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Abstract
The skin is the largest human organ, capable of accomplishing distributed and multimodal

sensing functions. Replicating the versatility of skin artificially is a significant challenge, not

only in terms of signal processing but also in mechanics. Stretchable electronics are an ap-

proach designed to cover human and artificial limbs and provide wearable sensing capabilities:

motion sensors distributed on the hand of neurologically impaired patients could help thera-

pists quantify their abilities; prostheses equipped with multiple tactile sensors could enable

amputees to naturally adjust their grasp force.

Skin-like electronic systems have specific requirements: they must mechanically adapt to

the deformations imposed by the body they equip with minimal impediment to its natural

movements, while providing sufficient electrical performance for sensor transduction and

passing electrical signals and power. A metallization ensuring stable conductivity under large

strains is a prerequisite to designing and assembling wearable circuits that are integrated with

several types of sensors.

In this work, two innovative metallization processes have been developed to enable scalable

integration of multiple sensing modalities in stretchable circuits.

First, stretchable micro-cracked gold (Au) thin films were interfaced with gallium indium

eutectic (EGaIn) liquid metal wires. The Au films, thermally evaporated on silicone elastomer

substrates, combined high sheet resistance (9 to 30Ω/sq) and high sensitivity to strain up to

50%. The EGaIn wires drawn using a micro-plotting setup had a low gauge factor (2) and a low

sheet resistance (5 mΩ/sq).

Second, a novel physical vapor deposition method to deposit of thin gallium-based biphasic

(solid-liquid) films over large areas was achieved. The obtained conductors combined a low

sheet resistance (5Ω/sq), a low gauge factor ( 1 up to 80% strain), and a failure strain of more

than 400%. They could be patterned down to 10μm critical dimensions.

Skin-like sensors for the hand were assembled using the two processes and their capabilities

were demonstrated. Thin (0.5 mm) silicone strips integrating EGaIN wires and micro-cracked

Au strain gauges were mounted on gloves to encode the position of a biomimetic robotic finger

and a human finger. In combination with soft pressure sensors, they enabled precise grasp
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analysis over a limited range of motion. Then, biphasic films were micro-patterned on silicone

to assemble 50μm thin epidermal strain gauges. The strain gauges were attached on a user’s

finger and accurately encoded fine grasping tasks covering most of the human hand range of

motion. The films were also used to power wireless MEMS pressure sensors integrated in a

rubber scaffold. The device was mounted on a prosthetic hand to encode normal forces in the

0 N to 20 N range with excellent linearity.

The epidermal strain sensors are currently being used to quantify the tremors of patients

with Parkinson’s disease. In the future, the unique properties of the biphasic films could

enable advanced artificial skins integrating a high density of soft transducers and traditional

high-performance circuits.

Key words: electronic skin, stretchable conductors, thin films, liquid metals, gallium, strain

gauges, motion sensing, prosthesis, robotic hands, wearable transducers.
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Résumé
La peau n’est pas seulement l’organe le plus étendu mais remplit aussi des fonctions sen-

sorielles multimodales et distribuées. Reproduire artificiellement ces capacités est un défi

considérable, non seulement en terme de traitement du signal, mais aussi en terme de méca-

nique. Les circuits électroniques étirables sont conçus pour couvrir des membres humains

ou artificiels et offrir des capacités sensorielles portables : des capteurs de mouvement distri-

bués sur la main de patients neurologiquement diminués pourraient aider les thérapeutes à

quantifier leurs capacités ; des prothèses équipées de multiples capteurs tactiles pourraient

permettre aux amputés d’ajuster leur force de façon naturelle.

Les peaux électroniques ont des prérequis spécifiques : elles doivent s’adapter mécanique-

ment aux déformations imposées par le corps qu’elles équipent sans affecter ses mouvements,

tout en fournissant des performances électriques suffisantes pour capter et transmettre des

signaux électriques. Une métallisation garantissant une conductivité stable sous de grandes

déformations est un prérequis pour concevoir et assembler des circuits portables intégrant

divers capteurs.

Deux processus de métallisation innovants ont été développés pour permettre l’intégration à

grande échelle de multiples capteurs dans des circuits étirables.

Des couches minces d’or micro-fracturées ont d’abord été interfacées avec des fils de métal

liquide formés de l’alliage eutectique de gallium et d’indium (EGaIn). Les couches d’or éva-

porées thermiquement sur des substrats de silicone possédaient une grande résistivité (de

9 à 30Ω/carré) et une grande sensibilité à la déformation. Les fils d’EGaIn déposés à l’aide

d’un dispositif de micro-traçage avaient un faible facteur de jauge (2) et une faible résistivité

(0.5 mΩ/carré).

Puis une nouvelle méthode pour déposer des couches minces biphasiques (solides-liquides) à

base de gallium par dépôt physique en phase vapeur a été introduite. Les conducteurs obtenus

possédaient à la fois une faible résistivité (0.5Ω/carré), un faible facteur de jauge ( 1 jusqu’à

80% de déformation), et un allongement à la rupture supérieur à 400%. Ils ont été définis

jusqu’à une dimension critique de 10μm.

Des capteurs pour la main ont été assemblés en utilisant les deux procédés et testés fonctio-
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nellement. De fines (0.5 mm d’épaisseur) bandes de silicone intégrant des fils en EGaIN et des

jauges de déformation en or micro-fracturé ont été montées sur des gants pour encoder la posi-

tion de doigts robotiques et humains. Combinées à des capteurs de pressions, elles ont permis

une analyse précise de la préhension dans une gamme de mouvements limitée. Ensuite, les

couches biphasiques ont été micro-structurées sur silicone pour assembler des jauges de

déformation épidermiques de 50μm d’épaisseur. Les jauges ont été attachées sur le doigt d’un

utilisateur pour encoder avec précision des gestes couvrant une large gamme de mouvements.

Les couches minces biphasiques ont également été utilisées pour alimenter des capteurs de

pression MEMS intégrés dans une structure en silicone. Le dispositif a été monté sur une pro-

thèse de main pour encoder des forces normales entre 0 N et 20 N avec une excellente linéarité.

Les jauges de contrainte épidermiques sont actuellement utilisées pour quantifier les tremble-

ments de patients atteints de la maladie de Parkinson. À l’avenir, les propriétés uniques des

couches biphasiques pourraient permettre de produire des peaux artificielles intégrant une

grande densité de capteurs étirables et de circuits traditionnels haute performance.

Mots clefs : peau électronique, conducteurs étirables, couches minces, métaux liquides, gal-

lium, jauges de déformation, capteurs de mouvement, prothèses, mains robotiques, transduc-

teurs.
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Introduction

Mechanics and sensory function of human skin

The human skin is a large organ with a surface area between 1.5 m2 and 2 m2 and varies

between 0.2 mm (eye-lids) and 6 mm (foot sole) in thickness [1]. Figure I.1 illustrates that skin

tissues are among the softest in the body and can experience strains greater than 30% without

plastic deformation [2–4]. It is composed of three main layers: the dermis, the epidermis and

the hypodermis. Table I.1 summarizes typical mechanical parameters for each layer. Young’s

modulus values should be considered orders of magnitude since biological tissues are fibrous,

with non-isotropic, non-linear elastic properties that highly depend on water content [1, 5, 6].

The skin is not only a soft barrier protecting our organs but also contributes to our environ-

mental and self-perception through sensing. It contains a very large number of distributed

cutaneous receptors, which are visualized in Figure I.2. They convert tactile, thermal and nox-

ious mechanical stimuli into digital electrical signals (action potentials) which are conveyed

to the central nervous system via the dorsal root ganglia (DRG) neurons [7, 8]. In particular,

the mechanoreceptors involved in tactile sensation are situated in the dermis and epidermis.

Approximately 17 000 mechano-receptive units are distributed on the surface of the skin [7],

with densities greater than 100 cm−2 at the finger tips [9]. Each receptor is specialized and

responds preferentially to a certain type of stimulus (pressure, stretch, vibrations or edge

detection).

Layer E (MPa) t (mm)

Stratum corneum 6.0 0.015

Living epidermis and subepirdermal
nonechogenic band

0.05 0.05

Deep dermis 0.6 1.235

Table I.1 – Young’s moduli E and thicknesses t for a three-layer mechanical model of the human
skin. From [1].
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Figure I.1 – Young’s modulus of human tissues as a function of experienced maximal strain.
Adapted from [4].

Other receptors in the muscles and tendons specialize in proprioception, which is the sense

of static position and motion of the limbs and body [10]. Muscle spindles are parallel to the

muscle fibers and respond to muscle stretch. Golgi tendon organs are situated at the junction

between the muscle and the tendon and respond to muscle stretch and contraction. Signals

from the cutaneous receptors, proprioceptors and motor neurons are processed by the central

nervous system to build a self representation of the body. This representation is used to adjust

movement and force in the limbs in order to perform complex tasks [11].

From an engineer’s perspective, the skin mechanoreceptors suffer from low accuracy, non-

linear, time-varying and hysteretic response [12]. However, the large number and variety of

mechanoreceptors distributed across the body surface enables extraction of rich tactile and

proprioceptive information during environment exploration and manipulation.

The possibility to distribute receptors within a soft organ that can move with the body has

been an inspiration for artificial systems. The next section shows that many applications can

benefit from structures mimicking the sensing and mechanical properties of the skin.

Artificial skin: vision and applications

The concept of a nature-inspired sensitive skin integrating tactile, temperature and chemi-

cal/biological sensors emerged in the popular science-fiction of the 1970s before developing

as a research area in the early 2000s [15, 16]. Large area active flexible electronics transitioned

from academia to industry at that time [17]. Researchers had already identified electronics

materials that can stretch, and not only bend, as a critical technology to realize the vision of an
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Figure I.2 – Mechanoreceptors in the human skin. a) Types, function, temporal response
and density of mechanoreceptors in the human skin. RF, receptive field; SA-I and SA-II, slow
adapting receptors; FA-I and FA-II, fast adapting receptors. Adapted from [13]. b) Mammalian
muscle spindle respond to muscle stretch and c) Golgi tendon organ respond to muscle stretch
and contraction. Adapted from [14].

artificial skin covering robotic or human bodies. The ability to stretch is required to conform to

multiple radii of curvature and cover articulated joints without motion impediment or device

failure[16]. Since then, extensive research effort has been conducted to design substrates,

conductors, semi-conductors, opto-electronic materials, and system integration strategies for

stretchable electronics[15].

Comprehensive reviews and textbooks on applications of artifical skin have been recently

published [18–24]. Some examples are illustrated in Figure I.3 and include:

• replacement of a missing sensory function such as tactile sensing or proprioception in

prosthesis.
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Figure I.3 – Examples of application for skin-like transducers. a) Flexible graphene capacitive
sensors based on interdigitated electrodes integrated at the intermediate and proximal pha-
langes of an i-Limb prosthetic hand. From [25]. b) Soft pneumatic robot gripping a cylindrical
container. Liquid-metal strain gauges are visible around the outside edges of the pneumatic
channels (dark against the white background). From [26]. c) Ultrathin, conformal device for
evaluating thermal transport characteristics and validation on human skin. Magnified view
showing the location of a heater (red), a sensing element (blue,black and green). From [27]. d)
A soft sensor finger glove with pressure and strain sensors worn by a user. From [28].

• sensing for control in robotics.

• recording body-related parameters such as grasping force, motion, skin hydration, or

sweat analysis for physiological studies.

Scientific and technological challenges remain before man-made electronic skins can be on a

par with their natural counterpart and are discussed in the next section.

Challenges for skin-like transducers and systems

Future multi-sensory and large area electronic skins would rely on a combination of soft and

rigid integrated components distributed within a stretchable matrix to achieve powering,

sensing and signal conditioning [20, 29]. For instance, an electronic skin could combine soft

transducers (e.g. rubber-based strain or pressure sensors), rigid sensors (e.g. thermocouple
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or hearth rate counter), rigid integrated circuits for signal processing and management (e.g.

analog to digital converters or multiplexers) and powering elements (e.g. batteries or solar

cells).

One the most crucial element in such hybrid system is the interconnect network that must

distribute electrical power and signals between all the elements over a large area and under

potentially extreme and repeated mechanical deformation [13]. The conductive tracks must

combine:

• a high conductivity to enable design of low power wearable devices.

• a limited sensitivity to strain to guarantee circuit functionality even under large defor-

mations.

• compatibility with high density arbitrary patterning to handle a large number of inputs

and outputs.

The metallization technology selected to define the interconnects should also facilitate the

integration of stretchable electronic sensors such as capacitive sensors or strain gauges. Ideally,

it should be possible to define the sensors’ electrodes and the interconnects using the same

technology so that both are fabricated in a single metallization run.

Finally, it is also critical that the interconnects technology is compatible with high throughput

deposition and patterning methods for translation to large area and large scale production.

Contribution of this thesis

In this work, I designed stretchable metallization methods enabling ultra-compliant systems

integrating soft and rigid transducers. The technologies were applied to produce soft sen-

sors that are mechanically comparable to the human skin and provide motion and tactile

perception capabilities.

The experimental studies on stretchable metallization technologies resulted in:

• an original combination of intrinsically stretchable conductors providing local contrast

in terms of conductivity and strain sensitivity.

• a novel thin film metallization process combining low resistance up to large strains and

high density patterning over large areas.

Then, I applied the obtained technologies to:

5



• fabricate skin-like strain sensors that can be mounted on the hand to encode fingers’

motion.

• power rigid tactile sensor nodes integrated in a skin-like elastomer scaffold.

• assemble a soft multilayer matrix of micro-heating elements.

• characterize the performance of all the obtained transducers in realistic use cases.

Outline of the thesis

In the first chapter, I present the state of the art for stretchable interconnects’ technologies, and

their applications to hand-worn motion transducers. The second chapter covers experimental

investigations of deposition, patterning and electromechanical characterization of micro-

cracked chromium/gold thin films, micro-plotted gallium indium eutectic (EGaIn) wires, and

biphasic (liquid-solid) gallium-based thin films. The third chapter contains characterization

of hand-worn strain sensors fabricated with these metallization technologies. Finally, in the

fourth chapter I report on a wireless MEMS tactile sensing system and micro-heaters enabled

by biphasic gallium-based thin films.
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1 Specifications, technologies, and
selected applications for skin-like
transducers
In this chapter, technical requirements to design and assemble skin-like sensors are first

presented. Then, I give an overview of the state of the art for stretchable electronics conductors

and justify why stretchable thin films and liquid metals can meet the prerequisites to the

fabrication of electronic skins. Finally, I present how hand-worn sensors are advantageous for

some neuro-rehabilitation applications and the possible benefits from artificial skins in this

context.

1.1 Specifications for skin-like electronic transducers

1.1.1 Motivation

Certain general specifications guide the choices of materials and methods to construct elec-

tronic sensors or actuators mimicking skin properties such as extreme conformability and

strechability [30, 31]. I report below mechanical, electrical, and processing requirements that

are common to all types of skin-inspired transducers.

1.1.2 Mechanical specification

A skin-like device should have a low elastic modulus (of the order of 1 MPa or less) to avoid

impediment to motion and conform to the body in three dimensions. It must be thin to

minimize its stiffness, defined by the product of the elastic modulus by the thickness. Reducing

the stiffness also results in less stress in the layers deposited on top of the substrate when

devices are bent [32]. The substrate’s elastic regime should at least match that of the skin (0-

60% strain) to reversibly accommodate repeated stretching. Finally, it must be biocompatible

when worn on the skin for extended periods of time. As the substrate is usually dominant in

the mechanical response of a stretchable electronic device, these specification should guide

the choice of the substrate.
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1.1.3 Electrical specifications

Stretchable conductors should match the mechanical specifications of the substrate (maxi-

mum elongation), without increasing its stiffness or decreasing its elastic regime. They must

have stable electrical and electro-mechanical properties (conductivity, strain sensitivity) to

enable rational circuit design. They should also be easily shaped to arbitrary, high density

multilayer patterns over large areas to produce transducers and connect standard components

in complex hybrid (rigid-soft) circuits. Finally and as for the substrate material, they must not

be toxic or hazardous.

1.1.4 Process specification

Since skin-like electronics promise to be ubiquitous and cover large areas, their fabrication

process should combine batch or high speed processing, high yields, and compatibility with

mass-production requirements (automation, transfer to large production volumes).

1.1.5 Conclusion

I highlighted some key specifications for skin-like transducers:

• the substrate material should combine a low stiffness and a large elastic regime.

• the conductive material should match the elastic regime of the substrate without adding

stiffness to the assembly.

• both the substrate and the conductive material should be non-toxic and compatible

with high throughput deposition and patterning methods.

In the next section, current technological solutions from the literature are briefly reviewed.

1.2 Basic components for skin-like electronic transducers

1.2.1 Motivation

In this section, the main technological orientations of my work are justified. Namely, I present

the rationales that guide the choice of the substrate and stretchable conductive materials to

meet the specifications for skin-like transducers established in the section above.

1.2.2 Substrate material

Various rubber materials such as polyurethanes or silicones have been used as substrates for

stretchable electronics thanks to their large elastic regimes (> 100% strain), low elastic moduli
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1.2. Basic components for skin-like electronic transducers

Property Value
Viscosity (uncured, mixed) (cP) 3500
Color Transparent
Working tine at RT (h) >2
Young’s modulus (MPa) 1.3-2 [42]
Tear strength (Nmm−1) 2.6
Elongation at break (%) 140
Linear CTE (ppm K−1) 310
Resistivity (Ωcm) 1.2×1014

Water diffusion coefficient (m2 s−1) 10×10−9 [40]

Table 1.1 – Properties of Sylgard 184 silicone elastomere. Young’s modulus is given for curing
temperatures of 25 ◦C to 100 ◦C. From [43] unless stated otherwise.

(of the order of 1 MPa), and resistance to fatigue[33]. Hydrogels might also be used as coating

for even softer interfaces with skin (elastic moduli <100 kPa) but must be kept swollen by a

solvent [34].

In this work, I chose silicone, and in particular polydimethylsiloxane (PDMS), as a substrate

material. Indeed, it offers a combination of mechanical properties and processability which

makes it suitable as a support and encapsulation material in micro-fabricated soft circuits.

PDMS is a polymer with formula CH3-[(CH3)2Si-O-]nSi(CH3)3, where n is the number of repe-

tition of the (CH3)2Si-O- monomer [35]. When exposed to an oxygen plasma, -(OH) silanol

groups develop at the elastomere surface to the expense of -CH3 methyl group [36]. When two

plasma activated PDMS layer are brought into contact, irreversible Si-O-Si bonds are formed

after the loss of a water molecule. This is especially convenient to create multilayer structures

or permanently encapsulate conductive traces deposited on PDMS [37, 38].

PDMS is comercially available from various suppliers. Sylgard 184 (Dow Corning) is a popular

grade since it is supplied in small quantities suitable for academic research and I report some

of its properties in Table 1.1. It is obtained by mixing a prepolymer base and a platinum-

based curing agent, and contains silica nanoparticles fillers [39]. When using PDMS as a

substrate, one must take into account its very large coefficient of thermal expansion (CTE),

hydrophobicity, moisture absorption [40] and large swelling ratio for some common solvents

such as acetone [41].
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1.2.3 Stretchable electronic conductors

Inorganic electronic conductor materials such as metals or conductive oxides usually fracture

or experience plastic deformation at low strains (<5%) and are not suitable to form stretchable

conductors in the bulk or plane film form [30]. Conductive polymers such as PEDOT:PSS

are also brittle[44]. Hence, strategies must be developed to engineer electronic conductive

materials that can reversibly sustain large strains [13, 45–48]. It usually involves reversible

motion of the conductive material at the molecular, nano, micro or mesoscopic scale.

Figure 1.1 summarizes different approaches reported in the literature:

• molecular scale motion occurs in liquid metals such as gallium-indium eutectic (EGaIn)

where weak molecular bonds allow for material rearrangement without catastrophic

fracture [49, 50].

• blends of conductive polymers allow the crystalline conductive domains to accomodate

large strains without fracturing [51]. To this respect, blends of poly(3,4-ethylenedioxythiophene)

polystyrene sulfonate (PEDOT:PSS) and ionic liquids offer the best electro-mechanical

performance [44, 52].

• percolating composites of conductive nano-particles and elastomers maintain conduc-

tivity thanks to relative motion of the conductive fillers at the nanoscopic scale and

tunneling [53, 54]. High aspect ratio conductive fillers typically raise higher electro-

mechanical properties (conductivity, stretchability) [55, 56], enabling complex circuits

integration [57].

• micro-cracked thin metal films on rubber substrates accommodate large (>30%) strains

thanks to out-of-plane deflection and twisting of the metal ligaments [58].

• net-shaped metal thin films, which are the negative of micro-cracked structures, also

accomodate strain by out of plane bending and twisting [59].

• metals, organic or inorganic semi-conductors are deposited or laminated on prestretched

substrates and form wrinkles when the substrate is released. The amplitude of the wrin-

kles depends on the mechanical and geometrical properties of the stack materials

[60–62]. The deposited materials sustain strains corresponding to the direction and

magnitude of the pre-stretch.

• plastic-metal-plastic meander-shaped structures or conductive sheets cut with specific

patterns can buckle out of plane to accomodate large deformations[63–65].

