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Abstract— This paper reports on a piezoresistive strain sensor
that uses vertically aligned carbon nanotube (CNT) filler
elements which are embedded in a rubber matrix. Compared to
previously used conductive filler elements, vertical CNTs can be
patterned using lithography, making it possible to scale down the
sensor footprint into the micrometer range. This technological
advancement is instrumental for developing intelligent soft
microrobots with embedded flexible sensors. We compare
vertical CNTs and carbon black as filler elements, where newly
developed lithographic production techniques are applied to
shape a generic strain sensor topology that is compatible with
the majority of planar inflatable microactuators. This research
shows a significant improvement in sensor linearity by using
vertical CNTs as filler elements over carbon black. Further, a
lithographically fabricated strain sensor has been successfully
embedded in an elastic inflatable bending microactuator with
outer dimensions of 5.5x1x0.06mm3. The full lithographic
production process to create this actuator is described in this
paper, together with its characterization under a static pressure
input.

. INTRODUCTION

Soft robotic actuators may very well revolutionize 21%
century robotic systems. These actuators are anticipated to
take prominent roles in delicate tasks where classic robots fail,
such as in minimally invasive surgery [1] and man-machine
interactions. Their high compliance renders them inherently
safe in contact with more rigid bodies: when an unwanted
collision occurs between a soft actuator and a more rigid
object, the soft structure will absorb the majority of the
released energy. In literature [2, 3], applications listed for soft
robots are most often found in medicine with special interest
in the field of microsurgery. These applications include
catheterization procedures, where bending actuators are used
to steer inside the human venous system [4]; ophthalmological
procedures, where soft actuators are integrated in a tool for
retinal pigment epithelium transplantation [5] and
microtweezers for the manipulation of single cell aggregates
[6]. These applications can all be characterized by overall tool
dimensions in the order of a few millimeters and smaller.

While production processes have been developed to
produce these microsized actuators based on soft lithography
[7], MeME-X [4], stereolithography [8] or full lithography [9],
there still remains a bottleneck in producing highly flexible
sensors that can be integrated in soft microrobots. Large soft
robots sometimes use sensors based on conductive paste [10]
or fluid resistivity [11, 12], but these sensors are not
compatible with the aforementioned production processes
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used for fabricating soft microrobots. This is because they all
need manual production or assembly steps. This barrier
hampers the development of soft intelligent microrobots,
where sensory information closes the feedback loop and makes
it possible for them to adapt to the environment. While sensor
integration is currently being pursued in the field of large scale
soft robots [13], few research attempts have been made on a
microscale. The solution that is proposed in this paper is to use
conductive filler elements in a silicone rubber matrix, to form
a new composite material. When these filler elements are
placed in a well-designed path, strains can be registered that
correlate to the overall actuator deformation. Since the filler
elements are embedded in a highly flexible matrix, the overall
sensor retains this flexibility, making it possible to register
large strains that are typical in the field of soft robotics.
Further, since previous research showed that silicone rubber
structures out of PDMS can be patterned using lithographic
techniques, it is highly likely that this new conductive
composite can also be patterned with micrometer accuracy [9],
opening the way for the envisioned microscale applications.

In literature, two main filler elements are used to render
PDMS conductive: silver and carbon based particles. These
elements come in different forms (flakes, spheroidal particles,
nanotubes, foam), with different dielectric and piezoresistive
properties as summarized in table 1. From this table it can be
concluded that conductivity is higher for silver based filler
elements, however the percolation threshold is far lower for
carbon based fillers, meaning that less material is needed to
render the PDMS material conductive. Further, a comparative
study between silver and carbon filler elements by Niu et al.
[14] concluded that silver particles show a large conductivity
hysteresis, which is undesirable in strain sensor applications,
especially when aiming at closed loop control. Therefore, this
paper will use carbon based materials as filler elements, where
a comparative study will be performed between round carbon
black fillers and vertically aligned carbon nanotube ‘forests’
[15]. We developed a lithographic production process for both
types of carbon particles, and subsequently tested their
properties in a uniaxial strain setup. Further, we demonstrate
that these sensors can be embedded in an elastic inflatable
actuator with bending deformation that is fabricated using
lithographic production processes. This integration is realized
without the use of manual alignment or transfer steps. Finally,
this actuator with embedded sensor is tested to show the
resistance change vs bending deformation.
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TABLE 1. OVERVIEW OF KEY PUBLICATIONS ON FILLER
ELEMENTS TO RENDER PDMS CONDUCTIVE. *: ALIGNED CNTS

