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Abstract

Stretchable sensors are a class of materials with applications across research fields from
healthcare to structural engineering. Despite the extensive research aiming to improve
the performance of individual materials or components, stretchable sensor devices are
difficult to implement because conventional electronic components, mainly used for
processing, which are rigid, have to make contact with soft components reliable enough

to withstand real-world usage.

This thesis introduces a method for creating electrical contacts that can be robustly
attached onto soft, stretchable conductive polymer composites on one side and soldered
to metal wires on the other side. Mechanically robust electrical contacts were developed
to interface (soft) silicone-based strain sensors with conventional (hard) solid-state
electronics using a nanoporous silicon-copper contact. Contacts are mounted on
custom-made and commercial soft strain sensitive silicone sensors. The contacts are
shown to be reliable under large deformations, then compared with a commonly used
alternative under real-world strain conditions. The layered structure of the device
creates a complex electronic component deriving from the silicon-copper Schottky

junction.

This thesis tests the versatility of the technology through a series of real-world
applications. The silicon-copper contacts were used to produce a series of proof-of-
concept devices, including a wearable respiration monitor, leg band for exercise
monitoring, and squeezable ball to monitor rehabilitation of patients with hand injuries
or neurological disorders. The sensor is shown to operate and detect multiple modes of

motion regardless of placement on the body.

Next, a proof-of-concept device was employed to measure hand grip strength. The
optimized sensor can detect grip strength with high sensitivity. The hardness of the
device was shown to increase sensitivity when healthy humans performed manual

exercises and completed digital tasks. Providing patients with these devices can help
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monitor their rehabilitation following hand injuries or neurological disorders. This can
be done through self-led at-home therapy which has been shown to improve treatment,
engagement, long-term lifestyle adherence, while avoiding repeated visits to clinics

which plays an important role in frequency of therapy, effectiveness, and accessibility.
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Chapter 1

A Brief Introduction to Soft Devices for

W earable Sensors

This thesis explores mechanically robust strain and pressure sensors made of soft
materials. Specifically, we used conductive polymer composites (CPC) made of silicone

as soft strain and pressure sensors.

In the first Chapter, we introduce the concept and need for sensors made with soft,
stretchable materials and their applications in healthcare. We look at methods to
manufacture these soft sensors made of silicone at scale and address the challenge of
reliably connecting soft electronics with conventional “hard” electronics like wires and

circuit components needed to make up an electronic device.

In Chapters two & three, we present a custom-built CPC using polydimethylsiloxane
(PDMS), which is a versatile and stable silicone rubber, filled with Carbon Black (CB)
conductive fillers. We also tackle the problem of connecting soft and hard electronics
by creating specific sites on CB-PDMS to solder on. These sites are made of copper-

plated nanoporous Silicon (Cu-pSi).

The mechanical strength under real-world strain conditions and the CB-PDMS /Cu-pSi
sensor’s electrical response and sensitivity are explored in Chapters four & five.
Industrially-made Carbon-black filled conductive silicone composite (CB-CSC) is also

connected to Cu-pSi contacts to test the scalability of the Cu-pSi contact technology.

Chapters six & seven are focused on devices that can be manufactured using this
technology and how they can be applied in monitoring motion of humans and upper

limb rehabilitation in clinical practice.
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1.1 - The History of Soft Sensors

Solid-state electronics began as complex structures, with Bardeen, Brattain, and
Shockley’s “three-electrode circuit element utilizing semiconductive materials”
composing of rigid “blocks” of material several centimetres long. [1:2l Developments in
materials science allowed for the miniaturization of “blocks” needed to assemble
electronic “circuit elements” which we now call integrated circuits (ICs — “chips”, Figure

1). While electronics grew into one of the world’s largest industries, their shape

remained flat and rigid.

@fv ‘Semiconducting CNTs

Fo )
TP Unserted CNTs

TPU dislectric
SOODODON
TPU substrate

Mechanical contacts Solid state contacts Monolithic component Stretchable composite &
Expensive Simpler, smaller, cheaper Miniaturised, much cheaper Intrinsically stretchable FETs
Fragile More reliable More reliable Experimental but scalable
5x102m 5x10%m 5x10%m 5x10°m

1900s 1950s 1960s 2010s

Figure 1 Evolution of electronic components (from left to right) Vacuum tube, transistor,
integrated circuit, carbon nanotube composite field effect transistor (FET) PPl & intrinsically stretchable

transistor Ml

Silicon-based ICs have not yet been substituted by stretchable equivalents but
conformal, stretchable devices can be created when combining rigid circuit components
with stretchable components and sensors. These “hybrid” electronic devices have found
applications in healthcare when intimate and conformal interaction with human tissue
is required. 15 Recent advances in the development of conformal hybrid devices where
functional layers interface and integrate towards a monolithic device are discussed in

later sections.

The first soft electrically conductive materials, surprisingly, came from an unlikely place

in the beginning of the 20 century: car tires. Manufacturers added carbon black
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(micro-nanoscale carbon powder) to the rubber used to make tyres. Natural isoprene,
and synthetic styrene-butadiene rubbers which are typically white, now turned black
and were improved in three ways: 1) they became harder and more resistant to wear,
2) they were more resistant to UV radiation which weaken rubber, 3) they were heat
conductive and could dissipate heat away from the car. Although this application was
not related to electronics, manufacturers became familiar with large scale fabrication
techniques for conductive polymer composites, with production and demand reaching
high levels such that research is now focussed on creating more sustainable CB

production routes. (6]

Through the years between 1960 and 1980 conductive composites were studied as
fatigue indicators and gaskets. |7l Since the ‘80s soft conductors started being used as
transducers and tactile mechanical sensors. Unconventional forms of electronics began
in the mid-‘90s with the first polymer transistors appearing (which could enable
innately stretchable ICs). 8101 Since 2000, low-modulus materials engineering and
processing of composite elastomers using nanoparticles gave rise to the manufacturing
of compliant functional sensing elements with tuneable properties. For example, Carbon
Nanotube (CNT) composites, first discovered in 1991 and since then other carbon
derivatives of various sizes (from nm to mm realms) have been used to tune electrical
and mechanical properties of the polymer they are composited with depending on
requirements. Research in capacitors, resistors, inductors, diodes, batteries, fuses, and
transistors made from stretchable materials continued. By 2011, hybrid devices for
signal filtering, analogue-to-digital conversion, microcontrollers, memory and wearable
computing devices have been developed in labs around the world. 112 These
innovations have created a whole new research field of multifunctional monolithic
stretchable electronic circuits and fields of applications including thin-film memory, all-
purpose strain-sensors, skin electronics and great progress in the field of wearable

sensors in healthcare. [13:14]
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1.2 - Silicone Sensors for Strain and Pressure

Conductive polymer-based composite sensors have been around since the late ‘90s and
can convert large mechanical deformations (i.e. strain) into an electrical signal through
changes in resistance and/or capacitance. Such enabling technology is extremely
suitable for developing soft wearable devices for physiological monitoring. Silicone-
based stretchable CPC strain sensors are particularly easy to fabricate (in standard
laboratory environments) and consist of conductive particle fillers dispersed in a silicone
polymer matrix to measure applied strain. The sensors can be moulded into the shapes
desired using 3D-printed moulds or printed directly at room temperature via screen or
stencil printing. 1516 Among others, carbon black-filled polydimethylsiloxane (CB-
PDMS) composites are widely used as strain sensors because of the long-term chemical
and mechanical stability of silicones, tuneable mechanical and electrical properties of

these composites, and their low cost. [17]

There are three methods to create a stretchable conductor regardless of the specific
materials used. In a first case, one obtains elasticity by adjusted patterning of
intrinsically stiff conductive materials. Rigid materials like metals (Au, Ag, Al, Ti and
Mo) are most commonly used to create stretchable conductors. When thinned down
they can become stretchable up to 1% strain in unidirectional stretching with constant
resistance, then a linear response up to strains of 10-20% when cracks due to the Poisson
effect of the substrate meet the transverse buckling of the deposited metal get large
enough and the conductors fail electrically. Using special 2D and 3D geometries to
mount these rigid materials on elastomeric substrates allows for mechanical reliability
at higher strains. Buckled conductive strips can be prepared via metal evaporation on
pre-stretched substrates (10-25%) which can allow for deformation up to 100% strain
in some cases, although device-level stretchability is limited to around 12% by contacts
with other rigid components. '8l A second approach makes use of intrinsically
stretchable conductive polymers (e.g. polyaniline, poly(3,4-ethylenedioxythiophene) —
poly(p-phenylene sulphide) as a comparison can be stretched up to 5% strain. 19 The

advantage metals have, however, is their conductivity over composite (soft) conductors.
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[20] Neither of these two classes of materials are stretchable enough for real world
applications without a stretchable substrate. A third method disperses stiff conductive
fillers in an elastomeric matrix in order to form a stretchable electrically conductive
composite. This allows for larger strain values (above 300%) which presents the
challenge of mounting less stretchable materials and component on such substrates. [21]
A key determinant for stretchability is the adhesion between the metal or composite
film with the substrate. When this is the case, strain does not localise around specific
spots, instead the strain is distributed over the entire area of the conductive material.
22l A final approach is to create localised strain-isolated areas by having a more
compliant elastomeric substrate around rigid areas where the rigid components are
mounted and thus have the majority of the strain be transferred to the stretchable

interconnecting areas. [23:24]

PDMS can be used as a substrate or encapsulant to support all three methods to create
stretchable electronics. Wavy structures of metal can be deposited on a pre-strained
silicone substrate and maintain a relatively stable conductivity although localised stress
causes damage and degradation of conductivity upon cycling. This can be controlled
by forming a periodic pattern of chemical bonding sites of the conductive material on
PDMS. A common way to do this, which originated from the field of microfluidics, is
plasma bonding. Exposure to oxygen (O2) plasma through a protective mask selectively
activates areas on the surface of PDMS. Oxygen converts the hydrophobic surface,
which comprises mainly of methyl-functionalised silane groups (—OSi(CH3)20-) into
activated —O,Si(OH)4,— groups. The silanol functional groups can form strong covalent
bonds with a variety of materials including inorganic and other Si-containing species

resulting in ~O—-Si-O- covalent bridges.

Inner-chain chemical modification of PDMS can partly tune the mechanical properties,
including hardness, of the PDMS substrate which in turn modifies the mechanical
properties, including sensitivity, of the conductive materials deposited on the surface.
A straight-forward way of tuning the mechanical properties of Pt-cured PDMS is

modifying the amount of curing agent (siloxane cross-linker) (CHs)3Si|OSi(CHs)sa]nSi
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(CHj3)3 added to the base siloxane oligomers. Localised stiff “island” structures which
diffuse stress from surrounding areas created this way have been used to mount

components that do not stretch (e.g. ICs).

Finally, silicone chemistry has extensively been explored to enhance self-healing
properties. Although silicones are quite resistant to punctures, tears can lead to
catastrophic failure when devices are repeatedly strained. ['7l Amino, carboxyl, hydroxy,
epoxy, and isocyanate terminated siloxane chains have been explored to prevent any
subsequent fracture by allowing small cracks to heal. Manipulating both the sensing
conductive composite as well as the substrate polymer at this level allows a high degree
of tuneability in tensile properties (modulus, ultimate strength, maximum elongation)
as well as in electrical and thermal properties (sensitivity, dielectric properties, thermal
conductivity). In this way, conductive fillers that are difficult to disperse can be used
with controllable alignment to increase the aforementioned sensing properties.
Advanced circuit components are also enabled by this control over conductive,
semiconductive and dielectric properties of stretchable composites, such as organic field

effect transistors (OFETS). [29]

The interaction between conductive filler particles within the polymer matrix and
between surfaces is important in determining the behaviour of the dispersed system.
This means that the sensing parameters of the devices as well as the bulk mechanical
properties of the composite polymer are determined by the type and dimensionality of
the conductive fillers. 126l Control over mechanical properties such as stretchability,
hardness, sensitivity and responsiveness is essential in personalised healthcare systems
and commercial wearables. For instance, choosing CNTs over silver nanowires
(AgNWs) can significantly enhance the stretchability of a CPC sensing element, but
because the conductivity of CN'T-composites is usually lower they are more widely used
in voltage-controlled devices where high conductivity is not required such as sensing
elements for strain and pressure sensors as well as capacitive touch screens. Metal-
NWs, on the other hand, are more suited for current driven devices such as solar cells

and light emitting diodes but they produce an overall more rigid device because of the
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higher stiffness of their composites. Composite polymers with metal-oxide fillers are
usually very sensitive as piezoresistive sensors, which means that a small change in
strain can produce large resistance changes, and this is a desirable sensor feature.
However, metal-oxide composites have very limited stretchability so they are not
suitable for wearable applications where materials need to conform to the shape of and
move freely with the body. Research on these composite materials and functional
structures has produced insight into tuning sensor properties like stretchability and
sensitivity. 127281 For commercial applications, however, it is necessary to further
integrate the materials acting as stretchable sensing elements into whole circuits and

later to consumer device level.

1.3 - Whole-devices with Stretchable Sensors

When integrating stretchable components with conventional electronic components,
whole-device considerations become important. They have to be addressed specifically
taking into account the nature of the polymer matrix and conductive filler used to
prepare the “active” CPC used as a sensor, as well as the material used to house the
electronic components. These considerations extend to the inclusion of conventional,
rigid components, the mechanical transition from soft components to rigid components,
the integration of sub-circuit elements (such as power supply and logic ICs), the
maturity and scalability of manufacturing techniques used, and the safety of the

materials used.