Non-electronic conductors such as ionic liquids offer interesting features for selected applica-

tions such as a very high transparency [66]. However they are more resistive (e.g. 1×103 Ω/sq

for 100μm thickness [67]), and require special interfacing as well as careful management of

the electrical potentials to avoid electro-chemical reactions[68].
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1.2. Basic components for skin-like electronic transducers

Figure 1.1 – Scale of motion for reversible strain accomodation in various stretchable elec-
tronic conductors. Illustrations include from left to right and top to bottom gallium-indium
eutectic printed on a sheet of paper [69], ionic liquid and poly(3,4-ethylene- dioxythio-
phene):poly(styrenesulfonate) (PEDOT:PSS) blend [52], Ag nanowires-PDMS composite [55]
(scale bar: 5μm), Cr/Au micro-cracked thin films [70] (scale bar: 1μm), Au nano-mesh pattern
by grain boundary lithography [59] (scale bar: 2μm), ultrathin thin film transistor stack on
relaxed pre-stretched elastomer substrate [62] (scale bar: 200μm), polyimid-Cr/Au-polyimide
meander patterns on skin replica [71] (scale bar: 200μm).

Liquid metals and stretchable thin metal films

In this work, I investigated two metallization approaches offering superior electromechanical

characteristics compared to other solutions as summarized in Table 1.2: liquid metals and

micro-cracked thin metal films. I detail their advantages further below.

Micro-cracked thin films are nearly discontinuous percolating networks of metal ligaments

that accomodate large strains by bending and twisting out of plane at the micron scale [58, 70].

They enable micro-patterning - including photolithographic masking [38] - and compact

multilayer structures [79]. They can maintain their electro-mechanical properties up to a

million stretch cycles [80]. In addition, their intrinsic stretchability guarantees straightforward

design and processing for arbitrary circuit layouts. This technology has been used to produce

stretchable circuits[81], capacitive sensors [82–84] or electrodes for biological recording and

stimulation [80, 85], but were not investigated as sensing material for resistive strain gauges

prior to this work to my knowledge. For this type of sensors, the high resistivity of the metal
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Thin metal
films

Silver-based
composites

Conductive
polymers

Liquid alloys

Conductive
material

Au or Cu AgNW or flakes PEDOT:PSS EGaIn

Initial
conductivity
(Scm−1)

>4×105 8100 NW
738 flakes

3100 3.4×104

Maximum
strain

20% μ-cracked
300% meanders

50% NW
215% flakes

600% 700%

Resistance R
or resistivity ρ

increase
@ max strain

4X R μ-cracked
0X R meanders

0X R NW
4X ρ flakes

30X ρ 55X R

Cycles without
electrical failure

1×106 @20%
μ-cracked
110 @20%
meanders

1000 @20% NW
100 @20% flakes

1000 @100% 4000 @50%

Limitations Sheet resistance
μ-cracked
Cycling
meanders

Resistivity Resistivity Patterning

References [64, 70, 72, 73] [55, 74, 75] [52] [76, 77]

Table 1.2 – Typical properties of representative stretchable conductors, excluding pre-stretch
strategies. Partially adapted from [78].

films is an advantage since it results in high strain sensitivity and straightforward readout.

Liquid metals have a melting point below or near room temperature and appear as natural

candidates to form stretchable conductive tracks. Mercury was indeed proposed in the 1950s

for body worn stretchable strain gauges [86]. Non-toxic liquid metals that are more suitable

for electronic skins applications, such as gallium-indium eutectic, attracted interest in the

late 2000s as silicone microchannels filled with the alloy were demonstrated [49, 87]. They

offer a very low electrical resistivity (about 10 times that of aluminum, see Table 1.3) and can

sustain strains greater than 700% [77]. A few nanometers thick oxide skin forms spontaneously

at the surface of gallium-based liquid metals in contact with air. The oxide skin makes it

challenging to print the metals using conventional approaches like inkjet or screen-printing

and strategies have been developed to circumvent these limitations [88, 89]. These include

injection in microfluidic channels, imprinting, selective wetting, and direct writing in 2D or 3D

[50, 78, 90–92]. However, none of these methods combines batch processing and micron-scale

patterning over large surface areas (>50 cm2) [78].
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1.2. Basic components for skin-like electronic transducers

Gallium EGaIn Water

Melting point (◦C) 29.8 15.5 0
Boiling point (◦C) 2402 2000 100
Vapor pressure
at RT (Pa)

1e−36 [93] NR 2300

Density (gcm−3) 6.91 6.36 1
Viscosity
(1×10−3 kgm−1 s)

1.969 1.99 1

Surface tension
(mNm−1)

750 632 72.8

Thermal
conductivity
(Wm−1 K)

30.5 26.4 0.6

Resistivity (μΩcm) 27.2 29.4 20×108

Table 1.3 – Properties of liquid metals used in this work, and comparison with water. Adapted
from [91] unless stated otherwise. NR: Not Reported.

Finally, since both approaches rely on intrinsically stretchable conductors, they guarantee a

maintained electrical conduction even if stretched in arbitrary modes or direction. Unlike

pre-stretched circuits, they can sustain solicitations that were not anticipated when fabricating

the circuit. In particular, they are insensitive to local stress concentration that may occur if a

section of the circuit is unintentionally clamped.

1.2.4 Conclusion

I briefly reviewed the stretchable conductors strategies reported in the literature and high-

lighted that:

• stretchability is enabled by the reversible motion of the conductive material at the

molecular, nano, micro or mesoscopic scale.

• micro-cracked thin metal films are promising to build imperceptible strain sensors, a

particular class of skin like transducers.

• liquid metal offer an unmatched combination of high conductivity and very large

(>700%) rupture strain.

In the next section, I show that stretchable conductors meet criteria for long-term, impercepti-

ble hand-worn movement and tactile monitoring for innovative therapeutic applications.
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1.3 Skin-like motion and tactile transducers for the hand

1.3.1 Motivation

Neurological disorders such as stroke, multiple sclerosis or Parkinson’s disease impact mo-

bility and natural control of the upper limbs [94, 95]. Traumatic events such as amputation

also force patients to adapt their control strategies to a prosthesis that doesn’t feel natural.

Indeed, amputees often cite the lack of tactile sensory feedback as a reason for poor embod-

iement and eventually abandoment of motorized prosthetic hands [96]. Innovative therapies

designed to help patients improving and ultimately regaining motor control of impaired or ar-

tificial limbs often implement a combination of robotic, stimulation, and sensing technologies.

In this section, I show that existing solutions are too cumbersome for routine motion or tactile

monitoring of the hand in the clinic or at home. Electronic skin equipped with strain and

tactile sensors would be a favorable alternative but bulkiness and reliability issues currently

limit their translation to therapeutic applications, calling for more imperceptible and robust

solutions to achieve an improvement in patients’ quality of life.

1.3.2 The human hand

The human hand is highly articulated (14 joints, see Figure 1.2), and its ability to perform

fast and highly dexterous movements has been an inspiration to build robotic grippers [11,

97]. Tactile and proprioceptive sensory feedback are key to successfully perform precision

manipulation tasks such as writing [98].

Figure 1.2 – Anatomy of the human hand. a) Identificaion of the fingers joints: metacarpopha-
langeal (MCP), proximal interphalangeal (PIP) and distal interphalangeal (DIP). Adapted from
[99]. b) Hand of a pianist by Auguste Rodin. Copyright Rodin Museum, Paris.
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1.3. Skin-like motion and tactile transducers for the hand

1.3.3 Hand motion encoding

Applications for neuro-rehabilitation and current solutions

Vision or robotic based systems are now common in research or clinical therapy to provide

high accuracy in movement monitoring and restoration. Their use may promote more effec-

tive and faster rehabilitation [100].However, they require complex, large and/or expensive

equipment and software for data treatment that are difficult to adapt to a system for daily

usage in the clinic and at home.

Inertial sensors are easier to integrate into a portable system but are prone to integration drift,

which limits their accuracy over long periods of time [101]. Hand posture and motion can

also be monitored with data gloves during rehabilitation therapies or assistive devices usage

[102, 103]. Commercially available systems such as the Data Glove (5DT Inc. Irvine, CA) or the

Cyberglove (Cyberglove Systems LLC. San Jose, CA) are still cumbersome and often restrict the

natural motion of the fingers (see Figure 1.3).

In the neurorehabilitation context, gloves may also impede access to the skin for recording and

stimulation of muscle activity. Moreover, they cover the hand palm, altering tactile sensation

and grip ability. Tracking gloves become difficult if not impossible to put on if the patient’s

hand is locked in a closed fist position after a stroke. Finally, variability in hand segments

length across individuals necessitates the possibility of adjustment and personalized fitting

for hand-worn devices [104].

Figure 1.3 – Example of a commercially available wearable motion sensing sensing for the
hand: the Data Glove Ultra from 5DT. Picture copyright 5DT.

Benefits and challenges for skin-like strain sensors

Lightweight, body conformable strain sensors are reagarded as a promising alternative to

the existing solutions reported above [105]. Resistive strain gauges made of soft material
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are unobstrusive for body movement, straightforward to produce since they are essentially

composed of a single metallization layer, are insensitive to electromagnetic perturbations,

and do not require complex read-out circuitry.

Important metrics for evaluating the performance of a strain sensor are: maximum strain

allowed, gauge factor (GF, defined as GF = ΔR
R0e , where R is the sensor’s resistance and e the

applied strain), linearity, hysteresis, response time, overshoot behavior and durability [106].

Conductive rubber composites have been widely studied as a sensing material for strechable

movement tracking devices [107]. However, they suffer from strain rate dependent response,

hysteresis and overshoot due to their viscoelastic behavior and the interactions between con-

ductive filler and polymer material [106, 108]. By contrast, liquid metal sensors offer higher

linearity, lower hysteresis and fast response with no overshoot or relaxation phenomena

[109, 110].

Localized strain detection is often achieved using rigid, strain insensitive wires to probe the

soft and strechable sensors [111] (see Figure I.3d page 4). It results in bulky and fragile systems

since the interface between the soft sensors and the hard wires favours mechanical failure [28].

Strategies can be developed to integrate soft strain sensors and soft interconnects in a single

device. Examples include varying the geometry of conductive composite patterns between

low strain sensitive meanders and highly strain sensitive straight tracks [112], or coupling

highly resistive ionic liquid and highly conductive liquid metal [68, 113]. Finally, maintaining

a thin and light form factor is crucial for coupling with actuators for closed-loop control of

rehabilitation or assistance devices such as hand exoskeletons [26, 114].

Improving the usability of stretchable sensors for routine hand motion tracking should focus

on increasing the systems’ robustness while maintaining a very thin form factor for minimizing

the impediment to motion or therapeutic manipulations. It also necessitates a systematic

evaluation of the accuracy, time response and sensitivity to parasitic stimuli or noise. Finally,

the sensors should be compatible with integration in a compact, low power and portable data

acquisition system for long-term monitoring.

1.3.4 Tactile sensing for the hand

Applications for neuro-rehabilitation and current solutions

The development of tactile sensing systems for artificial and robotic limbs is an active reseach

field [19]. An evident application of such sensors in a neuro-rehabilitation context is the

eliciation of tactile sensation for upper-limb amputees. However, commercially available

sensor systems are still relatively bulky and difficult to mount on highly articulated prosthesis

featuring a limited surface area (see Figure 1.4a). For instance, only two discrete sensor with a
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1.3. Skin-like motion and tactile transducers for the hand

limited sensing range of 0 N to 4.5 N were taped on a prosthesis to elicite tactile sensation in

[115].

Figure 1.4 – Example of commercially available tactile sensing systems for the hand: t. a)
Prosthetic hand equiped with Flexiforce sensors from Tekscan to elicite tactile sensation for
an amputee patient. From [115]. b) The Grip system from Tekscan. Picture copyright Tekscan
Inc.

Distributed tactile sensors could interface with stimulations systems designed to trigger fine

tactile sensations for amputees and provide better embodiment[116]. A combination of

sensors and stimulators could also improve amputees quality of life by alleviating the residual

phantom pain [117]. Such solutions are not limited to upper limb amputees but could also

equip the sockets of lower limb prosthesis for enhanced rehabilitation and control [118]. In

general, covering robotic limbs with a sensitive skin could enhance the interactions between

patients, robots, and doctors [19].

Benefits and challenges for skin-like tactile sensors

Distributed tactile sensors enable richer interaction and exploration of the environment for

prosthesis users or robots [119, 120]. Integrating tactile sensors in a glove-like system that can

stretch enables to cover most of the hand, including the dorsal sides of the finger, without

impeding the movements [84, 121]. However, pressure or force skin-like sensors were never

applied in advanced clinical studies involving patients such as amputees to my knowledge.

This is likely due to the sensors’ cross-sensitivity to strain generated by the limb’s motion or

electromagnetic noise resulting from interactions with the environment [53, 122].

Advancing the integration, durability, cross-sensitivity and performance of soft tactile sensors

is still required to go further than a technological demonstration and test the systems on the

long term in realistic use cases [28, 123]. It is a mandatory step before artificial skins can bring

a substantial improvement in patients’ quality of life.
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1.3.5 Conclusion

In this section, I demonstrated that:

• the human hand is a complex, multi-articulated limb whose motor performance can be

affected by neurological diseases or traumatic injuries.

• innovative wearable therapeutic treatment could benefit from skin-like sensors to con-

tinuously monitor movements and tactile interactions.

• the ability to deliver high performance, localized sensing in a thin an light form factor is

crucial for successful sensor deployment.

1.4 Summary and outlook

I examined the mechanical, electrical and processing requirements for stretchable transducers

and showed that PDMS gathers the right mechanical and processing properties to serve as a

substrate for skin-like electronics. Existing strategies to create stretchable electronic conduc-

tors, all based on motion of conductive materials for reversible strain accommodation, were

reviewed. I indicated that thin metal films and liquid metal possede particularly interesting

properties to fabricate high performance stretchable conductive patterns. Finally, I reviewed

existing solutions for hand-worn motion and tactile encoding and suggested that skin-like

sensors could lead to significant improvements in wearable set-ups for neuro-rehabilitaion

applications.

In the rest of the thesis, I present novel technological solutions based on the selected ap-

proaches - thin film processing and liquid metals - to assemble skin-like transducers, and in

particular strain and tactile sensors for the hand. I also provide extensive characterization of

the assembled transducers in realistic use cases.
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2 Stretchable conductors from thin
metal films and liquid metals

As detailed in chapter 1, thin metal films and liquid metal are good candidates to build

stretchable electronic transducers, provided that the materials can be processed and patterned

to form circuits and interconnects. In this chapter, I report on the experimental investigation

of three stretchable metallization technologies. The gauge factor, sheet resistance and strain

direction sensitivity of micro-cracked gold thin films are reported in section 2.1. Section 2.2

presents linear resistance and electro-mechanical characteristics of micro-plotted liquid

metal interconnects, and their integration with micro-cracked gold tracks. Finally, section 2.3

describes growth, micro-patterning and electro-mechanical characterization of biphasic

(solid-liquid) stretchable thin films. The three technologies are compared in the closing

section 2.4.

This chapter is adapted from the following publications:

A) H. O. Michaud, J. Teixidor, and S. P. Lacour. Soft metal constructs for large strain sensor

membrane. Smart Materials and Structures, 24(3):35020, 2015.

B) A. Hirsch, H. O. Michaud, A. P. Gerratt, S. de Mulatier, and S. P. Lacour. Intrinsically

Stretchable Biphasic(Solid–Liquid) Thin Metal Films. Advanced Materials, 28(22):4507–

4512, 2016.

C) H. O. Michaud and S. P. Lacour. Liquid electromigration under dc current in biphasic

thin metal films. In preparation, 2017.
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2.1 Electro-mechanical characterization of stretchable micro-cracked

gold films on PDMS

2.1.1 Motivation

Microcracks spontaneoulsy develop in thin gold films thermally evaporated on PDMS under

specific deposition conditions [70, 127], as displayed in Figure 2.1. The y-shaped cracks allow

for the microscopic gold bands to bend and twist locally out of the plane, thereby reversibly

accommodating macroscopic deformations of the substrate [58]. Because the thin film are

rough and nearly discontinuous, their resistivity is typically 3-4 times higher than continuous

gold films and their resistance increases by about 200% at 50% of applied mechanical strain

[128].

Micro-cracked gold film thus possess interesting properties as strain sensing material for large

deformation: a high resistance in the relaxed state, a large strain sensitivity and the possibility

to be patterned over large areas using methods like stencil masking.

In this section, I further explore the influence of the deposition parameters on the strain

response of the films to demonstrate that:

• the gold thickness can be optimized to achieve controlled initial sheet resistance and

strain sensitivity.

• high aspect ratio traces are sensitive to one preferential strain direction.

Figure 2.1 – Scanning electron microscope (SEM) picture of the surface of micrco-cracked
gold thin films deposited on PDMS. Scale bar is 1μm.
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2.1. Electro-mechanical characterization of stretchable micro-cracked gold films on
PDMS

2.1.2 Evaluation of the gauge factor

Materials and methods

Sample preparation: The process flow for sample preparation is summarized Figure 2.2 and

a detailed description of the fabrication process flow is available in Appendix section A.1.1

page 117. It was designed to obtain dog-bone samples following the DIN 53504-S3 standard

without applying any stress to release the samples before testing.

To summarize, a first layer of PDMS was spin-coated on a silicon wafer and cured to form a

700μm membrane. The surface was then spin-coated with a layer of poly(styrene-4-sulfonate)

(PSS) release layer. Finally, a second layer of PDMS was spin-coated and cured to form a

120μm layer. The dog-bone samples were cut in the upper PDMS layer using a plotter cutter

(RoboPro CE5000-40-CRP, Graphtec). The next step consisted in aligning stencil masks to

define conductive tracks on the dog-bones. Bi-layers of Cr/Au were then thermally evaporated.

The thickness of Cr was fixed to 5 nm while the thickness of Au was varied between 13 nm and

60 nm. After thermal evaporation, the shadow masks were peeled-off from the PDMS surface.

The wafers were entirely dipped into deionized water for 30 min to dissolve the PSS layer and

release the dog-bone samples as shown Figure 2.2i. The gold track featured four contacting

pads for four-wire resistance sensing and the distance between the inner contacts was 20 mm.

Gauge factor measurement: The samples were tested with a custom symmetric-displacement

tensile machine shown in Figure 2.3 and controlled with a Labview (National Instruments).

Displacement was induced by a rotary motor (BMS60-UFA, Aerotech) and encoded by two

inductive position sensors (Li200P0-Q25LM0, Turck). The control program simultaneously

Figure 2.2 – Sample fabrication to evaluate the gauge factor of stretchable micro-cracked film.
a) Thick PDMS layer spin-coating. b) PSS release layer spin-coating. c) Thin PDMS layer
spin-coating. d) Dog-bone cutting. e) Kapton mask. f) Cr/Au thermal evaporation. g) Kapton
mask peel-off. h) Release by PSS layer dissolution. i) Dog-bone shaped tests specimen with
evaporated gold track. Scale bar is 5 mm.
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Figure 2.3 – Set-up for gauge factor measurements. a) Picture of the set-up. b) Sample mounted
on the stretcher clamps. Blue lines represent the edges of the PDMS substrate. Scale bar is
10 mm.

recorded the applied displacement and the sample resistance at 6 Hz through a data acquisi-

tion board and a source-meter (2400, Keithley). The samples were strained at a strain rate of

1 %s−1 up to 30% strain for 100 cycles. The applied current for four-wire sensing resistance

measurement was set to 0.1 mA. The gauge factor was determined from the average slope of

the relative resistance versus strain curve at the 101st cycle.

Results and discussion

Figure 2.4 shows scanning electron microscope (SEM, Merlin, Zeiss) images of the surface

of the micro-cracked Cr/Au thin films for four Au thickness. Samples with the smallest Au

thicknesses displayed a higher micro-cracks density. It corresponded to a sharp increase of

the average value and dispersion of the sheet resistance and gauge factor for Au thickness

inferior to 15 nm (Figure 2.5a).

The gauge factor was minimum for samples with a initial sheet resistance between 10Ω/sq and

20Ω/sq. It is in agreement with previous studies reporting on very thin metal films subject to

microstrain deformation [129, 130]. For thicker films with lower sheet resistance, irreversible

fracture appear while for thinner films with higher sheet resistance, nearly discontinuous thin

gold ligaments rupture at larger strains .
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2.1. Electro-mechanical characterization of stretchable micro-cracked gold films on
PDMS

Figure 2.4 – SEM images of micro-cracked Cr/Au surface for a deposited Cr thickness of 5 nm
and Au thickness of 13 nm, 20 nm, 50 nm and 60 nm. Samples were imaged as deposited. Scale
bars are 1μm.

Figure 2.5 – Sheet resistance and gauge factor of micro-cracked gold thin films a) Sheet
resistance as a function of deposited gold thickness. Data points represent an average over
more than three samples for each Au thickness. Error bars represent standard deviation. b)
Gauge factor of micro-cracked gold thin films as a function of sheet resistance. Data points
represent an average over more than three samples for each Au thickness. Error bars represent
standard deviation.
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2.1.3 Evaluation of sensitivity to strain direction

Materials and methods

The samples were prepared according to the process flow detailed in Appendix section A.1.1

page 117. In brief, PDMS was spin-coated and cured on a silicon wafer to form a 120μm thin

layer. A bi-layer of 5/25 nm Cr/Au was then thermally evaporated through a stencil mask lami-

nated on the PDMS substrate. The mask was then peeled-off to form stripes of 0.5×5 mm2.

15×15 mm2 membranes of PDMS with two perpendicular Cr/Au tracks where cut manually

and clamped in the custom tensile machine. Resistance of the Cr/Au strips was measured using

the two point-probe method and EGaIn contacts. The samples were stretched to 10%, 20%,

30%, 40% and 50% strain for one cycle before the resistance measurements were performed

up to 50% strain.

Results and discussion

As displayed in Figure 2.6, a large increase in resistance was observed when the Au line was

aligned with the elongation direction (ΔR/R0 = 2 at 50% strain), while a signigicantly lower

increase was observed when the film is stretched perpendicularly (ΔR/R0 = 0.1 at 50% strain).

