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the presence of the overlaid Tegaderm prevented stress localization and provided

stability during deformation. This result was in accordance with the result by Lee

et al. where moderately thick PI layers promote globally distributed buckling and

surrounding low modulus layersnamely skin and Tegadermallow for controlled out-

of-plane bending for the interconnection [Lee et al., 2016]. Similar phenomenon of

reduction in stress and its localization was found in the strain gauge where excess

localization of stress occurred at the center of the gauge in the absence of Tega-

derm. The FEA results showed that the presence of Tegaderm helped to distribute

strain uniformly across the entire length of the gauge and lowered the maximum

strain experienced by the gauge by 46% (Figure 3.10b). Therefore, the Tegaderm-

integrated strain gauge should not only have a lower possibility of failure due to

stress localization, but is also a more efficient sensor, as it utilizes the full length

of the gauge.

3.3.4 Stretchability of S4s

Following the same layer information used in the FEA (Figure 3.10c), five S4

devices for each of the amplifier circuit (Figure 3.10d, top) and the 68-Ball WLCSP

chip (Figure 3.10d, bottom) were assembled to test the maximum stretchability of

S4s. The integrity of the solder joints and the interconnection traces during the

application of strain was checked by probing pairs of the exposed pads, across which

were known resistance values. An abrupt increase in the resistance or out-of-range

measurements would indicate a failure in the connectivity along the electrical path
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between the two test pads. For 68-Ball WLCSP devices, dedicated test pads for

each of the 68 pins were allocated along the perimeter of the layout, and probing

a combination of two pads would reveal the location of potential disconnect in

the respective solder joints or the copper traces at each strain (Figure 3.11). The

result of the experiment revealed that all ten S4s electrical connectivity was robust

even up to 40% indicated by the consistency in the resistance values. However, the

limiting factor in the stretchability of S4s was found in Tegaderm, which began

to exhibit plastic deformation at ∼20% along the boundaries of the laser-etched

openings. When strain greater than 20% was applied, the rate of Tegaderm’s failure

accelerated and delamination of serpentine interconnections around the openings

could be observed. It should be noted that the failure of Tegaderm at strains

greater than 20% is a natural phenomenon as the polyurethane sheet is expected

to exhibit a plastic deformation profile after 15% strain [Yu et al., 2016]. Therefore,

while the serpentine interconnection system and the solder joints could withstand

strain exceeding 40%, the effective maximum stretchability of S4s is considered to

be 15% due to the limitation in the particular choice of the soft adhesive film. While

the maximum stretchability of 15% may be smaller compared to some stretchable

interconnection platforms, it is within the physiological relevance. In other words,

most parts of human skin do not exhibit strain higher than 15%, and the physiologic

limitation is measured to be ∼45% in areas such as the fully flexed knee or elbow

[Wessendorf and Newman, 2012]. Consequently, the electrical robustness of S4s

was verified within the bounds of natural stretching of skin, and the placement of
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larger components should avoid the joint areas in such demanding cases.

3.3.5 Automatic Cyclic Loading on S4s Using a Human

Surrogate System

Since S4s were intended to interface the mechanically dynamic human skin

with constant deformation, an investigation into the mechanical and electrical ro-

bustness under intended physiological environment was necessary. In order to

verify the robustness of the S4 respiration sensors, we devised a human surrogate

system, which would provide a controlled platform for devices to be examined with

controlled variables without involving human factors. This system, a pneumati-

cally actuated soft actuator, was designed to uniformly expand and retract radially

to replicate the abdominal expansion/retraction due to breathing, capturing the

continuous behavior of the attached devices, not just at the static ’strained’ vs.

’un-strained’ states. The S4 respiration sensor is consists of two parts from a

structural stand point: the strain gauge, which is designed to reliably and consis-

tently detect the strain, and the amplifier circuit, which is designed to consistently

perform throughout the cyclic deformation. As such, we examined the two parts

separately.
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Robustness of the Tegaderm-integrated Strain Gauge

Figure 3.10f shows three 20-second windows of data from the beginning,

middle, and end of a 3-hour recording, where the high fidelity between the two

data can be visibly observed. Also, the linear least-squares regression (R = 0.96,

p < 0.001) for the entire recording quantitatively verifies that the responsiveness of

the Tegaderm-integrated strain gauge to the motion of the actuator showed no sign

of degradation over time, suggesting the two plots are statistically commensurate

for the total 3-hour testing duration.

Robustness of the Tegaderm-integrated S4 amplifier circuit

Figure 3.10h describes the result of the 3-hour cyclic loading test on the

amplifier circuit where the linear least-squares regression (R = 0.98, p < 0.001)

reveals that the measured output of the amplifier circuit is consistently and highly

correlated with the input signal. The three 5-second windows of data from the

beginning, middle, and end of a 3-hour recording demonstrate that the electrical

function of the amplifier circuit in the form of S4 is unaffected by the continuous

mechanical disturbance. The higher correlation value from the amplifier circuit

data compared to that from the strain gauge test points to the built-in function

of the amplifier chip to reject common-mode noise and the possible distortion in-

troduced in the process of converting color markers positions into strain values.

Nonetheless, the result of the cyclic test proved the presented scheme of S4s inter-
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connection system provided the reliable connectivity among the multiple resistors

and the amplifier. This suggests that the sensing and electrical functionalities of

S4s can sustain throughout cyclic deformation.

Finally, the human surrogate system allowed us to investigate the long-term

responses of the stretchable electronics to specific human anatomical movements

without involving human subjects. For example, multiple difficulties and uncer-

tainties (i.e., subject incompliance and variations in physical/medical conditions)

could arise if multi-hour tests were to be conducted using human volunteers. Using

3D printing technology, silicone molding techniques, and the actuation method de-

scribed in this report, a variety of anatomies and medical conditions (e.g. asthma,

sleep apnea) could be created, with deformation schemes that closely replicate

those of human counterparts.

