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Wearable multifunctional sensors using printed
stretchable conductors made of silver nanowires†

Shanshan Yao and Yong Zhu*

Considerable efforts have been made to achieve highly sensitive and wearable sensors that can

simultaneously detect multiple stimuli such as stretch, pressure, temperature or touch. Here we develop

highly stretchable multifunctional sensors that can detect strain (up to 50%), pressure (up to �1.2 MPa)

and finger touch with high sensitivity, fast response time (�40 ms) and good pressure mapping function.

The reported sensors utilize the capacitive sensing mechanism, where silver nanowires are used as

electrodes (conductors) and Ecoflex is used as a dielectric. The silver nanowire electrodes are screen

printed. Our sensors have been demonstrated for several wearable applications including monitoring

thumb movement, sensing the strain of the knee joint in patellar reflex (knee-jerk) and other human

motions such as walking, running and jumping from squatting, illustrating the potential utilities of such

sensors in robotic systems, prosthetics, healthcare and flexible touch panels.
1. Introduction

With the recent progress of robotic systems, prosthetics and
wearable medical devices, efforts have been devoted towards
realization of highly sensitive and skin-mountable sensors.1–3

Among the various sensing capabilities, strain, pressure and
touch sensation are of great importance in several steps
involved in human–robot interaction loops.1 They could help
the robotics and prosthetic devices understand how real-world
objects “feel” during interactions, obtain biosignals such as
nger touching and body motions sent from humans to control
robotics and prosthetic devices, and provide feedback infor-
mation during actuating.1,4,5 Besides the utilities in robotic
systems and prosthetics, wearable sensors that can be
embedded into clothes or directly wrapped around non-planar
and biological surfaces6 are widely used to monitor human body
motions and offer new opportunities for real-time health/well-
ness monitoring.3,7,8 For those applications mentioned above,
stretchability of the sensors is generally required in addition to
exibility.1,3,9

Much progress has been made to develop wearable sensors
for robotics, prosthetics and medical applications. Arrays of
exible articial skins based on pressure sensitive rubber (PSR)
were fabricated, either with organic eld-effect transistors
(OFETs)10 or with ordered inorganic semiconductor nanowire
transistors,11 capable of monitoring pressure with a spatial
resolution of �2.5 mm. Similar OFETs-based electronic skins
with a net-shaped structure, which could detect pressure and
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temperature simultaneously and could be stretched by 25%
were reported.12 However, those PSR-based pressure sensors are
commonly susceptible to hysteresis.1,13 Pressure and strain
sensing were simultaneously achieved recently in multilayered
microchannels lled with conductive liquid14 and in capacitive
sensors using carbon nanotubes as electrodes.6 The pressure
response of the former one was nonlinear while the sensitivity
of the latter one was relatively low. To achieve better under-
standing of the environment and more effective feedback
control, the robotics and prosthetics will greatly benet from
stretchable sensors with multiple functions. Pang et al. ach-
ieved detection of pressure, shear and torsion using interlocked
arrays of nanobres and demonstrated potentials for wearable
health monitoring.15 Cotton et al. developed stretchable capac-
itive sensors, enabling detection of strain up to 20%, a pressure
up to 160 kPa and human touch.2 Yet effective, the strechability
of the sensors could be further improved by replacing the gold
lms with more stretchable conductors. So far, very few multi-
functional wearable sensors based on silver nanowires have
been developed.16

In this paper, we present multifunctional wearable sensors
based on highly conductive and stretchable silver nanowire
(AgNW) conductors, which enable the detection of the strain
(up to 50%), pressure (up to �1.2 MPa) and nger touch on a
simple platform. The sensors exibit large stretchability, high
sensitivity, fast response time (�40 ms) and good pressure
mapping function. Such sensors can be readily mounted onto
human bodies to monitor the skin strain associated with thumb
exing, knee jerk and other human motions including walking,
running and jumping from squatting. Moreover, the fabrication
process is simple and easy to be extended for fabricating
complex, large area sensors.
Nanoscale, 2014, 6, 2345–2352 | 2345
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2. Results and discussion