Thus a strain gauge made from stretchable Cr/Au has hihgly directional strain sensitivity, and

determination of an unknow strain direction and magnitude would be possible using, for

instance, three gauges arranged in a rosette [131].

Figure 2.6 – Relative increase in resistance of a 5/25 nm Cr/Au track as a function of strain
when the track is aligned with the strain direction or when it is normal to the strain direction.

However, there was a large hysteresis loop in the gauge resistance as the sample was strained

and relaxed, with a maximum width corresponding to about 14% strain. This ultimately

limited the accuracy of Cr/Au thin films as strain sensors for macroscopic deformations. The

hysteresis was also observed in ealier studies on micro-cracked gold films and might come
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2.1. Electro-mechanical characterization of stretchable micro-cracked gold films on
PDMS

from rupture of some metal ligaments when the samples are stretched [128, 132]. Long-term

cycling could also permanently modify the micro-strcuture of the films and lead to degraded

strain encoding capabilities [72].

2.1.4 Conclusion

I defined a range of deposition parameters to form directional strain sensors from micro-

cracked gold thin films. The gold thickness was optimized to obtain micro-cracked Cr/Au

films with well determined initial resistance and gauge factor. I showed that:

• for a gold thickness ranging from 20 nm to 50 nm, the micro-cracked films gauge factor

and sheet resistance had small standard deviations from sample to sample.

• in this range, the gauge factor varied between 4 and 10 and the sheet resistance varied

between 9Ω/sq and 30Ω/sq.

• for rectangular gold tracks, with a length/width ratio of 10, the traces sensitivity to strain

was 20 times larger along the length direction than along the width direction. This made

micro-cracked gold traces suitable for directional strain sensing.

However, the need to use rigid, strain insensitive wires as interconnects in order to probe the

tracks could limit this approach for wearable strain sensing. Indeed, the interface between soft

sensors and hard wires can leads to stress concentration and failure of the devices [28, 113]. In

the next session, I present a set-up to deposit highly conductive stretchable wires and connect

to the thin films in order to form all-soft integrated transducers with localized strain sensitivity.
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2.2 Liquid metal micro-plotting

2.2.1 Motivation

Liquid metals are especially interesting to form highly conductive strechable interconnects.

Their liquid state allows them to sustain hundreds of percent of strain and makes them im-

mune to mechanical fatigue [92]. They are also compatible with additive manufacturing

methods such as printing and plotting [133, 134]. Printing enables a fast and easy redistribu-

tion of the conductive traces for custom layouts.

In this section, I report on a 2D plotting setup for gallium indium eutectic (EGaIn). Electro-

mechanical characterization of the obtained conductive traces is then presented. Finally, I

show that the micro-wires can be connected to micro-cracked gold thin films to form a novel

combination of high and low strain sensitivity stretchable conductors.

Figure 2.7 – EGaIn microwires plotting set-up. a) Schematic of the EGaIn microwires plotting
set-up. b) Picture of the microplotting setup. CA: Compressed air. c) Picture of a printed EGaIn
pattern. Scale bar is 2 mm. d-e) Pictures of the same pattern stretched using tweezers. Scale
bars are 5 mm.
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2.2. Liquid metal micro-plotting

2.2.2 Deposition and characterization of micro-plotted wires

Materials and methods

Deposition set-up I developed a micro-plotting technique similar to that reported by Boley

et al. [134]; its schematic is highlighted Figure 2.7 and the fabrication process is detailed in

Appendix section A.1.2 page 117. In brief, the metal wires were plotted directly on a PDMS

membrane spun and cured on a silicon carrier wafer. Controlling the height, displacement

speed and pressure in the dispensing syringe allowed the liquid metal to flow on the substrate

and form wires. Solid silver wires were then put into contact with the terminals of the liquid

metal wires and secured with silicone sealant. The wires were finally encapsulated by spin-

coating and curing PDMS. The total thickness of the samples was below 500μm. Figure 2.8a

displays a cross-sectional view of an encapsulated soft conductor.

Electromechanical characterization Four-wire sensing resistance measurements were pe-

formed on soft microwires on PDMS substrate without encapsulation. A Keithley 2400

sourcemeter was used in preconfigured four-wire sensing mode, with automatic current

selection, in the 20Ω range with 100 μΩ resolution. In this range, the accuracy of the measure-

ment was given by ΔR = 0.010%×Rmeasur ed +3 mΩ according to the instrument’s manual

[135]. Four hook probes mounted on XYZ positioners were used to precisely contact the EGaIn

line. Each probe held a 76μm diameter Au wire (Science Products) which was put in contact

with the liquid metal wire. The two outer probes were positioned at the two opposite ends of

the wire. The distance Lw between the two inner probes (see Appendix A.2 page 120), which

defined the four-wire sensing resistance, was measured with a digital microscope (Keyence

VHX-600, VH-Z50L lens). As the hard probing wires may have damaged the liquid metal wire

in the vicinity of the contact point, the spacing between the two inner probes was first set to a

maximum of 5 mm and then sequentially reduced to collect the data points.

Results and discussion

The measured resistances for various wire lengths were compared with the output of an

analytical model and shown in Figure 2.8. The EGaIn microwire was modeled as a metallic

semi-cylinder with a constant resistivity ρ = 29.4×10−6 Ω.cm [136] and a truncated circular

cross-section with a radius rw . The corresponding resistance Rw is computed from the

measured geometry of the wire using

Rw = ρ
Lw

βπrw
2 (2.1)

rw was determined from the length of each wire (155±1μm, mean ± S.D. with 18 measure-
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Figure 2.8 – Characterization of micro-plotted EGaIn wires. a) Cross section of a liquid metal
wire encapsulated in PDMS. Scale bar is 50 μm. b) Comparison between four-wire sensing
resistance measurement and resistance computed from equation (3). Error bars represent
measurement accuracy. Shaded area represent 95% confidence interval for the output values
of the analytical model.

ments, for the wire in Figure 2.8b) and β (0.63±0.3, mean ± S.D. with 11 measurements) was

experimentally determined after encapsulation by measuring the cross-section of the imprint

left by the wires in the PDMS (Figure 2.8a).

The good agreement between the output of the model and the four-wire sensing resistance

demonstrated that the deposition process did not increase the resistivity of the liquid metal

structures. It also suggested that the encapsulation process did not impact the structure of the

microwires. The average cross-section geometry corresponded to a contact angle of about

102° at the interface between EGaIn microwires and PDMS substrate. It was consistent with

previously reported values for microwires with similar dimensions [134].

Electro-mechanical characterization

Methods

The EGaIn microwires were stretched using the custom motorized uniaxial stretcher described

section 2.1.2 page 21. Each end of the samples, including the contact area with silver wires,

was clamped on a moving platform. The four-wire sensing electrical resistance and the applied

mechanical strain were recorded simultaneously at a frequency of 8 Hz.

Results and discussion

Figure 2.9 presents the electro-mechanical characterization of an EGaIn microwire. Assuming

the EGaIn is incompressible, the volume of the wires remains constant under elastic deforma-
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2.2. Liquid metal micro-plotting

Figure 2.9 – Electro-mechanical characterization of long EGaIn wires encapsulated in PDMS
under uniaxial strain. a) Picture of a sample. Scale bar is 2 mm. b) Schematic representation
of the uniaxial stretching test. c) Resistance of three samples as a function of applied as a
function of applied strain and comparison with the constant volume model (Equation 2.2).
Resistance was measured using the four-wire sensing method. The initial length of the wires
was 25 mm (S1 and S3) and 30 mm (S2). Sample S1 was strained up to 50%, samples S2 and S3
up to 42%. Error bars represent measurement accuracy.

tion and their relative increase in resistance as a function of applied mechanical strain eapp

can be expressed as

ΔR

R0
=

(
L

L0

)2

−1 = eapp
(
2+eapp

)
(2.2)

The good correspondence between the model and experimental measurements indicated

that no physical leakage occurred when the wires were stretched. Although soft EGaIn mi-

crostructures can be used as strain sensitive elements [137], the direct patterning of the EGaIn

microwires and their minimal increase in resistance under mechanical deformation offer ideal

characteristics for elastic interconnects.

2.2.3 Connection of micro-plotted EGaIn wires to micro-cracked Au tracks

Materials and methods

PDMS substrates with patterns of micro-cracked gold were processed in the liquid metal

dispensing set-up. EGaIn microwires could be drawn continuously from the bare PDMS areas

to the gold-coated areas and vice versa. Figure 2.10a presents the microfabrication process

developed to integrate compact strain gauges with high and localized sensitivity. First a gold

layer was thermally evaporated through a shadow mask on the PDMS substrate. Then, EGaIn
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Figure 2.10 – Connection between microplotted EGaIn wires and micro-cracked gold traces.
a) Process flow for the fabrication of an integrated strain gauge made of micro-cracked gold
and connected with EGaIn microwires. b) Picture of the interconnection area between an
EGaIn microwire and a Cr/Au trace. Scale bar is 1 mm c) Comparison of the response of a
non-encapsulated gold track probed with solid wiring, connected with silver-filled epoxy
adhesive (Epotek H27-D), and an integrated strain gauge with EGaIn interconnects. 125 cycles
are represented on this graph for each gauge. Length L and width W are 6 mm and 500μm
respectively.

interconnects were plotted using the direct writing system. The interconnected sensors were

then encapsulated with a layer of PDMS.

Integrated single strain gauges were characterized in the customized stretcher. The strain

rate was fixed between 1.25 and 1 %/s when the number of strain cycles was below 100 and

fixed to 5 %/s for larger number of cycles. Prior to single gauge or rosette characterization

measurements, about 50 cycles up to 50% strain were applied to the structures in order to

reach a stable regime for the electro-mechanical response of Au tracks[72].

Results and discussion

The encapsulated liquid metal interconnects exhibited a low absolute resistance at zero strain

(Rw,EGaIn � Rgauge,Au) and a low relative and absolute increase in resistance compared to

stretchable gold thin films (ΔRw,EGaIn �ΔRgauge,Au). No significant difference was observed

between the response of the integrated strain gauges and the bare gold tracks when a large

number of strain cycles was applied (Figure 2.10). The strain sensitivity of the interconnects

did not alter the thin Au film gauges’ response to strain. The lower increase in resistance of the

integrated strain gauge may have been explained by the presence of the encapsulation layer

and by the dispersion of the gold tracks electrical characteristics due to the random nature of

the microcracks. Furthermore, the absolute change in resistance of the soft gauges was more

than two orders of magnitude higher than that of the liquid metal interconnects.
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2.2. Liquid metal micro-plotting

Figure 2.11 – Diffusion of EGaIn into micro-cracked gold tracks. (a) Bottom of the contact zone
between EGaIn microwire and Au thin film on PDMS one week after integration. (b) Bottom
of the contact zone between EGaIn microwire and Au thin film on PDMS six months after
integration. The arrows indicate the limit of the alloyed area. Scale bars are 200μm.

EGaIn alloys with gold, forming a compound 100 times more resistive than bulk gold [138].

If this alloy sits underneath EGaIn, it is electrically shorted by the liquid metal. However, as

shown Figure 2.11 the alloy appeared to have diffused a few hundreds of microns around the

contact point after six months storage in ambient conditions, resulting in a mean increase in

base resistance of 42% (from 92±4Ω to 131±7Ω for 5×0.5 mm2 tracks (mean±s.d., n=3).

2.2.4 Conclusion

I presented a plotting setup to serially draw micro wires of gallium indium eutectic. The liquid

metal conductors were characterized by:

• a low sheet resistance (5 mΩ/sq for 40μm diameter wires).

• a predictable sensitivity to strain (gauge factor � 2).

The wires could be drawn to arbitrary 2D designs and connected to highly resistive micro-

cracked gold traces in order to form all-stretchable integrated strain gauges with high and

localized strain sensitivity.

In the next section I present a novel parallel deposition process enabling batch patterning of

liquid metal-based conductors down to 10μm critical dimensions.
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2.3 Gallium-based biphasic (liquid-solid) and intrinsically stretch-

able thin films

2.3.1 Motivation

The high surface tension and the passivating oxide skin that spontaneously forms on the sur-

face of liquid metals hinder their patterning using conventional techniques and especially the

formation of thin films [50]. Alternative methods such as micro-plotting, which was reported

in the previous section, do not offer high-resolution batch processing over large (wafer-scale)

surface areas.

Physical vapor deposition (PVD) describes a range of methods, including thermal evaporation

and sputtering, to deposit thin metal layers on large surface areas. PVD is deployed across

many industries from microelectronics to food packaging.For instance, gallium is sputtered to

form GaN, a common direct bandgap semiconductor. Interestingly, gallium was also thermally

evaporated in its pure metal form on top of glass substrates pre-coated with a thin layer of

gold [139]. The obtained morphology was drastically different from that of gallium evaporated

on bare glass. However, PVD was never explored to form gallium-based stretchable conduc-

tors, in spite of the promise of unmatched electromechanical properties and patterning ability.

In this section, I report on the formation and characterization of stretchable gallium-based

thin films formed by combining noble metals sputtering and gallium thermal evaporation.

2.3.2 Growth of the films

Materials and methods

Deposition process The deposition process is detailed in Appendix section A.1.3 page 118

and illustrated in Figure 2.12. In short, stencil masks were laminated on PDMS wafers, before

sputtering 60 nm of gold and thermally evaporating 0.1 g to 1 g of gallium. After evaporation,

the mask was removed from the substrate to reveal the desired pattern. The parameter β was

defined as the atomic ratio (nGa/nAu) in the film. Before gallium evaporation, β = 0.

Since a standard thickness monitor could not be used, the deposited mass of gallium deposited

per wafer was calibrated as a function of the gallium mass introduced in the thermal evaporator

crucible (see Appendix section A.3 page 121).

Surface and cross-section metrology To assess the growth of the gold-gallium films, I ana-

lyzed their surface with scanning electron and atomic force microscopies. SEM images were

acquired in a Merlin microscope (Zeiss) using the Everhart-Thornley (ET) detector at a beam
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2.3. Gallium-based biphasic (liquid-solid) and intrinsically stretchable thin films

Figure 2.12 – Process flow for the deposition of gallium-based biphasic thin films. a) PDMS
spin-coating. b) Shadow mask deposition or photoresist mask deposition and patterning. c)
Au sputtering. d) Ga thermal evaporation. e) Mask removal.

energy of 22 keV to 3 keV for topography contrast, and the backscattered electron (BSE) detec-

tor at beam energy of 2 keV to 3 keV and grid voltage of 400 V for elemental contrast. Atomic

force microscope (AFM) images were acquired in a Dimension Fastscan AFM (Bruker) with

ScanAsyst-Air-HR probes from same supplier.

For larger area profilometry, I used a confocal laser microscope (LEXT OLS4100, Olympus,

pixel size 625×625 nm2), which has a maximum vertical accuracy of 200 nm and can image

reflective samples with slopes up to 85°. I also utilized a white light interferometer (ContourGT-

K, Bruker, pixel size 1×1μm2) in vertical scanning interferometry (VSI) mode, which has a

vertical resolution limit of 3 nm but cannot measure steep slopes on reflective materials.

For SEM cross-section observation, I peeled off a sample from the wafer and put a solid gal-

lium crystal in contact with the film to initiate the crystallization of gallium. Then the sample

was immersed in liquid nitrogen to cool it below the glass transition temperature of PDMS

(−125 ◦C). I initiated a crack on the side of the sample using scissors and eventually broke it in

two parts using tweezers.

Elemental mapping and X-ray diffraction analysis Energy dispersive spectroscopy (EDS)

data were acquired in the Merlin SEM at beam energy of 20 keV, using a 50 mm2 X-Max silicon

drift detector (Oxford Instruments) and analyzed using Aztec software from the same supplier.

X-ray diffraction (XRD) analysis was conducted in a diffractometer (D8 Discover, Bruker) with
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Figure 2.13 – Thermal evaporation of gallium on bare and gold-coated PDMS substrates. a)
Schematic cross-section (top) and scanning electron microscope image (bottom) of gallium
deposited by thermal evaporation on a bare PDMS substrate. The evaporated gallium con-
densed on the substrate to form a non-percolating layer of micro-droplets. b) Schematic
cross-section (top) and scanning electron microscope image (bottom) of gallium deposited
by thermal evaporation on PDMS substrate previously coated with sputtered gold (60 nm in
thickness). The thin gold coating allows the gallium to spread by diffusing and alloying. Scale
bars are 5μm.

a Cu Kα radiation (λ = 1.54 Å, 0.05° steps, 2 s per step). All the samples were prepared and

scanned on a float glass support wafer.

Results and discussion

Role of the Au underlayer Gallium did not wet bare PDMS, which prevented the forma-

tion of an evaporated continuous liquid metal film on bare silicone substrates. Instead, the

surface of the elastomer was covered with a non-conducting arrangement of liquid gallium

microdroplets (Figure 2.13). In contrast, evaporating gallium on an alloying metal film, first

deposited on the silicone surface, overcame the cohesive forces by allowing the liquid metal to

diffuse, which further promoted the development of a continuous thin film.

The films’ morphology and composition was drastically modified as more and more gallium

was evaporated. The parameterβ, defined as the atomic ratio (nGa/nAu) in the film, was used

to quantify the amount of gallium deposited since it was not possible to use the thickness

sensor of the evaporator.

Growth stages Figure 2.14 summarizes the growth stages of the biphasic film. The PDMS

substrate was first coated with a 60 nm thick film of sputtered gold. The gold-coated PDMS

surface revealed characteristic wrinkles resulting from compressive stress induced by thermal
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2.3. Gallium-based biphasic (liquid-solid) and intrinsically stretchable thin films

Figure 2.14 – Growth of biphasic gold-gallium thin films on a PDMS membrane. a) Schematic
representations of the various structural regimes of the biphasic film on a PDMS substrate
as a function of the gallium/gold atomic ratio, β. b,c) SEM and atomic force microscopy
(AFM) images of the surface of the biphasic films deposited on PDMS substrates as a function
of increasing β ratio. SEM scale bars are 10μm. AFM scale bars are 2μm. d) Cross-section
profiles along the dotted lines indicated on the AFM scans displayed in (c).

expansion of the elastomeric substrate during deposition of the metal film[140]. Gallium was

then deposited by thermal evaporation. For β=3.2, the gold film completely alloyed with the

evaporated gallium to form the intermetallic compound AuGa2 (Figure 2.15) and pronounced

buckling with micrometer amplitude and wavelength was observed. Gold- gallium alloying re-

sults in large volume expansion (340%) of the film as the lattice constant of the metal increases

from 4.08 Å in pure gold to 6.08 Å in AuGa2 [141]. This likely induced larger compressive stress

in the thin film on the PDMS substrate, amplifying its wavy topography. The XRD scans

did not reveal presence of Ga in a solid phase. It indicated that although the samples were

cooled down to room temperature, below Ga fusion point (29.8 ◦C), gallium remained in a

liquid phase. This phenomenon is known as supercooling and gallium as been shown to su-

percool down to 70 ◦C below its fusion point when constrained into microscopic droplets [142].

For a ratio of 3.9, the metallic film on PDMS was surprisingly flat, with a surface roughness

close to that of the bare sputtered gold layer. This was also concomitant to the accumulation

of the liquid gallium in microscopic bulges (of <1μm size) on top of the alloyed film. I propose

that this flattening results from the release of the compressive stress by cracking and/or

delamination of the intermetallic alloy [143]. Adding more gallium (β=13) increased the

volume of the liquid bulges further while the rest of the AuGa2/Ga film remained flat (see also
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Figure 2.15 – X-Ray diffraction analysis of biphasic gold-gallium thin film. The peaks corre-
sponding to Au (for β = 0, ICDD PDF Card 00-004-0784) and AuGa2 (for β = 3.2 and β = 12,
ICDD PDF Card 01-072-5268) are identified. Insets show the increase in baseline signal around
2θ = 35° attributed to liquid gallium [144].

Figure 2.16).

Film topography A cross section of the film is visible in Figure 2.17, while representative film

topography measured by optical profilometry is illustrated Figure 2.18. At β= 13, bulges could

reach up to 100μm in circumference and up to 20μm in height. More than 80% of the film sur-

face area remained under 1μm, and more than 97% remained under 5μm. From topographic

measurements, I could use a feature recognition algorithm detailed in Appendix A.4 page 123

to identify the bulges at the surface of the film (Figure 2.18c). The mean measured thickness

of the flat portions of the film at the center of a wafer over about 0.5 mm2 was 370 nm with a

mean RMS roughness of 80 nm (see Appendix A.4 page 123). The mean measured thickness

corresponded to the thickness of the alloy shown in Figure 2.17, while the RMS roughness

value was in agreement with the AFM measurements in Figure 2.14d.
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2.3. Gallium-based biphasic (liquid-solid) and intrinsically stretchable thin films

Figure 2.16 – EDS-SEM analysis of the gold-gallium films. a) SEM images of the surface of a
biphasic gold-gallium thin film deposited on a PDMS substrate with Ga/Au atomic ratio β = 13.
Left-hand images were acquired with an Everhart-Thornley (ET) detector. Right-hand images
were acquired using a backscattered electron (BSE) detector. Scale bars are 10μm (5μm in
the magnified views). b) Energy-dispersive X-Ray spectroscopy (EDS) mapping of the area
observed in a for gold and gallium. Scale bars are 10μm. c) EDS spectrum corresponding to
the entire mapping area shown in (b).
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Figure 2.17 – False color scanning electronic microscopy (SEM) image of a slightly tilted cross-
section of the biphasic gold–gallium film on a PDMS substrate. The blue, yellow and gray
colors correspond to the PDMS substrate, the biphasic AuGa2/Ga film, and a gallium bulge in
the background, respectively. Scale bar is 500 nm.
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2.3. Gallium-based biphasic (liquid-solid) and intrinsically stretchable thin films

Figure 2.18 – Topography of a biphasic film track. a) Confocal laser microscope image of a track.
Scale bar is 300μm. b) Corresponding profile map. Scale bar is 300μm. c) Corresponding
identification of bulges using feature recognition algorithm. Bulges are identified in red. Scale
bar is 300μm. d) Empirical cumulative density for the thickness in the film area.
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2.3.3 Electromechanical characterization

Materials and methods

Biphasic gold-gallium thin film conductors were stencil-patterned on 120μm thick PDMS

to produce 15 mm long and 0.3 mm wide electrical conductors with four contacts pads (Fig-

ure 2.19). Samples were subsequently cut in 10×30 mm2 rectangles and peeled from the wafer.

