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Abstract: The development of flexible polymer monofilament fiber strain sensors have
many applications in both wearable computing (clothing, gloves, etc.) and robotics design
(large deformation control). For example, a high-stretch monofilament sensor could be
integrated into robotic arm design, easily stretching over joints or along curved surfaces.
As a monofilament, the sensor can be woven into or integrated with textiles for position
or physiological monitoring, computer interface control, etc. Commercially available
conductive polymer monofilament sensors were tested alongside monofilaments produced
from carbon black (CB) mixed with a thermo-plastic elastomer (TPE) and extruded in
different diameters. It was found that signal strength, drift, and precision characteristics
were better with a 0.3 mm diameter CB/TPE monofilament than thick (~2 mm diameter)
based on the same material or commercial monofilaments based on natural rubber or
silicone elastomer (SE) matrices.
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1. Introduction

The evolution of mobile technologies and connected devices are opening new opportunities for the
realization of wearable computing applications. However, many wearable devices still rely on traditional
sensor types including MEMS-based accelerometers, pressure sensors, gyroscopes, etc. These sensors
are largely developed as self-contained integrated circuits. To expand the possibilities of wearable
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computing products, it would be valuable to additionally have stretchable sensors that can conform to
the form of the human body [1], and unobtrusively measure force or strains related to human
movement. Basing wearable sensor designs on polymers is very interesting because they can be produced
in different physical forms, from flexible coatings [2] and sheets [3] to yarns [4], which can be woven
into or integrated with textiles for position or physiological monitoring, computer interface control, etc.
This allows tailored sensor design for different positions on the human body for specific applications.

Previous research into conductive polymers and piezoresistive monofilament fibers has evolved
from metallic thread woven with traditional textile materials [5] to the integration of carbon or
graphene nano-particles [6] or carbon nanotubes [7,8] into polymer matrices [9], which can then
be extruded into monofilament or pressed in sheet forms to create sensor coatings for substrate
materials [9]. Silver-plated nylon 66 yarn [10] has also been used to design a wearable sensor for knee
angle measurements.

In the current work a piezoresistive polymer monofilament sensor based on carbon black (CB)
combined with a thermoplastic elastomer (TPE) [11] was compared with commercially available
monofilament fibers produced by Merlin Systems Corp. Ltd. (Plymouth, UK;,) and Images Sl Inc.
(Staten Island, NY, USA).

1.1. Sensor Characteristics

Wearable computing presents many challenges for sensor design and packaging. To be effective,
sensors need good repeatability and signal stability with low drift. Often these characteristics are tied
to environmental factors such as temperature and humidity. In wearable computing applications
sensors would be integrated into clothing or other garments, which may be subject to abrasion and high
mechanical deformations. Packaging and protection of the sensors is therefore difficult, as compared
with micro-electrical mechanical systems (MEMS) applications, where sensor elements can often be
packaged and protected.

As a strain sensor for wearable computing, the need is to have a flexible sensor, which changes
shape with the body it is placed upon (torso, arm, leg, etc.), and produces a reproducible change in
resistance in response to mechanical strain, ideally in a linear way for easy integration into a system
design. Furthermore, the signal must be reliable over the lifecycle of the product it is used in with
regards to signal stability, aging, drift, etc. after subjected repeated mechanical cyclic loads.
Conventional tensile strain sensors have an operating range of a few percent, with large strain
variations attaining 10% strain as with the HBM LD20 high strain gauge [12]. In the conventional
metal strain gauge design, a change in electrical conductivity in a thin wire or foil in response to
mechanical elongation is measured to determine the strain on the structure being investigated [13].
The performance of strain sensors is generally reported by referencing the gauge factor (k) according
to Equation (1):
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where R is the resistance at a strain of zero, | is the length at a strain of zero, while DR and DI are the
changes in resistance and length due to an applied mechanical strain. The gauge factor (k) for
conventional strain gauges is generally close to 2 [12]. Beyond the mechanical strain limit of the
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sensor the resistance signal becomes unstable due to excessive strain of the sensing element and
eventual mechanical failure of the structure occurs. In the current application, a strain of 20%—-100% is
required, and for this reason traditional strain sensors could be not be employed. Polymer-based
materials would be able to fulfill the mechanical deformation requirements. Monofilament fiber strain
sensors are an ideal form for wearable computing applications since they can be integrated into
clothing in an unobtrusive way. Piezoresistive materials are often used in sensor designs where
relationships between deformation and electrical resistance can be characterized and used in circuit
design. However, research into piezoresistive sensors has mainly focused on the doping of silicon
structures, and not on larger scale flexible sensors. Flexible elastomeric sensors can be achieved by
using dielectrics and electro-active polymers (EAPS), elastomers with carbon-based electrodes have
been investigated, but generally with the desire to develop flexible force actuators. Alternatively,
a conductive polymer composite (CPC) can be created by combining a conductive filler (e.g., silver,
carbon nanotubes, carbon black) and a polymer matrix (elastomer, thermoplastic, etc.).