3.3.6 Validity Testing of S4 Respiration Sensors Using a

Chest Strap System

In order to determine the validity of the S4 respiration sensor in measur-

ing the respiratory rate, the LED illumination pattern of the adhesive-integrated

system was compared to the raw respiratory data obtained by the BioHarness 3

(Zephyr Technology Corporation, USA), an FDA-approved chest strap device that

measures the expansion and retraction of the thoracic cage. With the Zephyr device

strapped to the chest and the S4 sensor simultaneously attached at the umbilical
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level, the subject was instructed to breathe naturally for 3 minutes (Figure 3.12a,

3.12b). In order to determine the on-off timing of the LED from the sensor, we ex-

tracted each frame of the recorded video and synchronized to the data transmitted

by the Zephyrs Bluetooth module. Figure 3.12c illustrates the temporal agreement

between the two measurements such that the time when LED is on (shaded light

blue) corresponds with every local maximum of the chest strain measured by the

strap. A noteworthy finding from the comparison of the two datasets is that the

responsiveness of the illumination is independent of the baseline fluctuation in the

strain recorded by the chest strap. One explanation to this finding may be that

breathing is naturally a two-component behavior consisting of abdominal and tho-

racic breathing, and depending on the persons body position and wakefulness, the

ratio of the two can vary [Aliverti et al., 2006, Timmons et al., 1972]. In fact, this

result points to the potential of S4-based health monitoring and diagnosis where

the clinicians can gain new insights from multipoint physiological recordings by

simply attaching adhesive-integrated electronics over both the abdominal and tho-

racic cavities [Sackner et al., 1984]. Finally, the S4 respiration sensor was proven

to be a valid alternative for measuring the respiratory rate during a normal sleep

setting, and owing to its unobtrusiveness and easiness of application, the adhesive-

integrated respiration sensor could provide the end users with superior comfort

and reliability.
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3.3.7 Durability and Biocompatibility of S4 Respiration

Sensors

Durability and biocompatibility of the S4 respiration sensor for a long-

term recording scenario were tested by applying the sensor to a human user and

monitoring the electrical functionality of the sensor along with the conditions of

the skin and sensor every 24 hours over a 72-hour period. During the test, the

user carried out daily tasks including 7 hours of sleep, 2 showers, 40 minutes of

outdoor cycling, 4 hours sitting down, 30 minutes of walking, 1 hour of driving

each day. For the entire duration of the test, the sensors electrical functionality

was consistent, indicated by the operation of the LED, and there was no damage

to the chip components visually. However, the Tegaderm gradually developed a

line of dominant wrinkle created by the repeated folding of the abdomen when

the user was sitting down, cycling, and bending down, consequently causing the

embedded strain gauge to shift in the direction of Tegaderms movements (Figure

3.12d). The semi-permeable characteristics of Tegaderm and spray-on-bandage

prevented the build-up of sweat by allowing slow transmission of moisture. These

characteristics also successfully insulated the sensor system from water during the

shower as well as abrasion from clothing (Figure 3.12e, 3.12f). The part of the skin

which had been in contact with polyimide of the S4 did not develop redness or

show an indication of irritation, in agreement with previous studies (Figure 3.12g)

[Yeo et al., 2013, Park et al., 2014].



49

3.3.8 Next Steps for S4s

Many components in this report were selected to illustrate the potential

for future direction. For example, there already exist variety of packages that

are smaller than the chip components presented here. Also, the type of thin-film

systems that can be integrated into S4s is virtually limitless. While we used the

respiration sensor system to exemplify the benefits of the active, heterogeneous

system, it is not hard to imagine that various other surface mount components

or thin-film devices compatible with microfabrication processes can be added onto

S4s. For example, a part of S4 can be formed into skin-conforming electrodes for

biopotential measurements while an on-board pre-amplifier circuit amplifies and

filters electrophysiological signals at the source. Long-range wireless communica-

tion capabilities can be achieved by implementing a circuit containing a Bluetooth

chip, clocks, and a chip antenna. Recent advances in stretchable, skin-conforming

far-field radio frequency (RF) antennas also suggest that further improvement in

the systems stretchability could be achieved by replacing the chip antenna, which

is often the thickest rigid component, with a thin, stretchable antenna [Haj-Omar

et al., 2016a, Haj-Omar et al., 2016b]. Some challenges for achieving fully wireless

S4s are the scarcity in small power units with capacity to function as a primary

power source as well as the lack of design guidelines for mesh interconnection

systems with RF considerations. The use of inductive coils for near-field power

transfer has been demonstrated and is an option for S4s for applications requir-
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ing intermittent data transfer [Kim et al., 2016]. For applications demanding a

continuous power delivery, emerging far-field energy harvesting technologies en-

abled by advanced DC rectification and beamforming solutions have potential for

allowing continuous health monitoring. Further studies revealing the influence of

the serpentine mesh interconnection on the RF characteristic should be conducted

to avoid potential parasitic effects or impedance issues in the transmission line.

Assigning dedicated planes for ground, power (analog/digital), and signal may be

challenging since a mesh is necessarily an array of void features. A potential so-

lution for robust RF performances as well as reliable separation of digital/analog

signals may be increasing the density of the mesh, effectively achieving a behavior

of solid planes. The effect of the extent of mesh densities on ground effectiveness,

impedance control, and noise reduction would need to be investigated. Finally,

the packaging method for the completed S4 electronics should not be limited to

the lamination of third-party adhesives. Rather, the fabric-based composite sub-

strates presented by Jang et al. or the rapidly-curing, extremely skin-compatible

elastomer reported by Yu et al. can be considered as exemplar alternative carrier

materials depending on the use case [Jang et al., 2014, Yu et al., 2016].