The fabrication process of an array of capacitive sensors
is schematically illustrated in Fig. 1a. The parallel AgNW
conductors have a linewidth of�2mm and a spacing of�2mm.
The AgNW, polydimethylsiloxane (PDMS) and the dielectric
layer as shown in Fig. 1b are about 5 mm, 0.2 mm and 0.5 mm in
thickness, respectively. An individual capacitive sensor can be
fabricated following the same process. The principles for strain
sensing, pressure sensing and touch sensing to be discussed
later are schematically shown in Fig. 2.

2.1. Strain sensing

Each capacitive sensor can be treated as a parallel-plate capac-
itor with the overlapped length l0, width w0, and separation d0
between the electrodes (i.e., thickness of the dielectric layer).
The initial capacitance is given by

C0 ¼ 303r
l0w0

d0
(1)
Fig. 1 (a) Fabrication process flow of the capacitive multifunctional
sensors. Step 1: print AgNW stretchable conductors patterned by
screen printing. Step 2: drop cast liquid PDMS and cure the structure.
Peel off the AgNW/PDMS film from the Si substrate. Step 3: drop liquid
metal (EGaIn) to make conformal contact with the terminals of the
AgNW conductors. Step 4: position two pieces of AgNW/PDMS films
orthogonally with AgNWs face to face. Laminate two AgNW/PDMS
films together with Ecoflex, embed copper wires and cover liquid
metal with liquid Ecoflex. The whole piece is cured at room temper-
ature. (b) Cross-sectional view of the sensor. The schematics are not
drawn to scale.

2346 | Nanoscale, 2014, 6, 2345–2352
where 30 and 3r are the electric constant and dielectric constant
for the dielectric layer, respectively. As the sensor is uniaxially
stretched to strain 3, the length (along the strain direction) of
the electrode increases to (1 + 3)l0, while the width of the elec-
trode and the separation between the two electrodes decrease
to (1 � nPDMS3)w0 and (1 � nEcoex3)d0, where nPDMS and nEcoex

are the Poisson ratios of the PDMS and Ecoex, respectively.
Assuming nPDMS and nEcoex are both 0.5, the capacitance as a
result of the tensile strain is now estimated to be

C ¼ 303r
ð1þ 3Þl0ð1� nPDMS3Þw0

ð1� nEcoflex3Þd0 z 303r
ð1þ 3Þl0w0

d0
¼ ð1þ 3ÞC0

(2)

The capacitance was measured by an AD7152 capacitance-to-
digital converters (CDCs) evaluation board (Analog Devices),
which has the offset calibration function to compensate para-
sitic capacitance from the lead wires and the surrounding
environment. Fig. 3a shows the relative capacitance change
DC/C0 versus tensile strain during stretching and releasing. The
strain sensor exhibited good linearity and reversibility up to a
very large strain level (e.g., 50% as demonstrated here). In
addition, the sensor exhibited excellent stability aer many
stretching/releasing cycles, as shown in Fig. 3b.

Similar to resistive strain gauges, here we dene the capac-
itive gauge factor as the relative change in capacitance divided
by the mechanical strain. The theoretical value is given by

GF ¼ DC

C03
z

ð1þ 3ÞC0 � C0

C03
¼ 1 (3)

However, thegauge factorofour strainsensorswas found tobe
�0.7. Gauge factors reported for most of the capacitive strain
sensors are less than the theoretical value of 1. For instance, the
sensor with sprayed CNT lms as electrodes and Ecoex as
dielectrics had a gauge factor of 0.4 (ref. 6) and that made of gold
thin lms separated by PDMS had 0.75.2 Strain sensors based on
the resistive mechanism usually suffer from large hysteresis and
nonlinearity under large strain.15,17Forour capacitive sensors, the
hysteresiswas found tobenegligible. In addition, the sensors can
reliably detect the strain below 1%. Of note is that parallel elec-
trode conguration is commonly used in capacitive strain
sensors.2,18,19 Following the same fabrication process, we also
fabricated strain sensors with the parallel conguration. As
shown inFig. S1,† the strainsensorwithparallel AgNWelectrodes
also exhibited excellent linearity and a similar gauge factor.