1.2. Elastomer Capacitor Sensor

EAPs based on elastomers coated with conductive layers have been investigated for flexible force
actuator applications. In a sensor configuration, highly flexible capacitive sensors can be created [14].
A problem though is that capacitive sensing is based on the assumption that the gap between electrodes
will change, while the electrical boundary conditions of the electrodes will remain constant [15].
However, shape changes in terms of tensile strain will lead to a change in conductivity of the
electrodes in addition to the change in electrode separation, making the material combination
complicated to characterize as a simple strain sensor. For example, if a parallel capacitive sensor is
designed using a flexible electrode, the electrode area increases as the sensor is compressed. Then the
sensor signal changes due to the decrease in gap distance between the electrodes, as well as due to the
change in resistance of the electrode geometry changing [14,16]. With dielectric elastomers one
primary research goal is the development of compliant electrodes, where a change in mechanical
dimension does not lead to a large change in resistivity of the material [17]. This will be very useful
for flexible circuit applications, but is not useful at this time for tailoring a high-stretch strain sensor,
where a change in resistivity of the material with respect to applied mechanical deformation is
required [9,18-20].

1.3. Piezoresistive Polymer Sensors

Different types of piezoresistive sensors have been developed over the past decade with a focus
on strain or force-sensing applications. Historically flexible fiber sensors have followed different
directions including the development of yarns with conductive fibers [5,21] or nanotube yarns [22],
electroactive polymers with carbon fillers [9,19], carbon or silver-coated polymer fibers [10] and the
integration of carbon nanotubes into a polymer matrix [23]. The yarn design includes a sensor fiber
element woven or twisted together with structural but electrically insulating fibers. The conductive
fiber could be metallic or carbon-coated [5,24]. This combination allows the integration of sensing
properties into a structural package, where the sensor material can support mechanical loads and
provide a signal (while traditional strain gauges only provide passive sensing of substrate deformation).
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The basic design of a piezoresistive sensor monofilament entails combining conductive particles
together with a flexible polymer matrix, creating a CPC material. The material can then be formed into
various forms from monofilaments to plates for specific applications. Forms of carbon are natural
choices for the conductive filler. The basic system includes combining carbon black and a
non-conductive mechanically flexible matrix to produce a composite. As the content of carbon black
increases, the mechanical flexibility of the monofilament decreases, while the electrical conductivity
increases. This can result in a monofilament which conducts current well, but will fail mechanically if
stressed too much. Conversely, if greater mechanical performance of the monofilament is desired
(large strain range), it may come at the expense of the electrical properties.

The relationship between filler concentration and conductivity is explained using the percolation
theory [25]. As the concentration of conductive filler particles in an insulating matrix increases, a point
will be reached where the electrical resistance will drop dramatically, signifying that a continuous
conductive network has been achieved within the material. For CPCs based on carbon black, the
percolation threshold is strongly influenced by particle and aggregate geometry [26]. For a strain
sensor, the monofilament must be able to undergo high mechanical deformation, ideally between
20%-100%, in order to sufficiently outperform conventional strain sensors based on thin wires
integrated into a strain sensor design.

One of the piezoresistive monofilament systems described in this article is composed of CB mixed
with a TPE matrix. Previous work at Empa (Dibendorf, Switzerland) and ETH Zurich [27]
investigated the ratio of carbon black to SEBS in the monofilament system, it was determined that a 50%
weight combination of SEBS and carbon black produced a stable system with good electrical and
mechanical performance. Specific applications included the integration of monofilaments into a form-fitted
shirt which could be used to identify the body position of a person wearing the shirt [28]. Sensors
based on conductive polymers are available commercially, and were considered for this application.

1.4. Commercial Sensors

Currently, the primary focus of commercially produced electrically conductive polymer sensors is
for force sensing. Commercially available flat force sensors are generally composed of carbon filled
polymers or conductive ink layers with electrodes on the top and/or bottom. For example, the TekScan
FlexiForce® sensors rely on the compression of carbon-filled polymer material sandwiched between
parallel electrodes, the application of force perpendicular to the sensor surface leads to a decrease in
resistance of the polymer layer [29]. This occurs because compression pushes the carbon particle
closer together, allowing more connections through the conductive network. Also common is the
force-sensing resistor (FSR) design, which includes a layer of conductive ink or polymer, then an air
gap and a set of interdigitated electrodes [30,31]. The FSR design does not rely on the mechanical
coupling between the polymer and the applied strain, but rather as an increasing vertical force is
applied to the sensor, an increasing number of the electrodes contact the conductive layer and, the
overall resistance drops, which can then be correlated to the applied force. Both of these sensor types
are easily obtained commercially, but are only useful to sense applied force perpendicular to the
surface of the sensor. These sensors mainly use Mylar as a substrate material, making them robust,
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but inflexible to stretch deformation. Different types of conductive polymer monofilaments are also
available, offering the possibility of a high-stretch variable resistance sensor.