Filler Filler Filler Weight  Conductivity

element shape size [um] percent [S/m] Ref.
round 2 72-74% 10* [16]
Silver round 2-35 70% 102 [17]
round 1-2 83% 10 [14]
flake 9 80% 1.4x10° [18]
round  0.04-0.1 26% 2.5x102 [14]
tube* ? ? 10-10? [19]
Carbon  tube @0.2x5 10-15% 2x10? [20]
tube @0.04 15% 6.3 [21]
foam ? 0.5% 108 [22]

Il. CARBON-PDMS STRAIN SENSOR

A. Fabrication

Two different lithographic fabrication processes have been
developed for integrating carbon black or vertically aligned
CNT filler elements in a PDMS matrix. Both processes can be
used to shape sensors that are compatible with planar inflatable
actuator designs as depicted in fig. 1, where A shows the
production process using carbon black filler elements and B
using vertically aligned CNTs. Both production processes are
explained in the following paragraphs.

A commercially available type of carbon black (Vulcan
XC72R) is used in this research to render PDMS conductive.
To achieve a good dispersion of filler elements in the rubber
matrix, agglomerates are broken down in a first step by
dissolving them in tetrahydrofuran (THF) in a 10:1 ratio, after
which PDMS (Sylgard 184) base polymer is added and
thoroughly mixed by hand. This mixture is placed on a hot
plate (60°C) overnight for THF to evaporate, leaving a mixture
of PDMS base polymer with dispersed carbon black. After
adding PDMS curing agent in a 1:10 ratio, and mixing by
hand, the mixture can be molded. The mold is fabricated by
patterning a photoresist layer (AZ4562) to form the sensor’s
planar topology (Fig. 1 Al). After coating with a demolding
agent (TFCOS), the viscous uncured carbon black PDMS
(CPDMS) is worked in by hand, and excess material is scraped
off. After curing at 90°C, the patterned mold is dissolved using
acetone, leaving a bare CPDMS strain sensor on a silicon
support wafer. Lastly, the sensor is embedded in PDMS using
spin coating and subsequent curing. Although this production
process uses a manual production step, where excess PDMS is
scraped off, a lithographic PDMS patterning technique (eg.
[9]) could be used to shape the sensor structure, which would
result in a structure equivalent to the one that was achieved
with the presented micromolding technique. This would also
make it possible to downscale sensor dimensions.
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Figure 1 Lithographic production process for a piezoresistive strain sensor
embedded in PDMS, using A) carbon black and B) vertically aligned CNTs
as filler elements.
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Figure 2 Resistance vs. strain for a sensor with carbon black filler
elements. Inset pictures show sensor deformation.

Vertically aligned CNT sensors are fabricated using a
different lithographic process, depicted in fig. 1B. First, a
catalyst seed layer (10nm of AlzOz and 1nm of Fe) is deposited
by e-beam evaporation and patterned using a lift-off process.
Next, CNTs are grown at atmospheric pressure in a horizontal
tube furnace with flows of 100/400/100sccm of respectively
C2Ha/H2/He at 775°C for 5 minutes. This resulted in a
vertically oriented CNT forest with approximate height of
500um, where height and forest density can be altered by
tuning parameter values. After PDMS (Sylgard 184 in 10:1
ratio) is poured on top, the substrate is degassed in vacuum to
fully flood the CNT forest. Lastly, spincoating, full curing
(70°C) and peeling resulted in the same sensor architecture as
the CPDMS sensor.

B. Uniaxial testing

The two strain sensors are tested using a uniaxial strain
setup, where incremental displacements are imposed to a
PDMS sheet with the embedded sensors. Displacements are
imposed by a linear stage driven by a micrometer screw,
however the actual strain is measured using a digital
microscope (Zeiss stereo discovery VV20) with measurement
software. The strain sensors are electrically connected to a
digital multimeter (Keithley 2000). In order not to influence
the measurements, the connection to the sensor is realized
outside of the strained zone. In this way, the contact resistance
between sensor and electrical leads are minimally influenced
by the imposed strain.

