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Abstract
Piezoresistive carbon black/polydimethysiloxane (CB/PDMS) is a widely used material in the
field of artificial skin development because of its high gauge factor to all forms of stress,
including tension, compression and shear. While its durability, inexpensive-ness and
customizability make CB/PDMS makes it the quintessential active material for pressure-sensing
skin, the material itself has not been well-characterized electrically or mechanically. A series of
mechanical tests on 0.625” cubes of CB/PDMS revealed that the material’s resistance increases
monotonically with strain and that CB/PDMS have similar sensitivities to tension and
compression across different CB concentrations. Shear sensitivity, however, was relatively poor
and inconsistent between samples. To overcome this lack of sensitivity to shear forces, a hairinspired “pillar” sensor was designed to detect shear forces. The pillar sensor contains two 2 mm
x 2 mm x 28 mm CB/PDMS strain gauges embedded in a 3 mm thick PDMS base, and a silicone
pillar that has a 5 mm diameter and 6 mm height. Unlike the CB/PDMS cubes, the pillar sensors
were very sensitivity to shear forces and presented resistance changes of up to 10% per 0.5 mm
until a deflection angle of 20°. These sensors also have the ability to determine the direction of
pillar deflection, exhibiting anisotropic behavior when the sensor is structurally constrained.
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Chapter 1: Introduction
Advancements in robot technology have inspired increased interest in biomimetic
technology, systems and models designed to mimic structure or function of those found in
nature. While biomimesis originated in the field of aeronautics when Leonardo Da Vinci studied
birds for flying machine ideation, the field has evolved to be ubiquitous in all fields, especially in
medical innovation and robotics where mimicking the skin’s pressure-sensing ability has become
an area of interest.[1,2,9] The goal of this thesis is to design and manufacture a carbon blackpolydimethysiloxane (CB-PDMS) sensor that can be used as a shear and pressure-sensing
artificial skin for soft robotics and medical therapies.

1.1 Motivation and Background
In 13% of the population, the ability to process tactile information through the sense of
touch is limited or lost entirely due to central touch disorders or loss of limb. The somatosensory
system distinguishes two forms of touch: discriminative (fine) and non-discriminative (crude).
Discriminative touch allows someone to sense and localize touch, whereas non-discriminative
touch only permits sensation without localization. The somatosensory system also receives
information from receptors in the skin, muscles or joints that detect temperature
(thermoreceptors), pain (nociceptors), and different types and frequencies of pressure or
vibration (mechanoreceptors). Patients with primary somatosensory disorders have difficulty
with mechanoreception, often in the form of reduced sensitivity to applied pressure to the skin or
loss of vibratory sense. An impaired sense of touch impacts patients’ ability to recognize held
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objects or know when something is making contact with their skin. The following types of
mechanoreceptors are responsible for pressure and shear detection, and can be see in Figure 1:
Pacinian corpuscles are located in the subcutaneous layers of hairy and non-hairy skin. These
very rapidly adapting receptors can detect high frequency vibratory or tapping sensations
between 40 and 400 Hz and occur with a density of 20/cm2.
Meissner’s corpuscles detect rapid changes in stimulus (5-50 Hz) caused by fluttering or
tapping, and encode two-point discrimination (the ability to distinguish two nearby points of
contact on the skin) and precise location. Every cm2 of skin contains approximately 140
receptors.
Hair follicle receptors are rapidly adapting nerve fibers at the base of hair follicles in the
integumentary system of the dermis. External stimuli on hair displacement excites the hairfollicle receptors, and encodes velocity detection and detection of direction of movement.
Ruffini’s corpuscles, located in the dermis of hairy and non-hairy skin, are receptive to lower
frequency skin stretching and joint rotation stimuli. Because of their large receptive fields, they
occur at a density of 10/cm2.
Merkel’s receptors deliver low frequency stimuli (< 5Hz) resulting from vertical indentation of
non-hairy skin. Receptor response is proportional to the stimulus intensity. Tactile discs have
functions similar to those of Merkel’s receptors, but are located on hair skin[1].
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Figure 1. Cross section of human skin presenting strain sensors resposible for tactile perception.
The Meissner and Ruffini cospuscles, and Merkel’s receptors are close to the surface of the skin,
allowing them to detect low to high frequency sensations. Free nerve endings supplement
sensation detection. (Taken from: https://www.ncbi.nlm.nih.gov/books/NBK10895/)

Growing dependence on autonomous robots requires them to be better at performing
activities that require dexterity in various environments. Additionally, with the advent of
advanced prosthetics and soft robotics, improving a human user’s ability to perform higherprecision tasks has contributed to the growing interest in biomimetic skin sensors[1,2,5,8].

1.2 Biological Models for Sensor Design
Several biological pressure and shear sensing structures from some species of fish and
insects, and humans served as models for overall sensor design. On such model is the Mottle
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Sculpin of Lake Michigan inspired CB/PDMS pressure sensor designs. Located towards the
cephalad and along the dorsal regions of the fish are superficial neuomasts that consist of
epithelial hair cells covered with a gelatinous capula.[3] Each capula acts as a transducer that
detects environmental pressure changes induced by motion, and propagates electrical impulses
from sensory nerves in each neuromast to the rest of the nervous system (Figure 2). This array of
biological pressure sensors, known as the lateral line, allows fish to detect, and maneuver
through stationary obstructions and schools, and escape predators. Biomimesis of the lateral line
could potentially be used as a form of underwater environmental sensing in unmanned water
vehicles, which rely on sensors for autonomous navigation. Current forms of environmental
sensors such as sonar require excessive noise filtering, and could easily be identified by other
underwater devices[3]. Implementation of piezoresistive CB-PDMS devices, a new type of
MEMS (Microelectromechanical system) sensor, would eliminate the issue.
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Figure 2. The Mottle Sculpin’s skin features a thin dermis containing conduits for water flow
and neuromasts that behave like rheological sensors. Swimming forces water past the neuromasts
and displaces the capula. This excites the sensory cells around the capula’s base, allowing the
Mottled Sculpin to sense obstacles or predators by detecting environmental pressure changes.
(Obtained from:
https://upload.wikimedia.org/wikipedia/commons/thumb/1/10/LateralLine_Organ.jpg/500pxLateralLine_Organ.jpg)

Like the Mottled Sculpin of Lake Michigan, butterflies and moths rely on arrays of hairlike features on their exoskeletons for navigation during flights, temperature sensing or even
defense mechanisms. These simple mechanoreceptors, or trichoform sensillum, breach the
organism’s basement membrane, stimulate connected sensory neurons to deliver vital
environmental information. The hair root plexus within humans performs a similar function, and
is embedded with mechanoreceptor arrays to provide humans with the ability to sense light
stresses (Figure 3).

15

Figure 3. The trichoform sensillum and human hair are analagous features in arthropods and
humans, respectively. An array of these hairs aid with shear tactile perception. (Trichoform
sensillum: https://genent.cals.ncsu.edu/wp-content/themes/salient/img/behavior/tricho.gif)
(Hair follicle: http://www.dartmouth.edu/~humananatomy/figures/chapter_4/4_2.HTM)
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A commonality between tactile sensory surfaces from these living organisms is the beamlike shape of their shear-sensing hairs. At the base of these hairs are nerve bundles that deliver
information about environmental pressure and stress direction to assist with navigation. This
ubiquitous biological arrangement offers several possible ideas for strain gauge arrangement
within pillar CB/PDMS sensors.

1.3 Previous Work
Thin pressure or shear sensing skin has been a topic of interest amongst researchers in the
medical and ocean engineering fields. Strain detecting surfaces mimics the sensation of touch,
which provides human and robot users more information about their surroundings. This can be
useful for navigation, detection of potentially dangerous stimuli or telemetry[3].

1.3.1 Shear and Pressure Sensors
Many forms of CB-PDMS materials have been produced to optimize pressure and shear
sensitivity, including a porous derivative as shown in Figure 4. Manufacturing this porous
sensor involves the introduction of sugar into CB-PDMS, where the finalized material is mixed
manually, shaped, incubated at 120°C, and maintained in water to dissolve the sugar crystals.
Pores formed by dissolved embedded sugar produce a material with a low Young’s modulus
required to maximize deformation of the material under a compressive and tensive load. In
addition, sugar is unreactive with CB-PDMS. The material’s response to hydrodynamic stimuli
was evaluated underwater in the Towing Tank, where the porous CB-PDMS was wrapped in
household sticky wrap because it had negligible impact on the material’s Young’s Modulus[3].
Arrays of the porous CB-PDMS sensors were perpendicularly mounted to wave fronts and
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placed at a static depth of 2.5 cm. The tests performed showed that carbon black concentrations
of 6.25% exhibited the greatest sensitivity, where piezoresistivity increased by 12 ± 1% ΔR/Ro
per kPa, suggesting that a foam material does exhibit piezorestivity changes to physical stimuli.