The strain range during human movements is typically
much larger than that of conventional strain gauges.3,20,21 As
reported by Wessendorf et al.,21 the maximum skin strain
associated with the knee joint for an entire exion and the
extension cycle (squatting and rising) was up to 44.6% in any
direction. We demonstrated our sensors for large-strain
measurements in various applications, as shown in Fig. 3c–g.
Due to the exibility and stretchability of our sensors, they can
be easily mounted onto a curvilinear surface (e.g., human body)
with the aid of medical tape.

Fig. 3c shows the strain sensor placed onto a thumb for
strain measurements. As indicated in Fig. 3d, the thumb of the
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Schematics showing the three sensing modalities: (top) the initial state, (bottom left) under strain, (bottom middle) under pressure and
(bottom right) under finger touch. A0, d0 and A0, d0 represent the overlapped area of the electrodes and the separation between electrodes for the
initial state and under the stimuli, respectively. The sensor capacitance has three contributions, Cp, Cf1 and Cf2 that represent the capacitance of
parallel plates, the fringing capacitance in the Ecoflex and PDMS overlay, and the fringing capacitance through the medium above the sensor,
respectively.2
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person under test has a slight curvature on the thumb joint,
when holding the thumb up naturally. The skin of the phalange
was under a slight tension strain, leading to a slight increase in
capacitance. When the thumb was straightened, it actually
relaxed and the strain decreased, accompanied by a decrease in
capacitance. Then the person changed the gesture to a st, and
the thumb joints experienced increased strain. As a result, the
sensor showed large increase in capacitance (e.g., 25% that
corresponds to 36% tensile strain). From the capacitance
measurement, here we clearly obtain the skin strain involved in
thumb exure. Multiple sensors can be mounted onto other
nger joints similarly. The measured strain signals could be
used as a feedback for robotics or prosthetic devices to realize
better human control.1

Patellar reex or knee-jerk is very useful in early diagnoses of
nervous system diseases. The absence of patellar reex, known
as Westphal's sign, could be a symptom of diseases such as
tabes dorsalis and receptor damage.22 On the other hand, a
pendular knee-jerk could be associated with hypotonia.23 As the
second demonstration, patellar reex was monitored using our
wearable sensors. A sensor was attached onto the knee while the
person was sitting with the lower leg relaxed naturally. Initially
the sensor experienced a large tensile strain across the knee. To
test the patellar reex, a hammer was used to tap the patellar
tendon ligament. As a response, the lower leg should straighten
involuntarily in a sudden kicking motion, as illustrated in
Fig. 3e, and then come to rest quickly. It can be seen that upon
tapping, a sudden decrease in capacitance was observed, cor-
responding to the release of the capacitive sensor (from the
tension state) as a result of the quick kicking movement. With
the relaxation of the knee, the capacitance returned to the initial
value. Fig. 3f represents the capacitance change for a normal
knee jerk, without the sign of absent or pendular knee-jerk. The
amplitude and duration of the kicking motion in response to a
given tapping could provide valuable information for early
diagnoses of nervous system diseases.