For the CPDMS strain sensor, the uniaxial test results are
shown in fig. 2. During this test, immediately after a strain
increment is imposed, the resistance increased rapidly, while
subsequently stabilizing at a lower resistance value.
Measurement points in fig. 2 are taken after the resistance
settled at a constant value. This time-dependent behavior has
also been previously reported in the literature[23, 24], and has
been attributed to resistance relaxation due to the viscoelastic
properties of PDMS and van der Waals forces that reconnect
carbon black chains after loading increments. When loading
the strain sensor, a first step increase in resistance is observed,
followed by a decrease until a strain of 40%. This behavior
will be discussed in the discussion section, and is believed to
originate from nonlinear realignment of carbon black particles
in the PDMS matrix.
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Figure 3 Resistance vs. strain for a sensor with vertically aligned CNT
filler elements. Inset pictures show sensor deformation.

For vertically aligned CNT filler elements, the strain
sensor results are shown on figure 3, for strains up to 10%.
Because strain is applied perpendicular to the growth direction
of the CNT forest, the orientation of the CNTs remains
constant during straining, which leads to a more or less linear
input-output relation. The changes in resistance can be linked
to two factors: (1) a geometrical effect where with increased
strain the length of the conductive paths is increased and the
cross-sectional area is decreased; (2) a change in resistivity
that is caused be an increase in average distance between
carbon nanotubes when strained, where electrical contact will
be lost between some of them.

When comparing carbon black to vertically aligned CNT
filler elements over the same strain range (0-10%), a more
linear behavior of the latter can be observed, together with a
general decrease in magnitude of resistance. Therefore vertical
CNTs are chosen to be embedded in a planar inflatable
actuator. A disadvantage however is the larger observed
hysteresis for the CNT based sensors.

I1l. EMBEDDED STRAIN SENSOR

To demonstrate the application of this technology in the
field of soft microrobotics, a strain sensor is embedded in a
planar bending microactuator, that has been extensively
described in literature [25] and of which the topology is shown
in fig. 4. On a larger scale, this planar actuator design is also
known by the name PneuNets [26]. Essentially this type of
actuator consists of an inflatable central void (hatched in fig.4)
that is asymmetrically surrounded by two sheets with different
stiffnesses. The strain sensor, in black, is embedded around the
central void. Both electrical and pneumatic connections are
located at the region of the actuator that is clamped, to ensure
that they deform as little as possible during actuation.

—

Figure 4 Topology of the developed bending actuator with embedded
strain sensor. The extent of the actuator is shown in grey, the inflatable void
in hatched lines and the conductive path in black.
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Figure 5 Lithographic production process for fabricating elastic inflatable
bending microactuators with embedded CNT strain sensor that omits
manual alignment or transfer steps.

A. Fabrication

To fabricate these bending actuators, a new lithographic
process flow has been developed that fully omits manual
positioning and transfer steps, as can be seen in fig. 5. In a first
step, a 70nm TiN release layer is deposited to easily remove
the actuator by peeling in a last step. In the three subsequent
steps, the strain sensor with vertically aligned CNTSs is made
by the same process as explained in the previous paragraphs,
where in step 4 the PDMS layer (ratio 10:1) is spincoated at
3000 rpm to have a thickness of =37um. Further, a sacrificial
layer (AZ 4562) is deposited and patterned to create the
inflatable void together with the internal pressure supply
channel. The layer is spincoated at 2000 rpm, resulting in a
thickness of ~10um. To seal the void, another layer of PDMS
(ratio 10:1) is spincoated at a speed of 6000 rpm, resulting in
an average thickness of ~23um. As such, all the internal
structures of the actuator are asymmetrically encapsulated
where asymmetry is essential for achieving the bending
deformation.