3.4 Conclusion

In this report, we introduced a method to fabricate a stretchable, solderable

electronic platform and its integration with soft adhesive films for respiration sens-
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ing. The S4s proved to be extremely compatible with a standard reflow soldering

process using a lead-free solder paste. We further demonstrated the scalability

of the method by peeling-off multiple active S4 devices from a secondary donor

substrate in a roll format onto a single, large sheet of Tegaderm. Through both

mechanical simulation and automatic cyclic tests using the soft pneumatic human

surrogate model, we were able to confirm the robustness of the heterogeneous sys-

tems embedded in a soft adhesive layer. The presence of Tegaderm helped to relieve

localization of stresses in the serpentine interconnects and improved the sensitivity

and reliability of the thin film strain gauge. Thus, in addition to providing the

clinical benefits, the Tegaderm functioned as the packaging material, stress relief

medium, and protective layer for the electronics. The S4 respiration sensors va-

lidity was verified by the simultaneous recording of respiratory rate using the S4

device and a commercial chest strap device. The agreement between the two de-

vices suggests reliable physiological monitoring can be performed using Tegaderm

embedded with an S4. Durability and biocompatibility test results suggest that

long-term physiological monitoring can be performed using S4s owing to the me-

chanical robustness in the interconnection system and Tegaderms semi-permeable

film character.

The manufacturing method presented here intends to bridge what seems to

be a wide gap between conventional printed circuit board manufacturing and next-

generation stretchable electronics fabrication. The modular nature of constructing

S4s and the sheer range of compatible surface mount components available allude
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to an endless number of future wearable health monitoring applications.
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Figure 3.1: (a) through (d) schematically illustrate the four processes each with
its representative steps. (a) S4 is constructed on a PDMS-coated primary donor
substrate through microfabrication steps. (b) Completed S4 is transferred from
the primary to secondary donor substrate, a PDMS-coated substrate containing
PI islands, using a thermal release tape. (c) Solder paste is applied by the sten-
cil printing method. The stencil, a 125 µm-thick Kapton film with dry-etched
openings, is laminated over the donor substrate containing the S4 then the solder
paste is dispensed. Swiping across the stencil with a rubber squeegee and releasing
the stencil results in printed solder masses only on the surface of the solder pads.
Surface mount components are then placed using a three-axis aligner. (d) Reflow-
soldered S4 is embedded into a target adhesive (e.g., Tegaderm) where laser-etched
openings in the adhesive allow it to fully contact with S4. (e) Rendering showing
the exploded view of the S4 respiration sensor. (f) Photograph of the Tegaderm-
integrated S4 respiration sensor applied on skin. The circuit is further insulated
by the applications of a spray-on-bandage. (g) Optical micrographs showing the
solderable areas of the 6-Ball WLCSP (top) and the chip resistor (bottom) of
the S4 resting on top of PI islands (highlighted). (h) Optical micrographs of a
laser-etched Tegaderm (left) and a Tegaderm-integrated S4 (right). (i) Optical
micrographs showing the side view of the S4, chips, and Tegaderm at the instance
of peel-off from the secondary donor substrate. (j) Photograph showing the large
scale integration of an array of S4 electronics into a large area Tegaderm. The
secondary donor substrate in this case is a sheet of PDMS-coated Kapton (25 µm)
wrapped around a cylinder roll.
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Figure 3.2: (a) Top view rendering of the circuit area of an S4. (b) Close-up
image showing the overlapping Cu interconnection traces.
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Figure 3.3: (a) Photograph of the silicone actuator used to replicate the mechanics
of abdominal breathing. (b) Hardware setup for the automatic cyclic loading
tests. (c) Photographs showing the Tegaderm-integrated strain gauge (left) and
S4 amplifier circuit (right) attached to the silicone actuator. For each test, two
color markers (highlighted) are used to continuously track the surface strain of the
actuator.
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Figure 3.4: Results of the solderability tests on S4s (a) Optical micrographs of
the printed solder mass on a solder pad for WLCSP (left column) and chip resistor
(right column). (b) Optical micrographs of the reflowed solder on a solder pad
for WLCSP (left column) and chip resistor (right column). (c) Top row optical
images show the layout of the solder pads for the 6-Ball WLCSP (left) and the
chip resistor (right) components. Red dotted lines correspond to the respective
cross-sectional diagrams directly below. Bottom row diagrams describe the con-
struction of Cu interconnection, vias, and NiV/Au solder pad system. (d) Optical
micrographs showing the result of reflow soldering for a WLCSP amplifier (left)
and a chip resistor (middle). Result of an X-ray inspection on a reflow-soldered
68-Ball WLCSP package is free of voids and shorts (right).
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Figure 3.5: Diagram describing the shapes and location of the stencil openings,
the PI islands, and the placement of the chip components.

