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Carbon fibre based flexible piezoresistive
composites to empower inherent sensing
capabilities for soft actuators†

Xue Yan,ab Chris R. Bowen,a Chenggang Yuan,a Zhe Haoa and Min Pan *a

New materials and technologies in sensing and actuation have led to the development of soft actuators

and robots for biomedical systems, assistive devices, exploration and rescue. The use of integrated

actuation-sensing materials in such systems is gaining interest, but there are few examples where the

body of the actuator or soft robot acts as the sensing element. The development of smart soft actuators

that have inherent sensing capabilities can provide advantages of high sensitivity, ease of manufacture

and cost efficiency, without impairing actuator dynamics. To achieve this goal, we have prepared soft

actuators using piezoresistive composites based on a silicone matrix impregnated with short conductive

carbon fibres. The optimum carbon fibre volume fraction to achieve a frequency independent

conductivity and piezoresistive response was determined, with in situ mechanical and electrical testing

to quantify the piezoresistive properties. The frequency dependent electrical properties and sensitivity of

the composites with deformation was explained on the basis of a microstructural resistor–capacitor

network model. The piezoresistive composites were used to successfully manufacture a pneumatic soft

finger actuator where the resistance change of the actuator body was able to monitor deformation with

applied pressure. The creation of soft actuators with an inherent sensing capability is a promising

approach for control and operation of future soft robots.

Introduction

Soft robotics is an emerging area where there are a number of
key challenges that are pushing the boundaries of robotic
technologies to provide soft movement and control of robots,
actuation with multiple degrees of freedom and safe interaction
of robots with humans. Within the area soft robotics, funda-
mental biological principles have been exploited and converted
into engineering design rules to create robots that perform in a
similar manner to natural animals, where the elasticity of soft
bodies matches the compliance of animal muscle. The soft
robotics approach has been used to build integrated systems
for applications that include biomedical devices,1 surgical
instruments,2 rehabilitation systems,3 assistive devices,4,5 and
robotics for exploration and rescue.6

Significant progress in the development and advancement
of soft actuators and robots has been achieved in the last
decade to achieve flexibility, adaptability, ease of manufacture

and low-cost processing.7 However, to attain their full potential
the key technologies of materials, sensing, and actuation must
be effectively integrated and operate cooperatively. Therefore,
technologies that couple both sensing and actuation are critical
to accelerate the design and implementation of future soft
robots.8,9

There has been significant effort to embed sensors in robotic
systems to provide improved control and feedback. Ozel et al.
designed a novel curvature sensor to measure the bending of soft
bodies using a magnet and a Hall effect sensor. The sensor was
embedded in a soft snake robot which exhibited a root mean
square error of 0.023 cm�1 between the measured and actual
curvature at frequencies up to 7.5 Hz.10 Piezoresistive micro-
electro-mechanical-systems (MEMS) have also been considered
as sensors, based on fabricating and embedding individual tactile
sensing elements.11 Yang et al. fabricated pressure and position
sensors which were embedded in a gripper for force measurement
and closed-loop control.12 Sensing rigid fingernails were used
by Morrow et al. which integrated microfluidic sensors in a
pneumatic actuator to measure curvature and applied force.13

In addition to embedding sensor devices, there have been
approaches to embed materials with sensing capability. Yeo
et al. embedded a flexible strain sensor into a soft pneumatic
actuator, which also included air micro-channels to provide

a Department of Mechanical Engineering, University of Bath, Bath, BA2 7AY, UK.

E-mail: m.pan@bath.ac.uk
b Science and Technology on Advanced Functional Composites Laboratory Aerospace

Research Institute of Material and Processing Technology, Beijing 100076,

P. R. China

† Electronic supplementary information (ESI) available. See DOI: 10.1039/c9sm01046g

Received 24th May 2019,
Accepted 23rd August 2019

DOI: 10.1039/c9sm01046g

rsc.li/soft-matter-journal

Soft Matter

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

ug
us

t 2
01

9.
 D

ow
nl

oa
de

d 
on

 9
/2

0/
20

24
 7

:5
1:

48
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-2901-3388
http://crossmark.crossref.org/dialog/?doi=10.1039/c9sm01046g&domain=pdf&date_stamp=2019-08-30
http://rsc.li/soft-matter-journal
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9sm01046g
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM015040