Figure 4. Closed-cell CB/PDMS foam sensor designed for underwater pressure sensing in
unman vehicles and other hydrodynamic sensing applications.

Another application of CB-PDMS sensor technology in underwater pressure sensing can
be seen in Frank Yaul’s artificial lateral line[4]. The 4-cell pressure sensor array consists of a
CB-PDMS strain gauge fitted between a thin diaphragm made of PDMS and a surface designed
to adhere to a rigid wall (Figure 5). The thin diaphragm in each pressure sensing cell deflects
when a pressure difference occurs between the internal cavity and environment, exhibiting a
1.38*10-3 fractional resistance change per 100 pascals of pressure difference when mounted on a
hull with a 0.5 m radius of curvature. Sensor evaluation in the MIT Towing tank confirmed the
array’s ability to discriminate transmural pressures of up to 1 kPa with a maximum pressure
resolution of 1.5 pascals and spatial resolution of 15 mm.
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Figure 5. Underwater pressure sensing array consisting of pure PDMS (transparent material) and
CB/PDMS (black sensing material).

1.3.2 Tactile Sensors
Tactile sensors with pressure-sensing capabilities have been well explored, many of
which were designed for large-area pressure sensing. While application dependent, various forms
of tactile sensor may be able to detect the presence of pressure and possibly the magnitude of this
pressure.
The John Rogers’ group at the University of Illinois is one group leading electronic skin
innovation with thin, stretchable, and high-resolution strain sensors[5]. Some sensor designs
utilize the piezoresistive properties of CB/PDMS while others operate via capacitive sensing. In
an attempt to elucidate the stretchability of gold, silicon and gallium arsenide, a 30 micron thin
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electrophysiological, strain and temperature sensor was designed, demonstrating that a serpentine
film of gold electrical connections can be use in thin, flexible materials (Figure 6). This
discovery led to the design of strain and pressure-sensitive “finger tube” sensors that consist of
fabricated electronics transferred onto platinum-catalyzed Ecoflex silicone rubber[5]. Pressure
applied to the sensor causes the sensor thickness to decreasing, resulting in an increased
capacitance between the inner and outer electrodes that is linearly related to the amount of static
pressure.

Figure 6. Gold, silicon and gallium arsenide-derived sensors created by John Rogers’ group at
the University of Illinois. Unlike many previously mentioned sensors, this sensor uses very soft
platinum-catalyzed Ecoflex silicon rubber.

A microwave transmission line-inspired sensor designed and manufactured by D’Asaro et
al. falls into the category of sensors that can detect both the presence and amount of stress
exerted on it (Figure 7). Sensor deformation produces a break in impedance along the
transmission line that can be detected to locate the pressure source using deformation
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reconstruction from S-parameter measurements across frequency[6]. Unlike several other forms
of tactile sensors, the transmission line sensor requires only a one-post electrical connection.
This design is sensitive enough to detect at least 10 kPa of pressure and less than 20 microns of
material depression at a special 1-D sampling frequency of 7.3 mm. While the design proposed
was 1.6 mm thick, 13 mm wide and approximately 200 mm long, it can be modified to smaller
lengths to fit gloves or prostheses using silver cloth conductors. Applications that require longer
sensors can utilize copper tape instead of silver cloth. Because the transmission line sensor is not
difficult to manufacture, it can easily be produced in large-scale via injection molding and
further optimized to incorporate conductive fabrics that are both stretchable and exhibit less loss
over greater sensor lengths.

Figure 7. Microwave transmission line-inspired sensor that detects applied pressures by
measuring the impedance discontinuity resulting from deformation of the silicone rubber
dielectric. Both the location and degree of deformation can be determined in this sensor.
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1.3.3 Prior Art Overview
Flexibility, scalability and low-cost manufacturing continue to be three desirable
characteristics in artificial skin for patients, prosthetic limbs and robotics[1,2,7,9]. These
characteristics not only facilitate mass production of these sensors, but also make them adaptable
to a myriad of applications in the medical and non-medical fields. Future iterations of such
electronic skins must have increased functionality without sacrificing sensor skin flexibility,
scalability and low-cost manufacturing that makes these innovations so popular.[10,11,12]

1.4 Goals of Project
The goal of this research project is to develop a technology that can be used to restore the
sense of touch in patients who rely on prosthetics or have neurodegenerative diseases, or
simulate touch sensation in robotics by developing an artificial skin that can detect the presence
and direction of shear forces. This will be accomplished through initial characterization of
CB/PDMS’ piezoresistive properties under various forms and degrees of strain. The data
obtained from these experiments will shed light on the resistive behavior of CB/PDMS, and aid
with the design of a new CB/PDMS sensor designed for direction-sensing. Analysis of
CB/PDMS material will be completed using four-terminal testing on 0.625” cubes of CB/PDMS
manufactured with an elastomer set and will be followed by analysis of a CB/PDMS pillar sensor
inspired by hair-like mechanoreceptors found on some fish, arthropods and humans.
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Chapter 2: Multidimensional CB/PDMS
Characterization
Piezoresistive carbon black (CB)-polydimethysiloxane (PDMS) is a prevalent material in
the force sensors of tactile skins. Its affordability, biocompatibility, ease of manufacturing,
stretchability and high sensitivity make CB/PDMS an ideal candidate material for a shear sensor.
Additionally, because of PDMS’s curing properties, damaged portions of the sensors can easily
be reconstructed or reinforced by curing on more CB-PDMS. Although CB/PDMS can be found
in many tactile skins, the material itself is not very well characterized. A good quality pressure
sensor derived from CB/PDMS can only be developed after the material behavior becomes
known. As a result, a multi-dimensional characterization study was performed to elucidate the
material characteristics of one of the most prevalent sensors in artificial skin development.[8] The
study described in [8] is reprinted in Appendix B.
An important conclusion that emerged from multidimensional characterization was the
discovery that the resistivity of CB/PDMS appears to be isotropic when the material is allowed
to retain its volume, as shown in Appendix B. Data collected across and along an axis of applied
strain indicated that the magnitude of resistance change was roughly the same in both cases
across varying CB/PDMS concentrations. As a result, such a sensor would be unable to
distinguish between different types of strain and not be very useful. In addition to its isotropic
behavior, the CB/PDMS cubes displayed 2 to 10 times less sensitivity to shear than to tension
and compression. Despite the samples’ responsiveness to tension and compression, the material
exhibits a recovery time of approximately 200 seconds without accounting for the mechanical

23

hysteresis within the material. As a result, the CB/PDMS sensor would not be useful for realtime applications unless a time-adjustment algorithm could process the data while eliminating
transient behavior.
Isotropic resistivity, a long recovery time and lack of shear sensitivity would make
CB/PDMS an unideal material for a skin sensor. However, these characteristics are innate to
solid CB/PDMS cubes with unconstrained sidewalls. Different sensor geometries using the same
material may exhibit different properties that could result in increased shear sensitivity and
anisotropic resistivity. One sensor design of interest was inspired by hair-like mechanoreceptors
discussed in Chapter 1. In an effort to mimic structure the neuromasts found on Mottled
Sculpins or human hair cells, a pillar sensor was developed containing a cylindrical pillar
(diameter of 5 mm and height of 6 mm) and two strain gauges (2 mm x 2 mm x 28 mm)
embedded in 3 mm thick PDMS, which limits significant lateral changes in the sensors’ volumes
while allowing for vertical changes. The strain gauges lie at the base of the pillar such that pillar
deflection will result in the compression of one strain gauge and tension in the other. During
compression, the carbon black particle to PDMS volume ratio temporarily increases, resulting in
the formation of next conductive pathways and thus, a drop in resistance across the entire
sample.[3] With the pillar behaving like a lever arm that converts shear into compressive and
tensile strains, bi-directional sensing becomes possible with CB/PDMS.
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Chapter 3: Direction-Sensitive Pillar Sensors
Multidimensional characterization of CB/PDMS has demonstrated that the material is
more responsive to tension and compression than shear. Although several sensors within the
human skin solely detect vertical pressure (Pacinian corpuscle, Meissner corpuscle, etc.), shear
sensation is absolutely vital to performing daily tasks, especially those that require more
dexterity and precision. Using CB/PDMS’s greater sensitivity to tension and compression, a
tension and compression-based shear sensor was designed that utilized a different sensor
geometry: two single strips of CB/PDMS (2 mm x 2 mm x 28 mm) and a pure PDMS pillar. This
chapter introduces proof-of-concept experiments for shear-sensing pillar sensors inspired by the
structure of the Mottled Sculpin’s neuromast, the arthropod’s trichoform sensillum or the human
hair follicle.