High-stretch monofilament fiber sensors are commercially available from Images Sl Inc., and
previously from Merlin Systems Corp. Ltd. (Plymouth, UK). The Merlin fibers, composed of carbon
impregnated rubber, have been investigated by other researchers for human computer interaction (HCI)
applications of the direct control of musical performances, and compared with custom-designed knitted
conductive fiber sensors [32]. The Merlin fibers, used as variable resistors, were integrated into
Powernet (a synthetic stretch fabric). The panels were oriented at high-stretch areas near the elbows
and across the back and upper arm. The variable analogue sensor input from the fibers was digitized
with an Arduino (using Arduino-to-Max) to create MIDIs for the electronic music software
Ableton [33]. In this work it was found that the first upper and lower limits of the fiber signals were
different than subsequent cycles, which were more stable [32]. Images SI conductive monofilament
fibers are composed of EAGO silicone elastomer platinum-cured polysiloxane and a conductive filler [34].

1.5. Current Work

Piezoresistive polymer monofilament sensors offer a way to produce flexible strain sensors at an
affordable price point. The current work investigates the strain sensor characteristics of commercially
available monofilaments and of a CB/TPE composite monofilament for integration into a wearable
computing application. Tensile and cyclic tensile straining of the monofilaments was done to
characterize the mechanical and electrical response to applied mechanical strains and assess any
changes in signal drift due to multiple loadings.

2. Experimental Section

Monofilament fibers were obtained from Merlin Inc. and Image Sl Inc. for testing, while CB/TPE
monofilaments were produced at Empa. The Merlin and Image SI monofilaments had nominal
diameters of 2.0 and 1.72 mm. Empa monofilaments were produced with 2.0 and 0.30 mm diameters,
starting from the base materials and then meltspinning the monofilaments (monofilaments).

2.1. Feedstock Mixing and Materials

For the Empa monofilaments, Styrene-ethylene/buthylene-styrene (SEBS) triblock copolymer,
produced by KRAIBURG TPE GmbH & Co. KG (Waldkraiburg, Germany) was used as the matrix
and carbon black produced by TIMCAL Graphite & Carbon, (Bodio, Switzerland) was employed as
the filler. The carbon black particles had a density of 1.86 g/cm® (measured by Helium Pycnometer)
and a specific surface area of 61.48 m?/g (BET Nitrogen Surface Area measurement). The particle size
distributions for carbon black are shown in Table 1. The theoretical particle size based on the surface
area measurement was 548 nm.

The materials were mixed together using a torque rheometer (HAAKE Polylab OS, equipped with a
HAAKE Rheomix OS high mixer chamber, Thermo Electron Corporation (Waltham, MA, USA) and
type 600 Roller rotors. The chamber temperature was controlled electronically by independent heating
and cooling zones. Before mixing, the carbon powder was dried in the oven for 1 h at 120 <C.
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The three zones of the mixing chamber were heated up to 180 <C and rotation was set to 10 rpm. The
polymer was filled in and mixed for five minutes, before the carbon black was added. The compounds
were then mixed for approximately 1 h until the torque reached steady-state conditions.

Table 1. Particle size distributions for the carbon black particles.

dao (M) 0.256
dgo (M) 2.023

2.2. Monofilament Meltspinning

Monofilaments were produced by extruding the feedstock material using a Rosand RH7 Flowmaster
capillary rheometer (Malvern Instruments Ltd., Malvern, UK). A Niggeloh 200 bar pressure transducer
was used to monitor the pressure of the melt through an orifice with a diameter of 300 pm to shape the
extruded material into monofilament form. The heating zones of the chamber were set to 190 <C and
the feedstock material was placed into the bore and left there for 30 min to melt. A shear rate of
1,500/s were used to manufacture the monofilaments.

2.3. Mechanical Testing

Cyclic tensile loading was used to investigate the electrical-mechanical property coupling of the
monofilaments. A Zwick Z005 tensile testing machine with ZwickRoell 500N and X Force P 200N
load cells (Zwick, UIm, Germany) and testExpert v11.1 software (Zwick, Ulm, Germany) was used to
apply mechanical load, while a Metex M-3610D multimeter (Metex Corporation, Seoul, Korea) was
used to record the resistance of the monofilament in response to applied mechanical strain. ScopeView
software (Metex Corporation, Seoul, Korea) was used with the multimeter to log the resistance
measurements on a laptop computer.

Test samples with a 50 mm gage length were prepared using standard monofilament testing
frames [35]. Carton frames with a total length of 120 mm and width of 30 mm (with a window 50 mm
in length cut in the center) were used to mount the monofilaments. A line along the frame was used as
a guide, and double-sided tape was used to temporarily secure the monofilaments in the correct
position. Quick-drying glue was applied to affix the monofilament to the carton, with a little space at
the top and bottom of the monofilament to apply electrical connections. Silver-coated copper wires
with a length of 50 cm were gently placed in position and conductive silver epoxy CW2400-A and -B
(ITW Chemtronics, Kennesaw, GA, USA) was used to connect the wires to the monofilaments, which
were then connected to the multimeter as shown in Figure 1.