To define the outer contours of the actuator, PDMS is
locally removed using reactive ion etching (RIE), a process
that is explained in detail in [9]. To protect the underlying
structures a LOR_30B/SU8_2050 masking layer is spin coated
and patterned, where its geometry is shown in grey in fig. 4.
SU8 acts as dry etch mask that is resisting the directional
etching step, while LOR acts as a release layer between PDMS
and SU8. PDMS etching is performed using a 1:4 volume ratio
of Oz to SFe, which is a near optimal ratio for the fast etching
of PDMS [27]. At a pressure of 150mtorr and a RIE power of
300W, etching is performed in 9 consecutive steps of 10
minutes each, to ensure that PDMS is fully etched away where
no masking SU8 layer is present. After etching, the SU8 layer
is removed through lift-off by dissolving the sacrificial LOR
layer underneath using a developer (OPD 5262). The RIE
process also opens the pressure connection hole that is shown
in white with black hatched lines in fig. 4. This hole is needed
for both pressurization of the actuator and for wet etching of
the sacrificial layer between both PDMS layer that forms the
inflatable void, and which is shown in hatched lines in fig. 4.
This last wet etching step is performed using acetone, which
introduced a temporarily light amount of swelling of the
PDMS polymer that disappears after acetone evaporation. The
actuator is completed after it is peeled off from the silicon
wafer substrate. A finished actuator is shown in fig. 6 with
external dimension of 5.5x1x0.06mm3 and where the
inflatable central void has dimensions of 5x0.5x0.01mm?,



Figure 6  Top view of the developed bending inflatable microactuator
with embedded CNT strain sensor. Inset picture shows a scanning electron
microscopic image of the CNTs.

B. Testing

The manufactured inflatable elastic microactuator is
characterized using a test setup where a stepwise quasi-static
input pressure is applied and output resistance is registered
using a digital multimeter (Keithley 2000). Simultaneously,
images of the deformation are taken using a digital microscope
(Zeiss stereo discovery V20). Electrical connection to the
internal strain sensor is made by means of pressing it against
two mutually isolated electrical conductor blocks where a
pressure supply hole is foreseen to create the pneumatic
connection.

The result of this test in terms of relative resistance change
to input pressure can be seen in fig. 7. This shows that up to a
pressure of 30kPa, there is a linear relation between both.
However, at larger pressures, this linear relation stops holding.
When looking at the deformations that appear at these pressure
levels, as are shown on figure 8, it can be seen that below a
pressure of 40kPa only limited bending deformations are
displayed. While suddenly, at a pressure of 50kPa, the actuator
shows a large deformation. Although this large deformation is
accompanied by large strains, an increase in sensor resistance,
as is expected according to fig. 3, is not registered, as can be
seen in fig.7. This unexpected nonlinear behavior will be
discussed in the following section. Further, it should be
mentioned that due to residual stresses of the manufacturing
process, the actuator shows an initial bending deformation that
is counteracted by the actuated bending deformation.

Although there is no linear relation between pressure input
and sensor output over the entire input range, a distinctive
correlation between both can be seen. Further, when only
limited deformations are needed, the registered linear relation
between 0 and 30kPa can be used for feedback control.
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Figure 7 Relative resistance change of the embedded CNT strain sensor vs
input pressure of the bending microactuator, where data is acquired from
three measurement cylces, where error bars indicate measured extrimities.

Figure 8 Registered deformation of the soft robotic bending microactuator
with an integrated CNT strain sensor, subjected to an internal pressure

DISCUSSION

The nonlinear resistance versus strain behavior of the
carbon black PDMS composite material, shown on figure 2, is
induced by two phenomena: a change in material resistivity
and a geometrical contribution where the conductive path is
elongated and narrowed in cross-section. While the
geometrical effect changes linearly with strain, the origin of
the nonlinear behavior can be found in the movement of
carbon black particles when the surrounding PDMS matrix is
strained. A possible explanation is given by Yamaguchi et al.
[28]. Initial straining of a rubber material that contains highly
branched carbon filler elements like Vulcan XC72R, causes
the carbon black agglomerates to break down into smaller
aggregates. As such, electrical connections are broken,
resulting in an increase in resistivity. Loading the sample even
further will impose a rotation onto these aggregates and
causing them to form new electrical connections, and thus
lowering the resistivity. After this realignment process, the
carbon black particle orientation remains constant and
resistivity changes are dominated by an increased particle
spacing.

The uniaxial test of vertically aligned CNT filler elements
showed a limited gauge factor (ratio of relative resistance
change to strain) of 0.65. This is most likely caused by the high
density of the CNT forest, where few electrical connections
are broken upon loading and change in resistance is dominated
by the geometrical effect instead of a changing material
resistivity. As suggested in literature [29], reducing the amount
of CNTs will increase sensitivity drastically. However care
should be taken to still remain above the percolation threshold
at all times during stretching.