3.1 Detection of Shear Force Direction
CB/PDMS is a widely used material in the field of artificial skin development because of
its high gauge factor to all forms of stress, including tension, compression and shear. While its
durability, inexpensive-ness and customizability make CB/PDMS makes it the quintessential
conducting material for pressure-sensing skin, its lack of directional bias limits its effectiveness
as wide-area skin. Previous experiments elucidated the behavior of piezoresistive carbon black
composites under tension, compression and shear forces, but have shown that resistance
increases under all of three forms of stress in multiple orientations. As a result, CB/PDMS would
be unideal for detection stress direction. Because direction sensitivity is vital to touch perception,
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the sensor design had to be modified to introduce some form of asymmetrical resistance behavior
that would correlate with changes in stress direction.

3.2 Sensor Design
CB/PDMS characterization featured in Appendix B showed that the rubber composite
was isotropic with resistance changing in a similar manner under two opposing types and
opposing directions of stress. This property makes it difficult to develop a bi-directional sensor
from an otherwise appealing material. One solution to the sensors lack of different responses to
different directions of stress is to introduce a structural asymmetry to compensate for the
material’s inherently symmetric behavior and produce anisotropic changes in resistance under
strain. A new design inspired by hairs found on human skin and arthropod antennae features two
parallel CB-PDMS in the base of a pure PDMS pillar such that when a pillar is deflected in a
certain direction, the strain gauge closer to the top of the tilting pillar is compressed and the other
strain gauge is pulled upward (Figure 8). In fact, the pillar may be thought of as a lever arm that
converts shear force into a compressive strain on one strain gauge and a tensile strain on the
other. The strain gauges are embedded in a layer of pure PDMS for insulation and mechanical
support, which constrains the sensor sidewalls. This distinguishing feature allows for the
volumetric compression of a sensor and reduction of resistivity under strain. CB/PDMS cube
walls do not have this constraint, so when compressed, they exhibit an increase in resistance
resulting from no new formation of conductive pathways.
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Figure 8. Pillar sensor operation. When the pillar is tilted to the left, the left strain gauge is
compressed beneath the pillar’s base, while the right strain gauge becomes tense.

Figure 9. Cross-section of the pillar sensor. The SYLGARD pillar is dark gray, the CB strain
gauges are black and the NuSil silicone is light gray.
27

All three components of the pillar sensor (the pillar, two strain gauges and the base) were
constructed from different silicone composites (Figure 9). The strain gauges were manufactured
using standard CB/PDMS protocol for creating a 5% CB/PDMS mixture due to its high
sensitivity at lower frequencies as demonstrated by Herring et al.[20] They were then placed
parallel to each other in a PDMS base made from the Nusil R-2188 Silicone Potting and
Encapsulating Elastomer set. When cured, Nusil silicone (Durometer 20 Shore A) is softer than
SYLGARD 184 silicone (Durometer 43 Shore A) and thus is more easily strained and sensitive
to smaller strains than SYLGARD 184. For this reason, SYLGARD 184 was used to construct
the pillars since the deflection force at the pillar base must be great enough to pull up or
compress the strain gauges beneath.

3.3 Experimental Setup
To test the completed pillar sensor’s direction sensing capabilities, the sensor was cured
onto an aluminum slab with a high-precision Mitutoyo 00-25mm micrometer held in place
perpendicular to the pillar as shown in Figure 10. The micrometer was manually extended up to
2mm at intervals of 0.5 mm every 10-20 seconds, pushing the pillar in one direction, as the
resistance change across one strain gauge was measured. The strain gauges were connected to a
Keithley 2602 SourceMeter that acted as a current source. This procedure was repeated for the
second strain gauge, and then once more per strain gauge after the sensor was rotated 180
degrees to simulate the pillar being pushed in the opposite direction. The pillar was positioned in
such a way that deflection would cause tension or compression on each sensor, but not shear.
Resistance data was collected using a National Instruments (NI) USB-6210 data acquisition
module at a sampling rate of 1KHz.
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Figure 10. Experimental setup. The Mitutoyo micrometer pushes the pillar to the right, forcing a
region of the left strain gauge to be pulled upward while a similar region in the right strain gauge
is compressed. Both strain gauges were connected in series and shared the same current source.
Resistance was of each individual sensor was taken separately.

3.4 Resistance Response to Stimuli
Unlike the CB/PDMS cube samples, the pillar sensors demonstrated an anisotropic
response to pillar deflection. When the pillar sensor is deflected to the right, the left strain gauge
is stretched upwards and exhibits increased resistance, as shown in Figure 11a and 11c. As
shown in the cube samples, the pillar sensor responds almost immediately to the stimulus. Each
29

0.5 mm of pillar tilt increased the strain gauge’s resistance by at least 20%. The right strain
gauge on the other hand had a less sensitive response, but showed a decreased in resistance as it
was compressed beneath the pillar (Figure 11b). The reason behind the lack of sensitivity in the
right gauge is unclear at this time. As the stimuli was slowly removed from the pillar, the
resistances of both strain gauges returned to their initial resistance values or baselines, which
appear as a red line in Figures 11a and 11b.

Resistance Change As Pillar Tilts Right (Left Sensor)
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Time (sec)
(a) Left sensor response to right pillar deflection. Each step in resistance corresponds to a 0.5
mm increase in pillar deflection. 10 s: 0.5 mm at 35 kΩ, 30 s: 1 mm at 45 kΩ, 40 s: 1.5 mm at 57
kΩ, 70 s: 2 mm at 70 kΩ, 80 s: 1.5 mm, 105 s: 1.0 mm, 120 s: 0.5 mm, 150 s: 0 mm, 180 s: -0.5
mm. The micrometer was drawn back 0.5mm from its original position so that the sensor could
return to its original resistance.
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Resistance Change As Pillar Tilts Right (Right Sensor)
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(b) Right sensor response to right pillar deflection. 10 s: 0.5 mm at 204 kΩ, 30 s: 1 mm at 203.8
kΩ, 40 s: 1.5 mm at 203.9 kΩ, 70 s: 2 mm at 204 kΩ, 80 s: 1.5 mm at 204 kΩ, 105 s: 1.0 mm at
204 kΩ, 120 s: 0.5 mm at 204.2 kΩ, 150 s: 0 mm at 204.2 kΩ, 180 s: -0.5 mm at 204.25 kΩ. The
micrometer was drawn back 0.5mm from its original position so that the sensor could return to
its original resistance as shown in by the red line.
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Normalized Resistance over Baseline
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(c) Left and right sensor responses to right pillar deflection.
Figure 11. (a) Left strain gauge beneath the pillar showed a drastic increase in resistance as the
pillar deflected to the right while stretching the material. (b) Right strain gauge didn’t present as
much change in sensitivity as the left gauge, but a decrease in resistance was evident as the
sensor was compressed beneath the pillar. (c) A side-by-side comparison of the two strain gauges
shows the significant different in sensitivity change, but both gauges met expectations in
anisotropic behavior.

Based on prior characterization of the CB/PDMS cubes, a decrease in resistance was an
unexpected response to increasing strain. Experimental results from multidimensional analysis of
these cubes demonstrated that the material’s resistance increased under all forms of strain. To
confirm whether this decrease in resistance was not the result of experimental error, a test was
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performed as a sanity check. The pillar sensor was pushed to the left until it was deflected 0.5
mm at intervals of 0.03 mm. Resistance obtained from the compressed left strain gauge peaked
sharply and decreased with increasing strain, thus, confirming that prior results obtained were
accurate (Figure 12).