Tensile testing to failure was done to observe the linearity of the resistance signal. To assess the
strain sensor properties, tensile cyclic testing was used. The cycle tests and monofilament types are
listed in Table 2, where each strain level was held for 60 s, and five consecutive cycles between
the high and low values were employed in each test. The cycling shows how each sensor reacted to
repeated strains, and allows the investigation of relaxation and drift effects of the mechanical as well as
electrical signals.
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Figure 1. (a) Tensile specimen test frame with monofilament position and electrodes;
(b) Tensile test setup, including testing machine and resistance signal monitoring.
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Table 2. Listing of tensile and cyclic strain tests for the different monofilament types
and their nominal expected thicknesses. Due to their low failure strain, the 2 mm Empa
monofilaments were only cycled between 2% and 8% strain due their lower failure limit.

Monofilaments Diameter (mm) Cycle
Images Sl 1.72 15%-30%
Merlin Systems 2.00 15%—-30%
Empa 2.00 2%—8%
Empa 0.30 15%—-30%

3. Results and Discussion

The monofilaments were compared to one another based on their resistance values, sensitivity to
applied strain, and signal drift when held at specific strain levels. The base resistance values give an
indication of filler content while mechanical loading through cycle testing shows differences in sensor
sensitivity. Relaxation here is defined as a decrease of stress over time under a constant deformation
while drift is defined as the change in resistance over time when a particular strain is applied.
The tensile loading and cycle experiments also showed the base properties as a strain sensor of the
different monofilaments.

3.1. Resistance Values

Resistance of the monofilaments was measured in the unstrained state to establish the base values.
Equation (2) was used to calculate resistivity (p), where R is electrical resistance (Q2), A is
cross-sectional area, and | is the length of the material:
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The Q/mm and the Q mm values were calculated and are listed in Table 3, where 50 mm is the
uniform length for each monofilament to allow a direct comparison. The Merlin and Images Sl
monofilaments displayed similar resistance values, while the 2.0 mm Empa monofilament has much
lower resistance. The 0.30 mm Empa monofilament retained the highest resistance at 36 Q/mm which
can be explained by the smaller cross section.

Table 3. List of monofilament, their nominal expected thicknesses, and their resistance
values, based on 50 mm length.

Monofilament Type Dia. (mm) Q/mm Qmm
Images Sl 1.72 13.62 31.65
Merlin Systems 2.00 15.20 47.75
Empa 2.00 1.03 3.01
Empa 0.30 36.00 2.54

3.2. Tensile Loading Results

The tensile loading response of the monofilaments is shown in Figure 2a, where the Merlin and
Images SI monofilaments show a non-linear loading profile characteristic of silicone or natural rubber
composite materials [36], while the Empa monofilaments show a yield point, followed by subsequent
relaxation at higher strains, more characteristic of thermoplastic materials. The tensile resistance-strain
response of the monofilaments is shown in Figure 2b, where the Empa 0.3 mm monofilament shows
the highest resistance as strain increases, and the slope change near 15% corresponds with the yield
point of the material (Figure 2a). The Empa 0.3 mm monofilament can achieve a high maximum strain
as compared with the Empa 2 mm monofilament. There were grip failure problems with the thick
monofilaments, including the Merlin and Images SI specimens. The monofilaments failed near the
grips and some debonding occurred to the glue securing the monofilament to the test frame and also
there was cracking of the conductive epoxy, which needs to be known when interpreting the sensor
response at high levels. This was not a problem however, with the cycle testing of monofilaments in
the 15%—-30% range.

In order to compare the different materials to one another, normalized resistance was calculated
based on the resistance at 0% strain for each monofilament type according to Equation (3), where Ry is
the resistance at a strain of zero, and R, is the measured resistance at a particular strain:

_ (Rm - RO)

R="—rp ®3)

The resistance-strain response of the monofilaments is shown in Figure 2b, where the Merlin
monofilament shows a lower slope than the Merlin and Images SI monofilaments. The resistance
signal for the Merlin and Images SI monofilaments was erratic at points above 30% strain, and may
have occurred due to cracking of the conductive epoxy at the electrical connections with contraction of
the material geometry at higher strains (this is not an issue with the 0.3 mm Empa monofilaments). The
Images SI monofilament shows a near-linear response from 0%-23% strain, where a slope transition is
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seen and slightly higher slope beyond that. The Empa 2 mm monofilament failed at a significantly
lower strain than the other monofilaments, reaching a maximum strain of 10%-15% on average.
Failure of the Empa 2 mm monofilaments occurred as necking near the grips and then rupture at that
point. Even by using roller grips instead of the paper frame the failure at the grips could not be
avoided. The use of roller grips improved the maximum strain by a few percent, but was not a significant
improvement. This behavior differs from the Empa 0.3 mm monofilament, where mechanical yielding
was very uniform along the length of the monofilament during loading, and failure generally occurred
in the middle of the monofilament. The resistance-strain response of the Empa 2 mm monofilament is
rather low compared to the other monofilaments, and shows a slope transition near 8%, also
corresponding the mechanical yield point, as was seen with the Empa 0.3 mm monofilaments.