Strategies to mount conventional electronics on stretchable substrates include locally
reducing the elasticity around the component to prevent mechanical mismatch, or by
mounting conventional components on rigid “isles” connected via stretchable traces. A
mechanically simpler strategy is to combine stretchable components with stretchable
interconnects. This is less frequently used because the development of stretchable

counterparts of traditionally rigid components is still complex. [29:30]

There still is no industry standard method to mount rigid components onto stretchable

surfaces. This is in part due to the complex or hybrid structures needed to create
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stretchable electronic devices. Technologies to robustly interface soft and hard
materials are essential for commercialization. Unreliable adhesion of the stretchable
sensing element at the interface with (rigid but necessary) electronic components, such
as wiring, integrated circuits, or other conventional devices is a key barrier than needs

to be overcome.

Currently, the most common connection method relies on brittle conductive adhesives
(AgEpoxy), although some commercial products use large solid mechanical connections,
such as clamps and clasps, that are not suitable for miniaturized devices. Successful
outcomes from these efforts have the potential to fundamentally change our conception
of electronics, from hard, rigid, planar chips to soft, stretchable, curvilinear sheets. For
this to happen, mechanical design is as important as electrical design in the formulation
of new systems. The state of stretchable electronics at the moment is examined below.
We will look into manufacturing techniques used and the steps towards having more
of the sensing materials described above in the market. We present a simple, low-cost,
scalable method of creating solderable contacts onto PDMS CPCs in Chapters two &

three.

The largest market segment for conductive elastomers, since their invention, is
electrostatic protection in the automotive and electronic device packaging industries
has a valuation close to three times larger than the stretchable circuits market globally.
31 In the next sections, the relationship between silicon packaging development and
stretchable electronic development is examined and how this is crucial to have
stretchable sensors available outside of academic laboratories. In the next five Chapters,
this thesis will address the interface between hard and soft electronic materials. In the
final two Chapters, the need for soft stretchable devices in healthcare is explored, the
need for stretchable sensors that interface with the human body established, and a

solution that makes rehabilitation more effective via gamification is presented.

Some of the latest flexible sensor products that conform with the human body in the
field of diagnostics and healthcare include MC10’s BioStamp nPoint — a motion and

surface electromyography (sEMG) sensor, Samsung’s stretchable OLED display, and
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Drynode by IDUN Technologies — a dry electrode for heart and brain monitoring. [32:33]
These products use soft materials that are active either as light emitters, or sensors,
but to date the strains achievable by commercially available devices are still low <10%.
This is partly due to the lack of mechanically robust connections between soft and rigid
electronic components. In the next section we look at materials and manufacturing

strategies around high strain stretchable electronics.

1.3.1 - Integration methods of hard and soft electronics at scale

A process that is already mature in industrial scale manufacturing is screen printing of
conductive filler-elastomer composites to create stretchable sensors. That said, most
conductive or “active” filler-elastomer sensor components have not reached maturity
and their material properties are still being studied. Even though most stretchable
sensors at the moment have not left academic laboratories yet, there is a growing
ecosystem of small and large companies focussed around their development. One path
towards commercialisation involves the creation of stretchable sensing elements,
followed by devices with limited stretchable configurations and discrete functionality,
and eventually achieving highly functional, distributed systems. To date, non-
stretchable components like clamps are used to connect stencil printed or other filler-
elastomer sensors to build a device. Start-ups using sensors for strain and pressure
measurements, where a CPC layer is embedded between two layers of a support
substrate, have focused on upscaling the manufacturing processes and real-world
reliability of their sensing elements while keeping the read-out electronics on a separate,
rigid base communicating via pins or magnetic connectors (e.g. Tacterionl34
Stretchsense - technology developed by Parker-Hannifin Corporationl33l, Flexosensel3!

have mechanical connectors, and Heddokol?”l use magnetic connectors).

ICs and surface mounted electronic components (SMCs) used in all electronic devices
today are soldered-on. A number of attempts have been made to create solderable
CPCs which were not tested for durability. 3441 The need for standardised testing was

put forward as a foundation for future guidelines on reporting of the performance of

28



stretchable electronics including stretchability and sensitivity limits. [26:45:46] The
reliability of adhesion at the point of contact with hard electronics and ICs and whole
device (CPC and connected components) should certainly be included in these
standards. There currently is no standard for connecting stretchable and non-
stretchable electronics, and this is in part because silicon, a flat and rigid material, has

been at the epicentre of electronics since the early days of this field.

It is important to mention that advances in stretchable devices have been aligned with
the developments in silicon packaging technology, which albeit incremental, are
significant. By incorporating these design and manufacturing strategies parasitic effects
that reduce the performance and mechanical robustness of stretchable devices introduce
promising new paths to commercialisation with much shorter time scales than typically
required for technologies translated from academic research. As a first example, the
commercial success of hinged displays in laptops and ultrathin cell phones with sliding
parts has inspired the development of multi-layered flat flexible cables and circuit
structures that can accommodate some degree of flexibility. A second example is the
technology to produce micrometre thick silicon chips that allow for advanced thermal
management and stacked device level integration of miniaturised form factors. Finally,
the latest efforts are centred around materials research to evolve chips into form factors
that accommodate strain and that blur the distinction between stretchable and rigid

components.

The task of connecting stretchable sensors to rigid electronic components in discrete,
distributed, or hybrid systems may still be challenging from an engineering viewpoint
because although the materials and mechanics strategies described above are promising
there are engineering challenges that still need to be overcome. For instance, if we focus
on the task of connecting a silicon device on a PDMS-composite sensor we are presented
with extreme mechanical mismatches. The modulus of silicon is about 10° times as high
as a typical substrate elastomer (Si: 130 GPa, PDMS: 2 MPa); the thermal conductivity
is 1000 times as high (Si: 1.3 W cm-! °C-1, PDMS: 0.15 W m! °C-1) | and the thermal

expansion coefficient is 100 times as small (Si: 2.6-106 °C-1, PDMS: 9.6 x 1074 °C-1). 47
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499 As an example, research on nonlinear behaviour in hard and soft laminates is
providing new insights into the mechanics of their deformation, particularly their
nonlinear behaviour in buckling modes, with explicit relevance to stretchable
electronics. Expensive materials like CNTs and nanoparticle composites can yield
materials better matching the desired mechanical properties but they cannot easily be
manufactured using mass processes. In terms of scalability and real-life applicability,
lower cost, industry friendly materials like CB may be enough. From an engineering
standpoint, we investigate extensively the mechanical stability of solderable contacts

on PDMS-based stretchable sensor devices in Chapter four.

1.3.2 - Compliant Strain Sensors in Healthcare and beyond

Some of the most compelling applications for stretchable sensors are in biomedical
devices that address important problems in human health diagnostics, treatment, and
rehabilitation. Stretchable sensors made of elastic materials with curvilinear layouts
can provide both mechanical modulus and shape matching to biological tissues. Such
devices, when implemented reliably and matched with the right application for their
properties, will rapidly expand into fully distributed, multifunctional devices for clinical

use.

In Chapters six & seven, we analyse the potential that wearable technologies have for
healthcare, especially when combined with rapidly developing digital technologies both
hardware (portable computers) and software (user interface and digital feedback).
Beyond biology, stretchable sensors can be used in conjunction with conformal antennas

and other components for communications, perhaps even in smartphones of the future.

[50,51]

This thesis addresses the knowledge gap in connecting hard electronics, necessary for
useable devices, and soft silicone based sensors with applications in improving the
useability, comfort, and gamification of healthcare applications, including rehabilitation
and therapeutics, of mechanical and strain sensors. These and related opportunities for
engineering in areas of application with important societal implications, taken together
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with the broad range of interesting scientific topics, provide strong motivation for

continued and expanded efforts in this emerging field.
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PART II

Copper-Silicon Contacts for Soft Silicone

Strain Sensors
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Chapter 2

Preparation and Characterisation of

Silicone-CB composites

In this chapter we characterise two Conductive Silicone Composites based on PDMS
and CB — the first custom-made (CB-PDMS) and the second industry-made (CB-CSC).
Initially, we explore structural and design parameters that affect the behaviour of the
composite as a strain sensor by developing a custom manufacturing protocol in-house.
In later chapters, we use an industrially manufactured composite and further
investigate electromechanical device properties to demonstrate scalability of our
technology. Silicone is a primary candidate for wearable sensors because it is chemically
stable, compatible for cutaneous and sub-cutaneous applications, mechanically robust,
and has scalable, low-cost manufacturing pipelines. 253 Among numerous carbon
fillers and manufacturing strategies we kept focus on the commercial viability of the
material. In initial experiments, we found that Multi-walled carbon nanotubes (MW-
CNTs) required longer and more power intensive mixing and sonication cycles
manufacturing processes (although mechanically they prevented stiffening of the base
silicone). Ground carbon fibre (GCF) produced composites of acceptable conductivity
levels at low loadings but disrupted the mechanical integrity of the silicone due to their
dimensions (length = 100 um, EasyComposites) which reduced overall stretchability of
the sensing element. We used custom-made CB-PDMS using stencil printing, then
tested commercially available Carbon-Black filled Conductive Silicone Composite (CB-

CSC) to demonstrate the feasibility of scaling up our novel contact technology.

2.1 - Preparation & Characterisation of CB-PDMS Composite

In this section, we present the preparation of custom-made CB-PDMS and a simple

and rapid micropatterning stencil printing protocol. A suspension of powdered CB is
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mixed with 50-nm average particle size (Vulcan XC 72 made by Cabot Corporation)
with PDMS (Sylgard 184 by Corning Inc.) in a five step process modified from works
previously reported in literature [4-50l: i) We suspended CB in hexane in a 1:10 (w/w)
ratio and sonicated at 220 W for 10 min. ii) We dissolved base elastomer in hexane in
a 1:2 (w/w) ratio in a different container. iii) We mixed the CB suspension with the
base-solution (from step ii) to produce 5, 8, 10, 12, 15, and 20% (w/w) CB-PDMS
precursor. iv) We then dried the dispersions in air overnight to remove the solvent —
i.e. hexane. v) And added the cross-linker to form the CB-PDMS composite pre-

polymer.

Base

Curing Agent - CB in Hexane

o

+ Mixed * Sonication
* Degassed * Solvent removal

* Pre-Cured 30min * Curing Agent

e

Step 1. Elastomer-
on-elastomer

Stencil printing

CB-PDMS
pre-polymer

Step 2. Cured
at 100°C for 1h

CB-PDMS
layered composite

Figure 2 Preparation of CB-PDMS Schematic representation of the stretchable CB-PDMS layered

composite protocol.

With this dispersion we prepared composites with concentrations between 5 and 20%
w/w CB in PDMS-base by mechanical stirring, followed by ultra-sonication using a

Pro Scientific VCX sonicator, and solvent evaporation (Figure 2). We mixed the CB-
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PDMS-base with the curing agent and deposited a 0.1 mm conductive layer on a carrier

PDMS layer through elastomer-on-elastomer printing using a stencil mask.

zq ng o bT -

PDMS-base Curing agent (cross-linker)

Figure 3 PDMS pre-polymer components Oligomer parts of Pt-cured PDMS with base (left) and

curing agent (right).

The PDMS substrate was prepared by mixing degassed base elastomer and cross-linker
in a 10:1 ratio (w/w) (Figure 3). We casted on a mould treated with Ambersil PTFE
mould-release and pre-cured at 100 °C for 30 min. As a result, a PDMS carrier substrate
with a thickness of 3/6/9 mm was obtained and cut into strips of 10x30 mm? using a

scalpel.

The liquid (uncured) CB-PDMS composite and PDMS substrates were then co-cured

in a conventional oven at 100 °C for 1 h (Figure 4).157

(4]

CB-PDMS sensing layer PDMS substrate layer

CB-CSC strip

=
e

Cu-pSi contacts

I

Figure 4 CB-PDMS Batch & CB-CSC sample (A) Picture of a batch of stencil-printed CB-PDMS

sensing elements (5 mm x 60 mm) on PDMS substrate 3 mm thickness, (B) Picture of 1 mm thick
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commercially available Carbon-Black filled Conductive Silicone Composite strip sample (12 mm x 110

mm) with solder-on Cu-pSi contacts attached

The electrical resistance of CPCs is determined by the number of connections between
conductive fillers within the polymer matrix, which in turn is determined by their
volume fraction in relation to the percolation threshold. The percolation threshold is
reached when the various junctions created between filler particles for current to pass
along the material abruptly cause the resistance to drop. This happens when the volume
fraction of conductive fillers (®) reaches the critical volume concentration for the
percolation threshold (®., Figure 5). The network of junctions between filler particles
can either be physical contacts with no contact resistance or near contacts whose
resistance decreases with inter-filler distance. [*8] We measured the electrical resistance
of unstrained CB-PDMS layer using a commercially available UT171 (Uni-Trend
Technology Co., Ltd) multimeter (current measurement with 5 V applied voltage) and
flat alligator clips, with a CB concentration range between 5 — 20% (w/w) of PDMS
(Figure 5). The electrical resistance of CB-PDMS decreased rapidly with increasing
concentration of CB particles from 9.5+1.5 MS for 5% to 4.1+0.3 kQ for 20% CB due
to formation of conductive percolative networks within the polymer matrix, reaching

values around 200 kS for 12% CB.I59

(4]
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Figure 5 Percolation Threshold (A) Resistance vs. CB concentration for the CB-PDMS conductive
polymer composite (n=7), (B) Percolation curve schematic for conductive fillers in an insulating matrix

showing the volume fractions ®, ®c where percolation networks form [60]
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2.2 - Characterisation of commercially available CB-CSC

In this section, we present and discuss the electrical properties and selection criteria for
the commercially available Carbon-Black Conductive Silicone Composite (CB-CSC)
sensing element used in later chapters based on thickness and sensitivity to pressure.
A commercially available sensing element is used to demonstrate the scalability of the

technology developed in this thesis.