Resistance Change As Pillar Tilts Left (Left Sensor)
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Figure 12. Multi-step response in left sensor to left pillar deflection. The pillar was tilted to the
left during this experiment where data was collected from the left strain gauge. Each step in
resistance corresponds to a change in pillar deflection by 0.03 – 0.04 mm with approximately ten
steps occurring every 5 seconds. Resistance decreased as the pillar tilted further to the left and
slowly returned to a higher value upon elimination of stimulus.
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Upon being pushed to the left, the left and right strain gauges responded in an expected
manner. As the pillar tilted 2 mm to the left at intervals of 0.5 mm, the compressed left strain
gauge decreased in resistance while the right strain gauge experienced an increase in resistance
(Figure 13). Interestingly, both sensors exhibit a similar percentage of resistance change per 0.5
mm of pillar deflection.
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(a) Left sensor response to left pillar deflection. Each step in resistance corresponds to a 0.5 mm
increase in pillar deflection. 10 s: 0.5 mm at 68.5 kΩ, 30 s: 1 mm at 66 kΩ, 40 s: 1.5 mm at 63.5
kΩ, 70 s: 2 mm at 62.3 kΩ, 80 s: 1.5 mm at 62.5, kΩ, 105 s: 1.0 mm at 65 kΩ, 120 s: 0.5 mm at
67 kΩ, 150 s: 0 mm at 69 kΩ, 180 s: -0.5 mm at 69.8 kΩ. The micrometer was drawn back 0.5
mm from its original position so that the sensor could return to its original resistance.
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Resistance Change As Pillar Tilts Left (Right Sensor)
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(b) Right sensor response to left pillar deflection. Each step in resistance corresponds to a 0.5
mm increase in pillar deflection. 10 s: 0.5 mm at 35 kΩ, 30 s: 1 mm at 45 kΩ, 40 s: 1.5 mm at 57
kΩ, 70 s: 2 mm at 70 kΩ, 80 s: 1.5 mm, 105 s: 1.0 mm, 120 s: 0.5 mm, 150 s: 0 mm, 180 s: -0.5
mm. The micrometer was drawn back 0.5mm from its original position so that the sensor could
return to its original resistance.
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Normalized Resistance over Baseline
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(c) Left and right sensor responses to left pillar deflection.
Figure 13. (a) The right strain gauge, which is tense in this experiment, increases in resistance.
(b) Left strain gauge decreases in resistance as it is compressed beneath the base of the pillar. (c)
Both strain gauges exhibit a similar percentage of change in resistance.

3.5 Summary
Although compression and tension produced no significant differences in resistance
change in the CB/PDMS characterization experiment, the pillar sensor exhibited anisotropic
behavior under opposing directions of deflection. This could be attributed to the constrained
CB/PDMS sidewalls in the pillar sensors and the resulting arrangement of carbon black
molecules within the PDMS. According to the compressible model of CB/PDMS
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piezoresistivity, straining the PDMS matrix decreases the volume of material around the carbon
black molecules while increasing the molecules volume fraction. The increased volume fraction
allows for the formation of new conductive pathways between carbon black particles, resulting in
decreased resistance (Dusek et al.)[3]. In the multidimensional characterization of CB/PDMS, the
cubes samples bulged out at the sides upon compression such that the carbon black to PDMS
volume ratio did not change significantly. Unlike the cubes, the strain gauges are embedded in a
PDMS base that constrain the sensors’ sides and prevents them from bulging. As a result,
compressing a strain gauge causes the surface contacting the base to be pushed downward while
the other sides have no freedom to move. Thus, the volumetric ratio of particles to PDMS
appears larger, and the resistance decreases [7,20,21].
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Chapter 4: Conclusions
4.1 Research Contributions
4.1.1 CB/PDMS Characterization
The CB/PDMS resistance response to strain, Young’s modulus, Poisson’s ratio and
mechanical relaxation time across four concentrations of CB ranging from 3% to 10% has been
characterized for cube samples with unconstrained sidewalls. From this work, the following
conclusions can be drawn. First, experimental results have shown that under uniaxial tension and
compression, resistance always increases with increasing strain. Any observations of decreasing
resistance are due to experimental error resulting from contact resistance. Second, as the
concentration of carbon black is increased, the composite becomes stiffer, while both the
resistance and resistance sensitivity to strain decrease. Third, the magnitude of the change in
resistance is roughly equal for equal amounts of tension and compression – the material appears
to respond to the absolute value of strain. Fourth, the resistivity of the strained material appears
to be isotropic because when the resistance is measured in the axis of applied strain and across it
the magnitude of the response is roughly the same. Fifth, the response of the material to shear is
much smaller than to tension or compression by a factor of 2 to 10. Sixth, the relaxation response
of the material gets faster as the concentration of carbon black is decreased. Finally, even at the
lowest practical concentration of carbon black, the longest time constant modeling the response
is ~200 s. This exceeds the mechanical hysteresis in the material, which has a time constant of
only ~45 s. The long time constants mean that the material is not practical for a sensor without
real-time analysis and adjustment of the response. Additionally, the isotropic behavior of this
material limits its usefulness as a bi-directional shear sensor.
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4.1.2 Pillar Sensor Conclusions
Despite the hysteretic and isotropy-related problems that surrounded CB/PDMS, a
functional, quick-responding and anisotropic sensor can be manufactured with the material by
utilizing its responsiveness to tension and compression. By changing the shape of the sensing
materials from cubes into strain gauges embedded in a PDMS base and placing a pillar between
the two, a structural asymmetry is introduced. As a result, when the pillar sensor is deflected or
sheared in one direction, one strain gauge increases in resistance while the other decreases in
resistance. When the pillar is pushed in the opposite direction, the same strain gauge decreases in
resistance as the other increase in resistance. This is strongly indicative of anisotropy in
resistivity, which appears to contradict the conclusions reached in Appendix B. However, it
should be noted that all uniaxial strain on CB/PDMS cubes acted upon a homogenous and
symmetrical structure that is not mechanically constrained. During tension and compression
experiments, the sides of the cubes were free to cave in or bulge out and thus, inhibited the
formation of new conducting pathways. The pillar sensor is designed such that both sensing
strain gauges are not free to bulge out or cave in during compression and tension, respectively.
As a result, compression of the CB/PDMS strain gauges results in a decreased volume for carbon
black particles to occupy, which results in the formation of new conduction pathways. Because a
shear force on the pillar always results in the compression of one strain gauge and tension of the
other one, the sensor will always behave anisotropically.

4.2 Future Work
A sensor consisting only of CB/PDMS can present a multitude of issues. The largest
problem for such a sensor would be its long recovery time due to hysteresis. To avoid having to
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deal with a 200 second recovery time, several factors can be altered such as the polymer
composite, the filler material or the manufacturing process. Composites such as polyurethane,
different types of silicone rubber, styrene butadiene and other elastomers could be explored, as
well as other conductive fillers. The ideal conductive fillers would be inexpensive, chemically
inert and safe. Various allotropes of carbon including graphene and carbon nanotubes are popular
fillers to consider. In addition to reducing hysteresis via chemical changes, the CB/PDMS
manufacturing process can be altered to improve carbon black and PDMS mixing. [7]
Although CB/PDMS was successfully used to produce a direction-sensitive sensor that
responds to shear forces, this multi-component sensor can be further explored for
characterization purposes and to optimize performance in a manner of ways. The sanity check
performed on one of the strain gauges demonstrated that the sensor has a very quick response
time. A dynamic mechanical test should be performed on these pillar sensors to gauge its
maximum sampling rate and see if its comparable to natural Meissner’s or Pacinian corpuscles in
sensitivity. Both strain gauges used in the pillar sensors can also be optimized to ensure that both
exhibit similar percentages of resistance changes under the same pillar deflection to facilitate
processing of where the pillar is tilting. Additionally, while the sensor has been designed to
detect shear forces, the strain gauges respond to compression forces resulting from the pillar
being pushed down. A multidimensional characterization should be performed on the sensors to
determine if anisotropy occurs when non-shear forces act upon the pillar. Finally, it would be
worth exploring whether these sensors could be shrunk such that the pillar sizes were comparable
to that of skin hairs. However, minimization of the sensors would allow for an artificial skin that
could detect both the magnitude and direction of a shear force.
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Appendix A: PDMS Preparation
Preparation of CB/PDMS Mixture:
SYLGARD 184 Elastomer Kit: PDMS base and cross-linker (10:1 base/linker ratio Dow
SYLGARD® 184) are weighed in a plastic mixing cup with a tolerance of ±0.01 g. The amount
of PDMS is chosen so that the final mixture will have a 10.00 g weight. Carbon black (“DENKA
BLACK” 50% compressed acetylene carbon black) is then weighed and added to the
PDMS/linker mixture. The ingredients are then mixed using a Kurabo Mazerustar KK-250S
centrifugal mixer using channels 13, 12, and 16.
NuSil R-2188 Silicone Potting and Encapsulating Elastomer: The two-part elastomer kit is
mixed in a manner similar to that of the SYLGARD 184. 5.00 g of each part is weighed in a
plastic mixing cup with a tolerance of ±0.01 g. The mixture is then mixed in a Kurabo
Mazerustar KK-250S centrifugal mixer with the same settings.
Preparation of CB/Ag/PDMS Mixture: The procedure for CB/PDMS is followed for 1.60 g
PDMS and 0.26 g CB with the addition of 5.09 g Alfa Aesar silver powder (APS 4-7 µm, 99.9%
pure) which is added with the carbon black.
Mold preparation procedure: Four strands of 30 AWG silver plated “wire wrap” wire are
prepared by twisting their ends around a probe to form a loose ~5 mm x ~2 mm coil. These coils
are covered with CB/Ag/PDMS and inserted into the aluminum sample mold.
Mold filling procedure, 3% and 5% CB: The low weight-percent mixtures are poured into the
mold with slight overfilling to prevent voids when the mold is closed, and are vacuum degassed
in a small vacuum chamber until all bubbling stops. Figure 29 shows 5% strain gauges produced
via this method.
Mold filling procedure, 7.5% and 10% CB: The high weight-percent mixtures are too viscous to
vacuum degas in the mold. The mixture is placed in a syringe, which is centrifuged for 1 hour to
remove bubbles. The mixture is then extruded from the syringe into the mold, taking care to not
introduce voids.
Mold filling procedure, PDMS Pillar: The acrylic mold in Figure 30 is first sprayed with Ease
Release 200, a releasing agent that releases elastomers from metal or acrylic molds. The acrylic
mold is then clamped against a flat aluminum surface. NuSil PDMS is poured in at quarter
intervals to permit degassing between each interval.
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Curing and mounting procedure: The mold is closed and clamped shut, causing excess
CB/PDMS to extrude from the joints and thus help prevent voids. The closed mold is cured for
20 minutes in a 120 °C oven.
Sample mounting procedure: Aluminum/fiberglass mounting plates are attached to the sample
using Dow 700 industrial silicone sealant. The samples were first tested in orientations 1 and 2,
then the mounting plates were carefully cut off with a razor blade and remounted for the
orientation 3 measurements. See Figure 1.