8002 | Soft Matter, 2019, 15, 8001--8011 This journal is©The Royal Society of Chemistry 2019

actuation. The strain sensor consisted of screen-printed silver
nanoparticles on an elastomeric substrate to achieve mechanical
flexibility,14 which was used in a rehabilitation glove to mea-
sure strains above 20% and detect irregular finger movements.
An embedded 3D printing method (e-3DP) was proposed by
Muth et al. to fabricate strain sensors within extensible elasto-
meric matrices.15 The strain sensors were printed within a pre-
moulded, glove-shaped reservoir for real time monitoring of
digit motion. The highly stretchable sensors were based on 3D
printing a carbon-based resistive ink within an elastomeric
matrix. Park et al. fabricated a flexible and stretchable artificial
skin based on multi-layered micro-channels in an elastomer
matrix filled with a conductive liquid to allow measurement of
multi-axial strains and contact pressure.16 The robust sensor
could measure a strain of B250% and was integrated into soft
wearable robots and human–robot interaction devices.17,18 The
formation of micro-scale surface features between flexible
surfaces has also been examined to tailor the piezoresistive
properties.19 More recently, Thuruthel et al.20 used embedded
soft resistive sensors and addressed the challenges of sensor
design, non-linearity, placement, and fabrication using a bio-
inspired sensory architecture and machine learning.

In terms of potential sensing mechanisms, a detailed over-
view of flexible and tactile sensing has been provided in key
reviews21–26 where a variety of sensing mechanisms have been
used such as piezoresistance (a change in resistance with
stress), piezocapacitive (a change in capacitance with stress),
and piezoelectric (voltage or charge generation with stress).
With regard to piezoresistive sensing, these materials are often
based on conductive materials embedded in an insulating
matrix which leads to a change in electrical conductivity with
stress or strain. As an example, Canavese et al. reported on
a piezoresistive composite for a flexible and robust tactile
sensor,27 where spiky conductive nickel particles were embedded
into a silicone matrix. Carbon based conductive have also been
used.28 For example, Wang et al. examined polymer composite
sensing skins based on carbon nanotubes positioned between
latex.29 Khalili et al. examined a polypyrrole based hydrogel
combined with carbon nanotubes or graphene to create piezo-
resistive skins, where modelling was used to examine the dc
conductivity change of the composite system.30 A variety of other
conductors and materials have been used to form piezoresistive
composites, such as MXene,31 liquid metal,32 and even combining
conductors with shear stiffening polymers for potential high
impact applications.33 High aspect ratio carbon nanotubes have
been used to achieve a reversible change in electrical conductivity
with stress of strain.34

While much of the research above has examined embedding
sensor devices or materials into a component, less work has
aimed to create soft actuators and robots with an inherent
sensing capability, namely the device itself is manufactured
from the sensing material. We therefore present a new approach,
which is to manufacture the body of a soft actuator using a
piezoresistive composite material and demonstrate its ability to
provide information on deflection and actuation of pneumatic
soft finger actuators. The development of smart soft actuators that

have inherent sensing capabilities can offer the advantages of
high sensitivity, ease of manufacture and cost efficiency, without
impairing actuator dynamics.

Frequency dependent AC conductivity
and phase angle of composites

To create the flexible piezoresistive composite material, short
carbon fibres (mean diameter 3.55 mm and length 105 mm35)
were combined with a silicone rubber and co-cured with carbon
volume fractions of 0 to 20 vol%. The silicone material has been
previously used to create soft robots due to its high compli-
ance;26 however it is an electrical insulator and has no inherent
sensing properties. The aim here is to add sufficient conductive
filler to the silicone to achieve percolation as a result of intimate
contact of the conductive filler material. For such a material a
change in electrical resistance with strain is expected due to a
change in the degree of filler contact with deformation. Additional
challenges to achieve inherent sensing are (i) that the composite
material must remain manufacturable and can be moulded into a
soft actuator by conventional moulding and (ii) that the addition of
a filler does not reduce the compliance of the actuator body and
thereby impair actuator performance and dynamics.