Figure 3.6: Poor solderability with an interconnection system based on Cr/Au
layers. (a) Au interconnection layer continues to soak the liquid solder during the
reflow step causing the serpentine structures to become stiff. Leaking solder also
results in the decreased solder mass in the pad areas causing consequent defects
in the chip assembly. Red arrows indicate the advancing lines of the liquid solder.
(b) Optical micrograph shows the damaged Cr/Au traces after reflow soldering a
68-Ball WLCSP component. The flux component of the solder paste is seen to
corrode the chromium adhesion layer.
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Figure 3.7: (a) Relative change in resistance versus strain for a Tegaderm-
integrated strain gauge. Linear least-squares regression of all measurement points
(R2 = 0.98, p = 3.8e-45, order = 1) is used to calculate the gauge factor (∼1.2).
(b) Output of the Wheatstone bridge circuit versus strain (R2 = 0.98, p = 1.9e-32,
order = 1). A 14.1 kΩ Tegaderm-integrated strain gauge, a 14.3 kΩ, and two 1 kΩ
chip resistors make up the four bridge arms. (c) Output of the amplified Wheat-
stone bridge circuit versus strain (R2 = 0.98, p = 3.8e-45, order = 2, blue plot).
(d) Circuit operation for the respiration sensing. Red dashed line represents the
threshold strain for LED illumination.
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Figure 3.8: The setup for characterizing a Tegaderm-integrated strain gauge. A
USB microscope is used to measure the amount of displacement while a screw-
driven manipulator actuates the gauge. The resistance values of the gauge is
measured by connecting the two leads from the gauge to a multimeter.
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Figure 3.9: (a) SPICE result of LED currents by simulating strain gauges with
different initial resistance values. (b) Total currents consumed by the circuit with
various strain gauge values.
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Figure 3.10: (a) FEA result indicates a reduction in the maximum principal
strain in the Cu interconnection from 9.8 × 10−3 to 8.8 × 10−3 under a bi-axial
strain of 1.08% when Tegaderm is integrated with S4 amplifier circuit. (b) Under
the same condition the Tegaderm-integrated strain gauge experiences a significant
reduction in the maximum principal strain (from 3.9 × 10−3 to 2.2 × 10−3) as
well as the more uniform distribution of the strain across the gauge when it is
integrated with Tegaderm. (c) Schematic illustration of the simulation conditions.
The S4 layer (thickness: 6 µm) is constrained by the top Tegaderm layer (Young’s
modulus: 1.2 MPa, thickness: 35 µm) and the bottom skin layer (Young’s modulus:
0.42 MPa, thickness: 1.2 mm, incompressible). The arrows represent the 1.08%
bi-axial strain. (d) Optical photographs of the S4s under various strains from 0%
to 30% for the amplifier circuit (top row) and the 68-Ball WLCSP chip (bottom
row) (e) Schematic illustration of the cyclic loading test of the strain gauge. Only
the Tegaderm-integrated strain gauge undergoes the cyclic deformation. (f) The
plots show three 20-second windows of the actuator strain (red) and the strain
gauge output (blue) from the beginning (left), middle (middle), and last (right)
of the 3 hour test. The Tegaderm-integrated strain gauge shows consistency in its
responsiveness to cyclic loading throughout the test. (g) Schematic illustration of
the cyclic loading test of the amplifier circuit where the strain gauge is replaced
with a sine voltage wave (green). Here, the actuation scheme is the same as in (e)
and the electrical output (yellow) is the measured circuit output. (h) The plots
show three 5-second windows of the electrical input signal (green) and the measured
circuit output (yellow) revealing the consistency in the amplifiers performance over
the three hour test.
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Figure 3.11: (a) A CAD drawing for the 68-Ball WLCSP maximum stretchability
test shows the arrangement of the 68 interconnections. The zoom-in inset describes
the pin assignment of the chip and the multilayer fan-out traces. (b) Optical images
of the 68-Ball WLCSP test device under 40% strain (left) and the underside of the
same device at 25% strain.
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Figure 3.12: (a) Photographs show the off (top) and on (bottom) states of the S4
respiration sensor. (b) Placement of the chest strap and S4 devices. The subject
is in a recliner at a near supine position. (c) Overlay of the datasets collected
by the two devices. Blue curve and shaded light blue areas represent the recorded
strain of the chest cavity and the duration of LED indication, respectively, over the
3-minute period. (d) and (e) show the photographs of the sensor at the beginning
and end of the 72-hour period of wear time. The zoon-in insets show the close-up of
the S4 respiration sensor. Progressive development of a pronounced wrinkle in the
Tegaderm, pointed by the red arrow in (e), is observed due to the repeated folding
of the abdomen. (f) A good protection of the electronics from liquid damage is
achieved by Tegaderm and spray-on-bandage. (g) 30 minutes after the removal of
the sensor showed no sign of irritation caused by the S4 respiration sensor.



Chapter 4

Bluetooth-enabled S4s with an

Integrated Stretchable Inverted-F

Antenna

4.1 Introduction

Continuous health monitoring, in both clinical and leisure settings, has be-

come a norm in our society owing to miniaturization in electronic packages and

advances in wireless communication technologies. A variety form factors can be

found in these devices ranging from a wristband to a sock, with sensor functionali-

ties for heart rate, respiration, blood pressure, blood glucose level, blood oxygena-

tion, electrophysiology, posture, and gait. The data collected from these sensors

can be transferred and displayed instantly on a smartphone or a tablet, helping

64
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the user or the caregivers to make informed decisions. Because these wearable

devices are intended to be worn by the users during various activities, maintain-

ing a robust, yet intimate, contact with the body is critical. Implementation of

the flexible printed circuit board (PCB) technology in the wearable industry has

allowed certain devices to conform and stretch with the dynamics of the target

location, however, flexible PCBs’ inability to stretch remains as the bottleneck for

obtaining a sensor system that is mechanically equivalent to human skin.

In the past decade, various technologies for manufacturing stretchable elec-

tronics have been introduced, garnering interests from wearable industries to curi-

ous individuals. However, to disappointment for many, the execution of the tech-

nologies in the larger scale manufacturing was hardly realized due to the difficulties

arising from incompatibility with existing manufacturing tools, poor device relia-

bility, and cost-effectiveness. Instead, the continued advances in the chip packaging

technology and its wide adoption in the industry has encouraged many developers

to consider the use of small chip packages, such as the Wafer Level Chip Scale Pack-

age (WLCSP). Specifically, the overall stretchability can be achieved by isolating

the footprint occupied by the small chip components and allowing only the inter-

connection system to stretch. For example, many researchers have begun adopting

this technique to varying degrees and demonstrated the technologys feasibility for

health monitoring [Kim et al., 2015, Jang et al., 2017]. The solderable stretchable

sensing system (S4) demonstrated by Kim et al is typically more promising, since

the manufacturing of S4 leverages the benefits of existing manufacturing processes
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and the resulting interconnection system is extremely thin (∼6 µm) [Kim et al.,

2017b]. Lastly, the excellent solderability of S4s solder pads makes the S4 a good

base platform for developing a wireless physiological monitoring device. Hence, we

report a development of the first Bluetooth-enabled, stretchable electronic system

embedded in a soft adhesive film. Although previous works by demonstrated wire-

less physiological monitoring with stretchable electronics, the presented system is

believed to be the first system to implement Bluetooth and Bluetooth Low En-

ergy protocols without relying on a turnkey product [Chan et al., 2012, Raj et al.,

2014]. Instead, hardware components required to obtain BLE capability (e.g., Pro-

grammable System-on-Chip (PSoC), mechanical oscillators, resistors, capacitors,

and inductors) were distributed individually across the layout to maximize the

stretchability of the system and to minimize the stress exerted on skin.