Figure 14. Acrylic mold for silicone pillars. The mold is sprayed with Ease Release 200 before
silicone is poured in to facilitate removal of the sample from the mold after curing.
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Figure 15. Aluminum mold for CB/PDMS strain gauges. 5% CB/PDMS is poured into the
center slots (2mm x 2mm x 25 mm) where the strain gauge length is determined by the
manufacturer. No Ease Release is required.
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Silicone Rubber Composites
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Flexible and stretchable electronic skins capable of replicating the human sense of touch
are ta subject of active research. One of the most popular materials for force sensors in
skins is carbon black (CB) / polydimethylsiloxane (PDMS) composite. To aid in skin design,
a characterization of this composite is presented here. The sensitivity of composite
resistance to uniaxial tension, compression, and shear for each carbon black concentration
is measured and is found to be similar for tension and compression and smaller for shear
with resistance monotonically increasing with strain. In addition, under tension and
compression the resistance of the material is measured both in line with and perpendicular
to the axis of applied strain, and the response is found to be approximately equal in both
cases. The electrical and mechanical relaxation time of the material is also measured and
modeled for tension, compression, and shear. The mechanical relaxation time is found to be
shorter than the electrical, with both increasing with carbon black concentration. However,
the shortest relaxation time, 200 s, precludes a sensor with human-like response times
without an active modeling and compensation system. Finally, Young’s modulus and
Poisson’s ratio are measured and reported for each CB concentration.
1. Introduction
Flexible and stretchable electronic skins capable of replicating the human sense of touch
would find numerous applications in robotics, healthcare, and prosthetics.[1,2,3] However,
developing inexpensive, wide-area, durable, flexible, and stretchable skins continues to be
an active area of research, with one of the primary challenges being design of suitable
sensor elements. A promising technology for this application is piezoresistive carbon /
rubber composites, a class of materials which exhibit high piezoresistivity, a dependence of
resistance on strain. Of this class of materials, the carbon black (CB) / polydimethylsiloxane
(PDMS) composite is the most popular for sensory skins due to its exhibiting a high
electrical sensitivity to strain (gauge factor) as well as being soft, flexible and stretchable,
generally regarded as safe, and inexpensively fabricated into complex shapes through
molding. Because of these properties it is commonly used in tactile skins research.[4,5,6,7]
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However, obtaining consistent results with CB/PDMS is challenging because the material
exhibits creep, high contact resistance, and poor repeatability. Due to these challenges,
accurate characterization of the properties of the material is itself still an active area of
research, hampering proper design of sensors that utilize it. The most significant effect that
makes characterization challenging is the substantial contact resistance between CB/PDMS
and a metal contact. This contact resistance decreases under increasing pressure,
counteracting the increase in resistance of the composite. This effect has been observed
consistently in our experiments and is also documented by Lacasse et al.[7]
Characterizations of CB/PDMS and similar materials have been published that do not
account for this effect during experimental design or analysis, and their results exhibit
decreasing resistance with increasing strain, which is inconsistent with our experiences
with the material and that of the Lacasse et al.[7] Examples include articles on carbon black
/ PDMS,[9] silicone rubber / graphite,[8] and carbon black / butyl rubber.[10]
One procedure to avoid the influence of contact resistance is to use a 4-point probe where
separate pairs of wires connected to the sample provide current and measure the resulting
voltage, which is how we have chosen to perform our experiments. Another solution is to
increase the surface area of the contact sufficiently to avoid contact resistance effects.[7]
Lacasse et al.[7] use silver cloth for this purpose, while in our work we have used a PDMS
composite with silver and high concentrations of carbon black in the contact region of the
sample.
Additionally, the resistance of CB/PDMS is very slow to recover (on the order of many
minutes) after applied strain is relieved, so care must be taken to allow the material to
settle between experiments. Understanding the effect of filler concentration on the settling
time is important for sensor design but no literature appears to exist that studies this. The
relationship between the mechanical viscoelastic response time and electrical response
time, important for understanding the mechanism of piezoresistivity in CB/PDMS, is also
poorly documented.
Finally, the existing work on characterizing carbon/rubber composites is also limited to
measuring the resistance response of the material to pressure or tension but not both for
the same sample, preventing comparisons of the relative sensitivities. In addition there
appear to be no measurements of the effects of shear strain on the resistance. Finally, there
appear to be no attempts to measure the change in resistance of the material off of the axis
of applied strain to determine if the resistivity of the material is anisotropic under strain.
To address these shortcomings, this paper characterizes samples of CB/PDMS ranging in
concentration from 3% to 10% CB by weight to measure their electrical resistance and
mechanical stiffness under to uniaxial compressive, tensile, and shear strain. The lower
limit of 3% was chosen because 2% samples proved to be insulating and concentrations
above 10% were too viscous to mold. Measurements of resistance were made both along
the axis of applied strain and across it to identify anisotropic behavior. The electrical and
mechanical response time of the samples was also measured to determine the effect of
concentration of CB on the recovery time.
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2. Experimental Procedure
Care was taken to minimize the known sources of experimental error. The details of the
procedure are discussed below.
2.1. Control of Contact Resistance
Two features of this experiment assure that the effects of contact resistance did not affect
the results. First, a 4-point probe was used to measure the samples. As shown in Figure 1,
two sets of wires are attached to each 16 mm cube. The two current drive wires are set into
the PDMS to assure a low resistance contact. The sense wires are positioned to measure the
potential across the middle third of the cube. This distance was chosen based on a finite
difference model of a cube of uniform resistivity with a single point of current injection,
which showed that the current density is essentially uniform (<10% variation) 1/3 of the
distance from the injection point. The sense connections are set on PDMS pillars extending
from the cube to minimize the extent to which the highly conductive contacts might disturb
the local mechanical and electrical properties of the sample. Second, in our experiments the
use of an Ag/CB/PDMS mixture as an interface between the wires and the PDMS in itself
essentially eliminates the effects of contact resistance.
2.2. Sample Mounting Orientations
To measure the change in resistance of the sample in response to tension, compression,
and shear, both along and across the axis of the applied strain, each sample was mounted in
a mechanical tester in five orientations and both ramp and step response data was
collected for each. Figure 1 is a reference for the sample orientations. Figure 2 shows a
sample mounted in the mechanical tester.