Samples were mounted on the custom-built uniaxial tensile stretcher described section 2.1.2

page 21. Each clamp featured two contact pads that provided constant electrical and mechan-

ical contact to the sample under test. The position of the clamps and the electrical resistance

of the conductor, measured using the four-wire sensing method.

The conductors were first cycled twenty times to up to 0.1 applied strain. Next, every 20 stretch

cycles, the maximal applied strain was increased by 0.1 to reach a maximal strain of 0.8. For

fatigue experiments, the stretcher was programmed to perform one million stretch-relaxation

cycles (0 to 0.5 strain at a frequency of 1.4 Hz). Ten times per decade, counting cycles on a

logarithmic scale, the stretcher slowed to 0.14 Hz for 5 cycles in order to record the position of

the clamps and resistance of the sample.

For SEM observation under strain, the samples were cut, peeled from their carrier wafer

and mounted on a manual aluminum uni-axial stretcher. Controlled strain was applied to

stretch the soft samples to a strain e. For SEM observation under strain,the samples were

stretched using a manual stretcher which was subsequently loaded into the SEM chamber

and imaged using identical parameters to those selected for (unstrained) samples imaged on

carrier wafers.
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2.3. Gallium-based biphasic (liquid-solid) and intrinsically stretchable thin films

Figure 2.19 – Samples and setup for electromechanical characterization of biphasic thin films.
a) Top (left) and side (right) schematics of the biphasic gold-gallium thin film on a PDMS
substrate used for electromechanical characterization. The biphasic thin film was patterned
using a stencil mask to produce 15 mm long and 0.3 mm wide conductive tracks featuring
large contacts at the extremities. b) Top (left) and side (right) schematics of clamped samples
for electromechanical characterization. Each clamp featured two contact pads that enabled
constant electrical and mechanical contact with the tested sample. The resistance of the track,
measured using the four-wire sensing method, and the position of the clamps were measured
synchronously.

Figure 2.20 – Relative change in electrical resistance as a function of applied engineering
strain e of biphasic conductive tracks prepared with atomic ratio β of 3.9 (a) and 13 (b). The
conductors were first cycled twenty times to 0.1 applied strain. Next, every 20 stretch cycles,
the maximal applied strain was increased by 0.1 to reach a maximal strain of 0.8. The gauge
factor (GF) is calculated from the slopes of the red dashed lines. The relative increase in
resistance at rest after cycling to 0.5 applied strain, ΔR0.5

0 /R0, is also indicated.
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Results and discussion

The biphasic conductors were characterized during uni-axial stretching cycles with four-wire

sensing resistance measurements and scanning electron microscopy (Figures 2.20,2.21 and

2.22). Films prepared with β < 3.2 were conductive after fabrication but failed with catastrophic

cracking during release from the carrier substrate and subsequent handling. For β = 3.9, the

films maintained electrical conduction when strained up to 0.8. For large deformations (strain

> 0.1), the amount of liquid gallium available was not sufficient to prevent the formation of

cracks thereby leading to irreversible damage in the film and permanent degradation of its

macroscopic electrical conductivity (Figures 2.20 and 2.21).

In films prepared with β > 6, liquid gallium percolated throughout the AuGa2 clusters and

maintained electrical continuity in the tested strain range (0 to 0.8 strain) (Figure 2.21). Scan-

ning electron microscopy images suggested the biphasic film maintained its continuity as

gallium filled the cracks in the solid AuGa2 matrix.

Next, assessment of the initial sheet resistance, the gauge factor and relative change of resis-

tance at relaxed state (0 strain) after twenty stretching cycles (0 to 0.5 strain) was performed

(Figure 2.22).

The relative change of resistance after cycling at 0.5 strain was defined as:

ΔR0.5
0 = R0.5

0 −R0

R0
(2.3)

where R0.5
0 is the measured resistance at 0 strain after the sample has been stretched 20 times

to 0.5 strain, and R0 is the initial resistance of the conductor.

The gauge factor (GF) was computed as the slope of the relative change of resistance as a

function of the applied strain, and computed using a linear fit on the last cycle at 0.5 maximal

applied strain.

It was found that for sufficiently high atomic ratios (β > 6), the biphasic films combined

low sheet resistance (< 1 Ω/sq), low gauge factor (≈ 1) and no dependence on strain history.

In brief, the elemental composition of the biphasic films defines their electromechanical

response:

• for 3.2 < β < 6, the electrical conduction of the film displays strain-history dependence.

• for β > 6, the film displays high conductivity regardless of the strain history.

To demonstrate the electromechanical robustness and assess fatigue resistance of the biphasic
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2.3. Gallium-based biphasic (liquid-solid) and intrinsically stretchable thin films

Figure 2.21 – SEM images of the surface of biphasic gold-gallium thin films prepared with
atomic ratio β of 3.9 and 13 on PDMS substrates. Top and bottom SEM images were obtained
with the Everhart-Thornley (ET) detector for topographical contrast, and the backscattered
electron (BSE) detector for elemental contrast, respectively. Scale bars are 2μm.

films, a conductor (β = 13) was stretched to 0.5 strain one million times over a period of one

week (Figure 2.23a). The film withstood the cyclic deformation, displaying minimal variation in

resistance over time. When processed on a polyurethane substrate, the biphasic metallization

(β = 5.2) sustained reliably uniaxial stretching to five times its initial length (Figure 2.24b-c). A

PDMS membrane hosting biphasic conductors (β = 13) was radially stretched to three times its

initial surface area. The PDMS membrane fractured before the biphasic conductors electrically

failed (Figure 2.25).
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Figure 2.22 – a) Initial sheet resistance (e = 0), (b) gauge factor (calculated over 0.5 strain cycle),
and (c) relative change in electrical resistance (e = 0) after cycling to 0.5 maximum applied
strain for increasing β ratios (n = 3 samples, error bars: s.d.).

Figure 2.23 – Fatigue test for the biphasic gold-gallium thin films. Relative change in electrical
resistance over one million cycle to 0.5 strain of a biphasic gold-gallium conductor prepared
with the atomic ratio β = 13.
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2.3. Gallium-based biphasic (liquid-solid) and intrinsically stretchable thin films

Figure 2.24 – Test to very large (>2) strains for the bipahsic gold-gallium thin films. a) Relative
change in electrical resistance of a biphasic gold-gallium conductor prepared with the atomic
ratio β = 5.2 deposited on a 250μm thick polyurethane substrate (Inspire 7250, Coveris).
(average over n = 10 samples, shaded area represent s.d.). b) Relative resistance change as a
function of engineering strain e for a gold-gallium biphasic film deposited on a 10μm thin
polyethylene substrate (Ideal, Weita) with the atomic ratio β = 10. Initial sheet resistance of
the sample was 0.6Ω/sq. c) Relative resistance change as a function of engineering strain e for
an gold-gallium biphasic film deposited on a 120μm thin PDMS substrate (A-221-05, Factor
II) with the atomic ratio β = 13. Initial sheet resistance of the sample was 0.6Ω/sq

45



Figure 2.25 – Radial stretching of the biphasic gold-gallium thin film conductors on a PDMS
substrate. a) Picture of a 35×0.5 mm2 track in the radial stretcher. Scale bar is 20 mm. b)
Relative increase in resistance of the track, measured using the four-wire sensing resistance
measurement method, as a function of the relative increase in surface area of the support
membrane.
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2.3. Gallium-based biphasic (liquid-solid) and intrinsically stretchable thin films

2.3.4 Micro-patterning

Materials and methods

A fabrication process flow was designed to enable photoresist spin-coating, curing and re-

moval directly on a PDMS substrate. The very high thermal expansion coefficient of PDMS

(300 ppm K−1 [43]) and potential swelling by solvents [41] imposed some process constraints:

• the uncured photoresist should not swell the PDMS.

• the maximum process temperature and temperature gradients had to be kept to a

minimum to avoid catastrophic cracking of the photo-resist.

• the solvent used for resist removal should not swell PDMS nor attack the metallization.

The lift-off process is detailed in Appendix section A.1.3 page 118. To summarize it quickly,

40 nm of gold were sputtered and 0.2 g of gallium were evaporated after photoresist deposition

and patterning. The resist was then stripped to reveal the patterns before drying the samples.

The root mean square (RMS) edge roughness of the lines patterned by lift-off was derived from

a series of optical microscope images using the Analyze-Stripes macro for ImageJ [145].

Results and discussion

I achieved a critical dimension of 10μm (Figure 2.26). Arbitrary 2D shapes were produced

across an extended area (more than 50×80 mm2) while maintaining sharp features (RMS

edge roughness of 2.7μm for a 10μm × 15 mm line, see also Figure 2.27), and I confirmed

the exceptional electromechanical performance of the micropatterned conductive tracks

(Figure 2.28).
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Figure 2.26 – Micropatterning of biphasic gold-gallium conductors on PDMS substrates with
lift-off processing. a) Optical microscope images of (left to right) 100μm, 50μm, and 10μm
wide tracks and 3×3 matrices of 25μm and 10μm diameter dots of biphasic thin films pat-
terned with a photolithographic lift-off process. Scale bar: 25μm. b-c) Arbitrary patterns of
biphasic gold- gallium thin films on PDMS substrates. Scale bars are 250μm (b) and 1 mm
(c). d) Pictures of patterns developed over large-area surfaces. Scale bars are 10 mm (main
picture) and 500μm (insets).

Figure 2.27 – 3D reconstruction of micro-patterned biphasic gold-gallium tracks from optical
profilometer measurement. a) Portion of a 100μm wide track. b) Portion of a 10μm wide track.
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2.3. Gallium-based biphasic (liquid-solid) and intrinsically stretchable thin films

Figure 2.28 – Electromechanical characterization of micro-patterned biphasic gold-gallium
tracks. Relative resistance change during incremental stretching of a (a) 100μm × 15 mm,
(b) 50μm × 15 mm, (c) 25μm × 15 mm, and (d) 10μm × 15 mm biphasic gold-gallium tracks
measured using the four-wire sensing method. Initial sheet resistances were 0.8Ω/sq, 0.7Ω/sq,
0.6Ω/sq and 0.4Ω/sq, respectively.

‡
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2.3.5 Investigation of other solid metallic under-layers

Materials and methods

The samples were prepared and tested as described in section 2.3.3 page 40. Three alternative

to Au underlayers were sputtered (DP 650, Alliance Concept)before gallium thermal evapora-

tion: Pd (60 nm), Pt (60 nm) and Ir (60 nm). Only noble metals were investigated since surface

oxidation of non noble metal seemed to prevent the formation of the biphasic thin films. Al

and Cu were also considered but gallium did not wet the surface of sputtered Cu, and films

with Al underlayer failed at strains below 0.8.

Results and discussion

Films prepared with a Pd underlayer could maintained their continuity up to 0.8 strain (see

Figure 2.29)and dispayed electromehcanical performance similar to films prepared with Au un-

derlayer for every tested metric as illustrated in Figure 2.30. On the contrary, cracks appeared

in samples prepared with Pt and Ir, leading to degraded electromechanical performance (large

increase in baseline resistance after cycling to 0.5 strain). It higlighted the importance of the

interaction between the substrate, the solid metal underlayer and the liquid gallium to obtain

high performance biphasic thin metallic films.
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2.3. Gallium-based biphasic (liquid-solid) and intrinsically stretchable thin films

Figure 2.29 – Biphasic gallium-based thin films on PDMS substrates with Au, Pd, Pt and Ir
underlayers. a) SEM images of the surface of films after sputter deposition of the 60 nm metal
layer on a PDMS substrate (left) and after the subsequent gallium thermal evaporation (right).
Scale bars are 20μm. b) Optical microscope images of 300μm wide tracks of the biphasic films
under 0.8 applied mechanical strain. Scale bars are 100μm.
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Figure 2.30 – Electromechanical characterization of biphasic films with Au, Pd, Pt and Ir under-
layers. a) Sheet resistance, (b) gauge factor and (c) relative change in baseline resistance at zero
strain after the tracks were stretched to 0.5 strain. Corresponding atomic ratios (nmet al /nGa)
β are 13 for Au, 11 for Pt, 11 for Pt and 11 for Ir. (n = 4 for each data point, error bars: s.d.).
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2.3. Gallium-based biphasic (liquid-solid) and intrinsically stretchable thin films

2.3.6 Liquid electromigration under DC current in biphasic thin films

Electromigration in solid and liquid conductors

Electromigration in solid metals refers to the displacement of the conductor’s atoms under the

action of an electrical current and has an important influence on the reliability of integrated

circuits [146]. It results from collisions between the free electrons and the atoms of the con-

ductor. Following the "electron wind" direction, the metal atom diffuse towards the anode,

preferably through grain boundary vacancies in polycristalline thin films.

Dutta and coworkers reported extensively on macroscopic electromigration of liquid metals,

and gallium in particular [147–149]. The electromigration force exerted on the metal ions of

the lattice is the resultant of two forces with opposite direction, the electrostatic force and the

force exerted by the electron wind. The total force is:

�F = (Z +Zw )e�E = Z∗e�E (2.4)

with Z the ion valence, Zw the valence resulting from ion-electron wind coupling, and Z∗

the effective valence accounting for both wind and electrostatic forces, �E the electric field,

and e the elementary charge [146]. In solid conductors, the wind force dominates: Z∗ < 0

and electromigration occurs in the direction opposite to the electrical field (from cathode to

anode). In liquid conductors, the electrostatic force dominates: Z∗ > 0 and electromigration

occurs in the direction of the electrical field (from anode to cathode) [147, 148].

In thin films metallic interconnects, the mean time to failure tfail,50 is empirically described by

the generalized Black’s equation [150, 151]:

tfail,50 =
A

j n e
Ea
kT (2.5)

where A is a constant, Ea is the activation energy for failure, k is the Boltzmann constant, and

T is the temperature.

Materials and methods

Samples preparation Samples were prepared as described in Appendix section A.1.3 page 118.

In short, glass wafer were coated with a 120μm layer of PDMS cured at 80 ◦C. 60 nm of gold was

sputtered and gallium was thermally evaporated to reach an atomic ratio β= 13. 1×15 mm2

conductive tracks terminated by connection pads were patterned using stencil masks.
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Figure 2.31 – Test set-up for liquid elecro-migration measurement. a) Schematic representa-
tion of the test set-up. b) Picture of a sample under test. Scale bar is 10 mm.

Samples testing Figure 2.31 shows a schematic of the testing set-up. Wafers were placed

in a probe station (MPS 150, Cascade Microtech). I probed the tracks using curved tungsten

wires (99.9% purity, 0.25 mm diameter, Electron Microscopy Sciences) mounted on micro-

metric positioning probes (DPP210, Cascade Microtech). Tungsten was chosen as contacting

material since it is resistant to corrosion by gallium [152]. The mean interprobe distance

was 18.0±0.3 mm (mean±S.D., n=15). Direct current was passed through the tracks and the

resistance was recorded using a source-meter (2400, Keithley).

Sample observation Samples were observed using an optical microcsope (Eclipse, Nikon)

and a scanning electron microscope (SEM) (Merlin, Zeiss). Energy dispersive spectroscopy

(EDS) data were acquired in the SEM at beam energy of 20 keV, using a 50 mm2 X-Max silicon

drift detector from Oxford Instruments and analyzed using Aztec software from same supplier.

Results and discussion

Resistance variation As shown Figure 2.32 the resistance of the tracks increased dramat-

ically over time when a DC current passed through. The initial mean resistance R0 of the

samples was 11.6±0.9Ω (mean±s.d., 15 samples). In microelectronics reliability studies, the

failure time of an interconnect is typically defined as a fixed percentage increase from its initial

resistance [153–155]. In this study, I defined the failure time t f ai l as the time when the resis-

tance of the sample reached 10R0 (represented by solid lines Figure 2.32a). The failure time

followed a inverse power law relationship as a function of the applied current i : t f ai l ∝ i−n

with n = 3.2. As reported in Appendix A.5 page 125, the time to ultimate failure followed the

same trend for the fourteen samples tested until an open circuit condition was reached.

From measurements of the contact area at the probes (Acont act = 49±3×103 μm2, mean±s.d.,

n=3), I estimated the current density j at the probe/film contact area between 100 Acm−2 (for

i =50 mA) and 5 Acm−2 (for i =2.5 mA).

54



2.3. Gallium-based biphasic (liquid-solid) and intrinsically stretchable thin films

Figure 2.32 – a) Resistance of samples as a function of time for DC currents of 2.5 mA to 50 mA.
b) Failure time as a function of DC current amplitude for the 15 tested samples. R2 = 0.93 for
linear fit.

Change in film aspect and composition I observed a drastic change in film aspect in the

area around the tungsten probes (Figure 2.33). Before failure and after probing, both anode

and cathode contact areas had a metallic aspect. After failure, the anode area took a dark as-

pect, with scattered metallic clusters. On the contrary, the cathode area conserved its original

metallic aspect. Liquid gallium bulges remained in the cathode area whereas they disappeared

in the anode area.

EDS-SEM analysis after electrical failure revealed that in the anode area, gallium and gold were

almost exclusively concentrated into the microscopic metallic clusters, while they were evenly

distributed in the cathode area (Figure 2.34). The metallic micro-clusters were composed

of disjointed crystallites as shown Figure 2.35 which I identified as AuGa2 intermetallic alloy

[125].

Evidence for liquid electromigration In brief, I observed two phenomena:

• gallium is depleted in the anode area and accumulates in the cathode area.

• the failure time follows an inverse power law function of the applied DC current in the

tracks.

There is thus a transport of gallium from anode to cathode, leading to a failure of the intercon-

nects following the empirical Black’s equation.

Taken together with literature described above, the experimental results show that liquid

electromigration occurs in biphasic gallium-based thin films. If a significant current must pass

through the biphasic thin film interconnects, mitigation strategies such as alternative current
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Figure 2.33 – Biphasic film aspect before and after electrical failure, observed using an optical
microscope. a-b) Typical aspect of cathode and anode areas after probing and before failure.
Scale bars are 100μm c-d) Typical aspect of cathode and anode area after failure. Scale bars are
100μm e-f) Cathode and anode area after failure at higher magnification. Scale bar is 20μm.

(AC) or pulsed DC powering can be considered to extend devices lifetime [156]. Increasing the

films uniformity to decrease the current density for a fixed deposited gallium quantity should

also mitigate the effect of electromigration.
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2.3. Gallium-based biphasic (liquid-solid) and intrinsically stretchable thin films

Figure 2.34 – EDS-SEM analysis of the cathode and anode areas after electrical failure. a)
SEM image and EDS elemental mapping for Ga and Au in the anode area after electrical
failure. Scale bars are 25μm. b) SEM image and EDS elemental mapping for Ga and Au in the
anode area after electrical. Scale bars are 25μm. c-d) EDS spectra corresponding to the entire
elemental maps in (a) and (b).

Figure 2.35 – SEM image of the metallic clusters in the anode area. Scale bar is 5μm.
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2.3.7 Conclusion

I reported on the composition, morphology and electromechanical properties of biphasic

(solid-liquid) films deposited by physical vapor deposition process on elastomer substrates.

I highlighted several mechanisms enabling high conductivity, low gauge factor and stretcha-

bility of the films to hundreds of percent and to a million cycles:

• pre-coating the substrate with a sputtered gold layer enabled the evaporated gallium to

wet and diffuse in the gold layer to form a continuous coating.

• a fraction of the gallium alloyed with the gold while the excess remained liquid and

accumulated into randomly distributed microscopic bulges. For a Ga/Au atomic ratio of

13, 97% of the film area remained under 5μm in thickness while the bulges could reach

up to 20μm in height and 100μm in diameter.

• for a Ga/Au atomic ratio larger than 6 the solid alloy layer cracked while liquid gallium

could flow between the cracks to maintain the continuity of the film. For a Ga/Au atomic

ratio smaller than 6, the films fractured irreversibly, leading to degraded electrical

properties.

• electro-mechanical properties were similar for a palladium pre-coating. By contrast,

cracks appeared in the films prepared with platinum and iridium pre-coatings, leading

to degraded electrical properties including a drift in the baseline resistance.

For a Ga/Au atomic ratio of 13, the films were characterized by a sheet resistance of 0.5Ω/sq,

a gauge factor of 1 up to 80% strain, a failure strain larger than 300% for uniaxial strain, and

could sustain radial stretching resulting in a substrate surface area increase of 200%.

I also demonstrated that conductive tracks with critical dimensions down to 10μm could be

patterned by lift-off process over large area, and maintain conductivity under repeated large

(>50%) strains.