CB-CSC sheets with thicknesses of 0.5, 1.0, 1.5, and 3.0 mm (£ 5%) sourced from J-
Flex (Retford, Nottinghamshire, UK), were compared in terms of conductivity
measured solely on the surface and conductivity measured throughout the bulk using
single side and double side two-probe measurements. In Figure 6 A, we see I-V scans
of CB-CSC sheets of equal area and four different thicknesses. Dotted lines represent
measurements taken solely from the surface of the material, and solid lines represent
measurements taken by having the clamp make contact with both the top and bottom
surfaces of the material. We investigated the relationship between thickness and
resistivity because our contacts are surface mounted and found that the difference
between single surface and double surface (bulk) conductivity increases at a decreasing
rate (Figure 6B). This indicates that the bulk of the material contributes to its
conductivity but at a decreasing rate beyond 1.5 mm. More testing is required to
confirm this effect which may be negligible as Figure 6C shows that both bulk and
surface resistances closely agree with the theoretical value for a conductive material.
Figure 6C compares the theoretical variation of the Resistance of the materials
according to R=pL/A, where g is the resistivity of the material, in this case 45.3 Q-cm
(datasheet available on J-Flex.com — “Electrically Conductive Silicone Sheet”), L is the

length of the test sample, and A the cross-sectional area.
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Figure 6 CB-CSC thickness vs DC Resistance (A) IV diagrams for all J-Flex CB-CSCs for
measurements taken with both sides of the material clamped (bulk) and only one side clamped (surface)
(B) Percentage difference between the bulk and surface resistance values for CB-CSCs of the same area
but increasing thickness (C) Comparison between the theoretical resistance values for the CB-CSC in

question vs the measured bulk and surface values (n=3).

To select the appropriate thickness we compared the CB-CSCs in terms of their
electromechanical sensitivity. When the conductive composite is pressed, a decrease in
cross-sectional area and conversely an increase in length take place according to the
material’s Poisson ratio (v = Ae€iongitudinal /A€compressive). Figure 7 shows that when
12x110 mm? strips were tested using a custom built 50 mm compression plate in 50
and 300 N compression experiments, 1.0 mm thick samples showed the highest

response.

045} —a— 50 N compression
040k —a— 300 N compression
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Figure 7 Sensitivity vs Thickness of CB-CSC (n = 6 for each thickness)

The resistance of the bare CB-CSC strips was measured using a constant voltage of 5

V using a Keithley 2450 Interactive SourceMeter® connected directly. This device will

38



be used as a power supply and measurement device for all subsequent DC
experiments. All tensile experiments were performed on a MultiTest 2.5-1 1000
N Mecmesin compression tester and Mecmesin force and Torque Test Software

(Mecmesin Ltd., Slinfold, West Sussex, England).

2.3 - The need for robust contacts on silicone composite sensors

Works reported to date have optimized the sensing properties (sensitivity, modulus,
maximum operational strain, thermal properties, etc.) and the manufacturing of
stretchable CB-PDMS sensing elements, however, reliable adhesion of the stretchable
sensing element with electronic components, such as wiring, integrated circuits, or other
conventional devices, still remains a problem. [61-63] Currently, the electrical connection
between CB-PDMS sensors and external electronics primarily relies on brittle
conductive adhesives, although some commercial products use large solid mechanical
connections, such as clamps and clasps, that are not suitable for miniaturized devices.
641 Silver-based conductive epoxy (AgEpoxy) is, by far, the most widely used adhesive
to create electrical contacts between CB-CSC sensing elements and electrical read-out
devices. 19572 Even though AgEpoxy is an excellent electrical conductor (<104 Q-cm),
it is susceptible to cracking and debonding from the silicone-based stretchable strain
sensors and usually the first interface to fail under rates of strain higher than 10
mm /min (120 mm/min is physiologically relevant). [73 This is due to the brittle nature
of the adhesive and poor wetting of silicones by AgEpoxy. Silicones bond weakly with
most adhesives due to their lower surface energy (the surface energy of epoxy is 40-50
mJ/m?, while silicones have a range between 19-25 mJ/m?). Hence, a reliable method

is needed for bonding electronic components with silicones. [l

To overcome the limitations of AgEpoxy, several groups explored vacuum deposition of
metallic structures on silicone elastomers and subsequent soldering of wiring and
components to achieve bonding. ™77 Vacuum deposition of metals on silicones,
however, requires complex processes that generally involve patterning through
photolithography, deposition of additional adhesion enhancement layers and liquid-

phase transfer of films. Despite the complex fabrication methodologies, such metallic
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contacts are still susceptible to delamination and failure, especially in applications (such
as physiological monitoring) where they may experience high levels of applied stress

(>1 MPa) and high rates of strain (>2 mm/s). 787

In the next Chapter, we present a method for creating solderable, mechanically robust,
electrical contacts to interface (soft) CB-PDMS strain sensors with conventional solid-
state (hard) electronics using a nanoporous Si-Cu composite. The Si-based solder-on
electrical contact consists of a copper-plated nanoporous Si top surface formed through
metal-assisted chemical etching (MACE) and electroplating, and a smooth Si bottom
surface which can be covalently bonded on CB-CSCs through one-step plasma bonding.
In Chapters four & five, we investigate the mechanical and electrical properties of the
contacts proposed under relevant ranges of mechanical stress for applications in

physiological monitoring and rehabilitation.
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Chapter 3

Fabrication and Characterisation of

Copper-Silicon Contacts

PDMS does not adhere well to non-silicon-based substrates, due to low surface energy,
even after special treatment and so there are still few, sophisticated, and complex ways
to connect wires, microcontrollers and other connections made on the surface of silicone
composites. Wu et al. have reported bonded silicone to various materials including
metals like copper using silane derivatives but this method is costly and requires a lot
of optimisation, even in a controlled lab environment. 3% We use plasma bonding to
bond our nanoporous Si chip to the surface of our PDMS-based sensing element. In
this chapter we compare the tensile performance of plasma bonded Si on PDMS against

widely used conductive silver epoxy adhesive (AgEpoxy) and PDMS.

3.1 - PDMS Surface Chemistry after Plasma bonding

PDMS can be cast in any shape and size and the surface of this elastomer can be
prepared to be very smooth with nanometre features. 81821 As-prepared surfaces have
contact angles near 100° and this has been addressed in the field of microfluidics by
surface chemistry modification techniques such as chemical vapour deposition (CVD),
sol-gel and other coatings. A simple, single step way to produce hydrophilic PDMS is
UV or Os plasma irradiation. 83 Figure 8 shows the decrease in contact angle after
plasma treatment as evidence of increased hydrophilicity on a Si wafer which is

chemically similar to PDMS (see Figure 9).
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Plasma-treated Si Untreated Si

Figure 8 Visual contact angle of plasma-treated Si Visual difference in water contact angles

between as-received polished Si wafer (left) and plasma treated Si wafer (right).

Oxygen plasma treatment functionalises the PDMS surface by oxidation to generate a
silica surface which is further reacted after conformal contact with the Si wafer surface
(Figure 9). We treated the polished side (as-received) of the Cu-pSi contact and CB-
PDMS with Oy plasma for 35 s which forms SiOy species on their respective surfaces
and when in contact, the materials irreversibly bond together through a condensation
reaction. (34 After plasma treatment we standardised the duration and force applied on
the annealing interfaces by pressing the Cu-pSi and conductive silicone together

overnight using plastic clamps (Tooltime UK Ltd, East Kilbride, Lanarkshire, UK).
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Figure 9 Schematic of the plasma bonding Schematic presents the condensation reaction between

a Si surface (Si wafer) and a silicone surface (PDMS) after coming into conformal contact.

Chemisorption and covalent bonding are involved in the Si-PDMS bond as opposed to
AgEpoxy-PDMS physisorption adhesion. [331 Further mechanical studies of the Si-
PDMS detachment system would also shed light on the role of covalent bonding ws.
cross-linking in silicone-on-silicone “monolithic” systems, and simple physisorption of
epoxy adhesives. In this Chapter, we explore the macroscopic mechanical adhesion

strength between the Cu-pSi surface and the CB-PDMS multi-layered structure.

Because plasma treatment modifies the mechanical properties of PDMS (increased
brittleness — Table 3.1-1), a physical mask was used to limit areas of exposure to
plasma, only at the sites of bonding. All samples tested were plasma treated at the

contact bonding sites for equivalence as it is a common industrial method to improve

bonding,. [36]

Table 3.1-1 Stress & strain values for plasma-treated and pristine PDMS (n=5, standard

deviation is reported).

Young's
M ax M ax Young's
Modulus
M aterial Stress Strain Modulus
hyperelastic
(MPa) (mm /mm) (MPa)

region (MPa)

Plasma-treated
1.0 £ 0.1 0.8 £ 0.1 0.6 0.3 1.3+ 0.6
PDMS

Pristine PDMS 1.4 +£0.2 1.0 £ 0.2 0.8 £0.2 1.5 £ 0.6

3.2 - Preparation of Cu-pSi contacts

3.2.1 - Silicon etching overview
Metal Assisted Chemical Etching (MACE) of Silicon, based on ongoing research works
as follows: Ag catalyst particles are deposited on the Si surface through a substitution

reaction between AgNO3 and HF (Equation 1 found below). The particle size of Ag
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particle layer can be controlled with the concentration of AgNOs. Under the conditions
used in our method, the size and distribution of Ag particles were visible from top view
SEM images. Although the shape and size distribution can be optimized by thermal
annealing, we used the as-deposited Ag layer. 87 After Ag deposition, in an etching
solution of HoO2 and HF, 1) H20O2 is catalytically reduced at the surface of the noble
metal (Equation 2); 2) Holes (h*) are injected from Ag into Si at the Si/Ag interface;
3) This oxidises Si which etches by HF to form soluble silicon hexafluoride (Equation
3); 4) Both the direct dissolution of Si accompanied by Hy evolution as well as the
formation of SiOz on the metal-Si interface before Si dissolves (Equations 4a, 4b)
have been proposed. We observe an array of colours (Figure 10) on the surface of the
Si/SiO2 wafer before any observable Ha gas was visible in our own experiments; 5) The
concentration of holes has its maximum at the Si/Ag interface. Therefore, the Si that
is in contact with the metal is etched much faster at the interface; 6) The progression
of the etching reaction and hole diffusion from Si under the Ag, to off-metal areas or

to the wall of the pore are matters of extensive investigation.

4Ag* +6HF — SiF,*~ + Ag + 6H* (1)
Reduction reaction (Ag catalyst/solution interface)

H202+2H+A—9>2H20+2H+—>H2 T +2h* (2)

Oxidation reactions (Catalyst/Silicon interface)

Si + 6HF + 2h* >H,SiF, +2H* + H, 1 (3)
Si + 2H,0 —>Si0, +4H* + 4e™ (4a)
Si0, +6HF — H,SiF, + 2H,0 (4Db)

gold melon  red-violet blue-violet blue-green  green  orange-pink blue-green orange-pink violet-blue  black colour

ClRBBRBRBBRRRe o
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Figure 10 MACE colour change Colour change on the surface of Ag electroless plated Si upon
addition of HF + H202 etchant, t=2 s after addition (far left), pictures taken every 5 s for approx. 1 min
(far right). See Section 3.2.1 for details on the MACE process

HF + H.O,

(0

Si

6. o

Figure 11 Metal Assisted Chemical Etching at the Si/Ag/Aqueous interface

Both anisotropic and conical shaped pores can be created and Si parameters such as
doping type and level, crystal plane orientation, HF to oxidising species (H202)
concentration, catalyst species, and etching duration all affect the size, orientation, and
shape of the pores. [38] Briefly, etching direction initially depends on the orientation of
the Si substrate, but at high (>20%) [HF]/[HF]+[H202| ratios etching becomes
anisotropic (perpendicular to the surface). 1891 The direction of etching is controlled by
the number of holes injected by the oxidant and the rate of removal of SiOy by HF
oxidation. When [H209] is low most atoms would get etched from the surface {100},
but when [H209| and [HF] increase Si atoms would get removed quickly given many
holes would get produced allowing increased etching in the bulk {110} and {111}
planes. In general, the etching rates of n-type Si is faster than p-type Si, however, we
optimise etching time based on how well our Cu layer adheres onto the porous surface.
901 We have adapted the practices found in literature and present our methodology

below (Sections 3.2.2 and 3.2.3). 191-97]
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3.2.2 - Metal Assisted Chemical Etching of Silicon (Cu-pSi)

Etched Si contacts were manufactured in-house using 100 mm Si wafers (heavily doped
n-type: Siegert Wafer, 525 + 25 ym thickness, <0.005 -cm, heavily doped p-type: Pi-
Kem, 525 + 50 ym thickness, 0.001 - 0.005 Q-cm, lightly doped n-type: Pi-Kem, 525 +
50 pm thickness, 1-10 Q-cm, lightly doped p-type: Pi-Kem, 525 £ 50 ym thickness, 1-
10 ©Q-cm). In this section, we will present the protocol developed to prepare solder-on
Si contacts regardless of Si wafer dopant and doping level. In the next chapter, Chapter
four, the mechanical robustness of Cu-pSi contacts will be demonstrated by comparing
devices using p-type Cu-pSi with devices using AgEpoxy adhesive contacts. Then, in
Chapter five, the best Si type based on electrical characterisation for our application

will be chosen.