Finally, we demonstrate the full integration of a stretchable antenna with

an S4 platform to avoid the use of a chip antenna, which is often a part with

the largest footprint and height. By applying the results presented by Zoul et

al, we demonstrate the functionality of an adhesive-integrated Inverted-F antenna

(IFA) with a BLE-enabled S4 device [Haj-Omar et al., 2016a, Haj-Omar et al.,

2016b]. We further present the simulation and experimental results of stretchable-

IFAs (SIFAs) and stretchable-meander-IFAs (SMIFAs), and the effects of bending

and stretching of SIFAs and SMIFAs on their reflection coefficients. Finally, we

present the varying effects of the on-body application of the stretchable antennas

by positioning them on hand, abdomen, and forehead, and subsequent tuning of
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the antennas by shortening the antenna lengths.

4.2 Miniaturization Process for S4-BLE Devices

Figure 4.1: Photograph of Cypress’s PSoC chip in a 68-Ball WLCSP package.
The inset shows the optical micrograph of the underside of the chip.

As an initial step toward the development of S4-BLE devices, we used a

commercially available Programmable-System-on-Chip (PSoC) with an integrated

BLE radio system by Cypress Semiconductors. The programmability of the PSoC

provided the flexibility during the designing process and the built-in functions,

such as the analog-to-digital converter (ADC), operational amplifiers, and memory,

meant fewer external components were needed. Most importantly, the chip was

available in the small form factor of WLCSP with SAC305 solder system, which

was already proven to be compatible with S4s. Once the chip assembly process was

completed, the interconnectivity of the PSoC and other components was verified

by allowing the PC software to correctly detect the type of PSoC used through a

Universal Serial Bus (USB) connection. During the verification process, five jumper

wires were temporarily pressed against the contact pads with a rubber backing pad
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for even distribution of the pressure. Next, the BLE functionality was verified by

uploading a sample firmware that enables the PSoC to begin broadcasting radio

signals. The final step in the verification process was to test bonding of the S4-BLE

device and the smart phone as shown in Figure 4.2.

Figure 4.2: (a) Completed S4 for BLE devices on a PDMS-coated wafer. (b)
Assembled S4-BLE device with descriptions for main chip components. (c) Verifi-
cation process for circuit connectivity with a 5-pin USB programmer dongle. Once
a necessary firmware is uploaded, the programmed profile can be seen on a smart
phone.
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4.3 Concept of Impedance Matching in RF Ap-

plications

Figure 4.3: (a) Photograph of a fully assembled S4-BLE device embedded in
Tegaderm. (b) Schematic illustration of the concept of RF impedance across a
length of a transmission line. (c) Part of CAD drawing showing the structure of
the transmission line in the S4-BLE device.

There are two drawbacks to using a chip antenna when developing a system

that would ultimately be attached to skin. First, most chip antennas take up large

footprint and height in the device layout since its dimension is directly governed by

the physics. Second, as with any applications involving RF signals, an engineering

effort in designing the conductive path, referred as a transmission line, between

the port (e.g., the RF pin of the PSoC) and the load (e.g., the chip antenna)

is needed in order to make sure the maximum power is transferred across the

two points. Maximum power is transmitted between the port and the load when

the characteristic impedance of the transmission line is matched to that of the

port and the load. If a return loss of 15 dB is measured, approximately 3% of

incident power is reflected whereas a return loss of 5 dB would mean a third of

incident power is reflected. Characteristic impedance (Z0) of a transmission line is
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determined by the dielectric constant and thickness of the substrate material, width

and thickness of the trace, and the clearance between the trace and the ground

plane. Consequently, based on the simplest form of a microstrip transmission

line, the following expression can be used to determine the trace geometry of the

transmission line [Visser, 2012]:

W

d
=

2

π

[
A− 1− ln (2A− 1) +

εr − 1

2εr

{
ln (A− 1) + 0.39− 0.61

εr

}]
(4.1)

where d is the thickness of the dielectric, and εr is the relative permittivity of the

dielectric and

A =
377π

2Z0
√
εr
. (4.2)

Since most modern RF electronics at operating 2.4 GHz, including the PSoC and

the chip antenna of our choice, have the characteristic impedance of 50 Ω, we can

calculate that the trace width (W) needs to be 5.7 µm assuming the trace and

dielectric thickness of 1 µm and a relative permittivity of 3.2 for a cured film of PI.

However, in microfabrication processes, especially those relying on photolithogra-

phy and wet etching, tightly controlling each steps to obtain the accurate trace

width is virtually impossible. Rather, one would have to overcompensate for the

loss in the feature size during each process by designing the trace arbitrarily larger.

Therefore, achieving the 50-Ω impedance solely by thin-film processes, especially in

a research lab setting, is extremely challenging. For example, Figure 4.4b shows the
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Figure 4.4: (a) Schematic cross-section of S4-BLE device showing the relevant
dimensions. (b) Optical micrograph show the narrow transmission line strip high-
lighted with red dashed lines.(c) Representation of S11 using a Smith chart reveal
that there is a significant mismatch in the RF system. (d) S11 vs. frequency
also shows that most RF energy is reflected and not transmitted through the chip
antenna.

optical micrograph of the narrow transmission line with intended width of 5.7 µm.

However, overcompensation during the design process resulted in a much wider

trace. As a result, the S11 measurement indicated that there was significant loss

in the trace evidenced by small S11 parameter (negative of return loss expressed

in decibels) in Figure 4.4d. The poor mismatch in the trace impedance also could

be found by plotting the S11 parameter using a Smith chart, a graphical tool that

allows one to plot the complex impedance with the center of the chart representing

the 50 Ω point. In the Smith chart, the S11 data point at 2.44 GHz was far away
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from the center, indicating that most power is being reflected. Therefore, while the

matching of 50 Ω characteristic impedance of the antenna trace in an S4 platform

was feasible, consistently controlling the trace width was extremely challenging.