The frequency dependent AC conductivity (eqn (1)) and
phase angle (eqn (2)) of the manufactured composites are
shown in Fig. 1(a) and (b), respectively. The sample dimensions
are rectangular in shape, 60 mm � 9 mm � 1.4 mm. This
geometry was selected to provide sufficient sample area for
capacitance and conductivity characterisation by impedance
spectroscopy and ease of electrical connectivity during mechanical
deformation. For the pure silicone (0 vol%) and composites
containing only 5 vol% and 10 vol% carbon fibre, the AC
conductivity is frequency dependent and increases with
increasing frequency. This is a result of the composite materials
acting as an electrical insulator (dielectric), since the AC conduc-
tivity (sac) of a capacitor follows sac p oC; where o is the angular
frequency and C is capacitance. This insulating response leads to
an almost linear dependence of AC conductivity with frequency in
Fig. 1(a). This capacitive response can also be observed in Fig. 1(b),
where the phase angle approaches yB �901, since the AC current
lags the AC voltage by 901 in a perfect capacitor.

For a composite with a higher fraction of carbon fibre,
15 vol%, the AC conductivity is almost frequency independent,
see Fig. 1(a). The origin of the frequency independent conduc-
tivity originates from the composite material now acting as a
conductor with a constant conductivity given by sac p R�1,
where R is resistance. The phase angle of the composite with
15 vol% also approaches y B 01 at low frequencies, since for a
perfect resistor both current and voltage are in phase. It is of
interest to note that phase angle for the 15 vol% composite
decreases to yB �601 at higher frequencies (4104 Hz) due to a
capacitive contribution to the dielectric response, see Fig. 1(b),
and the reason for this will be discussed later in the paper.

For the composite with the highest volume fraction of carbon
fibre, 20 vol%, the ac conductivity is frequency independent and
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the phase angle approaches y B 01 across the whole frequency
range (10 to 106 Hz), demonstrating that this composite is acting
as a good electrical conductor due to the high carbon fibre
content. The higher AC conductivity of this material, compared
to 15 vol%, is related to the higher volume fraction of conductive
carbon fibres. Higher carbon fibre volume fractions could not
be fabricated since the resulting material was too viscous for
moulding into samples of the desired geometry.

Morphology and carbon fibre
distribution in carbon fibre/silicone
composites

The resulting microstructure and distribution of conductive
carbon fibres within the insulating silicone matrix was examined
using scanning electron microscopy (SEM) on a cryo-fractured
sample surface, as seen in Fig. 2. The SEM image in Fig. 2(a)
shows a composite containing 5 vol% carbon fibre, where it can
be seen that the carbon fibres are isolated and are non-
percolated. Such a distribution does not lead to electrical short
circuits through the thickness of the composite which therefore
acts as an insulator; this is also in agreement with the electrical
measurements in Fig. 1. As the volume fraction of carbon fibres
in the composite increases, the carbon fibres begin to make
electrical contact with each other. This can be seen in Fig. 2(b) for
the composite containing 15 vol% of carbon fibres where a
number of carbon fibres are in contact with each other. For the
composite containing the maximum carbon fibre content of
20 vol% in Fig. 2(c), there is a high degree of filler percolation,
which results in the material behaving as a conductor, as in Fig. 1.

Electrical properties under mechanical
stretching to assess piezoresistance

To examine the piezoresistive properties of the composite
and assess its performance as a strain sensor, the frequency

dependent electrical properties (AC conductivity and phase) as
a function of strain was characterised. This was achieved by
taking electrical measurements of the composite materials
while being subjected to a tensile strain in a mechanical test
machine. Composites were placed in a Hounsfield test machine
with electrical connections attached to the upper and lower
surface of the sample with a small bead of conductive epoxy.
The electrode along the gauge length of the sample was then
formed via a conductive carbon grease which was able to act
successfully as an electrode during the application of a high
strain (410%); which is typical of the strain levels experienced
by a soft pneumatic actuator.36,37

Fig. 3 shows a variation in conductance and phase angle
with frequency as a function of mechanical strain for compo-
sites with 10 vol%, 15 vol% and 20 vol% of carbon fibre. The
conductance (Yac; eqn (3)) is used here, rather than conductivity
(sac; eqn (1)) since changes in the area and thickness of the
sample during stretching are unknown. It is of interest to note
that while the conductance is dependent on sample geometry
(area and thickness), the phase angle is independent of sample
geometry and on the ratio of imaginary and real impedance
(eqn (2)). The phase angle therefore provides an insight on only
the changes in electrical properties due to changes in compo-
site microstructure (e.g. degree of contact of carbon fibres)
during deformation, while the conductance is influenced by
changes in both composite microstructure and sample geo-
metry (area and thickness).