Figure 2. (a) Stress-strain tensile response of the monofilaments and (b) normalized
resistance-strain response from 0%-30% strain.
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3.3. Cycle Testing Results

When considering the application of wearable sensors to track body position or form, it is clear that
tight fitting textiles are required, and that pre-strain of the piezoresistive monofilaments will be
needed. Therefore cycle behavior was investigated with a certain pre-strain. After loading to 30%, the
monofilaments were cycled between 15%-30% for four cycles and the resistance was tracked during
this time. Signal relaxation and drift could then be evaluated by looking at the loading and unloading
profiles of the signal. The Force relaxation of the Empa 0.3 mm, Merlin, and Images SI monofilaments
are shown in Figure 3, where a mechanical relaxation is seen in the initial loading to 30% strain for all
monofilaments. This peak is much less pronounced in the second cycle, and the relaxation behavior
stabilizes by the third or fourth cycle.
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Figure 3. Mechanical response of the monofilaments, loaded to 30%, and then cycled
between 15% and 30% strain levels.
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Figure 4a shows the strain loading profile as well as the resistance response of the Empa 0.3 mm
monofilaments. Figure 4b shows the signal response for the Merlin and Images SI monofilaments. The
Merlin and Images SI monofilaments show similar cycle behavior, with Images Sl having a slightly
higher signal. The difference in normalized resistance between 15% and 30% is 0.21 Q/Q for Images
SI, and 0.14 Q/Q for the Merlin monofilament. Both monofilaments show a large signal peak when
transitioning between strain levels. The signal of the Images SI and Merlin monofilaments increases
dramatically when transitioning between strain levels and the resulting signal peak must stabilize at
each new strain level. This is a barrier to using the Images SI or Merlin monofilaments for continuous
strain monitoring, and makes them more suitable to tracking state changes in an on/off configuration.
By comparison, the Empa 0.3 mm monofilaments show good adherence to the applied strain level,
both while transitioning between and when holding at the static strain levels, with only small signal
peaks (relaxation) when transitioning between dynamics and static strain states. The Empa 0.3 mm
monofilament also shows a slight increase in signal level from the first to the last strain cycle. This is
reflective of the need to pre-strain the monofilaments before using them in an application. The 0.3 mm
Empa monofilament has a resistance difference of 2.79 Q/Q between the 15%-30% strain steps.

The theory of conductivity in conductive polymers generally assumes that the individual particles
touch at different points in the polymer matrix, enabling conductive pathways through the material [37].
As mechanical strain is applied, the separation between conductive particles increases, leading to a
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decrease in the conductivity of the material. On the other hand, at large filling content new pathways
are generated because of the rotation of the structured nanoparticles [37]. These models can explain the
resistance behavior in all the monofilaments and have been studied previously [37]. The Merlin
monofilament displays a lower resistance at higher strain levels. For example, the resistance at 30%
strain is 0.85 kQ and 0.92 kQ at 15% strain. Similar results has been also investigated for the Empa
monofilaments with low carbon black content and is reported in [11,27]. The lower resistance could
explained by the alignment of conductive particles, which changes with strain and orientation along the
monofilament length, leading to an increase in connections in the internal conductive particle networks,
and a decrease in conductivity.

Figure 4. (a) Cyclic (15%-30%) tensile loading behavior of the Empa 0.3 mm
monofilaments and (b) behavior of the Images SlI, and Merlin monofilaments, with strain
cycle included for reference.
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Figure 5a shows the force response and Figure 5b shows the resistance signal response of the
2 mm Empa monofilaments (cycled between 2%-8% to reduce the possibility of tensile failure during
the test). Here a very pronounced resistance increase with successive loadings is seen, and also the
development of loading peaks after the third cycle exists. The change in resistance suggests that a
reorientation of the conductive pathways in the material occurred within in the first loading cycles.
This behavior is also seen with Empa 0.3 mm specimens (Figure 5a), but not to such a large extent.
The 2 mm results also illustrate well a decoupling between mechanical force and resistance signal
relaxation. The mechanical signal response stabilizes by the third cycle, but the resistance continues to
change through the fifth cycle.

Table 4 displays the gauge factor (k) values for the 15% and 30% strain steps, which were
calculated according to Equation (1) in order to better characterize the strain gauge performance. The
resistance values at the end of each strain step were used in the calculation to reflect the stabilized
measurement value. The gauge factor was lower at 30% than at 15% strain for both the Merlin and
Images SI monofilaments, while the Empa 0.3 mm showed relatively stable performance between both
strain steps. The Empa 0.3 mm monofilament attained a gauge factor of over 18 for both strain steps,
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and the difference in average gauge factor between the 15% and 30% strain steps was only 3.4%. The
Merlin monofilament showed the poorest performance at 30% strain of 0.32, while the Images SI
monofilament achieved gauge factors of 2.48 and 3.62 at 30% and 15% respectively, which is
comparable to conventional metal foil strain gauges.