Figure 1. Schematic of sample orientations used for testing. Note that Orientation 2 is not
used for tension/compression as it would be redundant with Orientation 1.
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Figure 2. Sample mounted in mechanical tester for tension/compression measurement.
Shear measurement uses additional mounting brackets to rotate the sample 90º with
respect to the ram and thus allow the ram motion to exert shear.
2.3 Sample Preparation
All samples use a 10:1 ratio by weight of cross linker to PDMS base per the
recommendation by the manufacturer and were cured at 125 ºC for 20 minutes. See the
Experimental Section for complete sample preparation procedure.
2.4 Sample Data Collection
The system used to collect data from the samples consists of a modified ADMET miniature
mechanical tester. The factory ADMET controller was removed and the linear motor
driving the ram was instead controlled by an HP 6825A amplifier connected to a National
Instruments (NI) USB-6210 data acquisition module that also collected data on the position
of the ram, the load force on the sample, and the voltage across the sample sense wires. The
current drive wires on the sample were connected to a Keithley 2602 SourceMeter
programmed to act as a current source. NI LabVIEW was used to implement a
Proportional-Integral-Derivative (PID) control system to control the ram position and
collect the data. Data was collected at a 1 KHz rate.
3. Results and Conclusions
The results of the experiments described in Section 2, and their implications, are presented
below.
3.1 Electrical Sensitivity of CB/PDMS to Tension and Compression
To measure the sensitivity of the samples to tension and compression without erroneously
including the effects of the slow relaxation times, the samples were tested with a very slow
ramp where each phase (increasing or decreasing tension or compression) lasted ten
minutes. The resulting resistance data was averaged with a 1000-point (1 second) boxcar
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filter to reduce random noise. The standard deviation of the difference between the
averaged and raw data was used to compute the error bars.
Figure 3 shows the results for Orientation 3 (resistance measured on-axis) and Figure 4
shows the results for Orientation 1 (resistance measured off-axis). The figures show both
the displacement of the tester and the normalized resistance response of the sample.

Figure 3. Plot showing response of CB/PDMS samples in orientation 3 (resistance
measured on-axis) to tension and compression. The error bands, shown in grey, were
computed by taking the standard deviation of the difference between the filtered (1000point boxcar) and raw data and thus represent one standard deviation of the noise present
on the original data. The data was normalized by first subtracting the offset and then
dividing the result by the scale factor. Positive position is tension and negative position is
compression. The clipped tops of some of the resistance waveforms correspond to clipping
in the position waveforms. This effect is due to the linear motor of the tester being unable
to supply sufficient force to drive the sample to extreme positions.
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Figure 4. Plot showing response of CB/PDMS samples in orientation 1 (resistance
measured off-axis) to tension and compression. The error bars, offset, and gain were
computed as described in the caption of Figure 3.
From Figures 3 and 4, four important conclusions can be drawn. First, and most
importantly, the resistance of the samples always increases with increasing uniaxial
tension or compression. Data that instead shows such a decrease is likely confounded with
contact resistance. (Note that this only applies to uniaxial strain – our experiments with
hydrostatic pressure, although beyond the scope of this paper, have been shown to cause a
decrease in resistance.) Second, as expected, the resistance and sensitivity of the material
decreases with increasing concentration of CB. This is consistent with the findings of
Lacasse et al.[7] The decrease in resistance with increasing concentration is expected
because a higher concentration of conductive filler should result in a higher total
conductivity. Third, the magnitude of resistance change with tension is roughly equal
(within about a factor of two) to that which occurs with compression and the differences
are not consistent across samples. This is important because it means that sensors should
not be designed to rely on the existence of such a difference, but rather it can be assumed
that the material responds to the absolute value of strain. Finally, there is not a significant
difference in the response of the material between the orientations. This indicates that the
material is internally isotropic with respect to resistance when exposed to tension and
compression and thus the orientation of the electrodes with respect to the applied strain
need not be considered in sensor design.
3.2 Electrical Sensitivity of CB/PDMS to Shear
Similar ramps as were used for tension and compression were applied to the samples for
the three orientations of shear and the same processing was applied to the data. The results
for Orientations 1-3 are shown in Figures 5-7 respectively.
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Figure 5. Plot showing response of CB/PDMS samples in Orientation 1 to shear. The error
bars, offset, and gain were computed as described in the caption of Figure 3.

Figure 6. Plot showing response of CB/PDMS samples in Orientation 2 to shear. The error
bars, offset, and gain were computed as described in the caption of Figure 3.
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Figure 7. Plot showing response of CB/PDMS samples in Orientation 3 to shear. The error
bars, offset, and gain were computed as described in the caption of Figure 3.
The results from the shear experiments are less conclusive, with the resistance increasing
and decreasing inconsistently across orientation and sample. However, it is clear that the
material is much less sensitive to the same magnitude of shear as it is to tension or
compression. Although somewhat inconsistent, the sensitivity to shear was measured to be
between 2 and 10 times less than the sensitivity to tension and compression. The low
sensitivity and inconsistent response suggest that sensors based on a shear response to the
material are not an optimal design.
3.3 Effect of concentration and orientation on the tension/compression time
response of CB/PDMS
As reported by Lacasse et al.[7] and verified in our own experiments, the response to the
initial application of strain is very fast. However, the relaxation response is slow. We thus
focus on the relaxation response, as it is the limiting factor in CB/PDMS sensor response
time. Because the response of the material to shear was small and inconsistent our focus
was primarily on tension and compression, both in Orientation 3 (on-axis) and Orientation
1 (off-axis). Unfortunately, due to an equipment failure and the desire to collect all data on
the same set of cubes, no usable data is available for the 10% samples in Orientation 3 (onaxis).
To measure the response time of the material, a 0.4-mm tension or compression step was
applied, the material was held in the strained state for 5 minutes, and then it was allowed
to relax. Data was collected during the first 2.5 minutes after the step occurred, but due to
equipment memory limits, the system was then reset while the sample rested for a long
period of time (a few minutes). The final settled value was then collected with another
2.5 minutes of data. Rise and fall times of the mechanical steps were less than 1 second and
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thus can be safely neglected in the response time of the material. Figures 8 and 9 show the
Orientation 3 (on-axis) response to tension and compression respectively, normalized to
the initial and final values so that the relaxation times can be fairly compared. As with the
sensitivity, the resistance data was averaged with a 1000-point (1 second) boxcar filter to
reduce random noise. The standard deviation of the difference between the averaged and
raw data was used to compute the error bars. Figures 10 and 11 show the corresponding
data for Orientation 1 (off-axis) tension and compression.

Figure 8. Plot showing the Orientation 3 (on-axis) resistance versus time for relaxation
from tension. The error bands were computed by taking the standard deviation of the
difference between the filtered (1000-point boxcar) and raw data and thus represent one
standard deviation of the noise present on the original data. The data was normalized by
first subtracting the offset and then dividing the result by the scale factor.
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Figure 9. Plot showing the Orientation 3 (on-axis) resistance versus time for relaxation
from compression. The error bars, offset, and gain were computed as described in the
caption of Figure 8.

Figure 10. Plot showing the Orientation 1 (off-axis) resistance vs. time for relaxation from
tension. The error bars, offset, and gain were computed as described in the caption of
Figure 8.

Figure 11. Plot showing the Orientation 1 (off-axis) resistance versus time for relaxation
from compression. The error bars offset and gain were computed as described in the
caption of Figure 8.
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Two important conclusions can be drawn from these figures. First, the responses of the
lower concentrations of CB/PDMS are uniformly faster than those of the higher
concentrations for all test sets except the Orientation 1 (off-axis) compression as shown in
Figure 11. The reason for this inconsistency is unclear at this time. The faster response
time at lower concentrations is convenient for sensor design since, as shown in Section 3.1,
the lower concentration materials are also more sensitive. Second, unfortunately, none of
the samples have fully relaxed a full 2.5 minutes after the initial step. Such a slow response
time is consistent with literature reporting a relaxation time “up to 5 minutes.”[7] This
indicates that even at the lowest concentration the material is too slow to use without a
relaxation time correction algorithm such as that described by Lacasse et al.[7]
3.4 Effect of concentration and orientation on shear time response of CB/PDMS
To compliment the tension / compression data in Section 3.3, the recovery time of the
resistance of the composite after relaxation from applied shear was also measured. Except
for an 0.4 mm shear step being applied instead of a tension or compression step, the exact
same experimental and data processing procedures as laid out in Section 3.3 were used.
The resulting data is shown in Figures 12-14 for Orientations 1 through 3 respectively.

Figure 12. Plot showing the Orientation 1 resistance versus time for relaxation from shear.
The error bars, offset, and gain were computed as described in the caption of Figure 8.
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Figure 13. Plot showing the Orientation 2 resistance versus time for relaxation from shear.
The error bars, offset, and gain were computed as described in the caption of Figure 8.
Note that due to an equipment failure the final settled resistance value was not collected
for the 7.5% data. However, since the resistance appears stable after 100 s, the value at
150 s was used instead.