Finally, I showed that liquid electromigration occurred in the films exposed to prolonged DC

currents, stressing the need to increase films uniformity in order to decrease the maximum

current density and achieve reliable operation in a large range of applications.
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2.4. Summary and outlook

2.4 Summary and outlook

Three technologies for stretchable metallization were presented in this chapter:

• micro-cracked Cr/Au thin films

• micro-plotted EGaIn wires

• biphasic gallium-based thin films

For each technique, Table 2.1 summarizes the properties reported in this chapter and in the

literature when applicable.

μ-cracked
Cr/Au

μ-plotted
EGaIn

Biphasic
thin films

Thickness <50 nm ≈40μm [134] <1μm
Sheet resistance
(Ω/sq)

20 5×10−3 0.5

Mean gauge factor � 4 � 2 � 1
Maximum strain 0.5 >1 [134] 4
Hysteresis
loop width (strain)

0.14 < 1×10−2 < 1×10−2

Fatigue (cycles) 1×106

(@ 0.2 strain) [72, 80]
NC 1×106

(@ 0.5 strain)
Critical
dimension (μm)

50 [38] 40 10

Deposition and
patterning

Parallel Serial Parallel

Electromigration NC NC Yes

Table 2.1 – Comparison between the three stretchable metallization techniques on stretchable
PDMS substrates reported in this chapter. NC: Not Characterized.

Micro-cracked Cr/Au films patterns on PDMS gather the required properties to be used as

thin strain gauges up to maximum 50% of strain: they are sub-micrometer thin, have a large

gauge factor (4) and high sheet resistance (20Ω/sq), resulting in large signal-to-noise ratio for

strain sensing. A limitation is the large hysteresis loop width.

Micro-plotted EGaIn wires make stable, strain insensitive stretchable interconnects thanks to

their very low sheet resistance (<5 mΩ/sq) and finite gauge factor (GF=2). However, they are

relatively thick (>40μm) and can only be produced in a serial manner.
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Finally, biphasic (solid-liquid) gallium-based thin films are versatile since they offer a low sheet

resistance (0.5Ω/sq), a thickness lower than 1μm on average, and a batch deposition and

patterning method down to 10μm critical dimensions. Figure2.36 illustrates their exceptional

electromechanical performance compared to the state of the art for micro-patternable stretch-

able conductors: the ability to reach micro-metric critical dimension and less than double in

resistance at 50% strain is unmatched to my knowledge. In addtion, they are produced using

standard industrial machines, a major asset for translation to large area and high throughput

production. Yet, the conductive biphasic tracks may fail due to electromigration generated by

prolonged direct current.

Many electro-mechanical characteristics must be taken into account to benchmark a stretch-

able conductor. For a given set of specifications - including electromechanical performance,

critical dimensions, and cost - the stretchable electronic system designer should evaluate

the different technologies at hand and choose the conductive material that offers the most

appropriate trade-off for the target application.

The next chapter presents application of the three stretchable metallization technologies to

fabricate hand-worn strain sensors. I demonstrate that the combination of micro-cracked

gold thin films enables highly sensitive and localized strain sensing. I then utilize the superior

electro-mechanical and patterning properties of biphasic gallium-based films to assemble

even thinner, more robust sensing devices that can sustain the whole finger range of motion.
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2.4. Summary and outlook

Figure 2.36 – Overview of published results on thin, intrinsically stretchable conductors
patterned over large area (>50 cm2) with line widths � 500μm (� Ga-based biphasic thin
films [125], � AgNW composite [75], • AgNW composite [157], � AgNW composite [56], �
Au micro-cracked thin films [158], � Au nano-sheets [159], � Ag micro-flakes [74], 	 AgNW
composite [160]). The "as-designed" sheet resistance is calculated as R∗

s = R w0
L0

where R is the
resistance of the conductor at the strain considered and w0 and L0 are the width and length of
the conductor at zero strain. Pink circles highlight biphasic thin films reported in section 2.3.
Adapted from [75].
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2.5 Contributions

For the work presented in section 2.1, I designed the experiments and Laurent Dejace (LD) and

myself performed them as part of his master thesis under my supervision. LD also acquired

the SEM images. I analyzed the data and wrote the paper together with Prof Lacour.

For the work presented in section 2.2, I designed the experiments and developed the micro-

plotting process. Joan Teixidor fabricated the samples and performed the experiments for

electrical and mechanical characterization as part of his semester project under my supervi-

sion. I analyzed the data and wrote the paper together with Prof Lacour.

For the work presented in section 2.3 apart from section 2.3.6 on electromigration, Arthur

Hirsch (AH) and I initially conceived the study. AH performed the electro-mechanical charac-

terization for gold underlayer, including long-term cycling. I acquired the electro-mechanical

data for all the other underlayers and for the PET substrate. I acquired the SEM images and the

EDS mapping data. I acquired and analyzed the XRD data with Séverine de Mulatier (SdM) as

part of her master thesis under my supervision. SdM also acquired the AFM data. I performed

the optical profilometry experiments and data analysis. I developed the lift-off patterning

process and performed corresponding electro-mechanical characterization experiments. Dr

Aaron P. Gerratt (APG) build the set-up and performed the radial stretching experiment. AH,

APG, Prof Lacour and I further analyzed the results and wrote the paper.

For the work on electromigration presented in section 2.3.6, I designed the study and per-

formed the experiments. I analyzed the data and wrote the paper manuscript together with

Prof Lacour.
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3 Skin-like strain sensors
from stretchable conductors

In this chapter, the three stretchable conductor technologies presented in chapter 2 - microc-

racked gold thin films, micro-plotted EGaIn wires and biphasic thin metal films - are applied

to construct soft, skin-like strain sensors. Section 3.1 describes a smart glove equipped with a

strain sensing strip to encode the joints rotation of a humanoid robotic hand. Then I adapt

the precedent design for a human hand and demonstrate its use in combination with soft

tactile pressure sensors for grasp encoding in section 3.2. In section 3.3, I describe epidermal

strain sensors based on biphasic thin films. Compared to the first two solutions, they enable

a larger range of motion thanks to an increased robustness and a thickness reduced by one

order of magnitude. The previous three sensing systems are limited to uniaxial sensing. In the

last section 3.4, strain gauge rosettes made from micro-cracked Cr/Au to determine direction

and magnitude of multi-axial strains are demonstrated.

This chapter is adapted from the following publications:

A) H. O. Michaud, J. Teixidor, and S. P. Lacour. Soft flexion sensors integrating strechable

metal conductors on a silicone substrate for smart glove applications. In 2015 28th IEEE

International Conference on Micro Electro Mechanical Systems (MEMS), pages 760–763,

2015.

B) A. P. Gerratt, H. O. Michaud, and S. P. Lacour. Elastomeric Electronic Skin for Prosthetic

Tactile Sensation. Advanced Functional Materials, 25(15):2287–2295, 2015.

C) H. O. Michaud, L. Dejace, S. de Mulatier, and S. P. Lacour. Design and Functional

Evaluation of an Epidermal Strain Sensing System for Hand Tracking. In 2016 IEEE/RSJ

International Conference on Intelligent Robots and Systems (IROS), pages 3186–3191,

2016.

D) H. O. Michaud, J. Teixidor, and S. P. Lacour. Soft metal constructs for large strain sensor

membrane. Smart Materials and Structures, 24(3):35020, 2015.
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3.1 Liquid metal wires and microcracked gold thin films for robotic

hand motion encoding

3.1.1 Motivation

Robotic systems can be divided into two groups:

• fully actuated systems where there is at least one actuator per degree of freedom. The

state or position of a fully actuated system can always be set or controlled to arbitrary

position in the configuration space.

• under actuated systems where the state of the system cannot always be set or controlled

to arbitrary position. For example, this is the case if there are less actuators than degrees

of freedom. The state of such systems typically results from interactions with the

environment.

A number of under actuacted biomimetic robotic hands have been proposed recently [164–

166]. Compared to fully actuated hands, the design is greatly simplified, resulting in lower

cost, decreased weight, increased robustness and simpler control strategy. However, the lack

of sensors makes it difficult to determine the system configuration and classify, for example, if

a grasp attempt was successful or not. Implementing skin-like sensor to cover the hands and

encode the position of each joint could enable precise position monitoring while maintaining

the simplified design and actuation principles.

I proposed a skin-like sensing device to encode the physical position of biomimetic robotic

fingers.

3.1.2 Design and fabrication of the sensors

Design

As illustrated in Figure 3.1, I assembled three flexion sensors made from microcracked gold

films interconnected with micro-plotted liquid metal wires into a thin (<0.5 mm) and soft

silicone membrane. The system was designed to fit on a humanoid robotic hand and monitor

its three joints angular positions. The iCub robot was chosen as the test platform since its

hand mimics the kinematic of the human fingers and is embedded with its own commercial

rotation sensors [167]. In this implementation, the sensors were integrated in an elastomer

membrane placed on a textile glove in tight contact with the dorsal side of the finger.

Let’s consider an articulated finger with three cylindrical joints (metacarpophalangeal MCP,

proximal interphalangeal PIP, and distal interphalangeal DIP) of radius r and rigid phalanxes.
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3.1. Liquid metal wires and microcracked gold thin films for robotic hand motion
encoding

Figure 3.1 – Sensing principle and design of the stretchable flexion sensing strip with soft
interconnects for humanoid fingers. a) The sensing strip was mounted on the surface of the
finger to transduce the strain e that occurred when the finger was bent. b) Design of the
sensing strip.

When a joint of the finger rotates by an angle θ, the length of the dorsal part the finger in-

creases by θr . It results in a tensile strain e across the surface of the soft membrane located

on top of the joint (Figure 3.1a). In order to convert this mechanical stimulus, I chose to

form strain gauges from patterns of the stretchable gold thin films.Three gold-film strain

gauges with graded lengths aligned with the middle of the phalanxes of the robotic finger were

interconnected. The staggered EGaIn interconnect design was laid down because of a limita-

tion from the printing set-up, which restricted the maximum length of a printed wire to 35 mm.

The liquid metal interconnects provided a fully elastic wire-sensor interface thereby avoiding

interfacing mechanically soft sensors with hard wiring. In particular, it prevented mechanical

stress concentration at the soft-hard junctions and failure of the sensory skin.

Readout circuit

Figure 3.2 presents the equivalent readout electrical circuit of the soft sensing system. The

resistance of each sensor was recorded through a voltage divider connected to the analog

inputs of an Arduino Micro board (Arduino/Adafruit, 15 Hz sampling frequency). The voltage

reference was set at 1.24 V (LM 385, Texas Instruments). As shown in section 2.2 page 26, soft

liquid metal micro-wires embedded in silicone have a small resistance at rest (less than 1Ω

for centimeter-long wires) and their resistance increases by less than 150% for strains up to

50%. Hence, for each gauge j, its resistance R j was much larger than the sum of the resistances

Ri nt , j of the interconnects: R j �∑
Ri nt ,k at rest. When the finger was flexed, ΔR j �∑

ΔRi nt ,k

so the sensors could be addressed independently through the interconnection network.
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Figure 3.2 – Equivalent electrical circuit of the soft integrated flexion sensing strip for hu-
manoid fingers. The resistance of each sensing gauges Rj is probed through a voltage di-
vider bridge with reference voltage Vref and connected to ground via the interconnects Rint,j.
R j �∑

Ri nt ,k at rest and ΔR j �∑
ΔRi nt ,k when a strain is applied by bending the finger.

Fabrication

The fabrication process is detailed in the Appendix sections A.1.1 and A.1.2 page 117. To

quickly summarize it, 5/25 nm Cr/Au thin film were evaporated on a PDMS through a stencil

mask. Then EGaIn wires were micro-plotted to interconnect the Cr/Au structures, solid wires

were connected and secured using silicone sealant, and PDMS encapsulation was spin-coated.

The final thickness of the strips was below 500μm.

3.1.3 Results and discussion

Single sensor characterization

After microfabrication, the strip was attached to a textile glove using EcoFlex (Smooth-On) as

a curable adhesive. When the robot was wearing the sensorized glove, it could rotate normally

all finger’s joints and open and close completely its hand (Figure 3.3). The Arduino board was

addressed from a PC through the serial communication bus. I assessed the repeatability and

linearity of the sensors by recording the relative increase in resistance of sensor 1 when the

MCP joint was incrementally closed multiple times (Figure 3.4). Small standard deviations

and a high R2 value indicated good linearity of the sensor.

Computation of the joints angle

I made the following assumptions in order to compute the three joints’ angle from the output

of the sensors:

• The rotation of each joint resulted in a linear increase of the electrical resistance of each
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3.1. Liquid metal wires and microcracked gold thin films for robotic hand motion
encoding

Figure 3.3 – a) Soft flexion sensing trip after mounting on a textile glove. Scale bar is 20 mm. b)
Glove worn by the iCub robot with its finger fully flexed.

Figure 3.4 – Response of sensor 1 to flexion of the MCP joint. 12 flexion cycles from 0° to 67°
are represented. Error bars represent 99% confidence interval. Solid line represents linear
interpolation (R2=0.98).

strain gauge.

• This increase in resistance was independent from the position or rotation of the other

joints.

Hence, the relative increase in resistance of each sensor was a linear combination of the

three joints’ angles, with fixed coefficients. I defined the vectors θ = [θMC P ;θPI P ;θD I P ] and

R = [ΔR1
R1,0

; ΔR2
R2,0

; ΔR3
R3,0

] and could therefore define:

R = Jθ (3.1)

where J = K−1 is a 3×3 matrix.

The calibration matrix K (θ = K R) was determined using the following calibration scheme.

The outputs of the sensors were recorded for six different known positions of the finger and

arranged in an 18×9 matrix Rcal . The angles of the three joints for the six known positions

were arranged in an eighteen elements vector θc al . The nine elements vector containing the
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coefficients of matrix K, CK, was computed using the least square method:

Ck = (RT
cal Rcal )−1RT

calθc al (3.2)

This routine was implemented in Matlab (MathWorks).

Acquisition of the position of the robotic hand

After determination of the calibration matrix K, a Matlab script converted the sensors’ outputs

into joint angles and displayed the finger position. Figure 3.5 presents the sensors outputs,

the computed angles and the reconstructed finger position for repeated complete closings

of the robot’s hand. The MCP joint was first rotated then PIP and DIP joints were completely

closed at the same time. The joints were actuated in the inverse order for opening.

Data showed that the sensors were stable, quickly adapted to finger motion with good repeata-

bility, and did not overshoot (Figure 3.5). I also observed a systematic large overestimation of

θPI P (≈130° vs 90° reading from embedded reference sensor) and large underestimation of

θD I P (≈75° vs 90° reading from embedded reference sensor) when the finger was completely

closed. This might come from non-linearity or global strain (not only in the vicinity of the

joints) occurring in the skin during finger bending. These phenomena were not taken into

account in the calibration scheme.

With longer interconnects, the accuracy of the sensors could have been improved by patterning

a single strain sensing area per joint, thus mechanically reducing crosstalk between sensors.

For example, as sensor 1 was covering the MCP joint only, it was mainly sensitive to the

closing of the MCP joint and not to the rotation of the other two joints (Figure 3.5a). However,

the calibration scheme is general and could be used for compensating the cross-talk in an

alternative sensor’s layout.
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3.1. Liquid metal wires and microcracked gold thin films for robotic hand motion
encoding

Figure 3.5 – Acquisition of robotic hand position with the soft sensor strip. a) Sensor output as
a function of time for three complete index closing and opening. b) Computed joints angles.
c) Reconstructed index profile for positions P1 to P5. d) Actual hand profile for positions P1 to
P5.
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3.1.4 Conclusion

I reported on the fabrication and characterization of stretchable, skin-like flexion sensors

designed to encode the position of a biomimetic robotic finger’s joints. The skin system

was mounted on the iCub humanoid hand to assess the sensors’ linearity, repeatability and

dynamic behavior. I also proposed a calibration algorithm that overcame design limitations

and enabled reconstruction of the finger posture in real time. Modification of the sensor’s

design could enhance the accuracy of the sensors.

In the next section, the proposed design is adapted to encode the movements of human

fingers.
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3.2. Liquid metal wires and microcracked gold thin films for motion encoding on a glove

3.2 Liquid metal wires and microcracked gold thin films for motion

encoding on a glove

3.2.1 Motivation

I adapted the design presented in section 3.1 to allow for tracking of a human hand and

coupling with soft tactile pressure sensors. This was important not only to extract richer

grasping information by adding two sensing modalities, but also to increase the accuracy

of the tactile sensors in real-life scenarios. Indeed, strechable tactile pressure sensors often

display a large cross-sensitivity to strain and noise received from the human body [122, 123].

The solution proposed here combined the response of soft strain and pressure sensors to

extract accurate finger bending and tactile information with a hand-wearable device.

3.2.2 Design and fabrication of the sensors

Design

The sensors displayed Figure 3.6 were designed to encode the flexion and extension of

two joints of the user’s index finger: the metacarpophalangeal (MCP) joint and proximal-

interphalangeal (PIP) joint. Two strain gauges were prepared with highly strain sensitive

stretchable gold thin film interconnected with printed elastic liquid metal wires.

Fabrication

The fabrication process is detailed in the Appendix sections A.1.1 and A.1.2 page 117. To

summarize it briefly, Cr/Au (5/40 nm) bilayers were thermally evaporated onto 125μm thick

PDMS. Liquid metal wires were then plotted on the PDMS membrane. The elastic wires were

next connected to Teflon coated silver wires for interfacing with the readout electronics. Then

the sensors on PDMS were encapsulated with a thin layer of PDMS. The total thickness of the

encapsulated sensors was below 500μm. Soft sensing strips were mounted onto a textile glove

with a thin layer of silicone (Ecoflex 00-10, Smooth-On), which was cured at 50 ◦C in an oven.

3.2.3 Characterization

Sensor response to finger flexion

Once mounted on a finger, the glove user was asked to flex and extend his MCP joint and his

PIP joint sequentially in order to evaluate the response of each sensors. The flexion-sensing

skin reliably discriminated between the PIP and MCP joint movement (Figure 3.7). The

joints angular positions were measured during an arbitrary finger movement. Both sensors’

resistance increased linearly as a function of joint angle (R2>0.94 for both sensors). The average

cross sensitivity of the PIP to the MCP joint flexion was less than 6% in the considered angular
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Figure 3.6 – Soft resistive sensor for transducing the relative motion of the first two phalanx
of a human finger. a) Schematic representation of the finger featuring the relative angles of
the metacarpophalangeal (MCP) and proximal interphalangeal (PIP) joints. b) Design of soft
integrated goniometric sensors. c) Schematic of the cross- section. d) Image showing the
fabricated strain and bending sensor. Scale bar on full device is 5 mm. Scale bar on close-up
of Au and EGaIn intersection is 1 mm.

motion range, and less than 10% vice versa. The range of motion of the user was intentionally

limited when using the sensorized glove since the strain sensors could not sustain the strain

induced by complete flexing of the joints.
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3.2. Liquid metal wires and microcracked gold thin films for motion encoding on a glove

Figure 3.7 – a) Response of the MCP and PIP resistive sensors to a flexion of the MCP joint
only. Visual markers on the two joints, on the middle of each phalanx and on the metacarpus
were used to quantify the finger’s position. Light and dark shades represent increasing (inc.)
and decreasing (dec.) angles, respectively. The solid line represents a linear fit of the MCP
sensor’s response (R2 =0.97). b) Response of the MCP and PIP resistive sensors to a flexion of
the PIP joint only. Light and shades represent increasing and decreasing angles, respectively.
The solid line represents a linear fit of the PIP sensor’s response (R2 =0.94). c) Time response
of both bending sensors for arbitrary finger motion when the hand is closed step by step. The
reconstructed finger profile (in red) is compared with pictures taken during steps S1, S2 and
S3.
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Sensor response to temperature

The sensors were placed in an oven (B180, Nabertherm) while the temperature was monitored

with a bandgap temperature sensor (MCP9808, Microchip).

The change in resistance of a gold conductor subject to temperature change can be calculated

as ΔR
R0

= α(T −T0) where R0 is the resistance at a reference temperature, T0 is the reference

temperature, α is the thermal coefficient of resistance (TCR) and T is the final temperature.

TCR of bulk gold is 3.72×10−3 K−1 and TCR of gold thin film has been measured to be lower

1.5×10−3 K−1 for 17 nm films and 1.7×10−3 K−1 for 110 nm films [168, 169]. A temperature

increase of 30 ◦C would result in a relative increase in resistance of 0.05 to 0.1, significantly less

than the measured increase of 0.7 in relative resistance of the strain sensors for an increase

from 22 ◦C to 52 ◦C. The additional increase in resistance of the sensors may be explained by

the thermal expansion of the silicone substrate.

Figure 3.8 – Relative change in resistance of a strain sensor as a function of temperature
increase from room temperature.

3.2.4 Coupling with soft-pressure sensor for grasp encoding

As displayed in Figure 3.9a, a glove featuring stretchable flexion/extension resistive sensors

on the dorsal side and soft capacitive tactile sensors on the palm side of the index finger was

assembled. More details on the capacitive tactile sensors fabrication and performance are

available in [162]. Flexion of the finger was also detected with the capacitive sensors: when the

finger was closed, the recorded capacitance change was similar to a 50 kPa tactile compression,

a significant error if left uncompensated.

After a calibration step, live bending compensation was allowed on each tactile node. During

movement of the finger, the response of the capacitive sensors was corrected as:

ΔCcomp =ΔC −ΔC (ΔRMC P ,ΔRPI P ) (3.3)
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3.2. Liquid metal wires and microcracked gold thin films for motion encoding on a glove

where ΔC is the raw data, and ΔC (ΔRMC P ,ΔRPI P ) is the compensating capacitive value de-

fined at the selected finger MCP and PIP joint position. ΔC (ΔRMC P ,ΔRPI P ) is determined

for each tactile sensor node by asking the user to flex the MCP joint only, the PIP joint only,

and finally both joints, and performing a third degree polynomial fit. Figure 3.9b shows that

the compensation scheme efficiently diminished tactile sensors sensitivity to bending, with a

peak response divided by more than three (0.2 pF to 0.06 pF).