To begin the preparation, the top surface of a pristine silicon wafer was cleaned,
electroless plated with Ag particles and placed in an etching solution (containing H2O»
and HF) to create a nanoporous Si surface through MACE. 1989 The surface resulting

from etching consisted of 50-300 nm wide pores with a depth of = 2.4 um (highly doped
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p-type Si shown in Figure 12A). [98:100.101] The multi-layered device, including the CB-

PDMS sensing element and Cu-pSi solder-on contact are shown in Figure 12B.

(Al

Solder-on
Cu-pSi

pristine Si wafer

Step 1.
MACE

To device
O, plasma

Solder

CB-PDMS sensing element

porous Si (pSi)

Step 2.
Cu plating Electroplated Cu Layer

Cu-pSi
S5mmx5mm

PDMS support

Figure 12 Cu-pSi preparation and assembly (A) Cross-sectional SEM images taken during MACE
and Cu electroplating on p-type Si (100) wafer. (A) Schematic illustration of (top) and cross-sectional
optical micrograph (bottom) of Cu-pSi contacts after plasma bonding on the CB-PDMS sensing element.
All Si wafers were initially cleaned with acetone, rinsed with distilled water, and then
immersed in a 3:1 piranha solution (95% H2S04/30% H202 v/ v) at 80 °C to remove
organic residues. After drying in air the polished side of each wafer was protected from
chemical attack with adhesive polyimide tape. Lightly doped p-type and n-type wafers
were immersed in a bath of 2.9 mM AgNOj for 2 min for electroless plating to take
place. The etching solution was made up of 2.7 M HF with 0.2 M H20O> for 7 min to
form nanoporous silicon (pSi) on the surface of the protected wafers. The electroless

plating solution for heavily doped n-type Si contained 7.25 uM Ag™ for 30 s deposition,
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and the heavily doped p-type Si additionally required a modified etching solution with
2.2 M HF and 0.25 M H505 for 10 min.

3.2.3 - Electroplating nanoporous Silicon with Copper (Cu-pSi)

Following etching, the wafers were treated with 10% HNOg3 to remove all Ag from the
surface. Right before electroplating with Cu, each wafer was cleaned one last time with
5% HF to remove the native oxide from the surface of Si and produce an electrically
conductive surface. The wafers were plated with Cu in a bath containing an aqueous
solution of 0.8 M CuSOy4 (and 1ml ethanol) using a Pt-wire as anode. Plating of highly-
doped p-type wafers was performed with a current density of 0.2 mA cm! for 15 min
to produce a film of Cu approximately 1 pm. All other wafers were electroplated in
0.08 M CuSOy (and 1 ml of ethanol), at a current density of 40 pA cm ™! for 1 h or until

a uniform shiny Cu surface formed.

The nanoporous surface was then electroplated in a 0.8 M CuSO4 aqueous bath vs. a
Pt wire, to create a ~ 1 yum Cu film on the nanoporous Si (Cu-pSi) surface that can be
soldered to external wiring and components. Elemental analysis by energy dispersive
X-ray spectroscopy (EDX) and close-up electron micrographs show a clear separation
between the Si and Cu surfaces for unetched Si. For pSi, however, the Cu layer extends
inside the porous surface with decreasing amounts with increasing depth, likely due to

limitations in mass transfer during electrodeposition (Figure 13). This limitation
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could be overcome through further optimization of the process parameters or using

other electroplating regimens such as pulsed electrodeposition. [102]

PHysicaL AND CHEMICAL ANALYSIS OF THE CuU SI INTERFACE
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Figure 13 Physical and Chemical Analysis at the Cu Si Interface (A) Electron micrograph of
Cu-pSi interface (Ag deposition time of 2 min). The numbers indicate the location of each spectra
acquired by EDX analysis (note that each measurement is 1 ym apart); (B) Electron micrograph of
unetched Cu-Si interface. The numbers indicate the location of each spectra acquired by EDX analysis
(note that each measurement is 1 um apart); (C) EDX spectra for Cu and Si taken from the cross-section
of electroplated pSi shown in (A); (D) EDX spectra for Cu and Si from the cross-section of electroplated
unetched Si shown in (B); Intensity values for Cu and Si were calculated using the peaks at 0.79 keV for

Cu and at 1.74 keV for Si.

The nanostructured pSi surface plays the important role of improving the adhesion of
the Cu layer without any additional adhesion enhancement layers on the Si surface, by
increasing the surface area and morphological complexity to create interlocking
structures. We performed tensile testing by soldering a 4 mm thick multicore Cu wire

on the electroplated Cu layer on the surfaces of unetched Si and nanoporous Si with
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varying pore sizes. We did not observe a difference on adhesion strength of the Cu layer
on pSi when we increased the pore size since in each experiment the Si substrate failed
before the Cu film could detach from the surface. The unetched Si surface electroplated
with Cu, however, delaminated during handling, hence we were not able to perform

tensile testing for these samples (see Figure 14 below for more information).
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Figure 14 Si surface SEM during M ACE (A1-A3) Electron micrographs of the surface of Si wafers
after depositing Ag catalyst (deposition times: 2 min, 4 min, 8 min for A1, A2, A3 equivalently) with
increasing particle size; (A4-A6) Electron micrographs of the surface of pSi with increasing Ag catalyst
size after etching which produced a Si surface with larger pores; (A7-A9) Electron micrographs of pSi
with varying pore sizes after Cu electroplating showing the interface of Cu and pSi. The Cu layer was
not deposited with an even thickness throughout the cross-section of the pSi, likely due to the limitation
in mass transfer during electroplating; (B) Max. stress values for Cu-pSi samples pulled to failure after
a 4 mm thick multicore copper wire is soldered on the electroplated surface of pSi samples of varying
pore sizes and flat, unetched Si. (C1-C2) Representative photographs of the samples tested in B showing
the wafer before soldering the 4 mm multicore Cu wire (Cl-left) and the wafer breaking before the
soldered connection (Cl-right) and showing the unetched Si wafer just after Cu electroplating (C2-left)
and showing the Cu film detaching from the surface of unetched Si during soldering (C2-right). * Max

Stress — n/a, unable to perform test; Cu film delaminated during soldering and handling.

Electroplated wafers were diced using a fibre laser (Speedy 100 fiber 20 W, Trotec) to
produce 5x5 mm? Cu-pSi contacts (Figure 15) and the unmodified side of each piece
(smooth, non-plated, non-porous side of the starting Si wafer) was plasma bonded to
the CB-PDMS (Figure 15 - Step 5) as described in Chapter two. A summary of the
Cu-pSi contact attachment is presented in Figure 15. MACE creates a nanostructured

rough surface on one side of a whole 10x10 ¢cm? Si wafer. The wafer is inserted in a

custom-made holder
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Figure 15 Cu plating and plasma bonding method (A) Graphic of custom built electroplating Si
wafer holder also visible in Step 1 and 2 — the pink and white layers form a reservoir for CuSOy electrolyte
to come into contact with the etched and activated Si wafer, the black layer applies pressure to the layers
below to prevent leakages; (B) Step-by-step Cu-pSi contact preparation after etching showing whole

wafer to individual 5x5 cm? contacts to bonding onto a CB-PDMS sensing element.

3.3 - Future Development

The Cu-pSi contact technology has the following three disadvantages which can be
addressed in future iterations: i) For the moment, Cu-pSi can only be covalently bonded
to silicone-based CPCs, therefore more research is needed for using this solution for
other elastomeric materials. ii) Formation of nanoporous Si using metal-assisted
chemical etching requires HF, a highly toxic chemical. This process, however, can be
performed with HF solutions with a lower concentration, in-line with household
cleaning products. 193] Surface roughening for Si may also be performed using less-
hazardous compounds such as KOH or potentially even mechanically, eliminating the
need for HF. iii) Si substrates we used in this study were not stretchable nor flexible,
but using stress-diffusion geometries and thin layers, Si can be rendered highly flexible
and to some extent also stretchable. [104105] In the next Chapter, the mechanical
robustness of CB-PDMS sensors with Cu-pSi and AgEpoxy contacts is investigated. In
Chapter five, CB-PDMS and CB-CSC devices with Cu-pSi contacts are characterised
electrically using DC and AC, and proposed equivalent circuits are presented based on

the electrical behaviour of the devices.
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Chapter 4

Mechanical characterisation of Cu-pSi

solder-on contact system

Once we assembled the CB-PDMS sensor with Cu-pSi contacts and soldered wires on
the two Cu pads, we characterised the contact technology developed and compared it
with widely used alternative contact integration method using conductive epoxy,
AgEpoxy. In this Chapter, we look at the contact adhesion strength during a single
stretch to failure of Cu-pSi and AgEpoxy bonded CB-PDMS sensing elements. The

device was held stationary at one end and pulled to failure at the other end.

4.1 - Lap shear strength: Cu-pSi vs. AgEpoxy

To measure the electromechanical contact reliability under stress we performed shear
strength testing to compare the mechanical characteristics of Cu-pSi and AgEpoxy
electrical contacts on the interface of both with the CB-PDMS layered composite
(please note that we used AgEpoxy to attach a copper wire to the CB-PDMS layered
composite to pull the substrate and make electrical measurements). The samples were

stretched from each end until the device-under-test (DUT) failed mechanically (Figure
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16). First (Figure 16A), we investigated the effect of CB content (0-20%) on the

maximum stress to failure (strain relationship is shown in Figure 17, below).
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Figure 16 Lap Shear Test comparison Cu-pSi vs. AgEpoxy (A) Dependence of maximum stress
to failure of Cu-pSi and AgEpoxy contacts in relation to CB filler concentrations (n=>5) in the CB-PDMS
layer; (B) Representative curves for stress wvs. strain for CB-PDMS layered composite devices with
AgEpoxy and Cu-pSi contacts during a single stretch to failure (n=7 shown in Figure 18). (B1, B2)
Modes of failure for 12% CB-PDMS layered composite devices (12% CB content) with AgEpoxy and
Cu-pSi contacts used in the experiments shown in (B); (C) Electromechanical characterization of 12%

CB-PDMS layered composite devices using different with Cu-pSi and AgEpoxy contacts (n=9).
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Figure 17 Strain vs. CB Concentration Dependence of maximum strain at failure of Cu-pSi and

AgEpoxy contacts in relation to CB filler concentrations (n=5) in the CB-PDMS layer.
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CB-PDMS layered composite devices fabricated using the Cu-pSi electrical contacts
exhibited an increase in maximum stress (n=>5) to failure with increasing CB content
in the composite while the maximum stress to failure for samples with AgEpoxy
contacts (n=>5) did not change with increasing CB in the composite conductive layer.
Strain stiffening in layered composites can be used in the future to form contact strain
relief islands. [196] This result indicates that each system has a different point of failure
(e.g., failure of the contact-substrate interface, failure of the CB-PDMS layered
substrate itself, etc.). To investigate the mode of failure of the CB-PDMS layered
composite devices with Cu-pSi and AgEpoxy contacts in more detail, we characterized
the mechanical behaviour of the devices under shear stress up to 40% strain (Figure
16B and Figure 18). We used CB-PDMS layered composites with 12% CB content
for these experiments because it falls in the desired range of electrical resistance =200

kQ (a current in the pA range is desired for further experiments using a 5 V Arduino).
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Figure 18 Stress strain repeats (Cu-pSi vs. AgEpoxy) Detailed strain — stress characteristics
for samples of CB-PDMS (3 mm thickness, 12% CB content) with AgEpoxy and Cu-pSi contacts. The
gradual mode of failure for AgEpoxy and abrupt mode of failure (i.e. catastrophic) for Cu-pSi samples

are shown.

We found that the samples with Cu-pSi contacts produced a highly repeatable, linear
strain-stress behaviour up to approximately 1.0 MPa (or nearly 35% strain) after which
the DUT failed catastrophically with further increases in stress. On the contrary, the

CB-PDMS layered composite devices with AgEpoxy contacts exhibited repeatable and
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linear stress-strain behaviour only up to 0.4 MPa (or 15% strain). Further increases in
strain caused devices with AgEpoxy contacts to slowly fail (i.e. no catastrophic failure
in this case) as indicated by decreasing stress beyond 15% strain. Visual inspection of
the samples before and after shear testing (Figure 16 B1, B2) revealed that, in the
case of AgEpoxy contacts, the electrical contact — CB-PDMS composite interface failed
slowly due to the brittleness of AgEpoxy and non-covalent, weak bonding between the
adhesive and silicone substrate. In devices with Cu-pSi contacts, the catastrophic
mechanical failure was caused by fracturing of the CB-PDMS layered composite and
not the Cu-pSi contact, suggesting that the bonding strength of Cu-pSi contacts was
higher than the yield strength of the CB-PDMS layered composite. Electron
micrographs of the CB-PDMS layer before and after stretching to 20% showed no cracks

on the surface of the composite (Figure 19).

Before stretching 209% strain and release

1000x
magnification

5000x
magnification

Figure 19 SEM before and after stretch SEM micrographs for 12% CB-PDMS surface before and

after stretching to 20% strain at 1000x and 5000x magnification.