Figure 5. (a) Mechanical relaxation of the Empa 2 mm monofilaments and (b) resistance
signal relaxation during mechanical cycling between 2%—-8% strain.
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Table 4. Gauge factor (k) values for the different monofilaments at 30% and 15%
strain steps.

30% Strain

Cycle 1 2 3 4 5 Avg.
Merlin 0.35 0.35 0.35 0.22 0.31 0.32
Images SI 2.66 2.52 2.48 2.39 2.34 2.48

Empa 0.3 mm 17.61 18.19 18.40 18.50 1854 18.25
15% Strain

Merlin 1.67 1.32 0.88 1.05 1.05 1.19

Images Sl 3.96 3.78 3.42 3.51 3.42 3.62

Empa 0.3 mm 19.61 19.13 18.82 18.58 18.38 18.90

3.4. Sensor Characteristics

The monofilaments were compared as strain sensors, with attention paid to the change in signal
relaxation, drift, and resolution over the cycle tests. Drift was characterized as a decrease in resistance
between the initial 30% strain and successive strain steps, while signal relaxation characterizes the
decrease in resistivity in each individual strain level while the monofilament is held at each strain step.
Figure 6a shows an idealized curve for a piezoresistive polymer under tensile loading, where points A
and B represent the peaks which occur when transitioning from a dynamic to a static strain state.
The relaxation is then the difference between the initial peak and the relaxed signal state (where the
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signal has stabilized). The strain application range is the difference between ¢; and ¢,. Figure 6b shows
the drift definition, which is defined as the difference between R; and R, divided by R;. Drift results
were computed from the Images SI, Merlin, and Empa 0.3 mm monofilaments.

Figure 6. Definition of signal relaxation (a) and drift (b) behavior for cyclic
tensile measurements.

Resistance
Resistance

Range

Time Time

(a) (b)

The relaxation results are shown in Figure 7a for the 30% strain level and the signal drift results are
shown in Figure 7b. As expected, all monofilaments showed signal relaxation behavior, however the
Empa 0.3 mm monofilaments showed the least amount (Figure 7a) over the five cycles, stabilizing at
3.5% for the 30% strain step. A relation for this monofilament below 8% was already reported by
Mattman et al. [11]. The first cycle at 30% of the Empa 0.3 mm is negative since a slight increase in
resistance occurred, similar to the behavior of the 2 mm Empa monofilament (Figure 7b). This is
indicative of the material yield point around 10%-15%, and that conditioning (pre-straining) of the
material is needed before use. The signal drift results in Figure 7b show that drift fluctuates for
the Merlin monofilaments, reaching levels of —3.0% to 3.5% at the 4th and 5th cycles respectively.
The Images SI monofilament shows better drift performance, with a maximum of 2% at the second
cycle. The Empa 0.3 mm showed an initially high drift at the second cycle, which then falls below 1%
by the 5th cycle.

Figure 7. (a) Signal relaxation and drift (b) results at the 30% strain level.
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In Figure 8a the last strain step from the cycle testing is shown, and Figure 8b depicts the
corresponding resistance vs. strain curves. Here treadlines are added to show the strain sensing
resolution of the Images SI and Empa 0.3 mm monofilaments. The Merlin monofilament does not
accurately track the changing strain, having an essentially flat response to the mechanical loading
beyond the initial and abrupt rise due to the changing strain state. The Images SI monofilaments
display lower resolution per strain (4.4 kQ/%) than the Empa monofilament, which has a resolution of
32.7 kQ/%. Figure 9 shows the cyclic loading results from 0%—-30% and 15%-30% for the Empa 0.3
mm (a) and Images Sl (b) monofilaments. Both monofilaments show some non-linear but repeatable
behavior after the first cycle. This more clearly shows the need for conditioning or pre-straining of the
Empa monofilament before obtaining a repeatable signal. The Images SI monofilaments show good

agreement from the first to the last cycle, however the transition from one strain step to another is not
very smooth as seen in Figure 8a.