Figure 3.9 – Coupling soft strain sensors with soft tactile force sensors on a glove. a) Images of
the pressure sensors on the palmar side of the hand and flexion sensors on the dorsal side of
the hand with schematic representations of the sensor locations on the finger. b) During finger
articulation, the strain–pressure cross-sensitivity of the tactile sensors was compensated with
the strain sensor response. The three plots show the flexion sensor data, the raw data from the
tactile sensors, and the compensated response of the tactile sensors. Data from all six of the
capacitive sensors are shown, with the plotted colors representing the corresponding location
in the schematic of the finger.
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The possibility of distinguishing soft from hard objects with the smart tactile glove was then

investigated. During this experiment, objects with distinct compliance were held between

the index and thumb, and squeezed three times. The soft and hard objects were both 6.5 cm

diameter cylinders prepared with compressible polyurethane foam and rigid plastic, respec-

tively. The combined readouts of the flexion and capacitive sensors differentiated objects

stiffness. When squeezing the soft cylinder, pressure and flexion sensor responses increased

simultaneously as the soft object was compressed. Conversely, the flexion sensor readout

remained constant once the hard object was grasped, and only the capacitive sensors detected

the three additional squeezes. Holding the hard object at the base of the fingers, as opposed

to the fingertip (Figure 3.10a), lead to distinct absolute sensor readouts, and highlighted the

necessity for full-finger coverage in order to gain a complete comprehension of the grasp

dynamics.

Finally, the smart tactile glove was evaluated in a more complex grasping task using human-

in-the-loop visual feedback (Figure 3.10b). The glove wearer was asked to grasp an object

while watching a color on a display. The color represented the tactile information from no

touch (dark blue) to high compressing touch (red) with graded intermediate levels. The user

was instructed to pick up the object and then adjust his grasp to a pre-set, arbitrarily selected

pressure (matching the cyan color on the scale). Visual feedback, in the form of a color, of the

instantaneous response of the tactile sensors was used to adjust and reach the target contact

pressure. Two successive grasps and releases are illustrated Figure 3.10b. When the object

was grabbed, the applied pressure overshot then decreased and was held at the desired level

based on the visual, color feedback. This type of closed-loop task is critical in robotic and

prosthetic applications where robotic control, sensing, actuation, and neural stimulation

should be precisely coordinated [120].
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3.2. Liquid metal wires and microcracked gold thin films for motion encoding on a glove

Figure 3.10 – Grasp transduction using a glove equipped with soft strain sensors and soft tactile
sensors. a) Grasps of a soft, compressible object and a rigid, incompressible object of the
same diameter. The ∗ symbols denote the time when the images of the grasps where taken. b)
Tactile response during a grasp and manipulation task demonstrating the wearer was able to
adjust the grasp strength to the target pressure during two trials.
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3.2.5 Conclusion

I have demonstrated a multifunctional, wearable electronic skin, optimized for hand tactile

information encoding. Elastic metallization and silicone elastomers were processed with stan-

dard fabrication techniques to form a highly compliant and large-area sensory skin conveying

live pressure and proprioceptive-like information.

The integration of bending and pressure sensors on the dorsal and palmar side of the hand

enabled:

• combined detection of tactile and bending inputs.

• decoupling of multi-modal stimulation of the soft tactile sensors, with a peak response

to bending divided by three.

• discrimination between soft and hard object.

• fine grasp force control by the user.

In the next chapter, I use biphasic thin metal films to enable assemble thinner wearable strain

sensors compatible with a larger range of motion.
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3.3. Epidermal strain sensors from biphasic thin films

3.3 Epidermal strain sensors from biphasic thin films

3.3.1 Motivation

I applied the stretchable gallium-based thin film deposition and micropatterning process

presented in section 2.3 page 32 to construct skin-worn strain sensors. Compared to the

glove-based solutions presented in the two previous sections, the objective was to:

• assemble thinner and more robust sensors to achieve larger range of motion (ROM) and

minimal limitation of motion.

• evaluate the response of the sensors subjected to parasitic stimuli including transverse

strain, normal pressure and thermal loading.

• quantify the tracking performance of the sensors with a reference system in the consid-

ered ROM and for a large range of grasping tasks.

3.3.2 Design and fabrication of the sensors

Design

Two sets of sensors were designed and fabricated . The first one served to characterize the

response of a single strain gauge to uniaxial longitudinal strain, uniaxial transverse strain and

normal pressure. The second was designed to cover the articulations of the human finger and

measure the finger’s motion over its full range of flexion and extension.

Sensors for characterization under uniaxial strain The size of the sensors was selected in

order to fit in the customized linear stretcher described section 2.1.2 page 21. The sensors

featured large terminal tracks (800μm width) and thin meander patterns (sixteen 100μm wide

parallel tracks, as shown Figure 3.11a).

On-finger flexion and extension sensors Long sensing strips (80×9.8 mm2) hosted two

flexion and extension sensors (Figure 3.11b). Each sensor consisted of two meander patterns

(sixteen 100μm wide parallel tracks or twenty 50μm wide parallel tracks) interconnected to

800μm wide terminal tracks. The spacing (50 mm center to center) and length (15 mm) of the

gauges were chosen to cover most of the human finger sizes [104]. Assuming a constant sheet

resistance, the meander patterns were at least 35 times more resistive than the terminal tracks

for all sensor pairs designs. Hence, most of the sensed signal came from the meanders and

the cross talk from the tracks was minimized. Two sensors covering the metacarpophalangeal

(MCP) and proximal interphalangeal (PIP) joints were sufficient to reconstruct the whole finger

movement since the movement of the distal interphalangeal joint (DIP) is strongly coupled to

the PIP joint [170].
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Figure 3.11 – a) Design of a single sensor for characterization and b) sensor pair for on-finger
flexion and extension sensing. Meander patterns were composed of sixteen 100μm wide
parallel tracks for the single sensor and sixteen 100μm or twenty 50μm wide parallel tracks
for the sensor pair for on-finger flexion sensing. Terminal tracks were 800μm wide for both
designs.

Fabrication

The sensors were fabricated according to the process-flow detailes in Appendix section A.1.3

page 118. To summarize it briefly, a 25μm-thick PDMS film was spin-coated and cured on

a support silicon wafer. After this, photoresist was spin-coated, exposed and developed.

Subsequently, a 40 nm-thick Au adhesion layer was sputtered and 0.2 g of Ga were thermally

evaporated to form a solid-liquid biphasic film. The photoresist was removed in a stripping

solution. Next, the metallized tracks were connected to stranded wires with eutectic gallium-

indium and encapsulated with a silicone sealant (734, Dow Corning). The sensors were

encapsulated by spin-coating a second 25μm-thick PDMS layer. They were finally cut and

manually peeled off the support wafer before usage. Figure 3.12 shows three sensor strips in

use after fabrication and a schematic cross-section of the sensors.

3.3.3 Response to uni-axial strain, normal force, and temperature variation

Experimental set-up and instrumentation

For uniaxial strain characterization, I used the custom stretcher described in section 2.1.2

page 21. The sensors were held by 40 mm wide clamps.

For pressure response testing, a controlled normal force was applied on the sensors over an

area of 23×14 mm2 using an electromechanical Universal Test System (Criterion C.42, MTS)

with a 100 N load cell.
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3.3. Epidermal strain sensors from biphasic thin films

Figure 3.12 – a) Three pairs of sensing strain gauges placed on a hand performing a fine motor
task. Scale bar of inset is 10 mm. b) Schematic cross-section of a sensor connected with
external wiring.

For thermal response testing, the sensors were placed in a temperature controlled oven (UFE

500, Memmert), and the resistance of the sensor was monitored while the temperature was

raised from room temperature to 100 ◦C.

Results and discussion

The gauge factor in the x-direction was 1.2 versus only 0.05 in the y-direction (Fig. 3.13a-b),

therefore the strain gauges were 24 times more sensitive to strains in the designed sensing

direction than in the transverse direction. This selective sensitivity is a key feature for strain

gauges [131].

Sensitivity to normal pressure was less than 0.2 MPa−1 in the 0 kPa to 100 kPa pressure range

(Figure 3.13c). The sensor’s resistance increased linearly as a function of the temperature in

the considered range (R2 >0.99), with a sensitivity of 1.7×10−3 K−1.

The strain gauges behaved similarly to traditional strain gauges even at very large strains, and

their performance was minimally influenced by transverse strains or normal pressure. Thermal

drift should be compensated for if the application involves large temperature variations, by

means of a Wheatstone bridge for instance.
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Figure 3.13 – Relative change in resistance of a characterization sensor as a function of (a)
uniaxial longitudinal strain for 200 cycles to 50% strain, (b) uniaxial transverse strain for 20
cycles to 50% strain, (c) normal pressure, and (d) temperature increase from room temperature.

3.3.4 Benchmarking as finger tracking sensors

Experimental set-up

In this study, the MCP and PIP angles computed by the sensors were compared to the angles

measured by a motion tracking system (Nexus, Vicon Motion Systems), consisting of eight

Bonita cameras and one data acquisition device (Vicon Datastation ADC Patch Panel, Oxford

Metrics). The system tracked markers with a precision of 0.5 mm in translation and 0.5° in

rotation according to the manufacturer’s specifications. Nine markers were positioned on

the carpo-metacarpal (CMC), metacarpo-phalangeal (MCP), proximal-interphalangeal (PIP)

and distal interphalangeal (DIP) joints and fingertip (FT) of the subject (Figure 3.14). The 3D

spatial position of the markers was recorded at 100 Hz. Acquisition of signals from the flexion

sensors and the tracking system were synchronized.

The sensors’ resistances were recorded at 1 kHz with a 16 bit resolution via a voltage divider. A

constant input voltage of 5 V (2400 SourceMeter, Keithley) was applied across each track on

which two 1.5 kΩ reference resistors were mounted.

The sensing strip and the markers for the camera motion tracking were placed as depicted

Figure 3.14. Placement of the markers enabled the projection of the finger angles in the

sagittal plane of the hand [171]. The sagittal plane was defined as perpendicular to the plane

containing the CMC2, MCP2 and MCP3 markers. The computation of the joint’s angles from

markers’ positions is detailed in Appendix A.6 page 126.
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3.3. Epidermal strain sensors from biphasic thin films

Figure 3.14 – Experimental set-up for joints angle recording and sensor readout. a) Position of
the markers for video-tracking. b) Definition of the MCP and PIP angles, and the plane used to
compute them. c) Readout circuit schematic.

Calibration procedure

At the beginning of each data acquisition session, the subject was asked to sequentially flex

and extend his/her MCP joint three times, then his/her PIP joints three times, then both joints

three times. The considered range of motion (ROM) covered most of the average functional

ROM for both joints (respectively 0° to 61° for MCP joint and 0° to 60° for the PIP joint) [172].

From the data of the calibration runs illustrated in Figure 3.7, the least squares method was

applied to determine the coefficients of a second order polynomial regression model:

θ = a0 +a1
ΔRMC P

R0,MC P
+a2

ΔRPI P

R0,PI P
+a12

ΔRMC P

R0,MC P

ΔRPI P

R0,PI P

+a11(
ΔRMC P

R0,MC P
)2 +a22(

ΔRMC P

R0,MC P
)2 (3.4)

The ai coefficients were determined for each angle (MCP and PIP) and used to reconstruct

the angles θMC P and θPI P from the resistances of the pair of sensors in every other run of the

session.

Abduction and adduction of the index were minimally influencing the output signal (1.6% of
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Figure 3.15 – Calibration of a pair of epidermal strain sensors. a) Relative change in resistance
of the MCP sensor as a function of θMC P for the nine calibration flexions and extensions of
the third session. The blue points represent the data acquired during all the other runs of
the session. b) Relative change in resistance of the PIP sensor as a function of θPI P for the
nine calibration flexions and extensions of the third session. The grey points represent the
data acquired during all the other runs of the session. For clarity, only one in ten points were
plotted.

relative resistance variation over a full ad-abduction cycle) of the MCP sensor, validating the

choice of studying the flexion of the finger in the sagittal plane of the hand only.

3.3.5 Comparison with the video-tracking system during grasping tasks

Description of data acquisition sessions

In total, three data acquisition sessions were performed, using different sensor designs or

attachment strategies. The first featured 100μm wide tracks in the meander patterns, and were

glued directly to the finger using skin adhesive silicone (7-9700, Dow Corning). The second

and third sessions were performed by attaching the strip to the finger with medical tape, as

demonstrated in Figure 3.14. The width of the meander patterns was decreased to 50μm in

the third session. The use of tape enabled quicker and easier adjustment and repositioning of

the strips at the beginning of the session. The sensors could also be put slightly under tension

in the resting position to prevent the apparition of a "dead-zone" in-which no signal variation

occurred for low MCP or PIP angles.

The whole set of grasps performed during the different sessions consisted in moving the MCP

joint only, moving the PIP joint only, moving both joints, performing a power grip grasp on

cylindrical objects with diameters of 65 mm, 53 mm, 39 mm and 28 mm, performing a tip
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3.3. Epidermal strain sensors from biphasic thin films

Table 3.1 – Type and number of tasks for all data acquisition sessions.

100μm, glue 100μm, tape 50μm, tape
Flex. MCP 3 6 6
Flex. PIP 3 6 6

Flex. both 3 6 6
Power 65 mm 6 6 9
Power 53 mm 6 9 6
Power 39 mm 6 6 9
Power 28 mm 0 9 6

Tip pinch 6 9 6
Writing tripod 3 9 9

Pliers 0 6 9
Catch bottle 0 0 6

Total 36 72 78

pinch grasp, performing a writing tripod grasp, manipulating pliers, and catching a falling

bottle of water. Table 3.1 details the number and types of tasks for each session.

During the first session, the glued sensors sometimes detached from the user’s finger, making it

impossible to exploit the data for a number of tasks. Differences in repetitions between second

and third sessions came from unusable data from the video tracking system due to missing

markers trajectories, except for the bottle catching task that was added during the third session.

Sensor response to finger flexion and extension

The sensitivities were calculated from the calibration runs as plotted in Figure 3.15:

• >8×10−4 °−1 in the 0° to 25° range and >6×10−3 °−1 in the 25° to 60° range for the MCP

joint sensor

• >1×10−3 °−1 in the 12° to 65° range and >7×10−3 °−1 in the 65° to 90° range for the PIP

joint sensor.

For the third data acquisition session, these sensitivities were equivalent to more than 5Ω °−1,

since both sensors had an initial resistance larger than 6.9 kΩ. The sensor response to joint’s

flexion and extension formed a hysteresis loop. The maximum width of the loop corresponded

to about 10° for both sensors.
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Table 3.2 – Mean absolute errors and baseline resistances through all trials, with 100μm and
50μm wide gauge tracks.

100μm, glue 100μm, tape 50μm, tape
〈DMC P 〉±σ (°) 8.8 ± 15 7.4 ± 5.2 6.1 ± 4.5
〈DPI P 〉±σ (°) 11.6 ± 8.7 8.4 ± 7.0 8.3 ± 7.0

〈R0,MC P 〉±σ (Ω) 2591 ± 29 2321 ± 107 8137 ± 179
〈R0,PI P 〉±σ (Ω) 3020 ± 19 1970 ± 37 6912 ± 122

Quantitative comparison with the camera tracking system

After calibration, the response of the sensor was compared to the reference motion tracking

system. Figure 3.16 shows the typical time response of the sensor for nine grasps and finger

movements, representative of an entire session.

The absolute deviation D between the sensors and the reference was computed as:

D = |θsens −θr e f | (3.5)

where θsens is the angle computed from the response of the sensors’ pair and θr e f is the output

of the reference motion camera tracking system.

Table 3.2 summarizes the results of all runs. The accuracy, defined as the average of D over all

runs of a session after calibration, was minimized to 6.1° for the MCP angle and 8.3° for the

PIP angle, respectively, across all tasks. Eliminating the dead-zone by slightly pre-stretching

the sensors when using the tape resulted in higher accuracy. The baseline of the sensors was

also stable over the whole test session. No overshoot was observed, and the sensors could

capture movement lasting as quick as 250 ms when the hand was closed to catch the bottle.

Finally, no significant improvement in accuracy was observed when decreasing the meander

track width from 100μm to 50μm to increase the strain gauges resistance. The accuracy of

the sensors was ultimately limited by the width of the hysteresis loop. Mechanical cross-talk

might also explain the lower accuracy in the PIP angle measurement.
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3.3. Epidermal strain sensors from biphasic thin films

Figure 3.16 – Evaluation of the accuracy of the epidermal strain sensors for joint motion
encoding. Comparison between the index (a) MCP and (b) PIP angles sensed by the camera
tracking system (orange) and by the soft skin-like sensor pair (blue) after calibration for nine
different tasks. A ten points moving average filter was applied to the sensor’s output.
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3.3.6 Conclusion

I presented resistive strain gauges based on intrinsically stretchable biphasic thin metal films

deposited and micro-structured on PDMS substrate. These rubber-like gauges are soft (Young’s

modulus <2 MPa), with a thickness approaching that of the outermost layer of the human

skin (<50μm). One single gauge is 24 times more sensitive to large (50 %) axial strain than

transverse strain, and quasi-insensitive to normal pressure up to 100 kPa.

I proposed a design integrating a pair of sensors to encode the flexion and extension of human

fingers. I demonstrated that the sensors have a fast and stable response, with more than 10°

accuracy when compared to a commercial vision based tracking system. The performance

was maintained through a wide range of repeated dexterous manipulation tasks. The accuracy

of the sensors was ultimately limited the width of their hystersis loop.
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multidirectional strain sensors

3.4 Combining micro-cracked gold and micro-plotted liquid metal

wires for skin-like multidirectional strain sensors

3.4.1 Motivation

The three stretchable sensing systems presented in secions 3.1 to 3.3 are limited to the detec-

tion of a uniaxial strain along a pred-defined direction. However, extracting arbitrary 2D strain

vectors is critical to monitor motion or deformation of complex structures, including body

joints with multiple degrees of freedom like the ankle or the wrist [53, 123, 173].

3.4.2 Design and fabrication of the sensors

Design

Orientation and magnitude of uniaxial applied strain could be determined using three strain

gauges arranged in a rectangular rosette configuration (Figures 3.17 and 3.18). One of the

three sensors, A-B-C, was first stretched along its long axis in order to determine the average

gauge factor GF of all three branches in the rosette. After this calibration step, the strain in

each sensor A,B and C was determined using

e A,B ,C = 1

GF

(
ΔR

R0

)
A,B ,C

(3.6)

In the rectangular rosette configuration, the principal strains e1 and e2 and their orientation θ

can be derived from the strains sensed by gauges A, B and C[131]

e1,2 = e A +eC

2
± 1�

2

√
(e A −eB )2 + (eC −eB )2 (3.7)

θ = 1

2
tan−1

(
e A −2eB +eC

e A −eB

)
(3.8)

The angle Φ1, between direction A and e1, is determined from θ by comparing between e A , eB

and eC (see Appendix A.7 page 127) [174].
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Figure 3.17 – Picture of a rosette made of stretchable gold thin film connected with EGaIn
wires. Scale bar is 5 mm.

Figure 3.18 – Rosette under (a) 0% uniaxial strain and (b) 50% uniaxial strain. Scale bars are
5 mm. c) Orientation of the two principal strains relative to the three branches of the rosette.

Fabrication

Three gauge were fabricated according to the process detailed in Appendix sections A.1.1

and A.1.2 page 117. To summarize it briefly, 5/40 nm Cr/Au bilayer was evaporated through a

shadow mask on a 120μm thick PDMS substrate to form the rosette. EGaIn microwires were

then deposited to connect each gauge independently. Ag wires were inserted to contact each

microwire’s end and secured with silicone sealant. Finally, a PDMS encapsulation layer was

spin-coated and cured. The total thickness of the integrated rosette was less than 0.5 mm.

3.4.3 Detection of uniaxial strain magnitude and orientation

Figure 3.19 presents the outputs of the strain gauge rosette. e2 was not null but remained

smaller than e1/10 thanks to the small transverse sensitivity of the gauges. When the applied

strain was aligned with one of the sensors, the computed angle clearly matched one of the

gauge direction (Figure 3.19c). Arbitrary strain orientation was also detected (Figure 3.19f).
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Figure 3.19 – Detection of principal strains magnitudes and directions with a stretchable strain
gauge rosette. Relative increase in resistance of branches A,B and C (a), computed magnitude
of principal strains (b), and computed orientation of the first principal strain (c), for a 50%
maximal applied strain with an angle Φ1,app = 90◦ relative to branch A. Relative increase
in resistance of branches A,B and C (d), computed magnitude of principal strains (e), and
computed orientation of the first principal strain (f), for a 50% maximal applied strain with an
angle Φ1,app = 76◦ relative to branch A.

3.4.4 Detection of isotropic strain magnitude

The soft metal sensor skin could also reliably monitor isotropic strains. A PDMS circular mem-

brane (about 50 mm in diameter) with a strain rosette integrated at its center was attached

on top of a mechanical support with a 30 mm diameter hole at its center. The three gold

tracks of the rosette were oriented radially from the center of the membrane. The common

contact of the rosette was aligned with the center of the hole and the tip of an indenter. A

load frame (Criterion C42.503, MTS) was used to control the indentation depth. A small piece

of PDMS (1 mm in diameter, 1 mm in thickness) was placed between the hard indenter and

the soft membrane in order to minimize undesired local stress concentration at the center of

the membrane. Figure 3.20 shows the freestanding circular PDMS membrane with a rosette

integrated at its center indented using the load frame.
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Figure 3.20 – Set-up for isotropic deformation of the rosette. (a) Schematic of the experimental
set-up used for inducing isotropic strain in the rosette. (b) Deformation of a PDMS membrane
with integrated strain rosette during indentation. Scale bar is 5 mm.