Figure 14. Plot showing the Orientation 3 resistance versus time for relaxation from shear.
The error bars, offset, and gain were computed as described in the caption of Figure 8.
Due to the lower sensitivity of the material to shear as compared to tension / compression,
Figures 12 – 14 exhibit increased noise. Also, as with the shear sensitivity data in Figures
5-7, the results do not exhibit clear trends across orientation, with the 7.5% data showing
the fastest recovery time in Orientation 2 and the slowest in Orientation 3, while the 3%
data is the fastest in Orientation 3 and the slowest in Orientation 1.
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3.5 Extraction of time constants from step relaxation data.
Although phenomenological results can be obtained from the relaxation responses by
inspection, more insight can be gained from modeling the response. A convenient model is
provided for the relaxation response of CB/PDMS by Lacasse et al.[7] Per Equation 1, this
model consists of an initial step function and two exponential decays. The step function is,
of course, non-physical but is a good approximation for the initial, very fast, decay time.
𝑅 = −𝐴 ∗ 𝐻 𝑡 + 𝐵𝑒 !!/!! + 𝐶𝑒 !!/!!

(1)

To extract the two exponential decays in this model from the experimental data, the final
resting value was subtracted off so that the data would trend toward zero as time
approached infinity and then the initial 10 seconds of data was neglected as it was assumed
to contain the initial “step” function. The data was then fit using the MATLAB “cftool”
command. 10 seconds was chosen because values slightly longer and shorter resulted in
very similar fits. A sample of the resulting model is shown in Figure 15. The extracted time
constants with a 95% confidence interval, as reported by “cftool” on each are given in
Table 1 and Table 2.

Figure 15. Plot showing model fit, in red, to data from the 5% relaxation from compression
data shown in blue. As can be seen, the fit is excellent.
Table 1. Time constants extracted from the tension / compression relaxation time data
shown in Figures 8 - 11. The tolerances represent 95% confidence intervals.
Type
Compression

Orientation
1

Tension

1

CB [%]
3
5
7.5
10
3
5
7.5
10

τ1 [sec]
21.5±0.6
22.4±0.2
20.2±6.1
18.9±3.6
14.4±0.3
19.8±0.2
22.2±5.4
21.9±4.3

τ2 [sec]
316±6
755±5
354±57
292±33
250±3
367±2
366±68
363±42
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Compression

3

Tension

3

3
5
7.5
3
5
7.5

16.4±1.5
16.4±0.6
21.8±1.5
20.8±1.4
14.6±0.5
19.2±1.1

139±4
127±2
333±19
169±12
121±1
262±10

Two important conclusions can be made from the extracted time constants. First, they
indicate that, generally, as the CB concentration is increased the time constants do as well,
explaining the observation that the lower concentration data settles faster. However, this
trend is not perfectly consistent, indicating that much of the faster settling rate is due to the
initial ‘step function’ accounting for a larger fraction of the total response and that the time
to final settling is not well predicted by the concentration. Second, the time constants are
universally long, approximately 20 s for τ1 and 200 s for τ2. These times are too slow for a
practical tactile sensor, again indicating the need for a compensation algorithm or a
different material.
Table 2. Time constants extracted from the shear relaxation time data shown in Figures
12 – 14. The tolerances represent 95% confidence intervals. The data corresponding to
time constants marked * could not be fit with a 2-time constant model and a 1-time
constant model was used instead. The final settling value of resistance used in the fit of the
time constant marked + was taken at 150 s rather than >300 s for the other data points.
Orientation
1

2

3

CB [%]
3
5
7.5
10
3
5
7.5
10
3
5
7.5
10

τ1 [sec]
23.4±3.6
18.0±1.1
12.9±9.2
16.8±2.9
22.4±5.8
17.8±1.1
τ =58.4±6.4*+
19.5±9.8
21.3±5.1
20.9±1.6
20.7±6.7
τ =92.7±2.8*

τ2 [sec]
311±27
141±4
144±32
174±8
168±36
153±4
341±119
163±20
161±6
225±40

As with Figures 12 – 14, there is not a clear trend in orientation and concentration in the
extracted time constants for shear. However, the general observation that the relaxation
can be well modeled with an approximately 20 s and an approximately 200 s time constant
still holds, indicating that the relaxation time of the composite under shear is comparable
that for tension and compression.
3.6 Comparison of Electrical and Mechanical Time Constants
In addition to measuring the recovery time of the resistance of the composite after
relaxation from applied strain, the mechanical relaxation time was also measured and
characterized. Unfortunately, due to overshoot in the mechanical tester during sample
testing, the mechanical relaxation started from a variable deformation with magnitude
equal to the peak of the overshoot. See Figure 16. Note that the force is decreasing with
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time as opposed to increasing as would occur without the overshoot.

Figure 16. Mechanical relaxation response from tension with data from both orientations
plotted together. Data is filtered by 1000-point boxcar filter. Note the overshoot.
Despite this experimental problem, mechanical time constants were extracted, using the
same process described in Section 3.5 with the exception that fitting was begun 5 seconds
after the step instead of 10. Fits were made to the relaxation responses from tension,
compression, and shear and for all orientations. Because of the uncertainty due to the
variable amplitude of overshoot, accurate uncertainties on this data could not be
computed. However, one important conclusion can still be reached. The average of the
faster time constant across all data in all orientations is 7.0 s for τ1 and 45 s for τ2 (standard
deviation of 2.7 and 5.1 respectively). For comparison, Yaul et al.[11] reported time
constants of 110 s and 0.5 s for CB/PDMS in a very different geometry indicating that the
long time constant dominating mechanical response time is roughly consistent. Note that
this is much less than the 20 s and 200 s observed for the resistance response strongly
indicating that the mechanical response of the material accounts for a minority of the
resistance response.
3.7 Quasi-Static Mechanical Properties of CB/PDMS
In addition to the electrical properties and dynamic mechanical properties of CB/PDMS, the
quasi-static mechanical properties, the Young’s modulus and Poisson’s ratio are also of
interest in sensor design. These three material properties are related by Equation 2, where
E is the Young’s modulus, ν is the Poisson’s ratio, and G is the shear modulus[12] and both
can be experimentally determined from the tensile stress versus strain and shear stress
versus strain curves of the samples.
E = 2G(1 + ν)

(2)

Observation of the stress-strain curves for the samples shows, as in Figure 17, that the
stress-strain curves are quite linear and have the same slope during tension and
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compression. Also, by symmetry, identical mechanical behavior is expected independent of
orientation. Thus to reduce the data, each of the tensile-strain, compressive-strain, and
shear-strain curves was individually fit with a line using the Matlab “cftool” and the slope
(with uncertainty) was recorded. All of the shear data was averaged together to get one
slope and all of the tension and compression data was averaged to get a second slope. The
individual uncertainties in each fit were combined using the law of total variance. These
slopes are reported as the force required to displace the sample 0.8 mm in Table 3.
(0.8 mm was the actual displacement used in the experiment.)

Figure 17. Orientation 1 tension and compression data. This is a representative sample of
the mechanical behavior of the samples after filtering with a 1000-point boxcar filter. Note
that despite some hysteresis the curves are quite linear.
The Young’s modulus, however, cannot be inferred directly from slope of the stress versus
strain curve of the samples during the compression / tension experiments. This is because
two faces of each sample are held fixed to the mounting plates and cannot expand or
contract during the experiment, leading to non-uniform stress in the composite. This effect
is noted by Johnston et al. [12] Jürgen[13] provides an analytical solution for a similar
problem where a rectangular prism has one face fixed but the opposing one free to slide,
but since our samples were fixed on two faces it is not directly applicable. A similar
problem exists for the shear experiment with the composite experiencing a mixture of
tension and shear.
To account for the these problems and extract the Young’s Modulus and Possion’s ratio of
the composite, a SolidWorks model was made of the sample in the tester including the
aluminum mounts to replicate, virtually, both the shear and compression experiments
(tension was not modeled separately from compression because, per above, the stiffness
was the same.) A custom material, defined by its Young’s Modulus and Possion’s ratio, was
defined for the PDMS cube. These parameters were then adjusted to replicate the observed
0.8 mm displacements with the forces in Table 3 applied.
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The values of E and ν were thus determined for the mean forces needed for each
concentration except 7.5%. In the 7.5% case, a value of Poisson’s ratio greater than 0.5
would have been needed to converge the model, indicating that, due to random error, the
computed mean forces were not physically possible. To determine the 95% confidence
interval for E and ν for each concentration, the model was re-run for each of the four
maximum and minimum pressure and shear force combinations in their respective 95%
confidence intervals. Any combination that did not result in a convergence was rejected.
From among those that did converge, the maximum and minimum resulting values were
selected as the confidence interval.
Table 3. Mechanical data as a function of concentration averaged across all orientations.
Confidence intervals are 95%. Note that the Young’s Modulus and Poisson’s Ratio data are
in the form of a lower 95% bound, a mean in bold, and an upper 95% bound.
CB
Concentration
(%)

Force for
0.8 mm
Shear (N)