For the composite with 10 vol% carbon fibre, the conduc-
tance does not vary significantly with strain, Fig. 3(a), and is
frequency dependent. The phase angle approaches y B �901 at
frequencies below 104 Hz, Fig. 3(b). In this composite, the
fibres are electrically isolated, and the composite acts as an
insulator, as seen in Fig. 1, and there is no piezoresistive
response.

As the carbon fibre content increases to 15 vol% carbon
fibre, the material behaves as a conductor with an almost
frequency independent conductance which increases with
increasing tensile deformation, see Fig. 3(c). This is primarily

Fig. 1 (a) AC conductivity of carbon fibre/silicone composite of with 0, 5, 10, 15, 20 vol% carbon fibre, (b) phase angle of carbon fibre/silicone composite
containing carbon fibre with 0, 5, 10, 15, 20 vol% carbon fibre.
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due to a combination of an increase in the connectivity of
carbon fibres in the thickness direction as the material in
stretched and the change in dimensions of the composite with
strain, with the material thickness decreasing and area increas-
ing with degree of stretch. Fig. 3(d) shows a phase angle y B 01
below 104 Hz due to the conductive nature of the material.

A similar response in observed for the composite with 20 vol%
carbon fibre, although the composite exhibits a higher con-
ductance and also a larger change in conductance with strain,
Fig. 3(e), indicating that the increase in carbon fibre contact

during stretching dominates the change in electrical properties.
This can also be observed in Fig. 3(f) since the phase angle
approaches y B 01 for the stretched composite, even up to high
frequencies (1 MHz).

The relative resistance (eqn (4)), which provides an indica-
tion of the sensitivity of the material, of the composite contain-

ing 15 vol% reaches
DR
R

%

� �
� 60% when deformed up to

2.5 mm, Fig. 4(a) while the sensitivity of the 20 vol% carbon

fibre material reaches
DR
R

%

� �
� 90% when deformation up to

2.5 mm, Fig. 4(b). Fig. 4c and d shows the relationship between

the strain and percentage resistance change
DRi

R0
%

� �
at a fixed

frequency of 1 Hz. Quadratic and cubic fitting curves were used
to predict the trend which shows that the strain sensing
materials becomes more conductive at higher deformation
levels. The fitting curves also provide simple models which
can be used to predict the relationship between the strain and
relative resistance of the 15 vol% and 20 vol% fabricated
piezoresistive composites.

Fig. 5 shows the force–displacement response and cyclic
variation of resistance of a carbon fibre/silicone composite.
The material was subjected to a cyclic strain using an Instron
3369 with a 50 N static load cell and pneumatic clamps with a
small tensile load and a cyclic deformation of 2 mm at a cross
head speed of 2 mm min�1. Data are shown here for the carbon
fibre/silicone composite containing 15 vol% carbon fibre on a
rectangular test piece with a dimension of 60 mm � 9 mm �
1.4 mm. Some hysteresis is observed which is typical of an
elastomer material and the force–displacement of the compo-
site leads to a cyclical change in resistance of the composite.

Mechanism of piezoresistance in
composites

Based on the piezoresistive response and microstructural
characterisation of the composites we can now put forward a
mechanism to understand the piezoresistivity and frequency
dependent properties of the carbon fibre/silicone composite.
We consider the composite and as a random resistor–capacitor
(R–C) network,38 where the resistors (R) in the network repre-
sents the conductive carbon fibres which have a frequency
independent conductance (Yac = R�1) and the capacitor (C)
represents the capacitive silicone matrix phase with a frequency
dependent conductance (Yac p oC).

For the carbon fibre/silicone composite with 5 vol% and
10 vol% carbon fibre, the electrical network of the composite
structure consists of isolated (non-percolated) carbon fibres
(which acts as the resistor, R) in a silicone matrix (which acts as
the capacitor, C). A schematic is shown in Fig. 6(a), which
represents Fig. 2(a), where at low frequencies the AC conduc-
tance is dominated by the insulating silicone regions which act
as a capacitor of low conductance, especially at low frequencies.
No significant changes in conductance and phase angle are

Fig. 2 Cryo-fracture surface carbon fibre/silicone composites containing
carbon fibre (a) 5 vol%, (b) 15 vol% and (c) 20 vol%.
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observed with strain since the material is dominated by the
insulating capacitive regions.