Figure 3.21 – Detection of isotropic strain using with a stretchable strain gauge rosette. a)
Relative increase in resistance of gauge A, B and C as a function of approximated applied
mechanical strain. Errors bars represent 95% confidence interval. b) Magnitude of principal
strains computed from the sensors’ outputs as a function of indentation depth δ.

An approximation of the strain induced in the membrane was calculated from:

eapp =
√

1+
(
δ

rm

)2

−1 (3.9)

where rm = 15 mm is the radius of the circular membrane, and δ is the indentation depth

(between 0 mm and 3 mm). I did not take into account non-linearity in the membrane

profile,[175] nor local microscopic strain concentration at the edge of the tip. The relative

increase in resistance in the three branches of the rosette were almost identical (Figure 3.21a),

thus the magnitude of the two principal strains e1 and e2 were similar (Figure 3.21b). In this

situation, Φ1 remained indeterminate since eA � eB � eC [174].
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3.4.5 Conclusion

In summary, I utilized a combination of stretchable gold thin films and liquid metal microwires

to produce soft metal electronic skins capable of detecting multi-axial strains. By arranging

the strain sensors in rectangular rosettes and applying the classical strain gauge theory, I was

able to measure the magnitude and direction of arbitrary uniaxial strain and to discriminate

between uniaxial and isotropic strain fields up to 50% strain.
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3.5 Summary and outlook

I presented applications of stretchable metallizations to localized strain sensing. Strain sensors

with custom designs were formed from micro-cracked gold and liquid metal wires to track

humanoid robot and human finger flexion and extension. They proved particularly useful

to encode grasping in conjunction with soft tactile sensors. Next, I could track finger joints’

rotation over using micro-patterned epidermal strain gauges made from biphasic thin films,

with an accuracy of below 8.3° over eleven grasping and movement tasks covering most of

the range of motion of the human index finger. Finally, the micro-cracked gold films and the

liquid metal wires were arranged in a rosette configuration to monitor direction and mag-

nitude of large (up to 50%) uni-axial and multi-axial strains. The extensive characterization

and demonstrated stability of the soft sensors let us envision a translation to robotic and

therapeutic applications. Beyond their accuracy, the sensors fulfilled the requirements for

truly skin-conforming motion sensing: they are unobtrusive, adjustable and can be integrated

in a portable system.

For hand tracking applications, further developments could include optimizing the design of

the sensors to encode the thumb movement, which has a more complex range of motion due

to its saddle joint. Calibration schemes involving no external reference system should also be

investigated.

The epidermal strain sensors presented a number of advantages for finger motion encoding

since they are unobtrusive and do not rely on vision. For that reason they can be used in a

cluttered environment and leave the user’s hand free for manipulation tasks. This is especially

interesting in a hospital setting where a clinician estimates the impairment of a patient’s hand.

The sensors are currently being evaluated by our group to monitor the tremors of Parkinson

patients at Lausanne university hospital (CHUV).

3.6 Contributions

For the work presented in section 3.1, I designed and fabricated the sensors and their readout

circuits. I carried out the experiments with the iCub robot, analyzed the data, and wrote the

paper together with Prof Lacour.

For the work presented in section 3.2, I designed and fabricated the finger bending sensors in

coordination with Dr Aaron P Gerratt (APG) who designed and assembled the soft tactile sen-

sors. I also participated in the readout circuit design and implementation of the compensation

scheme. APG and I finally designed and performed the glove characterization experiments,

analyzed the data and wrote the paper with Prof Lacour.

For the work presented in section 3.3, I designed and fabricated the sensors together with

Séverine de Mulatier (SdM) as part of her master thesis under my supervision. SdM carried
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3.6. Contributions

out the uniaxial stretching experiments and normal pressure experiments. We performed

the first set of experiment with the video tracking system and wrote the data extraction code

together. Laurent Dejace fabricated the second and third epidermal sensors batch and we

carried out the corresponding experiments together. I analyzed the data and wrote the paper

together with Prof. Lacour.

For the work presented in section 3.4 I designed and fabricated the sensors. I carried out the

experiments and analyzed the data. I wrote the paper together with Prof Lacour.
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4 Tactile sensors and micro-heaters
with biphasic film metallization

In section 4.1, I present my contribution to the WiseSkin project aimed at restoring tactile

sensation for amputee patients. Section 4.2 reports on stretchable micro-heaters made from

biphasic thin films conductors.

Section 4.2 is based on the following publication:

• A. Hirsch, H. O. Michaud, A. P. Gerratt, S. de Mulatier, and S. P. Lacour. Intrinsically

Stretchable Biphasic(Solid–Liquid) Thin Metal Films. Advanced Materials, 28(22):4507–

4512, 2016.
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4.1 Powering skin for miniaturized wireless MEMS pressure sensor

nodes

4.1.1 Context and motivation for the study

About 3500 and 5200 persons undergo upper limb amputation in Italy and in the UK each

year, respectively [176]. Patients can now benefit from motorized myoelectric hand prostheses

controlled through muscle command signals recorded on the stump of the user. The most ad-

vanced commercial models offer many degrees of freedom and grasp postures (see Figure 4.1).

However,they do not provide any sensory feedback to the user who have to rely on vision

to assess if they are performing grasps correctly, a very unnatural control strategy. Patients

may even prefer to switch back to less advanced solutions such as body-powered hooks that

provide a greater sense of body ownership.

In fact, among other factors such as disconfort, the lack of tactile feedback is one of the reasons

for upper-limb prosthetics abandonment identified in surveys [96, 177]. Promising steps have

been recently demonstrated for restoring tactile sensation in a feedback loop, in particular

through mechanical stimulation of the phantom limb or the chest [178, 179], and through

electrical stimulation of the peripheral nerves in human amputees [116, 120]. However, those

pioneering studies relied only on discrete and/or bulky sensors to encode finger force, limiting

the system’s relevance for daily use and conveying a limited amount of sensory information.

Innovative approaches are needed to compensate the lack of tactile sensory systems covering

a prosthetic hand and providing precise force transduction over a large dynamic range. The

aim of the WiseSkin project was to engineer a wearable skin system to restore tactile feedback

for upper-limb amputees. The system should be conformable enough to guarantee freedom

of movement and comfort for the user. Finally, the system was designed to be scalable to a

large number of ultra-low-power (ULP) sensors thanks to wireless communication [180]. The

system concept is illustrated in Figure 4.2.

Figure 4.1 – The Otto Bock Michelangelo myoelectric prosthetic hand. Image copyright Otto
Bock GmbH.
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4.1. Powering miniaturized wireless sensor nodes

Figure 4.2 – Schematic illustration of the WiseSkin sensory feedback system. A myolectric up-
per limb prosthesis is equipped with a wireless tactile sensor network. The network transduces
grasping force and sends data to a micro-controller which activates a vibrotactile display on
the stump of the amputee. The patient can then adjust his/her grasping force according to
received sensory feedback.

My contribution to the WiseSkin project was to engineer a conformal power distribution

system, which fulfilled three roles:

• power each sensor nodes.

• act as a waveguide for wireless communication.

• maintain electromechanical integrity when the finger bends.

4.1.2 Materials and methods

Design of the sensor nodes

The sensor nodes were provided by CSEM SA (Neuchâtel, Switzerland) and are displayed

Figure 4.3. The main elements of the sensor nodes were of a barometric MEMS pressure sensor

(LPS25H, STMicroelectronics), a microcontrolling unit (MSP430F5528, Texas Instruments)

and a radio for Bluetooth Low Energy (BLE) wireless data communication (iCyTRX, CSEM SA).

Each node had DC power supply pins on top (3 V) and bottom (ground).
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Figure 4.3 – Design of the WiseSkin sensor nodes. a) Top side. b) Bottom side. The sensors
feature a MEMS pressure sensor, a micro-controller unit (MCU), a radio for wireless com-
munication, contact pads for 3 V DC voltage powering, and a Joint Test Action Group (JTAG)
connector for programming.

Figure 4.4 – Conformal power distribution system for the WiseSkin project. a) General concep-
tual view of the power distribution system. Wireless sensor nodes are embedded in a silicone
scaffold and sandwiched between to metallized planes that power the sensor nodes and form
a wave-guide for wireless communication. b) Side view and isometric view of the fabricated
finger-sized scaffold. Dimensions are in mm.

Design and fabrication of the soft skin

Design The concept and design of the power distribution system is presented Figure 4.4.

The skin system was initially designed to fit the palm of the hand prosthesis. Since processing

of the stretchable metallization was limited to 100 mm diameter wafers, I designed a proof-

of-concept system fitting one finger of the hand. The finger strip fitted a commercial hand

prosthesis (Ottobock Digital Twin 8E38=7).

Fabrication I fabricated fully elastomeric skin systems fitting one finger using the process

flow Figure 4.5. The scaffold was made from PDMS molded in a custom polyoxymethylene

(POM, Angst & Pfister) mold. PDMS planes were cut using a cutting plotter (ROBO Pro, Graph-

tec) and metallized with a stretchable biphasic (solid-liquid) thin film pattern composed of
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4.1. Powering miniaturized wireless sensor nodes

Figure 4.5 – Process-flow for the integration of the WiseSkin sensor node into the soft strip
system. a) Soldering of an Ag wire to the powering pad and insertion of the node into the
PDMS scaffold. b) Bonding of the metallized PDMS layer on the scaffold. c) Connection of the
to the stretchable metallization using an EGaIn drop as buffer, securing and encapsulation
with a PDMS layer. d) Connection of the bottom side of the sensor and gluing of the 3D printed
ABS dome.

five 1×75 mm2 lines separated by 1 mm [125]. The integration process started by soldering

a 75μm silver wires to the connection pads and inserting the sensor node into the scaffold.

Then a metallized PDMS plane was bonded using PDMS and RTV silicone sealant (734, Dow

Corning) as adhesives between the scaffold and the metallized plane. The electrical connec-

tion was then established using a drop of EGaIn (Sigma Aldrich) as a conductive buffer and

secured with silicone sealant. Silicone sealant was also used to secure the physical connection

between the sensor node and the scaffold. Finally a PDMS encapsulation layer was applied by

dip coating. The same operation was repeated to connect the bottom side of the sensor node.

3D printed ABS plastic domes (6 mm in diameter, 2.5 mm in height) were glued on top of

the pressure sensors to to ensure a single point of contact between the sensor node and the

external force applied (see also Figure 4.7a).

After fabrication of the stretchable skin systems, the metallized plane were connected to a 3 V

DC battery pack. The soft strip could be manipulated and mounted on the prosthetic hand

without failure as displayed in Figure 4.6.
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Figure 4.6 – Rigid sensor node integrated in a the soft strip. a-d) Sensor node can be bend in
both directions and twisted. e-f) Sensor node mounted on the Ottobock Digital Twin 8E38=7
prosthetic hand. Pictures copyright Matthieu Spohn.

Characterization set-up

The skin system was attached to the Ottobock hand prosthesis using tape. I applied a con-

trolled force on the sensors embedded in the skin system using a load frame (Criterion C42,

MTS) equipped with a 100 N load cell (MTS). The hand was tied to a stand and positioned with

its palm facing the load frame indenter. Pressure data from the sensors nodes was streamed

to an iPad via Bluetooth Low Energy (BLE) protocol. A custom LabView interface streamed

the data from the iPad to a computer. Acquisition rates were 10 Hz for load cell (force) data

and 16.6 Hz for the sensor nodes (pressure) data. The indentation speed was kept constant to

0.2 mms−1 while the maximum applied force was varied between 0 N and 20 N.

4.1.3 Results and discussion

As illustrated in Figure 4.7 the sensor integrated in the fully elastomeric skin system had a low

hysteresis and a large signal to noise ratio (RMS noise of the ST LPS25H sensor is 1 Pa [181]) in

the 0 N to 20 N force range. The sensors also had a very high linearity (R2 > 0.99). Also, as show

Figure 4.6, the rigid node circuit board integrated into the soft scaffold could be manipulated

without failure of the electrical connection provided by the stretchable metallization.

However, there were a few limitations of the system that are listed below:

• the length of the soft connection tracks was limited. The peak current consumption of a

sensor node was 10 mA. For 50×1 mm2 tracks with a sheet resistance of 0.5Ω/sq, the

resistance per track was 25Ω. If two tracks were used in series with the sensor nodes,

the total track resistance was then 50Ω and the voltage drop in the interconnects at

peak current is 0.5 V, which leaves 2.5 V at the nodes terminal. The node component
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4.1. Powering miniaturized wireless sensor nodes

Figure 4.7 – Characterization of the sensor nodes inserted in the power distribution system
and mounted on the Ottobock prosthesis. a) Picture of the hand installed in the indenting
set-up. b) Output of the sensor integrated in the soft strip as a function of applied force. 10
loading and unloading cycles are represented. R2 > 0.99 for linear fit. c) Picture of a strip
integrated on a finger while applying increasing force using the load frame. The role of the 3D
printed dome is highlighted since the finger bent during testing. Scale bars are 5 mm.

requiring the highest supply voltage was the MCU with 1.8 V [182]. Hence, with a 3 V

battery, the total track resistance should be maximum 120Ω.

• electromigration must be considered as a potential failure mode after long term use.

• it was observed that the sensors were sensitive to temperature, with significant drift

(equivalent to more than 500 Pa pressure read) when touched with a finger. Sensitivity to

temperature was observed once the MEMS pressure sensor was encapsulated in PDMS,

before and after integration into the skin system. This should be compensated by using

an embedded temperature probe for instance.

4.1.4 Conclusion

I proposed an conformal power distribution system to provide mechanical support and elec-

trical power to rigid wireless sensor nodes into a soft skin-like. The system consisted in a

silicone scaffold for inserting and maintaining the node in place, and two stretchable powering

layers. I demonstrated that the skin system could be bent in both directions and twisted while

maintaining its electromechanical integrity. Finally, I showed that the integrated sensors could
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be installed on a prosthetic hand to acquire and transmit normal forces in the 0 N to 20 N

range with excellent linearity and no hysteresis.
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4.2. Skin-like resistive micro-heaters array

4.2 Skin-like resistive micro-heaters array

4.2.1 Context and motivation for the study

When electrical current passes through a conductor, heat is produced. The phenomenon is

known as Joule heating. If the conductor is modeled as a resistor R through which passes a

direct current I, the total thermal power dissipated in the conductor P is given by:

P = RI 2 (4.1)

Recent development of micro-fabricated Joule heaters on flexible or stretchable carriers

opened opportunities in noninvasive or minimally invasive biomedical mapping by measuring

characteristics such as conductivity and heat capacity of the human skin, with application to

hydration quantification or treatment of some dermatologic diseases [27]. Micro-heaters were

also applied to thermally activated micro-pumps for localized drug delivery in miniturized

wireless devices [183], in instrumented probes for wound healing or thermal tumor abbla-

tion [184], and in silicone micro-tubes for flow-rate measurement using hot-wire anemome-

try [185].

In this section, I combined lift-off micro-patterning of biphasic gold-gallium thin films and

multilayer assembly methods to fabricate resistive Joule heaters.

4.2.2 Materials and methods

Design of the micro-heater array

The micro-heaters were arranged in a matrix as shown Figure 4.8. In this study the row and

column contacts were manually connected to activate each heater or row/column individually,

but a matrix of resistors can be adressed digitally using a micro-controller and multiplexers on

row and columns [186].

Fabrication

The soft micro-heaters array consisted of two PDMS-biphasic conductors membranes. The

bottom membrane was a 40μm thick PDMS substrate metallized with the biphasic conductors

using lift-off patterning described in Appendix section A.1.3 page 118. The top layer was a

90μm thick PDMS substrate, metallized using lift-off micro-patterning, and further punctured

at locations corresponding to the sites of the vias using a hole puncher (Technical Innova-

tions). The top layer was then peeled-off from the PDMS slab, plasma activated, aligned

and bonded to the bottom membrane which was previously metallized. Drops of gallium

indium eutectic were then deposited in the vias to form a conductive bond between the two
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Figure 4.8 – a) 3×3 matrix of micro-heaters. Scale bar is 10 mm for matrix view and 1 mm for
magnified microheater view. b) Equivalent electrical circuit. c) Schematic description of the
method for multilayer electrical connection.

metallized membranes, and encapsulated with RTV silicone sealant (734, Dow Corning). A

PDMS encapsulation layer was finally spin-coated with a PDMS and cured. The total thickness

of the soft micro-heating membrane was 330μm.

Characterization set-up

The heaters were actuated with a direct current (DC) source (2400, Keithley). A thermal camera

(A325 sc, FLIR Systems) and close up lens (1× 25μm, FLIR Systems) was used to monitor

the temperature at the surface of the samples in stationary regime. The soft heaters were

placed on a plastic support, with observed surface exposed to ambient air during temperature

monitoring.

4.2.3 Results and discussion

Figure 4.9 presents the results of characterization of the heaters using the infrared camera.

I varied the actuation current between 10 mA and 30 mA. At the largest actuation current

(30 mA), the micro-heaters generated a surface temperature gradient of more than 20 ◦Cmm−1.

The soft epidermal thermal actuators provided a well-controlled heat source on the skin (Fig-

ure 4.9). When mounted on a human arm, the soft micro-heating matrix provided localized
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4.2. Skin-like resistive micro-heaters array

Figure 4.9 – Characterization of a soft micro-heaters matrix. a) Infrared images of a micro-
heater actuated with increasing current, and temperature increase along the x-axis indicated
by the red arrows. Scale bars are 1 mm. b) Maximum increase in temperature in the soft heater
area as a function of the square of the DC current passing in the tracks. R2 > 0.99 for linear fit.

Figure 4.10 – Optical and infrared imaging of the soft heaters matrix. a) Soft matrix of micro-
heaters wrapped on a human arm. b) Infrared images of a 3×3 matrix of microheaters on the
human forearm while sequentially heating one row after the other. Scale bars are 10 mm.

heat sources distributed over a large area as shown Figure 4.10.

The biphasic metal displayed a thermal coefficient of resistance of 1.43×10−3 K−1 (see Ap-

pendix A.8 page 128). Monitoring the sensor resistance can be a solution to control the heat

produced. However, other sources of resistance variation including stretch should be taken

into account or minized by locally increasing the substrate’s stiffness for example [187].

In case of a continuous activation of the heaters, the circuit could fail rapidly due to liquid

electromigration generated by the large current densities as exposed section 2.3.6 page 53.

The life-time of the device could be extended by using alternative current (AC) actuation as

opposed to DC actuation [146, 188].
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4.2.4 Conclusion

I utilized the multilayer and micro-patterning fabrication processes for biphasic gallium-based

thin films to construct a stretchable matrix of individually addressable micro-heaters. The

reduction of conductive traces width to 50μm enabled a localized increase of temperature

of up to 80 ◦C. Thanks to its minimal thickness (<350μm), the rubber matrix could be easily

wrapped around a human arm.

4.3 Summary and outlook

In this chapter, I demonstrated two additional applications of the biphasic film technology. In

the first one, stretchable stretchable biphasic film tracks powered rigid wireless tactile sensor

nodes integrated in a silicone scaffold. The sensors were mounted on a prosthetic skin and

reliably encoded forces in the 0 N to 20 N range. Then, conformal micro-heating membranes

providing localized and controlled heat sources were assembled to provide localized tempera-

ture increase.

Both applications relying on DC current powering , the impact of electromigration on long-

term circuits durability should be considered. Future improvement for thicker and more

uniform films should translate to prolonged lifetime for these devices.

As of today, the WiseSkin collaboration received ethical approval to evaluate the system

with patients at Balgrist University Hospital in Zürich. The tests protocol includes passive

tactile task were the patient uses the sensory feedback to determine which of his/her fingers is

stimulated, and active tactile tasks where he/she manipulates fragile objects and discriminates

objects with variable hardness.

4.4 Contributions

For the work in section 4.1, I designed and fabricated the scaffold and metallization layers. I

integrated the sensor node provided by CSEM SA and performed the characterization experi-

ments.

For the work in section 4.2, I designed, fabricated and characterized the samples. I used the

multi-layer process developed by Arthur Hirsch, who also performed the TCR measurements

reported in the Appendix.
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5 Conclusion

5.1 Summary and impact of the contribution

Electronic skins are an innovative class of large-area electronics inspired by nature and ex-

pected to cover human or artificial limbs and provide unique wearable sensing and actuation

capabilities. Applications include quantification of the motion and grasping force of the hand

to restore tactile sensation in prostheses’ users or to monitor impaired patients. Stretchable

circuits are a promising solution to achieve this vision since they can easily conform to moving

three dimensional bodies. A critical building block for such systems is the interconnects that

carry electrical power and signals. They should accommodate potentially large deformations

and be compatible with large area, high throughput production.

In this thesis, I presented the design, implementation and characterization of stretchable

metallization techniques enabling:

• the assembly of soft and thin imperceptible transducers.

• the interconnection of standard solid-state electronics in rubber-based matrices.

The developed techniques were then applied to construct thin strain sensors encoding the

rotation of finger joints and to power rigid wireless tactile sensors nodes embedded in a rubber

scaffold and mounted on a prosthetic hand. The obtained transducers were finally tested in

realistic use cases.