By mounting the sensors on the knee, the reported strain
sensors can also be used to detect other human motions, such
as walking, running and jumping from squatting, as shown in
Fig. 3g. Above discussed applications demonstrated that
through real-time strain measurements, our skin-mountable
sensors can help in monitoring the body motions, which
This journal is © The Royal Society of Chemistry 2014
provides important information for feedback control in robotic
systems and prosthetic devices.1 At the same time, the sensors
could be benecial for continuous health/wellness monitoring,
for example, to help in detecting physiological conditions (such
as knee-jerk) for diagnoses, to monitor body motions during
rehabilitation, and to quantize the body movement to evaluate
an athlete's performance.38
2.2. Pressure sensing

A 7 � 7 array of capacitors (‘pixels’) was fabricated following the
process shown in Fig. 1 to form a pressure sensor that has spatial
resolution. When a pressure is applied on the capacitor, the
separation between the two AgNW layers decreases, resulting in
an increase in capacitance (as shown in Fig. 2). The relative
change in capacitance of one pixel as a function of the pressure
is presented in Fig. 4a. The relative capacitance change DC/C0

shows a bilinear dependence on the pressure. Pressure sensi-
tivity S, dened as the slope of the traces,24 is commonly used to
evaluate the performance of a pressure sensor. For pressures
below and above 500 kPa, the sensitivity of our sensors is 1.62
MPa�1 and 0.57 MPa�1, respectively. Compared with previously
reported capacitive pressure sensors, the sensitivity of our
sensors is higher than those with carbon nanotube electrodes
(0.23 MPa�1 over the pressure range up to �1 MPa)6 and those
with serpentine gold electrodes (0.48 MPa�1 over the pressure
range up to 0.25 MPa),25 both using Ecoex as dielectric layers.
Our sensors are also more sensitive than those based on gold
thin lms embedded in silicone rubber (0.4 MPa�1 for pressure
up to 160 kPa).2 Several other capacitive sensors were demon-
strated with higher sensitivity but had either poorer linearity or
poorer stretchability. For example, pressure sensors composed
of copper electrodes and air gaps encapsulated by PDMS showed
a nonlinear response with a sensitivity of 3% mN�1 (4.8 MPa�1)
over the range of 40 mN (250 kPa).26 The sensors with copper-
clad laminated composites on an unstretchable polyimide
substrate exhibited a sensitivity of 9.2 MPa�1 for the range of 40
kPa.27 Highly sensitive pressure sensors using a microstructured
PDMS dielectric layer and a PET substrate were reported by
Mannsfeld et al.24 The sensor showed a similar bilinear response
(0.55 kPa�1 for less than 2 kPa and 0.15 kPa�1 for 2–7 kPa), but
on the non-stretchable polyester substrate.
Nanoscale, 2014, 6, 2345–2352 | 2347
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Fig. 3 Strain sensing capability of the fabricated capacitive sensors. (a) Relative capacitance changeDC/C0 versus tensile strain for stretching and
releasing. The solid line shows the linear fits to the data. (b) Relative capacitance change DC/C0 versus tensile strain for two measurements. The
second measurement was done after the sensor was stretched and released for 100 cycles. (c–g) Demonstrations showing the large-strain
sensing capability. (c) One pixel sensor on a thumb joint. (d) Relative capacitance change and strain associated with thumb flexure from holding
thumb up to make a fist and back to a relaxed state. (e) Schematic of the patellar reflex experiment. (f) Relative capacitance change and strain
caused by kneemotion in patellar reflex. (g) Relative capacitance change and strain versus time for various humanmotions: walking, running and
jumping from squatting.
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Fast response time is important in realizing real-time pres-
sure monitoring. We applied small loadings by dispersing three
0.06 g water droplets. The time response is shown in Fig. 4b.
2348 | Nanoscale, 2014, 6, 2345–2352
Here, the response time (rise time) is dened as the time
interval between 10% and 90% of the steady state values.28 Our
response time was estimated to be around 40 ms (see ESI† for
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Pressure sensing capability of the fabricated capacitive array. (a) Relative capacitance change DC/C0 of one pixel versus normal pressure
for two consecutive measurements. (b) Response of the pressure sensor to water droplets with weight of 0.06 g each. Inset shows a water
droplet on top of a sensor array in the middle. (c) The sensor array with a PDMS mold in the shape of “I” on top (left) and the resulting map of
capacitance change (right).
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calculation of the response time). Our response time is much
shorter than those reported for other pressure sensors such as
the exible polymer foam based capacitive sensor (several
seconds)29 and the one using an Au lm patterned on a PDMS
membrane (�200 ms).28