Fig. 6(b) shows a schematic of the structure of a carbon
fibre/silicone composite with 15 vol% carbon fibre where in
this case there is some percolation of the carbon fibres, see also
Fig. 2(b). At low frequencies, the AC currents flow preferentially
through the percolated carbon fibres since R�1 4 oC and the

phase angle approaches 01; see Fig. 3(d). An example of a low
frequency conduction path due to percolated resistors is shown
in Fig. 6(b). As the material is deformed and aligned in the
direction of strain, the thickness of the composite will decrease,
and the carbon fibres will make better contact in the thickness
direction, which increases its conductance. At higher frequen-
cies the AC conductivity of the capacitive regions increases and

Fig. 3 Variation in AC conductance with extension for carbon fibre/silicone composites containing (a) 10 vol% carbon fibre (c) 15 vol% carbon fibre
(e) 20 vol% carbon fibre. Variation in phase angle with extension for carbon fibre/silicone rubber composites containing (b) 10 vol% carbon fibre
(d) 15 vol% carbon fibre (f) 20 vol% carbon fibre.
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when oC Z R�1, the capacitive silicone regions also contribute
to the AC currents so that the phase angle decreases with
increasing frequency and begins to approach �901, Fig. 3(d).
An example of the conduction path at these higher frequencies
is also shown in Fig. 6(b) which is a combination of resistors
(carbon fibres) and capacitors (silicone rich regions). It is of
interest to note that in this high frequency region there is a
decrease in the relative resistance and sensitivity, see Fig. 4(a),
since the silicone contributes to the AC conduction path and
does not contribute to the piezoresistance of the material.

A schematic of the carbon fibre/silicone composite with
20 vol% carbon fibre is shown in Fig. 6(c), where in this case
the carbon fibres are highly percolated; see also Fig. 2(c). Again,
at low frequencies the AC currents flow through the highly
connected carbon fibres since R�1 4 oC, and the phase angle
approaches 01 (see Fig. 3(e) and (f)). As the material is deformed
and aligned in the direction of strain, the thickness of the
composite decreases, and more carbon fibres connect in the
thickness direction; as a result, the conductance is increased
for the strained material. Due to the high degree of carbon
contact during the application of strain and the high value of
R�1, higher frequencies are required before oC Z R�1 and the
phase angle begins to fall; see Fig. 3(f). For high levels of strain

the phase angle remains y B 01 up to the maximum frequency
of 1 MHz, indicating the percolated carbon fibre paths domi-
nate the conduction path in the complete frequency range; the
relative resistance is also less frequency dependent compared
to the 15 vol% composite for the same reason, see Fig. 4(b).

Fabrication of a soft finger with
inherent sensing ability

Based on understanding that 15 vol% or 20 vol% carbon fibre
in a silicone matrix creates a piezoresistive composite, we now
fabricate a soft pneumatic finger actuator using the same
material. Fig. 7 shows the process to fabricate the integrated
soft finger and Fig. S1 (ESI†) shows the moulding and
unmoulding processes of the soft finger. The moulds for
composite finger casting were fabricated using a commercial
3D printer (Ultimaker 2+) using polylactic acid (PLA) which
include two sections: the first section was for moulding a wax
core mould; the second section is for moulding the wall of the
finger. Paraffin wax (Materialix) was poured into the first
section to create a wax-made core that formed the air chamber
inside the finger. After mixing and degassing, two components

Fig. 4 Sensitivity, in the form of relative resistance, of carbon fibre/silicone composites containing (a) 15 vol% carbon fibre, (b) 20 vol% carbon fibre,
(c) relative resistance at fixed frequency (1 Hz) for 15 vol%, (d) relative resistance at fixed frequency (1 Hz) for 20 vol%.
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of E630 silicone rubber (Shenzhen Hong Ye Jie Technology Co.,
Ltd) and carbon fibre were mixed (22.8 g carbon fibre and
77.2 g mixture per 100 g, corresponding to 15 vol% carbon
fibre) and poured into the second section. This volume fraction
was selected since it provided the best combination of a
sufficiently low viscosity to infill the mould while also main-
taining a piezoresistive response. The wax-made core was then
placed into the second section after the mixture fully filled the
mould. The mixture was cured at 45 1C for 60 min, then
submerged into the hot water (490 1C) in order to melt the
wax core and form the air chamber. The soft inherent sensing
body was then removed from the moulds after cooling to room
temperature. A silicone tube was then attached to the vent hole
of the actuator body using silicone adhesive (Smooth-On,
Sil-Poxy).