4.4 Development of a Thin-film Inverted-F An-

tenna (IFA)

Figure 4.5: (a) Quarter-wave antenna mechanism (b) Layout of the IFA developed
by Inverted-F antenna.

Inverted-F antenna is a type of a monopole, quarter-wave antenna that re-

ceives its name from its shape Figure 4.5. IFA has been widely used in cellphones

and other wireless devices due to its high efficiency, low cost, and ability to be

printed onto the PCB given the space is available. While the standard IFA design

will still be governed by the same transmission line theory discussed in the previous
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section, Texas Instruments (TI) developed a specific IFA that would automatically

exhibit the 50 Ω characteristic impedance as long as the antenna dimensions strictly

followed the reference design. Texas Instruments achieved by inserting a stub-like

feature with specific dimensions along the trace, therefore, the impedance of the

antenna is not affected by the thickness of the trace or the PI layer. Furthermore,

because the geometries comprising the antenna range between hundreds of microns

to millimeters, the variation originating from microfabrication steps has little in-

fluence on antenna’s properties. The S11 plots shown in Figure 4.6b describe that

a significant improvement in the antennas impedance can be achieved just by ap-

plying TI’s reference design. Computer simulation showed that the most of the

current flowed through the antenna with less current activity found in the ground

plane. Based on this finding, we modified the thin-film IFA to become partially

stretchable by turning the ground plane into a continuous mesh network described

by Figure 4.6d. As expected, this modification to the ground plane showed no

significant effect on the antennas properties, however, enabled the ground plane

to be stretchable. Lastly, we further demonstrated the antennas functionality by

connecting a BLE kit to the skin-mounted flexible IFA and maintaining a connec-

tivity as far away as 50 meters. Obviating the need for strictly controlling trace

width and dielectric thickness, its robust performance, and compatibility with mi-

crofabrication processes make the presented thin-film IFA an attractive candidate

for full integration with S4 devices.
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Figure 4.6: (a) Thin-film IFA (b) S11 plot represented on Smith chart. (c)
S11 vs. frequency plot. (d) Partially stretchable IFA layout. (e) System-level
demonstration of a thin-film IFA on skin.

4.5 Development of a Stretchable Inverted-F An-

tenna (SIFA)

4.5.1 Determination of Ground Length

Based on the results observed with the thin-film, partially stretchable IFA,

we further explored the feasibility of developing a type of IFA that is fully stretch-

able including the antenna trace. For this, we first explored to find the minimum,

yet acceptable, length of ground plane required for a functional SIFA by first exper-

imenting with an IFA. Initially, an IFA with half the ground plane length showed

no significant loss in its properties and showed a good level S11 parameter of -
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Figure 4.7: (a) Measurement setup for S11 using a vector network analyzer.
The zoom-in photograph shows the thin-film IFA with the first cut (indicated by
the green dashed lines) in the ground plane. (b) S11 vs. frequency plots show
the change in the resonant frequency and S11 magnitude as the ground length is
reduced.

15.76 dB. From here, the ground plane was cut perpendicular to the length of the

ground by 1 mm at a time with a razor blade. The effect of cutting can be seen by

Figure 4.7 where each cut resulted the reduction in the magnitude of S11 and the

slight increase in the resonant frequency. From this result, we concluded that while

further reduction in the ground length could be achieved, a SIFA with the half of

the ground plane used in an IFA was a good starting point. Smaller ground plane

could be considered for applications requiring smaller device footprint, however,



76

further tuning might be required to compensate the increased resonant frequency

as well as the decreased magnitude in S11. Next, we employed the same serpentine

mesh pattern used in the S4 respiration sensor and loosely following TIs reference

dimensions in order to maintain the consistency in the serpentine features. As

described by Figure 4.8, the mesh is consisted with serpentine copper mesh with

a trace width of 48 µm and an arc angle of 170◦. This mesh layout is similar to

that of the recently reported study by Chang et al, however, the mesh spacing is

41 times finer in this study with 40 µm compared to 1.65 mm [Chang et al., 2017].

Figure 4.8: (a) Serpentine mesh layout used in S4 respiration sensor. (b) Appli-
cation of serpentine mesh layout in SIFA layout.
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Figure 4.9: (a) Schematic illustrates tuning of a SIFA by cutting off antenna’s
tip. (b) S11 measurements shows that the maximum antenna efficiency is achieved
when 3 mm is removed from the antenna’s tip. (c) Photograph showing the SIFA
after the 4th cut. (d) An anechoic chamber measurements show the 2D radiation
patterns of a SIFA in three

4.5.2 SIFA Properties

S11 and 2D Radiation Patterns

The original design of a SIFA was designed with an extended antenna tip

to account for potential tuning by cutting. Hence, the initial length of the antenna

was 30 mm rather than 25.58 mm. Figure 4.9 shows the measurement setup and

S11 measurement in air at each different length of the antenna tip, and it can be

observed that the maximum antenna efficiency could be achieved by cutting off 3

mm to make the antenna effectively 27 mm long. S11 was measured to be -17.9 dB

at 2.46 GHz. We also performed anechoic chamber measurements to evaluate the
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two dimensional radiation patterns of a SIFA. The chamber measurements confirm

that the radiation patterns of a SIFA are comparable to those of an IFA.

Effect of Bending

Figure 4.10: (a) Sectioned paper pipes to create curvature with three radii of
curvature: 8 cm, 6 cm, and 4 cm. (b) S11 measurement setup. (c) The effect of
bending on SIFA’s S11 is shown.

Next, we investigate the effect of bending a SIFA on S11 by wrapping the

antennas around three different sectioned paper pipes with three radii of curvature:

8, 6, and 4 cm. The three radii of curvature were chosen to represent applications

areas with a curvature, such as arms, legs, and forehead. As described by Figure
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4.10, while the bending of a SIFA with decreasing radii of curvature resulted in

the decrease in the magnitude of S11 as well as lowering of the resonant frequency

by 140 MHz, the bandwidths determined by S11 lower than -10 dB sufficiently

covered the bandwidth of BLE applications in all three cases.