Figure 8. (a) Last strain step from 15%-30% of the cycle testing and (b) the corresponding
resistance vs. strain plot with slopes calculated for the Images SI and Empa monofilaments.
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Figure 9. (a) Successive loadings of the cycle testing of the Empa 0.3 mm and (b) Images
SI monofilaments.
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4. Conclusions

All of the monofilaments were able to determine different stain levels during cycle testing, and
within their capacities, could be used as strain sensors, but differences were observed between the
different monofilament types. During transitions between static and dynamic strain states, large signal
spikes were seen with the Images SI and Merlin monofilaments, making them less desirable for
continuous strain monitoring applications. Signal relaxation and drift of the sensor signal while
holding at specific strain levels was present, and after successive strain cycling, the Empa 0.3 mm
monofilament showed the lowest signal relaxation and drift values. The Images SI and Empa 0.3 mm
monofilaments provided a near-linear response when loading between 15%-30%, however, the Merlin
monofilaments showed a signal plateau after 16%-18% strain. The 2 mm Empa monofilaments
composed of carbon black and a thermoplastic elastomer failed at low strains due to stress
concentrations at monofilament clamping (necking points due to mechanical yielding), making the
2 mm Empa monofilaments undesirable for high-strain sensing applications. The Empa 0.3 mm
monofilaments provided a high signal response at different strain steps, but also allowed good
continuous monitoring of strain transition stages between strain steps. Mechanical yielding of the
0.3 mm Empa monofilaments occurs along the monofilament length, which enables a high ultimate
strain (by reducing the material necking and subsequent stress concentration seen with the Empa 2 mm
monofilaments), and allowing the monofilament to be used in high strain applications (>100%).
However, pre-straining is needed before using the Empa monofilaments due to material yielding at
strains of 10%—-15%. Pre-straining stretches the material beyond the mechanical yield point, which is
dominated by the thermoplastic component of the TPE. Beyond this yield point, the elastomer
component of the material allows for high strains. Furthermore, signal drift is reduced, providing a
more stable sensor response. The combination of high signal resolution, high failure strain, and low
signal relaxation and drift make the 0.3 mm Empa monofilaments a stronger candidate than the other
tested monofilaments for wearable computing applications where continuous monitoring at high strains
IS required.

Acknowledgments

The authors would like to acknowledge the generous support of CTI (project number: 14927.1
PFLS-LS) and the Swiss Nano-Tera initiative (project number: 20NA21 123600, TechInTex), which
helped make this work possible.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. De Rossi, D.; Della Santa, A.; Mazzoldi, A. Dressware: Wearable hardware. Mater. Sci. Eng. C
1999, 7, 31-35.

2. Li, Y.; Cheng, X.Y.; Leung, M.Y.; Tsang, J.; Tao, X.M.; Yuen, M.C.W. A flexible strain sensor
from polypyrrole-coated fabrics. Synth. Met. 2005, 155, 89-94.



Sensors 2014, 14 1293

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

Stephen Baigrie, E.F.C.; Park, G.B.; Reddy, V.N.; Rinde, J.A.; Saltman, R.P. Conductive Polymer
Composition. US Patent 5,250,228, 5 October 1993.

Mountasir, A.; Hoffmann, G.; Cherif, C.; Kunadt, A.; Fischer, W.-J. Mechanical characterization
of hybrid yarn thermoplastic composites from multi-layer woven fabrics with function integration.
J. Thermoplast. Compos. Mater. 2012, 25, 729-746.

Huang, C.-T.; Shen, C.-L.; Tang, C.-F.; Chang, S.-H. A wearable yarn-based piezo-resistive
sensor. Sens. Actuators A: Phys. 2008, 141, 396-403.

Verdejo, R.; Bernal, M.M.; Romasanta, L.J.; Lopez-Manchado, M.A. Graphene filled polymer
nanocomposites. J. Mater. Chem. 2011, 21, 3301-3310.

Yamada, T.; Hayamizu, Y.; Yamamoto, Y.; Yomogida, Y.; lzadi-Najafabadi, A.; Futaba, D.N.;
Hata, K. A stretchable carbon nanotube strain sensor for human-motion detection. Nat. Nanotechnol.
2011, 6, 296-301.

Favini, E.; Agnihotra, S.; Surwade, S.P.; Niezrecki, C.; Willis, D.; Chen, J.; Niemi, E.; Desabrais, K.;
Charette, C.; Manohar, S.K. Sensing performance of electrically conductive fabrics and
suspension lines for parachute systems. J. Intell. Mater. Syst. Struct. 2012, 23, 1969-1986.
Cochrane, C.; Koncar, V.; Lewandowski, M.; Dufour, C. Design and development of a flexible
strain sensor for textile structures based on a conductive polymer composite. Sensors 2007, 7,
473-492.

Gibbs, P.; Asada, H.H. Wearable conductive fiber sensors for multi-axis human joint angle
measurements. J. NeuroEng. Rehabil. 2005, 2, 7.

Mattmann, C.; Clemens, F.; Tréster, G. Sensor for measuring strain in textile. Sensors 2008, 8,
3719-3732.

HBM Hottinger Baldwin Messtechnik GmbH (HBM). Available online: http://www.hbm.com/
(accessed on 11 December 2013).

Ruge, A.C. Strain Responsive Apparatus. US Patent 2,322,319A, 13 April 1943.

York, A.; Dunn, J.; Seelecke, S. Systematic approach to development of pressure sensors using
dielectric electro-active polymer membranes. Smart Mater. Struct. 2013, 22, 094015.

Mitch Berkson, D.F. Pressure Transducers Technical Note 1; Sensata Technologies: St. Attleboro,
MA, USA, 2008.