Soft finger actuator testing

The soft finger was actuated by an air compressor (9.6 CFM,
0–10 bar, Wolf Sioux) and the actuation pressure was measured
by a pressure gauge (CYYZ11, Star Sensors). The experimental
setting-up for the measurement is shown in Fig. S2 (ESI†). The
length of the soft finger was 69 mm, and the distance between
the electrodes A and B for characterisation of electrical resistance
was 50 mm.

Fig. 8a and b shows a variation in ac conductance and phase
angle of the soft finger with frequency as a function of actua-
tion pressure respectively. The conductance is dependent on
actuation pressure, while the phase angle is independent of
pressure at low frequencies (o104 Hz) and y B 01 due to AC
currents always flowing through the percolated of conductive
filler in this frequency range, where R�1 4 oC. This response
is similar to the test materials, Fig. 3, indicating that the
soft finger is operating as an actuator with inherent sensing
capability. The change in low frequency resistance (1/Yac) with
pressure varies from B2 kO at low pressure to B400 O at the
highest pressure, as shown in Fig. 8c at a fixed frequency of
1 Hz. The resistance range also provides the advantage of ease
of measurement by using two-wire DC measurement, which is
suitable for measuring resistances in excess of 100 O.

While the impedance spectroscopy data in Fig. 8 provides an
examination of the frequency dependent real and imaginary
impedance of the soft finger during actuation, for soft actuator
or robot applications it would be beneficial to simplify the
measurement approach for both speed and ease of control.
A DC resistance measurement is applied in a real-time control
system to acquire the measured resistance, as shown in Fig. S2
(ESI†). The measured deformation height of the actuator with
pressure is shown in Fig. 9a and b. The resistance change
between the two electrodes was characterised when the soft
finger was actuated by varying the pressure from 0 bar to 1 bar
(0.1 MPa) with a pressure step of 0.1 bar (0.01 MPa). The
resistance between electrodes A and B was measured, as shown
in Fig. 9c, where the results are reproducible and approximately
linear relationships were achieved. The result indicates that the
finger actuator itself is operating as an inherent strain sensor
that can exploit a simple resistance measurement. The actuator
has high compliance for soft robot applications and the use
of carbon fibre as filler continues to provide high levels of
deformation, as in Fig. 9a.

In summary, this paper has demonstrated a new approach
to create soft actuators or robots with an inherent sensing
capability where the component is manufactured from a material
that acts as a sensor of stress or strain to provide information on
actuator deflection and actuation. To achieve this goal, we have
prepared soft actuators using piezoresistive composites based on
a silicone matrix impregnated with short conductive carbon
fibres, whose electrical resistance decreases with tensile strain
due to improved contact between the conductive filler. The
optimum carbon fibre volume fraction to achieve a frequency
independent conductive response was determined, which was the
result of percolation and intimate contact of the conductive filler.
Combined mechanical and electrical testing revealed that compo-
sites with at least 15 vol% carbon fibre acted as piezoresistive
sensors. The frequency dependent electrical properties with strain
was explained using a microstructural resistor–capacitor network
model, which provided insights into the variation of conductance,
phase angle, piezoresistive sensitivity of the composites with both
frequency and strain. The electrical resistance range of the
actuator, in excess of 100 O, also provides the advantage of ease
of measurement using a two-wire DC measurement.

Fig. 5 Cyclic response of (a) resistance–time (b) load–displacement
during cyclic testing for a carbon fibre/silicone composite with 15 vol%
carbon fibre.
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The piezoresistive composites were used to successfully
manufacture a pneumatic soft finger actuator where the change
in resistance of the actuator was used to monitor deformation
with applied pressure. In addition, the composite skin did not
significantly influence the ability of the actuator to undergo
large deformations. The development of smart soft actuators
that have inherent sensing capabilities could offer the advan-
tages of high sensitivity, ease of manufacture and cost efficiency,
without impairing actuator dynamics and is a promising
approach for control and operation of future soft robots. Potential
future directions are the use of multiple electrodes to provide
information of multi-axial deformation, and ultimately determine

actuator shape, potential to extract strain-rates, and the use of
multifunctional composites to create soft actuators or robots
capable of sensing additional parameters such as pressure, dis-
placement, speed, temperature, magnetic fields and moisture.