Effect of Stretching

Most parts of the human skin repeatedly extend and relax. In order to study

the effect of stretching on a SIFA, we stretched the antenna along the direction

of the antenna length since the extension along its length was expected to have

the most influence. Figure 4.11 shows the evolution of the S11 plots as the SIFA

experiences a strain up to 30%, and can be seen that despite the shift in the

center frequencies, the bandwidths of interest at any strain showed S11 lower than

-10 dB suggesting SIFAs’ feasibility to support BLE connectivity even with on-

body applications on areas exhibiting epidermal strain up to 30%. It is worth to

note two phenomena. First, the return loss improved as the applied strain was

increased. This is likely due to the increased in the effective ground plane are by

the stretching. Second, by the same mechanism, it can be seen that the resonant

frequency is reduced by the increase in the effective length of the antenna, due to

the inverse relationship between antenna length and resonant frequency.
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Body Effect on Tuning of SIFA

It is a known fact that human body can have a considerable effect on an-

tenna performance in terms of gain, radiation pattern, return loss, and impedance

matching due to both scattering and absorption of the radiated power by the body

[Vallozzi et al., 2016, See and Chen, 2009, Tuovinen et al., 2013]. In this section,

we present the results on S11 measurements with SIFAs applied for three on-body

applications: hand, forehead, and abdomen. The results show that the different

body areas affected the antenna with varying degrees. While all SIFAs were cut

in the same interval of 1 mm, the forehead was shown to be the most sensitive to

each cut, while the the hand being the least sensitive. Figure 4.12 shows that when

a SIFA is cut 4 mm in the length, the resonant frequencies for an applications on

hand, forehead, and abdomen would result in 2.34 GHz, 2.52 GHz, and 2.42 GHz,

respectively. This outcome confirms the expected effect by the on-body application

of a planar antenna, but also provides an insight into how future S4-BLE devices

should be designed based on target application.

4.5.3 Stretchable Meandered Inverted-F Antenna (SMIFA)

It is a common practice to fold the tip of an IFA to create a meandered

IFA, in short MIFA, to reduce PCB size in case the device needs to be minimized.

We investigated the effect of transforming a MIFA into a stretchable MIFA, or

SMIFA, by applying the same mesh layout we used for SIFAs.
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S11 and 2D Radiation Patterns

The S11 and 2D radiation patterns of a SMIFA was studied. As with SIFAs,

the total length in the antenna of a SMIFA was extended initially to account for

tuning by cutting. As illustrated by Figure 4.13a-c, a SMIFA was cut by an

individual rectangular unit at a time until the resulting resonant frequency was

within the BLE range. As a result, the SMIFA had to be cut five times from its

original length to reach a resonant frequency of 2.43 GHz and -17.8 dB in S11 in

air. Figure 4.13d also shows the results of anechoic chamber measurements, which

are similar to those measured with an IFA. However, SMIFA’s radiation pattern

was observed to be more directional than SIFA based on the pronounced elongation

of a lobe found in XZ and YZ planes.

Effect of Bending

The effect of bending a SMIFA was also investigated by attaching the an-

tenna onto the same set of curvatures used for the SIFA. Similar to the result in

the bending of SIFA, the decrease in the bending radii resulted in the decrease

in the resonant frequency of a SMIFA. However, it was found that the magni-

tude of the shift was less compared to that of a SIFA. This could be explained by

the SMIFAs shorter lateral dimension experiencing less influence by the bending.

Quantitatively, 100 MHz shift in the resonant frequency was observed whereas the

shift was 140 MHz in the SIFA.
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Effect of Stretching

The stretching of SMIFA exhibited the similar trend found in case with

a SIFA, but also to the lesser extent. When the SMIFA was stretched by 30%,

the shift in the resonant frequency was 212 MHz rather than 364 MHz found in

stretching of a SIFA. The same explanation used for the bending could be used

here. That is, the shorter lateral antenna dimension of the SMIFA would have

experienced the smaller displacement along the direction of stretching. Hence,

even if the same strain was applied, its effect on a SMIFA is less compared to that

of a SIFA.

Body Effect on Tuning of SMIFA

Similarly with SIFAs, SMIFAs were also attached on hand, forehead, and

abdomen to study the effect of on-body applications of the antennas. With SIFAs

the on-hand application showed the most sensitivity with it reaching 2.43 GHz

at the 6th cut. The application on forehead also showed a similar trend with it

reaching 2.40 GHz at the 6th cut. The abdomen still showed the same level of

influence on antenna properties as observed with SIFAs with it needing the 7th

cut to reach 2.46 GHz.

Finally, it can be concluded that both SIFAs and SMIFAs qualify as good

candidates for integration into S4 platform for BLE applications. The results from

bending and stretching suggest that the properties of SMIFA would be slightly
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less influenced by the deformation of the skin, but the anechoic chamber measure-

ments of the two antennas show that SIFAs radiation patterns are more isotropic

compared that those of SMIFAs.

4.6 S4-BLE-SIFA Assembly

The underlying S4 platform is created using the same microfabrication steps

described in Chapter 3. Once the solder paste has been printed onto the pads, var-

ious types packages that make up the surface components are placed then reflowed.

The laser-etched Tegaderm, as introduced previously, is brought in contact with

the S4 layer, then raised slowly to peel the device off the donor substrate. Ulti-

mately, the Tegaderm with embedded BLE-capable S4 device can be applied on

the skin to perform its tasks.

4.7 Programming S4s with Soft-contact Wires

Since the S4 is consisted with thin-film structures, establishing a reversible

electrical connection using conventional tools, such as clips, clamps, or sockets,

could result in damaged metal pads. Here, we present a custom apparatus made

with a three-axis stage controller and five copper wires with curved tips, each of

which are connected to the USB programming dongle. The curved copper wires are

lowered until they are just in contact with their respective programming pads, and

the firmware is uploaded. Figure 4.17 shows the detail setup of the programming
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apparatus.