Michel, S.; Chu, B.T.T.; Grimm, S.; Ntesch, F.A.; Borgschulte, A.; Opris, D.M. Self-healing
electrodes for dielectric elastomer actuators. J. Mater. Chem. 2012, 22, 20736-20741.

Kujawski, M.; Pearse, J.D.; Smela, E. Elastomers filled with exfoliated graphite as compliant
electrodes. Carbon 2010, 48, 2409-2417.

Cochrane, C.; Lewandowski, M.; Koncar, V. A flexible strain sensor based on a conductive polymer
composite for in situ measurement of parachute canopy deformation. Sensors 2010, 10, 8291-8303.
Shui, X.; Chung, D.D.L. A piezoresistive carbon filament polymer-matrix composite strain
sensor. Smart Mater. Struct. 1996, 5, 243-246.

O’Brien, B.M.; Justin, T.; lain, A. Integrated extension sensor based on resistance and voltage
measurement for a dielectric elastomer. Electroact. Polym. Actuators Devices 2007, doi:10.1117/
12.715823.

Huang, C.-T.; Tang, C.-F.; Lee, M.-C.; Chang, S.-H. Parametric design of yarn-based
piezoresistive sensors for smart textiles. Sens. Actuators A: Phys. 2008, 148, 10-15.



Sensors 2014, 14 1294

22,

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

Zhao, H.; Zhang, Y.; Bradford, P.D.; Zhou, Q.; Jia, Q.; Yuan, F.-G.; Zhu, Y. Carbon nanotube
yarn strain sensors. Nanotechnology 2010, 21, 305502.

Martinez, F.; Obieta, G.; Uribe, 1.; Sikora, T.; Ochoteco, E. Polymer-based flexible strain sensor.
Procedia Chem. 2009, 1, 915-918.

Flandin, L.; Chang, A.; Nazarenko, S.; Hiltner, A.; Baer, E. Effect of strain on the properties of an
ethylene—octene elastomer with conductive carbon fillers. J. Appl. Polym. Sci. 2000, 76, 894—905.
Aharoni, S.M. Electrical resistivity of a composite of conducting particles in an insulating matrix.
J. Appl. Phys. 1972, 43, 2463-2465.

Liang, J.; Yang, Q. Aggregate structure and percolation behavior in polymer/carbon black
conductive composites. J. Appl. Phys. 2007, 102, 083508:1-083508:6.

Clemens, F.J.; Koll, B.; Graule, T.; Watras, T.; Binkowski, M.; Mattmann, C.; Silveira, I.
Development of piezoresistive fiber sensors, based on carbon black filled thermoplastic elastomer
compounds, for textile application. Adv. Sci. Technol. 2013, 80, 7-13.

Mattmann, C.; Amft, O.; Harms, H.; Troster, G.; Clemens, F. Recognizing Upper Body Postures
Using Textile Strain Sensors. In Proceedings of the 11th IEEE International Symposium on
Wearable Computers, Boston, MA, USA, 11-13 October 2007; pp. 29-36.

Tekscan: Tekscan Flexiforce Sensors User Manual. Available online: http://www.tekscan.com/
pdf/FLX-FlexiForce-Sensors-Manual.pdf (accessed on 11 December 2013).

LLC, S. FSR 101—THE BASICS. Available online: http://www.sensitronics.com/fsr101.htm
(accessed on 11 December 2013).

Interlink Electronics, 1. Force Sensing Resistor Integration Guide and Evaluation Parts
Catalog. Available online: http://resenv.media.mit.edu/classes/MAS836/Readings/fsrguide.pdf
(accessed on 11 December 2013).

Glazzard, M.; Kettley, S. Knitted Stretch Sensors for Sound Output. In Proceedings of the CHI
2009, Boston, MA, USA, 4-9 April 20009.

Abelton. Available online: https://www.ableton.com/ (accessed on 11 December 2013).
Correspondence. EAG0 Silicone Elastomer is a Conductive, Platinum-Cured Polysiloxane. It Has
Excellent Resistance to Ozone, Oxidation, Ultraviolet Light, Corona Discharge, Cosmic Radiation
and Weathering in General, ed.; Melnykowycz, M., Ed.; Images Scientific Instruments Inc.:
Staten Island, NY, USA, 2013.

Clemens, F.J.; Wallquist, V.; Buchser, W.; Wegmann, M.; Graule, T. Silicon carbide fiber-shaped
microtools by extrusion and sintering SiC with and without carbon powder sintering additive.
Ceram. Int. 2007, 33, 491-496.

Ismail, H.; Jaffri, R.M. Physico-mechanical properties of oil palm wood flour filled natural rubber
composites. Polym. Test. 1999, 18, 381-388.

Flandin, L.; Hiltner, A.; Baer, E. Interrelationships between electrical and mechanical properties
of a carbon black-filled ethylene—octene elastomer. Polymer 2001, 42, 827-838.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