Very few pressure sensors can simultaneously achieve the
large stretchability, fast response, high sensitivity and good
linearity. To demonstrate the function of measuring the spatial
distribution of pressure, a 2.7 g mold with the shape of letter “I”
was cut and placed onto the sensor. The resulting relative
capacitance changes are plotted in Fig. 4c, where a brighter color
corresponds to a higher capacitance change. Though the cross-
talk (i.e., the inuence of the pixel on which pressure is applied
on the adjacent pixels6) between different pixels exists, we can
clearly identify the spatial distribution of the applied pressure.
2.3. Touch sensing

Besides strain and pressure sensing capabilities, our capacitive
sensors can also be used to detect nger touch, to be more
general, the touch of a grounded conducting medium.2 Unlike
the strain and pressure sensing, the capacitance change in
touch sensing is due to the disturbance of the fringing electric
eld2 rather than the dimension changes, as shown in Fig. 2. A
similar mechanism is widely used in the capacitive touch
screens.30

When a nger or other properly grounded conductors touch
a capacitor, the fringing electric eld (through the medium
This journal is © The Royal Society of Chemistry 2014
directly above the sensor) is partially intercepted and shunted to
ground by the nger,2,31 resulting in a decrease in capacitance.
The sensor can function well as long as the nger is in the
proximity of the electrode, no matter whether there is force
applied onto the sensor or not. Here we differentiate the two
situations as (1) proximity mode (no force applied) and (2)
pressing mode (force is applied). Fig. 5a shows the response of
one pixel in the sensor array to nger touch (no force applied).
As expected the capacitance decreases upon nger touching. In
order to probe the determining factors of the capacitance
change, we approached the sensor from 30 cm away until
touching the sensor with different nger areas to investigate the
effects of the interacting areas and the distance between the
nger and the pixel. Fig. 5c and d reveal that the capacitance
change increases with increasing interaction area and
decreasing distance. Larger interaction area and shorter
distance lead to a larger capacitance decrease because of the
increased portion of the electric eld intercepted by the nger.

In some touch sensing applications, forces from nger touch
are inevitable and it is more convenient if the sensor can be
touched with whatever force the users like. Fig. 5b presents the
results for two different modes, where the capacitance changes
resulting fromstrongngerpress (large force applied) andgentle
nger touch (no force applied) were shown for comparison. In
the pressing mode, the nger pressing has two opposing effects
on the capacitance: nger as a grounded conductor leads to a
decrease in the capacitance while physical pressing causes an
increase in the capacitance as the pressure sensor does. The
Nanoscale, 2014, 6, 2345–2352 | 2349
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Fig. 5 Touch sensing capability of the fabricated capacitive sensors. (a) Change in capacitance for one pixel before and after repeated finger
touching. (b) Change in capacitance for strong finger press (pressing mode) and gentle finger touch (proximity mode). (c) Capacitance change as
a function of the distance between sensor and finger when the finger pad approaches and leaves the sensor. (d) Capacitance change as a
function of the distance between sensor and finger when the fingertip approaches and leaves the sensor.
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capacitance decrease caused by the disturbed electric eld was
found to be much larger than that by the physical pressing. This
nding indicates that the sensor can be reliably used as a touch
sensor under either proximity mode or pressing mode (i.e.,
gentle or strong touches). For strong press, the interacting area
between the nger and the pixel electrode is typically larger
compared to gentle touch, which leads to a much larger capaci-
tance decrease, as shown in Fig. 5c and d. The relative capaci-
tance change of our touch sensor is comparable to those of
capacitive touch sensors reported in the literature.2 Flexible
resistive32 and piezoelectric33 touch sensors were also reported,
but the strechability were limited either by the sensing layer33 or
by the substrate material.32 Moreover, those sensors can only be
used when the nger presses the sensors. In contrast, the
capacitive touch sensors have a longer detecting range; they can
function as long as the nger is in proximity. This characteristic
could be very useful in applications where contacts between
robots and humans should be avoided. For example, theymay be
used to assist robots to navigate and avoid injuring humans.31