The uniaxial test setup has been designed to decouple
strain from the electrical connection, which resulted in a linear
strain versus resistance behavior for the CNT based strain
sensor, as is shown in fig. 3. This decoupling has not been
implemented in the electrical connection for the embedded
sensor, where the fluidic connection (white with hatched black
lines in fig. 4) is located in between the electrical connections



(black squares in fig. 4). This most likely lays at the origin of
the resistance flattening as is shown on the graph in fig. 7. As
the input pressure increases, the electrical connection zones are
pushed against the conductor blocks, resulting in a more
conformal contact with the CNTs and an overall decrease in
contact resistance. For further developments of this sensor in
soft robotic applications, it is essential that the electrical
connection to the embedded CNTs is not influenced by
internal pressure loading or by external influences. To do so,
the electrical connection should be made outside of the force
loop of the actuator, as such that during loading, the
connection is always subjected to the same mechanical
boundary conditions.

Further, the electrical connection in this work has been
done by means of clamping it against a conductor, which is
prone to variation under external forces. In literature, solutions
are found where electrodes are adhered to the CNT interface
using conductive glue [19]. Another solution is to only
partially peel the PDMS composite form the support wafer
during fabrication, making electrical connections to the CNTs
via the patterned conductive layer that is used as a seed layer
for growing the CNTSs. This could be implemented by slightly
altering the lithographic process flow of fig. 5.

According to the production process, the strain sensor is
embedded inside the thick layer of the actuator. When
inflating, the bending deformation is directed towards the side
with the highest bending stiffness [7], to be the thick layer in
this case. This thick layer will undergo a compression due to
the bending deformation and an axial elongation due to the
axial component of the pressure [30], where these two will
partially cancel each other out. As such, the sensor is located
in a less strained part of the actuator. Better would be to locate
the sensor in the thin layer of the actuator, where the
elongation due to the axial component of pressure is increased
by tensional stresses due to the bending deformation. This can
be implemented in the production process by altering the
spincoating speeds in step 4 (faster) and 6 (slower) of fig. 5,
exchanging thin and thick layer and thus flipping asymmetry.

When comparing fig. 2 to fig. 3, the increased linearity is
caused by loading the embedded CNT forest orthogonally with
respect to its growth direction, avoiding the nonlinear
mechanism of rotation and realignment of conductive
particles. To maintain the orthogonal loading direction in the
case of a bending actuator is relatively easy since bending
deformations are characterized by large axial strains in the
actuator at the bottom and top layer, justifying the line-shaped
sensor path of fig. 4. For other types of actuators with different
deformations, the placement of the CNTs becomes more
intricate since large unidirectional deformations of the sensor
are required. For instance, conductive paths should be placed
under 45° with the longitudinal axis of twisting actuators with
a circular cross section [31], because a pure torsional
deformation is characterized by large tensional stresses that are
oriented under 45° in a circular shell. For more intricate
deformations, an intensive numerical study of principal strains
in the structures is advised, in order to maximize sensor
linearity with respect to the overall deformation.

CONCLUSION

In this paper, a uniaxial strain sensor is proposed that is
fully compatible with existing lithographic production
techniques to fabricate planar inflatable soft robotic actuators
with dimension in the micrometer range. The developed sensor
consists of a patterned path of vertically grown CNTSs,
embedded in a silicone rubber that changes its resistivity when
being stretched. Compared to other conductive filler elements,
vertically aligned CNTs exhibit a relatively linear strain versus
resistance characteristic due to the linear mechanism of
increasing distance between individual CNTs under tension.
This concept has been elaborated in this paper where a stand-
alone CNT strain sensor has been fabricated that shows a
gauge factor of 0.65 when tested using a uniaxial strain setup.

Furthermore, this strain sensor has been embedded in an
elastic inflatable bending actuator with outer dimensions of
5.5x1x0.06mm?. A fully lithographic production process has
been developed avoiding manual alignment or transfer steps.
As such, the dimensions of ‘intelligent’ actuators can be
downscaled into the micrometer range, opening up the
implementation of feedback control in soft actuators at smaller
scales than previously possible. The fabricated actuator was
subjected to a stepwise increasing quasi-static pressure input
while simultaneously registering actuator deformation and
sensor resistance, showing a good correlation between
pressure input and output resistance, being linear for small
deformations.
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