4.2 - PDMS fracture type

We further studied the mechanism of failure of the CB-PDMS layered composite (CB-
PDMS on PDMS carrier substrate) under tensile stress; regardless of the thickness of

the PDMS carrier substrate, plasma-treated PDMS always fails around 0.5-0.7 MPa
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(Figure 20). It follows that when subjected to plasma, PDMS becomes more
susceptible to forming microscale cracks on its (somewhat hardened) surface. These
cracks may subsequently propagate under applied tensile stress (normal to the direction
of the crack) and cause failure (i.e. Mode I type crack propagation). [197 This claim is
further supported by the fact that increasing CB content in the CB-PDMS layer also
increased the maximum stress to failure (Figure 16A) since composite materials are
more resistant to Mode I type crack propagation. [108] Given that the substrates are
flexible, for numerical analysis of the system, a superposition of Mode I and II loading

should be considered.
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Figure 20 Tensile strength of PDMS Maximum stress experiments using 3 mm pristine PDMS and
plasma-treated PDMS (unmasked) dog-bone samples, and samples with Cu-pSi contacts prepared on
PDMS substrates with 3, 6 and 9 mm thickness. No difference was observed in the values of maximum
stress to failure for each thickness indicating that the fracture mechanism is a surface phenomenon only

(* no significant difference).

Figure 16C illustrates the electrical resistivity-strain behaviour of 12% CB-PDMS
layered composite devices connected to read-out electronics via copper wiring soldered

on Cu-pSi or adhered with AgEpoxy (see Figure 21). We measured the
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electromechanical characteristics during a single stretch to failure at a strain rate of 2
mm /s (physiologically relevant rate for breathing). ™% The resistance response of the
CB-PDMS stretchable conductive layer (Response = R/Rg where R is the measured
resistance and Ry is the initial or baseline resistance) with Cu-pSi contacts produced a
repeatable and slightly nonlinear response up to a maximum strain of 35% (please note
that beyond 35% strain the devices fail catastrophically). Sensors with AgEpoxy,
however, produced a highly nonlinear response across the range of strains between 0-

30% due to gradual mechanical failure of the AgEpoxy electrical contact beyond 15%.
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1

Figure 21 Cu-pSi/AgEpoxy device pictures (A, B) Picture of the samples used in lap shear tests
(A - sample with Cu-pSi contact on CB-PDMS; B - sample with Cu wire bonded on with AgEpoxy on
CB-PDMS). (C, D) Pictures of the assembled sensors with plasma-bonded Cu-pSi contact (C) and

stencil-printed AgEpoxy contact (D).
4.3 - Cu-pSi and AgEpoxy under cyclic stress

Since physiological monitoring (such as breathing) or rehabilitation exercises often
involve repeated application of mechanical stress, we also characterized the
electromechanical behaviour of the CB-PDMS layered composite strain sensors with
Cu-pSi and AgEpoxy contacts under cyclic stress. We subjected each sample to 20

cycles of repeated deformation at a strain rate of 2 mm/s at each level of strain starting
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from 5% to account for stress relaxation in a method modified from Seyedin et al. [199]
After every 20 cycles, the level of strain was increased by 5%. The procedure was
repeated until the sample (gradually or catastrophically) failed. Figure 23A shows a
representative cyclic stress measurement (see Appendix: Figure 40 for repeats for
n=>5) of the sensors with Cu-pSi and AgEpoxy contacts. Under cyclic stress, the devices
with AgEpoxy contacts started failing gradually at strains higher than 10% with
complete failure beyond 15%, barely withstanding stress (o) = 0.2 MPa (we captured
gradual cracking and failure of the brittle AgEpoxy contacts and robust stretching of
Cu-pSi devices — Figure 22). The gradual formation of hairline cracks on AgEpoxy
causes the wired connection to become weaker, thus straining the device required lower

levels of stress until complete disconnection of the AgEpoxy fragments still connected

to the DUT (Figure 23A, top).

N - B
Direction*
of strainT

Hairline erack

Figure 22 Visual analysis of tensile test Lap shear test for AgEpoxy (A, B top) and Cu-pSi
(C, D bottom) devices showing initial cracking (cracking of adhesive) for AgEpoxy, but no such effect in

Cu-pSi devices
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Figure 23 Cyclic CB-PDMS tensile tests (A) CB-PDMS layered composite with AgEpoxy and Cu-
pSi contacts subjected to cyclic strain; AgEpoxy (top) showing gradual failure beyond 15% strain, and
Cu-pSi (bottom) showing abrupt failure beyond 30% strain. (B) Electrical resistance after 20 cycles of

strain and release at different strain levels (n=5).

Devices with Cu-pSi contacts, however, would only fail at 30% strain (o = 0.5 MPa)
and remain fully functional under repeated strain until catastrophic failure of the
substrate (after about 100 cycles at strains lower than 30%). The electrical
measurements under cyclic stress (Figure 23B) also followed a similar trend. At 15%
strain, the resistance increased and was eventually lost for the CB-PDMS layered

composite devices with AgEpoxy contacts before reaching 20 cycles whereas the sensors
61



produced with Cu-pSi contacts could reach 30% strain before failing abruptly. The
sensors with Cu-pSi contacts, however, produced a non-linear electrical response with
hysteresis especially when subjected to high levels of cyclic stress (>20%) owing to the
Mullins effect (i.e. softening due to previous loading) in which the physical connections
between the filler (CB) particles are modified to a greater extent when multiple cycles
of high levels of strain are applied to the composite material.ll10:111 Since this
mechanical effect is prevalent in all in-filled rubbers regardless of the type of contact,
we expect that the devices with AgEpoxy contacts would also exhibit a similar
behaviour of hysteresis at higher strains if they could withstand such levels before
failure (for more information on hysteresis see below - Figure 24). Hence, in all
electromechanical tests performed, Cu-pSi appeared to be more robust compared to

AgEpoxy electrical contacts for CB-PDMS samples.

In summary, we compared the new Cu-pSi contacts prepared with standard AgEpoxy
contacts in static shear strength tests and cyclic deformation. The maximum strain and
stress levels achieved by the new contacts was on average higher than the standard
contacts. What is more, the mode of failure is different. For Cu-pSi contacts the bond
with the silicone surface does not fail, rather the substrate forms a crack and
subsequently tears. This can be improved by uniformly distributing the area under

strain.

In terms of evidence for fatigue of the system, visually the substrate looks identical
after stretching and releasing at 20% strain. The Cu-pSi devices fail at 30% strain and
the devices made with AgEpoxy at 15%. Higher strain levels can be achieved by stress

dissipation structures such as stiffer “island” structures where the contacts are placed,
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however, we also see the AgEpoxy contacts failing gradually which is undesirable as

explained above, and this is not observed in Cu-pSi devices.
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Figure 24 Cu-pSi CB-PDMS Electromechanical test repeats (A) Representative curves for
electrical hysteresis due to previous loading demonstrated on a 12% CB-PDMS layered composite. (B)

Mechanical hysteresis during cyclic stretching tests.
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Chapter 5

Electrical characterisation of the Cu-pSi

system

In this Chapter, we focus on studying the electrical characterisation of our contacts
and strain sensor CPCs (both CB-PDMS and CB-CSC) as electrical components of a
circuit. We test devices under DC and AC conditions in order to make an informed
decision on the electronic components and operating conditions required to operate
these sensors as well as create portable devices. We also test the sensitivity of each
type of device and devise an equivalent circuit model which introduces a guide for
future development based on our empirical observations. As an example, the
asymmetric conductance observed in one of our preliminary experiments that used DC
voltage led to the hypothesis that the device’s characteristics resemble those of a diode

and as a result, operating in AC would higher sensitivity and noise reduction.

5.1 - Heterointerfaces and electrical behaviour

In order to understand the electrical behaviour of the devices formed and to construct
an equivalent circuit model, we performed two-probe I-V measurements using CB-

PDMS layered composite strain sensors with two Cu-pSi contacts.

Because of the metal-semiconductor-metal nature of each electrical junction (i.e. Cu-
Si-C), the two-probe I-V measurements (n=7) were highly non-linear (i.e. non-ohmic),
as shown in Figure 25A. In the range -2 V to 2 V, the devices exhibited a diode-like
behaviour due to the formation of Schottky barriers (because of the metal-
semiconductor interface) with an exponential increase in electrical current for voltages
beyond 0.5-1.0 V.12 An applied voltage with a magnitude higher than 1.0 V is

therefore required for strain-sensing with the Cu-Si-C junction. The Cu-Si-C contact
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structure leads to Schottky junctions at both Si heterointerfaces (Cu-Si and Si-C), for

both p-type and n-type Si (equilibrium diagram shown in Figure 25B).
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Figure 25 I-V, band diagrams, equivalent circuit #1 (A) I-V measurements for a 12% CB-PDMS
layered composite strain sensor with Cu-pSi contacts created using lightly doped p-type and n-type Si
(100) (n=7); (B) Equilibrium band diagrams for the Cu-Si-C interface. (C) Equivalent electrical circuit

for the CB-PDMS layered strain sensor with two Cu-pSi contacts.

Fermi level pinning causes bending in the Si conduction and valence bands, which
restricts the conductance at low potentials (Figure 25B). The devices constructed
using p-type Si, however, were substantially more conductive than the devices created
using n-type Si beyond the voltage of operation (i.e. >1 V). This is because the injection
barrier height for the metal-Si interface for p-type Si is lower than that of n-type Si,
leading to overall larger currents at the same potentials for devices with similar doping

levels.['13] The I-V graph for the junctions constructed using p-type Si indicates a more
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asymmetric barrier properties due to the differences in work functions (®yr) of Cu and
C. For example, in the case of p-type Si, because Cu has a work function ®ycy, of 4.6
eV and C, 4.8 €V the barrier height for the Si-Cu junction is larger.[''¥ The height of
the Schottky barrier can be reduced by using Si with higher doping levels, leading to
higher charge carrier density, thereby reducing the width of the depletion layer. Using
thin Si layers (<100 um) as contacts would also effectively reduce the total width of

the depletion layer, as the depletion layers for each junction would begin to overlap.

5.2 - Modelling an equivalent circuit

An equivalent circuit diagram is presented in Figure 25C representing the circuit
where the CB-PDMS piezoresistive layer is connected via the solder-on Cu-pSi contacts
to a power source. Since, regardless of the polarity of the potential applied, one of the
junctions is always reverse-biased, the entire device can be modelled as a variable
resistor with two Schottky diodes connected in reverse polarity. This model is an over-
simplification of the system, however, it represents the electrical behaviour of the
devices measured with sufficient accuracy. In this section, commercially available CB-
CSC will be used to further study the electrical behaviour of our contact — silicone

strain sensor system.

The metal-semiconductor junction which forms by attaching a Cu electroplated Si
contact on the sensing element gives rise to Schottky-barrier type behaviour whose
rectifying characteristic need to be investigated. As expected, the resistance of the
sensing device greatly depends on applied voltage with values ranging from 170 k2 at
1V to 1kQat 10 V, whereas the resistance of the bare conductive silicone strip is

independent of applied voltage at approx. 900 Q (Figure 26A).

We compared the sensitivity of devices with no contacts and assembled devices
connected via the Si contacts as described above at pressures of 50 and 300 N (Figure
26B). A comparison of relative magnitude differences at rest and under compression
for the specified range of applied voltages shows that voltage level does not affect the

sensitivity or response for sensing strips connected without contacts. On the contrary,
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the devices with Si contacts could not reliably detect a pressure of 50 N due to high
levels of noise for 1-10 V. Similarly, noise and signal drift produced unreliable responses
at 300 N pressure for all voltages up to 10 V where a small significant change from the
baseline is observed. Given that 300 N is the maximum grip force for humans and a
higher sensitivity is required for the current device to be applicable in hand

rehabilitation situations.

In Figure 26C the turn on voltage for different doping levels and dopants of the Si
contact is visible on an I-V graph. Lightly doped n-type and p-type contacts have a
visible turn on voltage levels at approximately 5 and 1.5 V. Devices prepared using
heavily doped Si contacts do not have visible turn on voltages as they are degenerately
doped and behave similarly to a conductor. Devices using heavily doped p-type Si

exhibit the highest conductivity.
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Figure 26 DC IV and sensitivity for CB-CSC For devices made using clamps on CB-CSC (Ohmic
contacts) and Cu-pSi contacts on CB-CSC (Si contacts of various doping levels) (A) DC Resistance at
rest: The black line shows the decrease in resistance with increasing voltage which is in accordance to
the equivalent circuit presented in Figure 25 compared against the stable resistance of the ohmic resistor

which is the CB-CSC (red line) (B) DC sensitivity ohmic vs. Si contacts: Presentation of lower sensitivity

Voltage (V)
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(resistance change from baseline) for devices with Si contacts (black) when under 50 N and 300 N of
compressive force compared to devices with ohmic contacts (C) I-V diagrams for all Si wafer types used
to create CB-CSC devices for Voltages from -10 to 10 V.

We also performed four-probe electromechanical tests to determine the contribution of
contact resistance to the overall change in resistance under strain. Our results indicate
that the Cu-pSi contacts, when attached to the CB-PDMS layer, increase the resistance
of the entire device by ~100 kQ at an applied bias (Vp) of 2 V; this resistance does not

change under strain (see Figure 27).

) Contact contribution
Strain/ % Rp/ kQ Ra/ kQ R4/ kQ
Rp-R4/ kQ
0 669.7+1.2 104.8+3.2 564.8+17.5 104.814.6
10 665.6+0.2 99.3+1.1 566.2+17.6 99.314.3
25 675.620.3 109.1+1.3 566.5+£17.6 109.114.8

Figure 27 Four probe measurement Schematic of the four-probe measurement setup to determine
the change of contact resistance at different strain levels; Table: Derivation of contact resistance

contribution for strain levels of 0%, 10%, and 25% (n=3).