We have demonstrated the strain, pressure and touching
sensing modalities using our capacitive sensors. The electrode,
dielectric and substrate materials enable mechanical robust
sensors that are stretchable and conformal to curvilinear
surfaces. It is worth noting that as an advantage of using
stretchable materials for pressure sensors, the existence of
tensile strain and normal pressure could be distinguished from
the distribution of capacitance changes.6 Tensile straining
2350 | Nanoscale, 2014, 6, 2345–2352
affects all the pixels along the strain direction; in contrast,
pressure only affects the pixels in the immediate vicinity of the
load.6 The existence of the nger touch can also be identied
and distinguished because only nger touch causes the
decrease in capacitance. According to the specic needs, all the
pixels could have the three functions or different pixels may be
engineered to have different localized functions.2 In short, the
multifunctional sensor offers more possibilities to meet the
needs in diverse applications.

3. Conclusions

In summary, multifunctional wearable sensors based on
stretchable AgNW conductors were developed following a
simple and scalable fabrication process. The sensor showed a
linear response to large tensile strain up to 50% with a gauge
factor of �0.7 and a bilinear response to pressure. The wear-
ability of the sensor was demonstrated by mounting it onto
human bodies to monitor the skin strain associated with nger
exing and knee motions in the patellar reex and other body
movements. In addition, the sensor exhibited fast response
time (�40 ms) and good pressure mapping function. Moreover,
the ability of sensing the nger touching was demonstrated.
Performances of our proof-of-concept devices, such as the
stability, sensitivity, linearity, detecting range or response time,
could be further enhanced via optimization of geometry and
materials. But this study opens up a route in terms of materials
This journal is © The Royal Society of Chemistry 2014
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and structures to develop stretchable sensors with multi-
functionalities. The multifunctional sensors have potentials to
be integrated with other wearable devices (e.g., sensors,34,35

actuators,36,37 antennas,38,39 and power devices40,41) and used as
the conformal intelligent surfaces to interact with humans and
the environments in robotic systems, prosthetics, wearable
health monitoring devices or exible touch pads.

4. Experimental section
4.1. Device fabrication

To fabricate the device, parallel AgNWconductorswith a linewidth
of�2mmand a spacing of�2mmwere screen printed on top of a
Si substrate throughapre-patternedPDMSshadowmask (Step1 in
Fig. 1). More details on the fabrication processes of the AgNW
conductors were reported previously.18 Liquid PDMS (mixing the
“base”and the “curingagent”withaweight ratioof 10 : 1)was then
cast onto the Si substrate that included the AgNW conductors on
top, and cured at 65 �C for 12 hours. All the patterned AgNW
conductors were embedded just below the PDMS surface when it
was peeled off the Si substrate (Step 2). Eutectic gallium–indium
(EGaIn, Aldrich, $99.99%) liquid metal was applied to the two
ends of the AgNW/PDMS strips to serve as conformal electrodes.
Aer that, the AgNW/PDMS lm was positioned orthogonal to
another identical AgNW/PDMS lm face to face (Step 3). The Eco-
ex silicone elastomer (Smooth-On, Inc., Shore hardness 00–10)
was introduced as the dielectric layer of the capacitors, which is a
very somaterial that can help in increasing the sensitivity of the
pressure sensor. Liquid Ecoex made by mixing part A and part B
with the ratio of 1 : 1 was applied between the two orthogonally
positionedAgNW/PDMSlms.At the same time, copperwireswere
embedded inside the liquid metal and covered by Ecoex liquid.
Finally, the whole structure was degassed in a vacuum oven fol-
lowed by curing under ambient conditions for approximately 4
hours (Step 4). This way, the Ecoex layerwas sandwiched between
the orthogonally patterned stretchable AgNW conductors to form
the capacitive sensors.
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