5.1.1 Stretchable metallization technologies

Two approaches for stretchable electronic conductors were investigated: solid microcracked

thin films and liquid metals.

Stretchable microcracked thin metal films were introduced about fifteen years ago and ex-
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tensively studied to understand the physical mechanism and process parameters allowing

for reversible stretchability [189]. In this work, I analyzed the relation between initial film

morphology, sheet resistance and gauge factor at large strains. As for thin metal films under

microscopic strains, there is a thickness range in which the stretchable thin film have a min-

imum and well defined gauge factor. Moreover, I showed that a track with a length/width

ratio of ten behaved like a conventional metal foil strain gauge with a transverse sensitivity

twenty times smaller than longitudinal sensitivity. Thus, a classical equation framework was

used to determine uniaxial and isotropic 2D strain directions and magnitude. Combining the

micro-cracked thin films with microplotted liquid metal wires allowed for fully stretchable,

integrated multi-sensors systems with localized strain sensitivity.

I proposed a novel deposition and patterning method for gallium-based conductors. Gallium

was deposited in the vapor phase on silicone substrates pre-coated with solid metal thin

films. The interaction between the solid metal phase and the liquid gallium phase created and

maintained a continuous metallic film even at very large strains. This film had exceptional

electromechanical properties including a low sheet resistance (0.5Ω/sq), low gauge factor (�
1), conduction up to 400% strain and stable electrical properties even after a million cycles

at 50% strain. Thanks to the low film thickness (<1μm on average), I could developed a

lift-off patterning method to achieve centimeter-long lines with width down to 10μm which

maintained conductivity up 70% strain.

An important point is that the liquid metal films were deposited and patterned using stan-

dard industrial equipment and processes, guaranteeing straightforward transfer to batch

production of large area circuits.

5.1.2 Skin-like sensors

I used the novel stretchable conductor technologies to construct strain and tactile sensors that

can be worn on the finger.

A novel combination of skin-like sensors was achieved by mounting stretchable strain gauges

on the dorsal side and stretchable pressure sensors on the palm side of a glove. The strain

gauges not only to recorded joint motion without movement impediment but also compen-

sated for motion artifacts in the pressure sensors response. Taken together, the two signals

provided a richer and more accurate digital encoding of grasping.

I then utilized the unique properties of gallium-based stretchable films to assemble robust and

extremely thin stretchable strain gauges (<50μm). It resulted in an extended accessible range

of motion for the epidermal strain sensors mounted on a finger. I quantified the accuracy of
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5.2. Future perspectives and challenges

the skin-like sensors for encoding joint rotation while performing fine manipulation tasks.

Finally, rigid wireless MEMS pressure sensor nodes were integrated into a rubber scaffold and

powered using biphasic film tracks. The hybrid system could encode normal forces in the 0 N

to 20 N range with excellent linearity and signal to noise ratio. It demonstrated the applicability

of the biphasic thin film not only to build soft transducers but also to interconnect traditional

solid-state electronics in skin-like circuits.

A sufficient technology readiness level was achieved to enable the translation of the sensors

to the clinic for evaluation by therapists and patients. The epidermal strain gauges are cur-

rently used to monitor the tremors of Parkinson patients at Lausanne university hospital

(CHUV), while The WiseSkin collaboration received the authorization to test the wireless

MEMS pressure sensors with amputee patients at Balgrist university hospital in Zürich.

5.2 Future perspectives and challenges

5.2.1 Technological improvements

Micro-cracked gold films grow on silicone only under well defined deposition conditions and

thickness range, which limits the possible improvement concerning the conductors deposited

using this method. In addition, the micro-cracked texture was obtained with no other metals

than gold to date. However, stretchability could be enabled by engineering the cracks pattern

into conductive films instead of relying on spontaneous formation. A first proof of concept

was demonstrated by Shyu et al. using a "kirigami" approach where specific patterns were

cut into stiff and brittle conductive composites [65]. The patterns allowed the conductive

ligaments to buckle out of plane to minimize the local strain and avoid fracture when the

devices experienced large macroscopic strain. Similar strategies could be applied to allow

reversible elasticity at large strains in any thin metal or semi-conductor films. In particular,

silicon could be employed to assemble highly sensitive strain gauges [190].

For biphasic thin films, the larger process window and notably the possibility to tune the

deposited quantity of gallium leaves room for further optimization. However, I observed that

the sheet resistance saturated around 0.5Ω/sq independently from the additional amount of

gallium deposited. This may come from the non-uniform nature of the film, with the addi-

tional deposited gallium aggregating into bulges. Investigating strategies to improve the film

uniformity, notably by modifying the substrate, could result in a decreased minimum sheet

resistance, and consequently in a mitigation of the electromigration thanks to the reduced

current densities.
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The solid-liquid films also had a unsually low gauge factor (�1). Indeed, the gauge factor

of metal foils or liquid metal gauges is in general higher than 2, which is well described by

theoretical geometrical considerations: the conductor is elongated in the direction of the

strain and its cross-section surface area is decreased by the Poisson effect [131]. Since the

biphasic films possessed distributed reservoirs of conductive material in the form of gallium

bulges, flow of gallium under strain resulting in a more uniform gallium distribution could

explain the abnormally low strain sensitivity. Experimental measurement such as profilometry

of stretched samples should be conducted to verify this hypothesis.

A last noticeable issue concerning the biphasic films only partially addressed in this thesis

is the role of the underlayer in the film’s behavior under strain. Namely, I showed that films

grown with gold or palladium underlayers presented excellent electromechanical performance,

whereas cracks developed in films grown with platinum or iridium underlayers, leading to

degraded conduction. However, the reason why some elements where suitable as underlayers

and not others remains unexplained. The interaction between the underlayer material and

gallium needs to be better understood, specifically in terms of wetting and cracks propagation

in the solid phase. This could result in high performance films deposited with more cost-

effective underlayers.

5.2.2 Future applications for stretchable motion and tactile sensors

The specific concepts of very compliant motion and tactile sensors developed in this work

could be easily transferred to biomimetic robotic or prosthetic hands. For instance, the

PISA/IIT SoftHand combines a simple actuation scheme, robustness, and high grasping per-

formance but lacks sensory functions [164]. Equipping it with a skin that can encode its

position and grasping force would result in more accurate control for the user without adding

complexity in the design of the hand itself.

Lower limb prosthetic users and diabetis patients could also benefit from highly conformal

sensory systems that can fit inside a proshetis socket or shoe sole. In fact, instrumented

shoes may prevent ulcer formation in the case of diabetis [191], and sensory feeback helps to

improve locomotion for lower limb amputees [192].

Soft robotics is a rapidly evolving research and industrial field which gave birth to highly com-

pliant, elastomer-based grippers, robotic hands or tentacle-like end effectors [166, 193, 194].

Most of the actuactors are still lacking sensory feedback, and thin and robust sensors able to

withstand the extreme deformations imposed by the soft artificial limbs could enable closed-

loop control [195, 196].

112



5.2. Future perspectives and challenges

Finally, consumer electronics is no more restricted to devices such as smartphones or tablets

but is reaching more and more parts of the body, from virtual reality headsets to smart-watches.

Healthcare, wellness and self-quantification represent a broad range of applications that could

benefit from imperceptible and high performance sensors for long-term use.

5.2.3 From discrete sensors to distributed network

To realize the vision of a large number of sensors distributed over large areas in a skin-like sys-

tem, data treatment would have to be distributed to digitalize and share the sensed signal in a

network [197]. Although intrisically stretchable semiconductors have been recently introduced

[198, 199], they only offer very modest performance compared to their rigid counterparts in

terms of computational power, power consumption and cost-effectiveness. In a foreseeable

future, large area sensor networks will still have to rely on traditional integrated circuits for

data treatment and communication. This poses some challenges in terms of integration.

While the extremely high conductivity, robustness and patterning possibilities offered by the

biphasic films to, the interface between soft interconnects can still be a mechanical, if not

electrical, failure point in hybrid circuits. The transition zone must be carefully managed

to avoid mechanical rupture or delamintation due to interfacial strain concentration [187].

Efforts to enable the large-scale and high throughput integration of various rigid components

in a stretchable matrix are still needed.

In terms of data management, the networks should be able to handle large quantities of data

and be robust to failure, maintaining functionality even if one node fails for instance. For

this, the WiseSkin concept of independent sensor nodes powered by a soft skin and that

communicate in a wireless network is an innovative and promising solution.

5.2.4 Industrialization

Stretchable electronics technologies are arriving to the market, but the promise of extremely

deformable circuits is still not fully addressed. Companies and research centers including

MC10 and IMEC have launched products or advanced prototypes featuring stretchable (spring-

like plastic) interconnects that allow for an elastic design [200, 201]. But the overall compliance

of these devices is limited and the interconnects are sensitive to fatigue and rupture under re-

peated stress, even at strains <10% [73]. Samsung recently demonstrated a stretchable display

based on proprietary patterning of micro-cavities that can stretch to 5% [202]. Stretchable

inks are an alternative technology but offer low conductivity and fail around 30% of strain

[203]. Finally, textile – fiber-based - interconnects are also explored but high densities of

interconnects, connection to components and resistance to wear remain a challenge [204].
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For now, products compatible with repeated large (>50%) strains are limited to capacitive

strain sensors based on textile or carbon electrodes available for example from StretchSense

or Parker Hannifin [205, 206].

From our discussions with established businesses and start-up founders, we realized that

gallium-based conductors could be a solution to allow new form factors for more compliant

wearable devices. In fact, one of the unique features of the technology is the ability to intercon-

nect standard solid-state components into robust stretchable circuits. We set out a spin-off

project (Feeltronix), which mission is to commercialize products build upon our proprietary

technology platform to stretch the mechanical limits of electronics.
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Appendix

A.1 Detailed fabrication methods

A.1.1 Micro-cracked gold thin films deposition on PDMS

PDMS (Sylgard 184, Dow Corning) was mixed with its curing agent in a 10:1 mass ratio. A

first layer of PDMS was spin-coated on a silicon wafer at 150 rpm for 1 min and cured for

2 h at 80 ◦C to form a 700μm membrane. The support substrate (glass, silicon or PDMS) was

then activated for for 30 s in an oxygen plasma (Plasma Cleaner, Harrick), and subsequently

coated with a release layer of either poly(styrene-4-sulfonate) (PSS) or trichloro(1H,1H,2H,2H-

perfluorooctyl)silane (Sigma-Aldrich) . In the case of the PSS release layer, PSS was spin coated

for 1 min at 1000 rpm. In the case of silane release layer, a monolayer was self-assembled by

evaporating the silane under weak vacuum in a desiccator.

Finally, a second layer of PDMS was spin-coated at 500 rpm for 1 min and cured for 2 h at 80 ◦C

to form a 120μm layer. The next step consisted in aligning the poly(imide) mask (Kapton,

Dow Corning) to define conductive tracks. Bi-layers of Cr/Au were then thermally evaporated

(Auto 306, Edwards) at a rate of 0.3 Ås−1 for Cr and 1.0 Ås−1 for Au. The thickness of Cr was

fixed to 5 nm while the thickness of Au was varied between 13 nm and 60 nm. After thermal

evaporation, the shadow masks were peeled-off from the PDMS surface.

In the case of the PSS release layer, the wafers were entirely dipped into deionized water for

30 min to dissolve the PSS layer and release the samples. In the case of the silane release layer,

samples were cut an manually peeled off the support substrate.

A.1.2 EGaIn wires micro-plotting

Fast and direct writing of microwires of EGaIn is performed by dispensing in a continuous flow

small amount of EGaIn (99.99 %, Sigma Aldrich), preliminarily loaded in a syringe mounted on

a computer-controlled three-axis XYZ micro- positioner stage (GX-II Microplotter, Sonoplot).

The soft metal wires are plotted directly on a PDMS membrane spun and cured on silicon

carrier wafer. The inner diameter of the syringe tip was 360μm. The pressure inside the
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syringe reservoir was maintained in the 1–5 kPa range using a fluid dispenser (TS250, OK

International) to force the liquid to reach the end of the syringe’s tip without forming a droplet.

The tip was put in contact with the substrate and then slightly raised vertically (20μm to 80μm

above the substrate) in order to form a liquid metal meniscus. Next, the tip was moved in the

horizontal plane at 200μms−1, allowing the liquid metal to flow on the substrate and form

wires. Silver wires were put into contact with the terminals of the liquid metal wires and a

small drop of curable silver paste or EGaIn was put on top of the contact point to enhance the

electrical connection. The contact area was subsequently encapsulated using silicone sealant

(732, Dow Corning). Thanks to the good adhesion between the oxide skin that forms around

the wires and the PDMS substrate, patterns composed of microwires were encapsulated by

spin-coating uncured PDMS at 250 rpm. Finally, the encapsulation layer was cured at 60 ◦C

for 12 hours and the devices were cut and peeled off the support wafer. The total thickness of

the integrated devices was below 500 μm.

A.1.3 Biphasic gallium based thin film deposition and patterning

Film deposition

First, 100 mm silicon or float glass wafers were exposed to oxygen plasma (Harrick Plasma

cleaner, 200 mTorr, 29 W, 30 s) then coated with a self-assembled layer of trichloro(1H,1H,2H,2H-

perfluorooctyl)silane (Sygma Aldrich) in a dessicator. Polydimethylsiloxane (PDMS, Sylgard

184, Dow Corning, mixed at 10:1, w:w, prepolymer:cross-linker) was then spin-coated on the

Si wafers (500 rpm for 1 min) and cured at 80 ◦C for at least two hours in a convection oven.

Shadow mask (Kapton, DuPont) patterned with the negative of the conductor layout was

laminated on the PDMS substrate. Alternatively, photoresist was deposited and patterned

(see next section). 60 nm of gold was sputtered through the mask (DP 650 or AC 450, Alliance

Concept). Next, a mass of pure gallium ranging from 0.1 g to 1 g was thermally evaporated

(VACO 250, Vacotec or E300, Alliance Concept) on the gold-coated substrate (see Appendix A.3

page 121 for details on the calibration of the evaporator). After evaporation, the mask was

removed from the substrate to reveal the desired pattern. We defined the parameter β as the

atomic ratio (nGa/nAu) in the biphasic film. Before gallium evaporation, β = 0.

Lift-off patterning

The PDMS substrate was exposed to oxygen plasma (200 mTorr, 29 W, 30 s) then spincoated

with photoresist (AZ-9260, MicroChemicals) at 6000 rpm for 90 s and left at room temperature

for 12 h. The resist was then exposed with a 210 mJcm−2 dose (MJB4 mask aligner with 365 nm

UV lamp, SUSS MicroTec), developed in diluted AZ-400-K (4:1 dionized water to developer

volume ratio, MicroChemicals) and dried for 15 min at 60 ◦C on a hot plate. 40 nm of gold was

sputtered to form an alloying layer and then 0.2 g of gallium was thermally evaporated. Lift-off

was performed in a bath of SVC-14 (Shipley) for 24 h, followed by drying at 60 ◦C on a hot plate
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A.1. Detailed fabrication methods

for 15 min.
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A.2 Four-point probe measurement of micro-plotted EGaIn wire

Figure A.1 – Set-up for the measurement of 4-wire resistance. Lw is the length of the section of
the wire under measurement. The EGaIn wire was probed using solid Au wires.
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A.3. Calibration of the gallium thermal evaporator.

A.3 Calibration of the gallium thermal evaporator

As diplayed in Figure A.2, the mass of gallium deposited per wafer was measured as a function

of the gallium mass introduced in the thermal evaporator crucible using a precision scale

(PB303-L, Mettler Toledo), and β was derived from the mass of sputtered gold (8.7±0.5 mg

per wafer for a 60 nm Au layer, mean ± s.d., n = 3).
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Figure A.2 – Calibration of gallium thermal evaporation and computation of the Ga/Au atomic
ratio β. a) Gallium mass on glass wafers coated with 60 nm of sputtered gold as a function of
gallium mass introduced in the crucible of the thermal evaporator. (n = 3 for each point, error
bars: S.D.). b) Corresponding Ga/Au atomic ratio β . Red lines represent linear fit.
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A.4. Methodology and additional data for determination of biphasic film thickness

A.4 Methodology and additional data for determination of biphasic

film thickness

The image processing routine implemented in Matlab (Mathworks) is illustrated Figure A.3.

Figure A.4 presents additional data collected using white light interferometry (ContourGT-K,

Bruker) to compute the thickness of the biphasic films in the flat regions (without bulges).

Lateral resolution was one pixel per micron in x and y direction.

Figure A.3 – Image processing method for bulges detection in biphasic thin films.
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Figure A.4 – Determination of biphasic film thickness at β = 13. a) Topographic images of
three zones from white light interferometry measurements. White pixels indicate that no data
could be collected due to large slopes. Scale bars are 100μm. b) Bulges are identified in red on
corresponding images. Scale bars are 100μm. c) Corresponding histograms of PDMS zones
topography (red) and biphasic flat film regions (without bulges) topography (blue).
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A.5. Additional plot for electromigration study in biphasic films

A.5 Additional plot for electromigration study in biphasic films

Figure A.5 – a) Resistance of samples as a function of time for DC currents of 2.5 mA to 50 mA.
b) Failure time (define as the time when the open circuit condition was reached) as a function
of DC current amplitude for the 14 tested samples. Exponent n = 3.2 and R2 = 0.94 for linear
fit.
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A.6 Calculation of joints’ angles using the camera tracking system

The angle of the MCP joint was derived from the position of the markers identified in Fig-

ure 3.14 page 83. We applied the following method to compute the angular position of the

finger from the 3D spatial position of the markers. We started by projecting the points MC MC 2,

MMC P2 and MPI P2 on the plane orthogonal to the plane containing MC MC 2, MMC P2 and

MMC P3 and itself containing MMC P3. The intermediate angle value θ∗MCP ∈ [0;π] was com-

puted as:

θ∗MC P = at an2(|PMC P2PC M2PMC P2PC M2PMC P2PC M2 ×PMC P2PPI P2PMC P2PPI P2PMC P2PPI P2|,PMC P2PC MC 2PMC P2PC MC 2PMC P2PC MC 2 ·PMC P2PPI P2PMC P2PPI P2PMC P2PPI P2) (1)

where at an2 is the four quadrant inverse tangent and points P are the projection of the

corresponding points M having the same index.

Finally, we computed θMCP ∈ [0;2π] by looking at the sign of the dot product of the vector

PMCP2PCMC2 with the vector n1 orthogonal to the plane containing MCMC2, MMCP2 and MMCP3,

and itself containing MMCP3:

θMC P =
⎧⎨
⎩θ∗MC P , if PMC P2PC MC 2PMC P2PC MC 2PMC P2PC MC 2 ·n1n1n1 � 0

2π−θ∗MC P , if PMC P2PC MC 2PMC P2PC MC 2PMC P2PC MC 2 ·n1n1n1 > 0
(2)

The same scheme was applied to compute θPIP, this time using the plane containing MCMC3,

MMCP2, and MPIP2 as a reference for the projection and final determination of the angle.
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A.7. Determination of orientation angle in the rosette configuration

A.7 Determination of orientation angleΦ1 from angleθ in the rosette

configuration

Φ1 is calculated from θ using the following algorithm [174]:

• if e A > eC then Φ1 =−θ.

• if e A < eC then Φ1 =−θ+90°.

• if e A = eC and eB < e A then Φ1 =45°.

• if e A = eC and eB > e A then Φ1 =−45°.

• if e A = eB = eC then Φ1 is indeterminate.
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A.8 Thermal coefficient of resistance (TCR) of the biphasic thin films

Biphasic gold-gallium thin film conductors (β = 6.5) were prepared and clamped in the uni-

axial stretcher. Electrical resistance and current running through of the conductor were

measured using a 4-point probes method (2400 source-meter, Keithley) and acquired syn-

chronously at 3.8 Hz on a computer running a custom LabVIEW program. In parallel, a thermal

camera (A325 sc, FLIR systems) and close up lens (1× 25μm, FLIR systems) were used to mon-

itor synchronously the temperature at the surface of the samples (sampling rate: 5.6 Hz).

A current of 70 mA was passed through the tracks and the temperature of the track was varied

by convective cooling. The TCR α was determined linear fit Figure A.6, according to the

equation R(T ) = R0(1+α(T −T0)) where R0 is the resistance at room temperature T0.

Figure A.6 – Resistance of a self-heated biphasic gold-gallium track as function of temperature
of the track. The temperature coefficient of resistance (1.43×10−3 K−1) was computed from
linear regression.
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Glossary

AC alternative current.

ADC analog-to-digital converter.

AFM atomic force microscope.

BLE Bluetooth low energy.

BSE backscattered electron detector.

CA compressed air.

CHUV centre hospitalier universitaire vaudois.

CMC carpo metacarpal.

CTE coefficient of thermal expansion.

DC direct current.

DIP distal interphalangeal.

DRG dorsal root ganglia.

EDS energy dispersive spectroscopy.

EGaIn gallium indium eutectic.

ET Everhart-Thornley detector.

FA fast adapting mechanoreceptors.

GF gauge factor.

MCP metacarpo-phalangeal.

MEMS micro electromechanical systems.
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Glossary

NW nanoWire.

PDMS polydimethylsiloxane.

PEDOT:PSS poly(3,4-ethylenedioxythiophene) polystyrene sulfonate.

PIP proximal interphalangeal.

POM polyoxymethylene.

PSS polystyrene-4-sulfonate.

PVD physical vapor deposition.

RMS root mean square.

ROM range of motion.

RT room temperature.

RTV room temperature vulcanization rubber.

SA slow adapting mechanoreceptors.

SEM scanning electron microscope.

TCR thermal coefficient of resistance.

VSI vertical scanning interferometry.

XRD X-ray diffraction.
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