5.3 - Alternating current (AC) and sensitivity

We continued our investigation using the commercially available CB-CSC sensing

element sourced from J-Flex with a volume resistivity of 45.3 Q2-cm and 65 Shore A
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hardness to which we attached Cu-pSi contacts as described previously. Devices made
with heavily doped p-type Si were still showing rectifying behaviour. We tested the
response of all Si types (presented in Section 3.2.2, §1) using AC with a Model 891
Bench LCR Meter (B&K Precision Corporation, Yorba Linda, CA).
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Figure 28 AC frequency sweeps (A) Linear AC frequency sweep vs Impedance for devices made
with Cu-pSi contacts attached to all Si types (B) AC frequency vs Phase graph for the same devices

(n=5) (C) Resistance and Capacitance vs Frequency for highly doped p-type
Figure 28 presents the complex impedance and phase of the Si contact device systems
during a frequency sweep of all frequencies from 10 Hz to 300 kHz using an LCR meter
(B&K Precision Corporation, Yorba Linda, CA). It is visible that the heavily doped p-
type systems show the lowest Impedance. Interestingly, the real part of impedance
(resistance component in Z = R + 1/52xfC) at 300 kHz is the same as the resistance
of the bare strip with no contacts. We also measure a significant nF capacitive

component to the devices that decreases at higher frequencies (Figure 28C).

We iterated on the measurement system for the CB-CSC/Cu-pSi devices. Among
others we built a simple sine oscillator, a peak detector circuit, and investigated a True
RMS to DC chip (AD8436, Analog Devices). We decided to make all measurements
using an LCR meter. Briefly, our initial setup consisted of a simple voltage divider and
transimpedance amplifier in series using an input voltage of 10 V. This circuit produced
signals lacking in quality and reliability as described in the previous section (see Figure
26B). We decided to operate the device using AC and built two iterations of a peak
detector circuit which produced some component instability, and finally used an

integrated RMS-to-DC circuit.
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Figure 29 AC sensitivity (A) Relative change in resistance from baseline (AR/Ry) for devices without
encapsulation, in soft encapsulation, and in hard encapsulation, under 50 and 300 N of pressure, at
different AC frequencies starting from the limit of precision where the Signal-to-noise ratio was smaller
than the relative change in Resistance (B) Average Noise height for signals obtained using AC frequencies

between 50 Hz and 300 kHz reporting average differences between smooth and raw signals

Average Noise height is calculated by taking the difference between the signal produced
after a third-degree polynomial filter and the raw signal. There is a 2 order-of-
magnitude reduction of noise between 1 and 10 kHz, which we set as the precision limit
for pressure measurements, and a further order reduction at 300 kHz. An additional

point to be made about cut-off level of signal reliability is signal stability visible in

Figure 30.
108
2 o
zZ
S st
g 105, 1kHz
C
[«J]
©
Q
3
E vl 10kHz
50kHz
— — — 100kH
— —d 300kHz
108 - -
0 50 100 150
Time (s)

Figure 30 Raw signal AC 300 N Raw signal for all frequencies tested (50-300 kHz) with different
baseline Resistance for each frequency as shown in Figure 28 A. The compressive force applied is 300 N

on a sensor without encapsulation.

Signals below 10 kHz are unreliable, whereas for signals above 10 kHz sensitivity
increases at a decreasing rate as frequency increases to 300 kHz. Electromechanical
sensitivity tests were repeated for a range of AC frequencies from 50 Hz to 300 kHz.
Signal-to-noise ratio was too low below 10 kHz (Figure 29B shows average noise for
all frequencies). The highest sensitivity is at 300 kHz, this could be because contact
resistance and capacitance change effects are reduced and the piezoresistive changes of

the sensing element are most prominent (Figure 29A). The contact resistance is
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negligible at 300 kHz to the point that the sensitivity of CB-CSC (considered as a
variable resistor) with Cu-pSi contacts at 300 kHz is the same as the sensitivity of CB-
CSC with metal (ohmic) contacts using DC (Figure 26B). As a result a more suitable
equivalent circuit is presented in Figure 31 which accounts for the increasing
sensitivity at higher frequencies presented in Figure 29. In Figure 31A, we model
(using modelling software LT Spice) the amount of voltage through our circuit in
Figure 31 B as the AC frequency increases. The model shows an increasing amount
of signal through our equivalent circuit at higher frequencies with a sharp change at 10
kHz. This agrees with the trend seen in Figure 28 A and the variability and noise
change that occurs at 10 kHz presented in Figure 28C. That said, this device is a
complex structure with multiple interfacial contacts and a complex band structure.
Further investigation could reveal extra components that better model the behaviour

of our devices.
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Figure 31 AC circuit modelling and equivalent circuit #2 (A) Voltage level after AC analysis
measured after connecting the circuit in B to a potential divider (1 MS resistor) at point “P” (B)
Equivalent circuit representing the Cu-Si interface of the Cu-pSi contact, C3 represents the Si-C (silicon-
carbon) interface where the Cu-pSi contact adheres on the CB-CSC, the C1 and R1 (both variable) in
parallel represent the piezoresistive CB-CSC sensing element, and C2, D1 are the equivalent Cu-Si-C

interfaces on the other side.
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In the next two Chapters, several proof of concept devices for physiological monitoring
are presented and then the possibility of rehabilitation and gamification is further

investigated using a connected squeezable sensor.
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PART III

Applications of Cu-pSi CB-Silicone Sensors
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Chapter 6

Soft Sensors in Rehabilitation and Digital

Therapeutics

In this Chapter, we present the soft exercise and wearable devices (breathing harness,
pressure sensing stress-ball, and more) we prepared and tested on volunteers. After
that, we present the state of digitally connected wearable devices in the market today,

and the benefits of such technologies once combined with soft sensors.

For about ten years now, a number of wearable products started to appear in the
market. These were roughly divided in two categories: fitness trackers, which measured
basic physiological functions such as the users’ heart rate, and smartwatches, a cross
between a fitness tracker and a smartphone. The commercial success of these product
groups functioned as a driver for the rapid development of health related software-first
solutions. Applications use algorithms that analyse the user’s health or well-being-
related behaviour. Limited hardware capabilities have pushed the capabilities of
software and stretchable, body-conformable hardware is required for next-generation

wearable healthcare devices.

6.1 - Proof-of-concept devices using Cu-pSi contact technology

We have fabricated a series of proof-of-concept devices to demonstrate the mechanical
robustness of the technology we developed in real-world applications (Figure 32). In
the first example, we printed a CB-PDMS (12% CB) conductive layer with Cu-pSi
contacts on an unmodified (non-conductive) silicone-based chest strap (Smooth-On
Inc., Ecoflex® 00-30 used as carrier substrate) to measure breathing rate to
demonstrate the applicability of our technology in wearable physiological monitoring.
[115] Figure 32A shows the change in electrical resistance during inhalation and

exhalation due the expansion and contraction of the chest. During inhalation, as the
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chest expands, the strain sensor stretches, which leads to an increasing in the resistance
of the CB-PDMS sensing element. As soon as the exhalation starts, the volume of the
chest decreases leading to a decrease in the electrical resistance. Every peak in the
signal corresponds to a cycle of respiratory activity. We were able to monitor breathing
at rest (normal breathing), during fast and paused breathing, as well as heavy panting
using the device we developed. Other devices, with a similar form-factor to the chest
strap, can also be produced for various applications in exercise monitoring and
rehabilitation such as a leg band (Figure 32B). Compared to alternatives currently
available, the devices presented allow for conformability and comfort above what a rigid
device can offer. A simple case in point would be a chest health tracker with electronics
housed in a rigid casing in the middle of the chest. This would be uncomfortable for a
person lying on their chest. For more information on conventional health monitors refer

to Section 1.3.1.

In another example we fabricated a silicone-based, ball-shaped device (i.e. Squeeze-ball)
with embedded CB-PDMS (12% CB) and Cu-pSi contacts for monitoring rehabilitation
of patients with hand injuries or neurological disorders such as stroke (Figure 32C).
Squeezing the ball compresses the sensing element embedded inside which in turn
changes the resistance relative to the force applied. Although we did not fully quantify,
the sensors were sensitive to both light and tight grip forces and could function reliably
for repeated application of force through squeezing of the ball. We have also measured
different baseline resistances for the sensing element in a range of physiologically
relevant temperatures (Figure 33). A detailed comparison of this soft, pressure-
sensitive hand-held solution with conventional rehabilitation devices is given in Chapter
7. The main two advantages of a soft device over a rigid device for measuring grip-
strength are as follows: 1) the hardness of the whole device can be tuned to fit the

needs of weaker patients or age groups and change depending on their progress, 2) a
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soft device can measure modes such as bending and stretching, in addition to pressure,

which current rigid devices are not able to.
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Figure 32 Demo strain and pressure sensing healthcare devices (A) Picture of completed

stretchable harness and human subject wearing the device (i.e. CB-PDMS sensor with Cu-pSi contacts);

Physiological data collected from chest during inhalation (stretched) and exhalation (released) recorded

with the harness in real-time; (B) Picture of a leg band containing the CB-PDMS sensor with Cu-pSi

contacts during a leg extension exercise. The electrical signals indicate the level of extension; (C) Picture

and graphical illustration of the cross-section of the rehabilitation ball and a subject holding the ball for

size comparison; Resistance data (equivalent to force) collected using the rehabilitation ball during

exercise at light and tight gripping force at different exercise rates; Testing the sensitivity of the device

by applying different grip forces (Soft grip = lower force, Tight grip = higher force). P = Paused.
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Figure 33 Resistance vs. Temperature Resistance of 12% CB-PDMS layered composite with Cu-

pSi contacts as a function of temperature (normalized to resistance at 22°C).

6.2 - Wearables and Digital Healthcare

Intuitively, we need soft electronics to match the advances of engineering, electronics,
and sensors with the versatility of biological systems and their compound movement.
We need them to create robots for personalised therapy, prosthetics, handheld and
wearable electronics compliant enough to be compatible with our bodies, skin, even
internal tissues. The fields of Artificial Intelligence and Virtual Reality are moving into
applicable maturity and gaining commercial interest very quickly. These predictive
software capabilities and comfortable, imperceptible sensors find ways to seamlessly

integrate in our daily lives.

6.2.1 - Wearable sensors in everyday life

Compliant electronics (wearable, flexible, stretchable) enabled by the composite
systems described throughout Chapter one have enabled the creation for low-cost,
portable, accessible, unobtrusive, personalized sensors with potential to alter more
aspects of our lives than smartphones: from daily task completion like brushing our
teeth and driving, to the way rehabilitation is practiced in the clinic. Soft sensors can

be positioned where it was never before possible using rigid devices. Examples include
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“sensorising” everyday objects in order to more intuitively control digital devices by
clenching our teeth, practice surgeries with great fidelity, or navigating a virtual
environment as easily as writing on a piece of paper.[116-118] Ag Nagels et al. put it
“Devices with soft electronics have inherently greater mechanical degrees of freedom,
and therefore provide new opportunities of interaction”. [26 “Stretch to enter full-screen”
and “twist to start camera” have the potential to be as strongly naturalized concepts
as “swipe to unlock”. The squeeze dimension found its way into mass market in Google’s
Pixel 2 smartphone (released October 2017). 1191 More importantly, however, everyday
objects like smartphones and pens to measure grip strength, and car seats to monitor
posture are transformed into diagnostic devices.[120121] Stretchable sensors made from

elastomers like silicone can be easily and rapidly customised and personalised for a

patient.

6.2.2 - Better Digital Healthcare, Remote Diagnostics, and quality of life

Wearable digital sensors offer quantification of motor behaviour, activity recognition
and motor tracking across patient population with the potential to identify recovery
mechanisms, remote monitoring, telerehabilitation, injury prevention and motor skills
development in children as well as neurorehabilitation patients like stroke survivors.
[122] Monitoring body motion can even offer clues to a patient’s health status and aging
process. [123] Studies tracking the movements of patients have been used to enhance
occupational wellbeing and develop guidelines to prevent sports injuries. [124.125]
Continuous monitoring of body movement can provide feedback on injury
rehabilitation and give early detection of disorders that affect motor control like
Parkinson's disease and cerebral palsy, and assessment of fine motor skills is one of the
screening tests for conditions such as epilepsy. Gamification of treatment leads to
greater engagement mainly due to the visual, direct feedback patients get throughout
the duration of their activities. Faster recovery and faster task completion times are

observed in numerous studies. [126]

Visual feedback and soft rehabilitation materials help patients who have been weakened

by neurological disease or injury more easily communicate their movement. A study
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showed that users could discriminate four times more discrete levels of motion with full
visual feedback than without. [1271 Automated decisions to improve treatment during a
session using real-time sensor data and decision algorithms have also been implemented.
[126] Big data enable personalisation of treatment and cloud computing can be used to
identify and instruct healthcare professionals to take appropriate course of treatment.
[123] Digital input from sensors resulting in visual feedback can also be provided in an
interactive task to direct the patient to the appropriate therapeutic course. Another
important feature of digital monitoring is the quantification of the patient’s response.
The approach currently employed by clinicians involves observing the patients
performing certain movements, and then raking the patient’s level according to
qualitative descriptions in a benchmark classification scales. This method is often
subjective and the scores can be inconsistent because they do not capture slight,
progressive changes in patients’ progress in response to therapy. There is a critical need

to tackle the issue of imprecise assessment of motor disorders.

Consistent, objective metrics are using conforming, consistent, use-appropriate sensors
to accurately track whether a treatment effectively treats symptoms are critical in the
rehabilitation process. Point-of-care sensor systems allow frequent monitoring, which is
highly desirable to offer a better understanding of the patient's short and long-term
response to therapies, to tailor treatment and improve outcome and quality of life for
patients. Finally, the potential for democratisation of rehabilitation, access to wider
audience, at home is worth mentioning. Tailored state-of-the-art treatment can become
available to weaker patients, tailored to their needs, young children, no more one size

fits all, with self-improving digital solutions.