Experimental methods
Preparation of carbon fibre/silicone composite

In order to manufacture the piezoresistive composites,
chopped carbon fibre (mean diameter 3.55 mm and length
105 mm35) was combined with the individual components of a

Fig. 6 Schematic of the composite acting as a resistor–capacitor network under mechanical stretching for increasing carbon fibre contents (a) 10 vol%
carbon fibre, non-percolated carbon fibres (R–C network), (b) 15 vol% carbon fibre, small level of percolation (R–C network), (c) 20 vol% carbon fibre,
high level of percolation and dominated by conductive network.

Fig. 7 Fabrication of an integrated soft finger with inherent sensing ability. Actuator length is B69 mm for scale.
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silicone rubber (E630 silicone rubber; Shenzhen Hong Ye Jie
Technology Co., Ltd) and mixed with volume ratio of 0–0.5 : 1 : 1
of (carbon fibre) : (part A silicone) : (part B silicone). The volume
fraction range of the composites manufactured where 0
(pure silicone), 5, 10, 15, 20 vol% carbon fibre. The mixture

was manually stirred for 10 min to achieve an even distribution
of carbon fibres in the silicone. The mixture was then subjected
to a vacuum atmosphere for 10 min to remove gas, and the
carbon fibre/silicone composites were subsequently formed by
pouring into a mould of the desired shape and leaving for
24 hours at room temperature for the silicone to cure. The
shapes formed via the mould were both test samples for
electrical and mechanical testing, as actuator devices.

Composite characterisation

The composites microstructures examined be forming cryo-
fractured surface which were subsequently examined by scan-
ning electron microscopy (SEM, JSM6480LV, Tokyo, Japan).
Impedance spectroscopy measurements were carried out using
Solartron 1260 and 1296 Dielectric Interface with a two-point
probe at frequencies from 102 to 106 Hz on composite films
with a thickness of B1 mm and an electrode area of 9 mm �
10 mm. The electrode material was a conductive carbon grease
(Code: 846-1P carbon conductive grease from AG chemicals
Company).

The AC conductivity (S m�1) of the material was calculated
from,

sac ¼
Z0

Z02 þ Z002

� �
t

A

� �
(1)

where Z0 and Z00 are the real and imaginary parts of the
impedance, A is the area of the sample and t is the sample
thickness. The phase angle (y) between current and voltage was
determined from,

y = tan�1(Z00/Z0) (2)

To examine the frequency dependent electrical properties as
a function of mechanical strain, composite samples were fixed
within a Hounsfield test machine (No. H20K-W) with electrical
contacts attached to the gauge length of a mechanical test
sample via a small bead of electrically conductive epoxy (code:
RS 186-2616 from RS Components UK) and connected to
a Solartron 1260 and 1296 Dielectric Interface. The initial
electrode area was 20 mm � 9 mm along the gauge length of
the test piece, formed via a conductive carbon grease. Since
the area and thickness are not known during stretching the
conductance (S) was measured by,

Yac ¼
Z0

Z02 þ Z002

� �
(3)

The phase angle was determined from eqn (2) since geo-
metrical data (A and t) are not required. The relative resistance
DRi

R0
%

� �
of the material for assessment of piezoresistive

sensitivity was calculated from,

DRi

R0
% ¼ 1� Y0

Yi
¼ 1�

Z00 Z
02
€i
þ Z

0 02
i

� �
Z0i Z

02
0 þ Z

0 02
0

� �
2
4

3
5� 100% (4)

where R0, Y0, Z00 and Z000 are the initial state’s resistance,
conductance, real and imaginary parts of the impedance, DRi,

Fig. 8 (a) Variation in AC conductance with varying pressure for the soft
finger actuator containing 15 vol% carbon fibre, (b) variation in phase angle
with varying actuating pressures for the soft finger containing 15 vol%
carbon fibre, (c) relationship of the resistance (at 1 Hz) and actuating
pressure.
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Yi, Z0i and Z00i are the instantaneous resistance change, con-
ductance, real and imaginary parts of the impedance.
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