Young’s Modulus
(MPa)

Possion’s Ratio

3

Force for 0.8
mm
Compression /
Tension (N)
32.0±3.9

6.41±0.49

(1.86, 2.04, 2.17)

5

36.1±4.1

7.21±0.80

(2.01, 2.29, 2.52)

7.5
10

41.7±5.7
49.7±8.5

8.10±1.11
10.1±1.42

(2.26, N/A, 2.89)
(2.73, 3.22, 3.62)

(0.285, 0.495,
0.5)
(0.258, 0.497,
0.5)
(0.230, N/A, 0.5)
(0.103, 0.483,
0.5)

Three important conclusions can be drawn from this data. First, as expected, the Young’s
modulus increases with increasing carbon black concentration indicating, that, as expected,
adding more hard filler makes the composite harder. Johnston et al. [12] report the Young’s
modulus of pure PDMS with 10:1 base to crosslinker ratio and cured at 120 ºC for 20
minutes, the same conditions as in this work, to be 2.46 ± 0.16 MPa. This value is close to
our value for the lowest (3%) CB concentration. The residual error is likely due to
differences in the mechanical test methodologies with their samples being tested in tension
and with Young’s Modulus computed assuming uniform strain. Third, although the mean
values indicate that Poisson’s ratio is close to 0.5, which is the value used by Johnston et al.
[12], the uncertainty for this value is very large. The large uncertainty is because, as
indicated by the model, keeping the distance between the faces of the cube fixed as shear is
applied results in large tensile strain in the sample, meaning the effect of internal shear
strain is poorly measured.
4. Conclusion
We have characterized the resistance response to strain, Young’s modulus, Poisson’s ratio
and mechanical relaxation time of CB/PDMS composite across four concentrations of CB
ranging from 3% to 10%. From this work, the following conclusions can be drawn. First,
under uniaxial tension and compression the resistance always increases with increasing
strain. Observations of a decrease are due to experimental error most likely due to contact
resistance. Second, as the concentration of carbon black is increased, the composite
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becomes stiffer, while both the resistance and resistance sensitivity to strain decrease.
Third, the magnitude of the change in resistance is roughly equal for equal amounts of
tension and compression – the material appears to respond to the absolute value of strain.
Fourth, the resistivity of the strained material appears to be isotropic because when the
resistance is measured in the axis of applied strain and across it the magnitude of the
response is roughly the same. Fifth, the response of the material to shear is much smaller
than to tension or compression by a factor of 2 to 10. Sixth, the relaxation response of the
material gets faster as the concentration of carbon black is decreased. Finally, even at the
lowest practical concentration of carbon black, the longest time constant modeling the
response is ~200 s. This response is not accounted for by the mechanical hysteresis in the
material as that time constant is only ~45 s. The long time constants mean that the material
is not practical for a sensor without real-time analysis and adjustment of the response.
5. Experimental Section
Preparation of CB/PDMS Mixture: PDMS base and cross-linker (10:1 base/linker ratio Dow
SYLGARD® 184) are weighed in a plastic mixing cup with a tolerance of ±0.01 g. The amount
of PDMS is chosen so that the final mixture will have a 10.00 g weight. The ingredients are then
mixed using a Kurabo Mazerustar KK-250S centrifugal mixer using channels 13,12, and 16. The
carbon black (“DENKA BLACK” 50% compressed acetylene carbon black) is then weighed in
and the material is again mixed in the same way.
Preparation of CB/Ag/PDMS Mixture: The procedure for CB/PDMS is followed for 1.60 g
PDMS and 0.26 g CB with the addition of 5.09 g Alfa Aesar silver powder (APS 4-7 µm, 99.9%
pure) which is added with the carbon black.
Mold preparation procedure: Four strands of 30 AWG silver plated “wire wrap” wire are
prepared by twisting their ends around a probe to form a loose ~5 mm x ~2 mm coil. These coils
are covered with CB/Ag/PDMS and inserted into the aluminum sample mold.
Mold filling procedure, 3% and 5% CB: The low weight-percent mixtures are poured into the
mold with slight overfilling to prevent voids when the mold is closed, and are vacuum degassed
in a small vacuum chamber until all bubbling stops.
Mold filling procedure, 7.5% and 10% CB: The high weight-percent mixtures are too viscous to
vacuum degas in the mold. The mixture is placed in a syringe, which is centrifuged for 1 hour to
remove bubbles. The mixture is then extruded from the syringe into the mold, taking care to not
introduce voids.
Curing and mounting procedure: The mold is closed and clamped shut, causing excess
CB/PDMS to extrude from the joints and thus help prevent voids. The closed mold is cured for
20 minutes in a 120 °C oven.
Sample mounting procedure: Aluminum/fiberglass mounting plates are attached to the sample
using Dow 700 industrial silicone sealant. The samples were first tested in orientations 1 and 2,
then the mounting plates were carefully cut off with a razor blade and remounted for the
orientation 3 measurements. See Figure 1.
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The resistance of four concentrations of carbon black in PDMS composite is measured
for tensile, compressive, and shear strain. The strain sensitivity of resistance is found to be
similar for tension and compression but weaker for shear. The resistance recovery time is
measured and found to be slower for higher carbon black concentration and slower then
the mechanical recovery time.
Stimuli-Responsive Materials
M. E. D’Asaro, M. S. Otten, S. Chen, Prof. J. H. Lang*
Multi-Dimensional Characterization of Piezoresistive Carbon Black Silicone Rubber
Composites
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Appendix C: Code for Processing Tester Files
%This script reads in a file created by the ADMET Mechanical tester and
%plots the stress-strain curve and resistance-strain curve.
close all;
clear all;
%Open File:
[BinFileName,BinPathName,FilterIndex] = uigetfile('*.csv','Select a csv File');
WholeFile = csvread(strcat(BinPathName,BinFileName),3,0); %Skip first three rows
[BinFileName1,BinPathName1,FilterIndex1] = uigetfile('*.csv','Select a csv File');
WholeFile1 = csvread(strcat(BinPathName1,BinFileName1),3,0); %Skip first three rows
[BinFileName2,BinPathName2,FilterIndex2] = uigetfile('*.csv','Select a csv File');
WholeFile2 = csvread(strcat(BinPathName2,BinFileName2),3,0); %Skip first three rows
[BinFileName3,BinPathName3,FilterIndex3] = uigetfile('*.csv','Select a csv File');
WholeFile3 = csvread(strcat(BinPathName3,BinFileName3),3,0); %Skip first three rows
[BinFileName4,BinPathName4,FilterIndex4] = uigetfile('*.csv','Select a csv File');
WholeFile4 = csvread(strcat(BinPathName4,BinFileName4),3,0); %Skip first three rows
color=['k' 'm' 'c' 'r' 'g' 'b' 'y'];
area = 15.875^2; % Cube side length is 0.625" = 1.5875 cm = 15.875 mm
position =
smooth([WholeFile(:,1);WholeFile1(:,1);WholeFile2(:,1);WholeFile3(:,1);WholeFile4(:,1)],10);
strain = position/15.875; % Difference in cube length over its original length
force =
smooth([WholeFile(:,2);WholeFile1(:,2);WholeFile2(:,2);WholeFile3(:,2);WholeFile4(:,2)],10);
area = 15.875; % mm^2
stress = force/area; %Pa
resistance =
abs(smooth(medfilt1([WholeFile(:,3);WholeFile1(:,3);WholeFile2(:,3);WholeFile3(:,3);WholeFi
le4(:,3)],30),10));
time = (1:length(position))./1000; % Convert to seconds
%% Plotting to understand the relationship between stress and strain
[ax, p1, p2] = plotyy(time, stress, time, strain);
% %plot(time, resistance, color(1),'LineWidth',2);
title('Stress and Strain for Cube Pressure Sensor');
xlabel('Time (s)');
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ylabel(ax(1), 'Stress (N/mm^2)');
ylabel(ax(2), 'Strain (delta_L/L)');
set(gca,'fontSize',18)
set(findall(gcf,'type','text'),'fontSize',18)
set(gcf, 'Position', [200, 200, 800, 600]);
%% Plotting to understand the relationship between strain and resistance
figure;
[ax, p1, p2] = plotyy(time, strain, time, resistance);
% %plot(time, resistance, color(1),'LineWidth',2);
title('Strain and Resistance for Cube Pressure Sensor');
xlabel('Time (s)');
ylabel(ax(1), 'Stress (N/mm^2)');
ylabel(ax(2), 'Resistance (Ohm)');
set(gca,'fontSize',18)
set(findall(gcf,'type','text'),'fontSize',18)
set(gcf, 'Position', [200, 200, 800, 600]);
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