6.3 - Benefits of digital and gamification in healthcare and

therapeutics

6.3.1 - Digital Feedback
Rehabilitation protocols involving physical, digital, and virtual reality feedback have

been proven to improve the rehabilitation and engagement of patients and thus
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speeding up their recovery. 128l Patients often fail to comply with the prescribed course
of treatment or exercise given by their doctors, or do not have a way of measuring how
effectively they have been performing an prescribed exercise, or if they have been doing
it for the appropriate duration. Patient compliance is an important factor in improving
health outcomes. Our soft sensor is aiming to improve feedback and information
available to patients, and increase the available age groups that can use these digital
rehabilitation devices. Devices available in the market or described in research are too
large for children to use, or they are too rigid for senile and weaker patients to perform
gripping exercises on. OQur device addresses these issues in two ways: 1) They can be
custom moulded to fit the desired shape and size of the user, 2) their hardness can be
tuned over a range from 0.01 to 20 MPa, while gradients in modulus can target the

exercise at specific areas of the hand (e.g. higher modulus for specific fingers). [129]

Digital technologies can massively improve recovery time and patient comfort. That
said, in order to ensure patients adhere to their prescribed rehabilitation course, the
digital devices and tools need to be easy to use and easy to understand. Our devices
are easy to understand and use intuitively as they can be used instead of the soft
training tools already used in clinics (Theraputty, foam blocks). Systems that are
difficult to use put patients in risk of misusing them and this has a reportedly negative

effect in the rehabilitation workflow and causes distrust for such systems. [130]

6.3.2 - Telerehabilitation

Compared with conventional rehabilitation, telerehabilitation reportedly offers easier
access, mentoring for disabled patients (e.g. due to stroke), and greater involvement
for patients who can record their mood, pain, and activity themselves. [131.132] Ag in
the case of cognitive assessment, easy use soft sensors can offer unique insights on this
front by providing in-depth analytics capabilities of not only the patients’ quality of

life, but also through the automated assessment of mental health condition.

Remote access to healthcare tools and courses of treatment enables the culmination of

features such as autonomy, convenience, feedback on the course of treatment, increased
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engagement, namely the gamification of treatment. The straightforward advantage of
gamification is the higher level of adherence. Besides lessening the negative sentiments
around diminished bodily function, neurological disease, or injury, as well as proven
increased adherence numbers, gamification allows for personalisation of the course of
treatment based on the patients’ performance. In the next and final Chapter, the role
of gamification in upper limb rehabilitation is explored and the technology developed
to create mechanically robust soft pressure sensors is employed to improve the hardware
used in hand therapy. Soft sensors are ideal for grip exercises because of the mismatch
that exists between conventional monitoring tools (rigid electronics), and conventional
exercise tools (soft materials). Movement disability can impact any part of the body,
and we initially focus on hand rehabilitation, as recovering hand and arm function is

the number one priority for disabled subjects in order to improve their quality of life.

[133]
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Chapter 7

Soft Sensor for Upper Limb Rehabilitation

via Gamification and Real-Time Feedback

Digital and connected devices are essential for monitoring of progress and recovery in
a patient’s ability in today’s upper limb rehabilitation course of therapy. Current
assessments rely on therapist observation and static, inconsistent, analogue tools. The
most prominent of these tools is the hand-dynamometer, a technology that has been
around for more than 60 years, and which is hydraulic, insensitive, inflexible, yet found

in the majority of clinics globally.

Following damage to the upper limb, assessment, rehabilitation and monitoring are
essential if individuals are to regain independence. However, there is a large mismatch
in the number of therapists and sessions available to the number of, as a result,
underprovided patients, with inpatients in Europe receiving only approximately 10
mins of supervised hand and arm training per day. [134 There is a need for simple,
objective, repetitive and remote tracking measures to that can be used by patients from

hospital to home.

Beyond physical therapy, hand-grip strength, as a measure of whole-body strength in
general is emerging as a top marker for wellness and chronic disease prediction e.g.
cardiovascular disease, general ageing and frailty. Research suggests that grip strength
testing should be done with every patient, alongside tests such as blood pressure. The

current hand-dynamometer is not scalable for this purpose. [139]

The state of the art in sensorised devices for rehabilitation are robot-assisted devices
which cost in excess of €10k, and specialist rehabilitation centres are needed. [136]

Portable, lower cost app-based exercise platforms could also be used to improve hand
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grip and rehabilitation; however these solutions are designed for able-person use and
proper outcomes are not guaranteed for less-abled patients due to hardware limitations,
including too few degrees of freedom in movement capture, limited range of motion,
and lack of movement differentiation. [137) Most importantly, however, there is a general
lack of soft stretchable sensors in the market. We address a market that uses soft
devices as the standard of care, but also broadens the applicability of sensorised devices

to weaker, more severely disabled patients as well as children. [138]

7.1 - Current standard in upper limb rehabilitation

Measuring grip strength is an important diagnost It also plays a key role in
rehabilitation and occupational therapy to help with a range of neurological and
musculoskeletal diseases such as arthritis, Cerebral Palsy, Parkinson’s Disease, stroke,
as well as with amputations and burns. 139 Grip strength exercises are frequently
prescribed to patients as a form of rehabilitation to initiate and accelerate recovery,
however, such forms of therapy do not provide immediate feedback to patients or
healthcare professionals concerning the effectiveness of the rehabilitation strategy. The
current standards of care for rehabilitation are soft objects like foams and putties but
these do not provide any quantitative ways of measuring grip strength. Tools that
doctors have to actually measure grip strength and monitor progress over time are
bulky devices that are made of hard materials, restraining the range of motion of
patients. These devices can only be used in a clinical setting and as such cannot be
part of the patient’s regular rehabilitation routine, especially for patients that are

immobilised, frail, too young or depend on carers.

Soft elastomeric polymers, such as ethylene-vinyl acetate (foam blocks) or silicones
(Theraputty) are used widely by occupational therapists when to provide therapy for
patients of all ages and sexes, although decade old dynamometers are still used for grip
strength  assessment. Currently, digital monitoring equipment used in the
clinic is expensive and inaccessible to patients with diminished prehensility due to

malformation or smaller hand size (17% of people with hand disability are children).[140]
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Providing patients with digital tools that allow self-led at-home therapy has been
shown to improve treatment, patient engagement, long-term lifestyle
adherence, while avoiding repeated visits to clinics plays an important role

in frequency, effectiveness, and accessibility.

A low-cost, silicone-based soft sensor is presented here for hand therapy monitoring
outside a clinical setting which harnesses the power of digital healthcare tools to

promote adherence and accelerate recovery.

7.2 - Experimental details of hand exercise monitoring using a

soft sensor and digital tools

This work has focused on creating devices to capture grip strength from a position
where the hand is completely relaxed, to where a fist is fully formed. The technology
developed is used to manufacture soft, unobtrusive strain sensors that allow for full
range of motion during everyday activities and rehabilitation exercises for stroke and
neurological patients to monitor their physiological condition and rehabilitation

progress.

The hand rehabilitation device comprises an elastomeric silicone-carbon composite
piezoresistive sensing element, solder-on Si contacts, and a silicone encapsulation

classified as soft (30 Shore 00) and hard (20 Shore A).

Liquid Silicone Rubber (LSR) Ecoflex 30 Shore 00 and Dragon Skin 20 Shore A
(Smooth-On Inc., Macungie, PA, USA) were used to encapsulate the sensing element
and distribute the gripping force. Different device hardness is possible by layering

silicones of different stiffness to accommodate the strength level of different patients.

7.2.1 - Moulding
We used 3D-printed moulds and an iterative methodology to manufacture the device
at laboratory scale, based on feedback by specialist clinicians. The manufacturing

methods presented were developed with industrial processes like injection moulding
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batch manufacturing in mind. We use the methodology described in Chapter three to

attach Cu-pSi solder-on contacts onto the CB-CSC to connect to read-out electronics.

Firstly, the assembled sensor was placed on a flat surface, and covered with the first
half of the mould which was filled with silicone. This assembly was placed in the oven
to allow for the silicone encapsulation to semi-cure. It has been shown that the optimal
way to join silicone parts is by partially curing one before joining them. [141 The
resistance of some devices increased two days after manufacturing which we believe is
due to silicone penetration in the spongy CB-CSC matrix so a protective cellophane
membrane was used in later iterations. To test this we made devices using pre-stretched
CB-CSC sensing elements and observed a larger change in resistance. After 30 min at
40 ° C the mould was fully assembled (Figure 34) and after a second silicone injection
placed in the oven to fully cure overnight. The same procedure was used for both hard
and soft silicone encapsulations. A schematic of the sensing element, contacts, and the

proposed cylindrical mould for the grip force sensor are presented in Figure 34.
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Figure 34 Hand-grip sensor manufacturing Squeezable cylinder manufacturing (A) Brief overview
of CB-CSC/Cu-pSi sensing element manufacture (B) Mould fitting and sensing element encapsulation

(C) Injection of silicone before the mould is transferred to cure

The lab-scale mould was designed to easily transition to injection moulding. Figure
35 shows the steps towards creating a two-shot overmoulded silicone sensor. The device
consists of four key parts: 1) the sensor and contacts, 2) the first and 3) second silicone
injections (Figure 35 B and C respectively), 4) the electronics housed in the hollow

end of the dumbbell component (orange component, cavity visible in Figure 35E).
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The two-shot mould has several design improvements. The sensing element is held
securely in place at the centre of the mould by two holders (Figure 35A). This is to
ensure that the sensor will be correctly aligned with a hand gripping this device and
measure as closely as possible the total amount of force applied by the person gripping.
The design of this first-stage component is such that when inserted in the second
cylindrical mould the silicone material can flow throughout this component and reach
the other side of the mould unobstructed. The transverse cross-section of the first mould
resembles a smoothened quatrefoil (4) in eclipsed conformation. The second-stage
mould creates a simple dumbbell shaped component of the desired diameter which also
houses the required electronics and batteries for wireless monitoring and
communication with smartphones and tablets for real-time digital feedback, or the

cloud for data storage.

Figure 35 Silicone injection moulding (two-shot) (A) Mould for the encapsulation of the sensing
element and contacts, there are two support holders at the centre of the mould to keep the sensor
centred and in place (inset) (B) The mould in A after the first silicone injection; note the overspill
ducts for excess silicone to escape during the injection (C) The component in B is placed in the second
mould, the channels to allow for the second silicone injection to flow throughout the mould are visible
in the cross-section (D) Finished moulded part with sensor encapsulated, two part mould vidible (E)

Cross-section of finished part showing sensor in the same position as in A.
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7.2.2 - Human grasp types and sensing modes

Silicone rubber can be prepared in a very wide range of hardness to match patient
strength level and is ideal for skin contact application as it is already used for
most special effects prosthetics. 142l The versatility of our manufacturing method and
the combined flexibility of soft sensors and software, has the potential to build an
interactive system to sense virtually all 33 identified GRASP types by integrating
multiple sensors and device form factors and decoupling the signal digitally. [143.144] This
can be done by conformally attaching our sensors on the surface of everyday objects.
The complete list of grasp types (available online at http://grasp.xief.net) use an object
that makes contact with the fingers or palm. By making these objects out of silicone
or by attaching thin (1 mm) silicone sensors at the contact points, the pressure at these

points can be measured.

Furthermore, we tested the capabilities of our sensors by applying different modes of
strain. In Figure 36 we test twisting, bending, rolling and stretching and observe
similar sensitivity for all modes with stretching being slightly higher. It is important to
note that the behaviour and sensitivity in these experiments will depend on the shape
of the CB-CSC sensing element we use. We have used a flat sensing element but
depending on the requirements of the application cylindrical or non-uniform in terms
of thickness elements can be used. A strain rosette can be constructed to indicate the
direction of the principal strain direction and identify complex strain modes like the
ones presented below. Strain data from various physical scenarios (e.g., stretching,
rotating and squeezing) could be used to train machine learning classifiers (e.g., support
vector machines, decision trees or K nearest neighbour) to identify the physical
scenario. This could further provide diagnostic insights such as identifying individual

finger strength when forming a closed fist. 114l
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Figure 36 Sensing modalities for cylindrical squeezable sensor (A) Demo and resistance change
signal for twisting (B) bending (C) rolling, which can also be done on a flat table surface and (D)

stretching (E) squeezing,.

7.2.3 - Participants and test design
A sample size of ten healthy participants, which is standard for hand grip sensor trials
as seen in systematic reviews of the literature assessing post-stroke rehabilitation, three

female and seven male, between 24 and 36 years old, volunteered for the study (nine
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were right handed and one was left handed). [122146.147] The participants took two

different hand grip exercise tests in random order:

® Test 1 was a feedforward exercise which involved controlled grip strength to
guide a flying cartoon character (“Red Bird”) through the level and collect as
many floating stars which were arranged in a sinusoidal path while following
this path closely and smoothly (Figure 37A).

® Test 2, involved an activity with visual feedback on a tablet, whereby a cartoon
character (“Tutu Bear”) speeds up when continuously gripping to maximum
strength (Figure 37B). The goal is to get the character to the finish line as

quickly as possible (the selected level takes approximately 30 s to complete).

All participants understood the purpose of the study and the instructions for each test
and a safety assessment was carried out beforehand. The software (both Test games)

and hardware (tablet) the games were played on were provided by Gripable Ltd.