4.8 Validity Testing for Temperature Monitoring

We conducted a validation test for a fully functional S4-BLE-SIFA to verify

its ability to continuously monitor body temperature. For this, a commercially

available temperature logging device (iButton, Maxim) was used to verify the

results of the temperature data collected by the S4 device. As shown in Figure

4.18 the two sensors were attached in the armpit to simultaneously measure body

temperature in the axillary position. The test results are shown in Figure 4.19 and

their high correlation can be qualitatively observed. Linear least-squares regression

for the plots confirms the correlation with the following quantities: R=0.96, p <

0.001, mean squared error = 0.13 ◦C. Both devices showed an agreement in their

measurements as the user performed various tasks over the 5-hour period, such as

riding a bicycle, eating, and sitting down. Finally Figure 4.20 shows the plot of

recorded data in the finer temperature scale. It is worth to note that both sensors

were sufficiently capable to detect smaller scale thermoregulation take place. As

a result, continuously and wirelessly monitoring body temperature using a S4

device was successfully validated by analyzing the two axillary temperature data.

Moreover, TMP116 proved its capability with measuring accurate temperature

even in its S4-integrated state.
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Figure 4.11: (a) Photographs show the detail of the hardware setup for S11
measurements of SIFAs under strain. A 3D printed screw-driven stretcher is used
to apply the uniaxial strain on SIFAs. (b) S11 plots show the shift in the resonant
frequency and the increase in return loss with the increase in applied strain.
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Figure 4.12: (a) Schematic representation of the three on-body locations: hand,
forehead, and abdomen. (b) SIFA is tuned by cutting 4 mm off the antenna’s tip to
account for the effect of the body. (c) S11 measurements of SIFAs on three locations
show that different parts of the body have varying effects on SIFAs properties.
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Figure 4.13: (a) Layout of a SMIFA and its tuning by cutting. Each block
confined by dashed lines represent the amount of antenna removed with each cut.
(b) S11 measurements of SMIFA at each cut show the best efficiency in air is
achieved by the 5th cut. (c) Photograph of a SMIFA tuning by cutting. (d)
The 2D radiation patterns in air show that SMIFA is more directional than SIFA
evidenced by the elongated lobes found in XZ and YZ planes.
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Figure 4.14: (a) S11 plots of SMIFA at various radii of bending. (b) The effect of
stretching on S11 of a SMIFA. (c) The layout for SMIFA (top) and SIFA (bottom)
show that the effective lateral dimension is smaller for the SMIFA.
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Figure 4.15: (a) Schematic representation of the three on-body locations: hand,
forehead, and abdomen. (b) SMIFA is tuned by removing each turn in the meander
shape to account for the effect of the body. (c) S11 measurements of SMIFAs on
three locations show that different parts of the body have varying effects on SMIFAs
properties.
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Figure 4.16: (a) Layout of a functional SIFA with modified ground plane for
circuit integration. (b) Functional block diagram of the S4-BLE-SIFA device. (c)
Photograph showing the detail of a S4-BLE-SIFA device with descriptions for each
functional components. (d) The assembled device rests on the secondary donor
substrate prior to being integrated with a Tegaderm. (e) Photograph shows a
Tegaderm with laser-cut openings for chip components.
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Figure 4.17: (a) Schematic layout showing the programming pads layout (b)
Photograph of the programming apparatus and the copper soft-contact wires.
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Figure 4.18: Two temperature sensor systems, iButton and an S4, were attached
in the armpit for continuously monitoring of axillary temperature.
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Figure 4.19: 5-hour temperature data collected by the two sensor systems.
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Figure 4.20: Two data show high correlation even in the narrowed temperature
scale and in both plots thermoregulation can be seen.



Chapter 5

Conclusion

Further investigation into packaging methods, which may provide complete

encapsulation of the integrated electronics could be performed. For example, a

conformal coating of an elastomeric layer by spray-coating might provide a full

protection of the chip components. Also, additional engineering effort could be

made for developing a PDMS-coated substrate with direct, yet selective, modifi-

cation of the surface chemistry. The selective modification of the PDMS substrate

itself could obviate the need for the transfer of S4 onto the secondary donor sub-

strate, minimizing the manufacturing cost and time.

The barriers that keep the thin-film, stretchable electronic platforms from

becoming widely adopted by the wearable industry may be due to the factors

found outside the research environment, such as cost-effectiveness, manufactura-

bility, equipment compatibility, and reliability. This thesis work presented a unique

methodology, through which a heterogeneous electronic platform consisted with a

96
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PI-based stretchable electronic layer and commercially available chip components,

could be manufactured. In Chapter 2, detail film structure for achieving a ro-

bust soldered connection with chip components compatible with SAC305 solder

alloy was introduced. Building upon this, in Chapter 3, we demonstrated a solder-

able stretchable sensing system (S4), the manufacturing process of which is fully

compatible with conventional microfabrication processes. S4s excellent solderabil-

ity with commercially available wafer-scale chip components and various surface

mount packages make it a versatile platform for numerous applications beyond

wearables devices. Moreover, an S4 itself can be employed as a sensing system as

demonstrated by respiration sensing. We also demonstrated the ability for fully

assembled S4 devices to be directly integrated into target adhesives, verifying the

feasibility for large scale manufacturing using a roll-to-roll process. In Chapter 4,

we further investigated S4s capabilities in handling the more sophisticated roles

by implementing circuit components necessary for BLE functionality. Stretchable

antennas that can be fully integrated with S4 have been developed and their radi-

ation properties have been studied both theoretically and experimentally. Finally,

the wireless transmission of physiologic data using BLE protocols fully verify the

feasibility for continuous health monitoring using S4-based wireless devices.



Bibliography

[Aliverti et al., 2006] Aliverti, A., Carlesso, E., Dellacà, R., Pelosi, P., Chiumello,
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