The purpose of Test 1 was to assess the ability of the test subjects to follow a smooth
sinusoidal path by exerting the force necessary to keep the “Red Bird” on that path.
We characterise the effectiveness of each test subject in three ways: 1) the Score counts
how many stars the subject collected, which is an indication of whether the “Red Bird”
followed the star path, 2) peak signal (AR/Ry) averaged over the number of times the
subject squeezes during the Test, 3) Cross-Correlation is a normalised coefficient which
describes how similar the path followed by the test subject is with the smooth sinusoidal

star path, the closer to 1, the more similar the signals are (Figure 37E).

For Test 2, the participants were instructed to squeeze to the maximum of their ability
and fully release their grip before squeezing again. The faster they repeat this the faster
the “T'utu Bear” character moves forward. The goal of the game is to cross the finish
line in the shortest amount of time. The performance metrics are: 1) Time to reach the
finish line; 2) AR/Rg peak, as above; 3) The frequency of squeezing measured in number

of squeezes per level.
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Figure 37 Screen recording from gameplay (A) activity used for Test 1 showing the “Red Bird”
character and moving capabilities (squeeze to rise, release to drop) (B) gameplay from activity used in
Test 2 showing how “Tutu Bear” moves (C) Collected data from a Test 1 participant, red lines show
upwards direction when squeezing and downwards when releasing (D) Collected data from a Test 2
participant, red arrows show how movement occurs when pressure is released (E) Graph showing part of
the data analysis used to determine cross-correlation between the bird’s trajectory and the smooth star

path in Test 1 (F) Live action during Test 1 showing participant’s hand and squeezable device in hand

We initially expected that the Tests would require less force to get a high signal using
the Soft devices. However, subjects needed to apply more pressure to the Soft devices
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compared to the Hard devices to reach the same signal which is reflected in the higher
sensitivity of the hard silicone device (Figure 38). Stress, strain shows that strain
required to reach 300 N is lower with dragon skin, same for 50 N and 100 N. The Hard
devices were also more responsive as evident in Figure 38B — stress vs AR /Ry
which could also drive subjects to apply more force. The soft material dampens the
sensitivity of the sensors and the observed result is that participants squeeze harder
especially in a Test 2 scenario. Other soft robotic assistive actuators have been
specifically designed to assist the variable moving parts of the hand. 148l Similarly, we
can accommodate the requirement for non-uniform pressure coming from ulnar and
radial parts of the hand or fingers depending on the patient’s requirements. Soft
actuators have the long term disadvantages of significant hysteresis and budging due
to the combination of materials used to achieve variable stiffness. 149 Qur devices use
Si-based materials and semi-cured bonding (silicone layer fuse together) which creates

a monolithic structure.
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Figure 38 CB-CSC/Cu-pSi devices encapsulated in Hard and Soft silicone Electromechanical
characterisation: (A) Stress — strain relationship at various pressure levels (B) Force — sensitivity and

Strain — sensitivity relationships

Table 7.2-1 Performance metrics for Test 1 ( Red Bird ) and Test 2 ( Tutu Bear ) for Hard
and Soft silicone encapsulation devices; Score (Test 1): has a maximum of 30 stars collected;
Peak % (Test 1): represents ; R /Ry for the change of resistance at the maximum when the
device is squeezed over the resistance at rest; Cross-correlation: shows how similar the Bird

Trajectory and Star Path are (maximum 1); Score (Test 2): is the time taken to complete
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the level (lower is better); Peak % (Test 2): represents ; R/Ro between the maximum
squeeze and at rest states; # Peaks: is the mean number of squeezes the subjects needed

to complete the level (n = 10)

Test 1 Hard (Dragon Skin) Soft (Ecoflex)
Score /30 29.75 (SD 0.43) 29.5 (SD 0.76)
Peak % 24.5 (SD 4.1) 31.7 (SD 6.5)
Cross-correlation  0.899 (SD 0.038) 0.914 (SD 0.017)
Test 2

Score 18.5 (SD 2.56) 16.34 (SD 0.87)
Peak % 30.6 (SD 4.5) 39.3 (SD 7.0)

4 Peaks 92.25 (SD 4.43) 23.00 (SD 4.53)

Full fist Soft silicone sensor allows full range of motion
(Closed fist)

Conventional Actuator with variable
actuator stiffness

Figure 39 Closed fist using squeezable sensor (A) Comparison between the orientation of the
fingers in a closed fist, in a conventional actuator and a more closely mimicking actuator with variable

stiffness 1181 (B) Soft silicone squeezable sensor in a closed fist allows user to full for their fist

In conclusion, we have presented an alternative to expensive and rigid devices, which
are sometimes hard to use and exclude many demographics, least of all children whose
development is crucial. We show how our device can be used in digital therapeutics
and rehabilitation which is a field that can help patients get more personalised therapy,
more often, and with less disruption to visit the clinic when they do not have to. We
discuss the benefits of a device specifically designed with soft materials in order to allow
users to fully form a closed grip. Rigid devices by design cannot let the user do this.
Finally, we saw that contrary to what we expected test subjects applied more pressure

to the softer device in order to be successful in their game activity. This opens up future
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study in variable stiffness devices as well as multimodal and multidirectional sensing
to better understand the effect of device hardness on gripping force, hand shape, and
rehabilitation progress. We are working with occupational therapy and child cerebral

palsy rehabilitation experts to deliver this technology.

7.3 - Commercial outlook

Despite major improvements in primary prevention and acute treatment over the last
decades, neurological diseases are still devastating for patient quality of life. At the
beginning of the 21st century, the standardized incidence of stroke in Europe were on
average approximately 209 per 100,000 per year, with one-month case-fatality rates
ranging from 13 to 35%. Approximately 1.1 million inhabitants of Europe suffer a stroke
each year, and ischemic stroke accounts for approximately 80% of cases. In addition,
because of the ageing population, the absolute number of stroke is expected to
dramatically increase in coming years: by 2025, 1.5 million European people will suffer

a stroke each year. [150]

The number of people in the UK alone living with an arm disability is 1.2 million, and
500 million worldwide. Their conditions include stroke, multiple sclerosis, Parkinson’s,
wrist fractures, arthritis, sporting injuries, car accidents, and more, with varying
degrees of disabilities so they require sustained, long periods of rehabilitation sometimes
lasting for years. This means that the demand is usually a lot higher than the supply
of highly specialised therapy for these patients. Physical rehabilitation is a labour-
intensive service, requiring professionally-trained therapists performing one-on-one
assessment and therapy sessions with disabled patients. The most effective therapeutic
intervention shown to improve movement is repetitive exercise, which means that the
more therapy a patient receives, the faster they recover. Recommended therapy
durations are often not realised due to resource limitations. The Covid-19 pandemic
has compounded this challenge, placing significant additional strain on healthcare and
social welfare resources. Hospitalised patients are discharged more rapidly to avoid
contagion while therapy in a shared environment is more limited given social isolation

and therapist reassignments.
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As a service, current approaches to treat hand disability use subjective observation to
assess and review progress. Therapeutic intervention is aimed at improving hand
function, including the use of two hands together. However, there is no established
method to monitor or assess current ability or to set therapy goals. A method to
measure outcomes of training exercises using one or both hands, like a grip force sensor
useable by all ages including children will help create specific therapy protocols

including the planning stage, treatment stage, and measuring of outcomes.

One of the unique benefits of using soft sensors in hand rehabilitation is the inclusion
of patients who were too weak to use conventional monitoring equipment and more
importantly, children of young ages even around 2 years old. Additionally, the
engagement with children in order to adhere to the training routine is critical since
children who neglect to use their two hands together, have reduced function,
neurological developmental changes and impaired independence. [151 A therapy course
based on intense repetitions enables practice of skills in a familiar context, similar to
common everyday activities, and promotes neuroplasticity which is especially
important for children because early therapy is effective in improving psychological and

future occupational abilities which tails off by age 2.5. [152-154]

The general impact of the solution presented in this Chapter aims to improve the
current standard of hand grip therapeutic exercises in five ways: A) by bringing the
rehabilitation at home, there is cost reduction as patients need to visit the clinic less,
B) a larger audience is addressed by making a compliant monitoring device with
tuneable softness commercially available, C) a larger audience can have access to digital
tools which increase engagement and adherence of patients and in turn the effectiveness
of the treatment, D) monitoring and training at the same time improves the course of
treatment prescribed by the clinician thus decreasing the time of recovery, E) using a
soft sensor other forms of data besides grip strength can be collected simultaneously
such as individual finger strength, rolling motion on flat surface, and torsion using a
single device. In future iterations of the device, a strain rosette sensor arrangement and

multiple independently operating sensors should be investigated.
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Conclusions and Outlook

In conclusion, we have presented a new technology for creating mechanically robust,
covalently-bonded, Si-based electrical contacts for silicone-based stretchable CPC
sensors and electrical devices. Unlike the existing solutions, the technology proposed is
reliable, low-cost (cost of materials for two 5x5 mm? Cu-pSi contacts is $3x10-3) and
simple, consisting of only three steps for the fabrication and attachment of the contacts
in a standard laboratory environment — i.e. formation of nanoporous Si, electroplating
with Cu and plasma-bonding on silicone-based conductive composites. The Cu-pSi
contact technology is compatible with large-volume manufacturing through the use of
large Si wafers and has the potential to be the enabler of new classes of miniaturized
silicone-based commercial stretchable devices with monolithically-integrated electrical
contacts.[195-158] Low-cost devices enabled by this technology makes sensors more
accessible and reduces the time and money needed to, for instance, go through an

upper-limb rehabilitation process.

One of the most important features of the Cu-pSi technology is that the contacts do
not fail gradually (regardless of whether the devices created are subjected to repeated,
increasing or sustained mechanical stress) but instead fail catastrophically. This means
that the devices produced using the Cu-pSi technology will either produce a correct
signal or do not produce a signal at all; this is especially important for applications in
healthcare — e.g., disease diagnostics, rehabilitation monitoring — where wrong signals

may lead to a different course of medical intervention.

The electrical behaviour of CB-CSC devices with Cu-pSi contacts under DC and AC
showed a complex response for which a framework of assumptions was set forward to
help in future studies. The sensors produced stable, repeatable resistance response to
pressure at 300 kHz. In the future, a highly reliable, battery-powered, portable, wireless,
low-cost and integrated sensing systems using silicone-based stretchable sensors can be
created following the methodology in this work. Using a mobile device, such as a

smartphone, the data generated by the sensors can be easily processed and stored on
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the cloud with capabilities for remote-access, important for applications in

connected/digital healthcare. [115:159]

The squeezable device developed, in particular, can find immediate applications in the
rehabilitation of patients with neurological diseases. Healthy subjects were able to
consistently complete two Tests using the device to control digital characters on a
screen. The amount of pressure they exerted was controlled by the hardness of the
encapsulation material. They were inclined to squeeze harder on the softer device
because of the overall reduced sensitivity. The device was designed with clinical
considerations in mind. A low-cost solution enables general access to the treatment too.
A soft sensor that could be moulded to any shape, including everyday objects, increases
accessibility and engagement with the sensor. Additionally, a soft sensor also allows for
full range of motion. Finally, tuning the hardness of the sensor enables progressive
training. This device can be manufactured in large scale using two-shot injection

moulding of silicone rubber.

In summary, Cu-pSi creates robust contacts with silicone CPC sensors for wearable
devices with applications in digital healthcare monitoring ranging from a breathing
harness to hand rehabilitation tools. Next steps in the development of these devices
should integrate portable LCR and sine wave (AC) generator electronics into a soft
device that can communicate to phones and tablets via Bluetooth. Squeezable devices
can then be used in the clinic to monitor and treat neurological, bimanual, and

occupational therapy.
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Appendix: Figure 40 Cyclic CB-PDMS test repeats (A) Strain values for Cu-pSi contact samples
during cyclic stretching with increasing strain levels until failure, showing samples failing on average at

30%; during our tests, some samples were able to withstand strains of up to 35% before failure of CB-
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PDMS; (B) Strain values for AgEpoxy contacts during cyclic stretching at incremental strain levels

starting from 5% and increasing by 5% every 20 cycles until failure.
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Appendix: Figure 41 Multiple

contacts AC/DC measurements Multiple contacts tests showed

negligible difference between devices when we increased the number of contacts on each one.
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Appendix: Figure 42 Schematic of the custom-built constant current circuit for measuring the

resistance of the silicone-based piezoresistive CPC sensors.
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https://www.oversmartwatch.com/soft-medical-sensors-created-by-bonding-rubber-and-electrical-components/
https://www.asiaville.in/article/stretchy-and-squeezy-soft-sensors-are-one-step-closer-to-reality-23635
https://bodyelectron.com/2019/12/29/stretchy-and-squeezy-soft-sensors-one-step-closer/
https://www.medgadget.com/2019/12/bonding-rubber-and-electrical-components-for-soft-medical-sensors.html
https://www.azosensors.com/news.aspx?newsID=13599
https://tectales.com/wearables-sensors/one-step-closer-to-soft-medical-sensors.html
https://www.inverse.com/article/61633-soft-sensors-are-about-to-make-the-human-body-more-online-than-ever
http://attoday.co.uk/university-researchers-create-squeezy-soft-sensors-to-aid-rehabilitation-and-monitor-patients-health-in-their-own-homes/

Awards & Grants

Innovate UK Smart Grants, Non-destructive wireless monitoring of food quality using

near zero-cost printed electrical gas sensors, 2019, Innovate UK

Cisco Global Problem Solver Challenge Winner, BlakBear — Optimize food production,
2019, Cisco Systems

Vodafone Techstarter Award, BlakBear — Low cost paper-based sensors combined with

software to increase yields in agriculture, 2018, Vodafone UK

Venture Catalyst Challenge Runner-up, Opensense — Low cost paper-based pollution

sensor, 2017, Imperial College London Enterprise Lab
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