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Compressible and Electrically Conducting Fibers
for Large-Area Sensing of Pressures

Andreas Leber, Alexis Gérald Page, Dong Yan, Yunpeng Qu, Shahrzad Shadman,

Pedro Reis, and Fabien Sorin*

Flexible pressure sensors offer a wide application range in health monitoring
and human-machine interaction. However, their implementation in functional
textiles and wearable electronics is limited because existing devices are usu-
ally small, OD elements, and pressure localization is only achieved through
arrays of numerous sensors. Fiber-based solutions are easier to integrate and
electrically address, yet still suffer from limited performance and functionality.
An asymmetric cross-sectional design of compressible multimaterial fibers is
demonstrated for the detection, quantification, and localization of kPa-scale
pressures over m?-size surfaces. The scalable thermal drawing technique is
employed to coprocess polymer composite electrodes within a soft thermo-
plastic elastomer support into long fibers with customizable architectures.
Thanks to advanced mechanical analysis, the fiber microstructure can be tai-
lored to respond in a predictable and reversible fashion to different pressure
ranges and locations. The functionalization of large, flexible surfaces with the
1D sensors is demonstrated by measuring pressures on a gymnastic mat for

the monitoring of body position, posture, and motion.

1. Introduction

Pressure sensing plays a key role in the current technolog-
ical advancement of functional soft surfaces and textiles with
applications in health care,'™ sports,>l and human—machine
interaction.”® In particular, the measurement of pressures
exerted by the human body on surfaces, such as seats or beds,
represents an important benefit to health monitoring, as it can
contribute to the prevention of pressure ulcers and the surveil-
lance of motion patterns during sleep or physical exercise of
patients. However, besides secondary requirements such as
robust, long-term functioning, washability, and low cost, the
design of integrated textile pressure sensors is challenging
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because the surfaces to be functionalized
are large and relevant pressures ranges
are low.

In recent efforts, the coupling of con-
ductive nanomaterials, including metal
nanowires!”!% and carbon nanotubes,11-1°]
with soft materials, such as polydimethyl-
siloxanel'>1! or cotton fabric," has led to
a multitude of micro-electromechanical
devices that are conformable and flexible.
Pressure sensing with these deformable
material constructs is typically achieved
through changes in resistance>3-1
capacitance,1'12l  piezoelectricity,!'®l  or
triboelectricity.! Often with the help of
microstructuring!!>13] excellent sensitivi-
ties, low detection limits, and large meas-
urable ranges were achieved. However,
presented prototypes remain at a small
scale—generally a few square centimeters
of surface area—that hinders the integra-
tion in large fabrics or skins. Moreover,
the devices consist of 0D sensing elements, i.e., point sensors
without spatial resolution, for which pressure localization can
only be achieved through arrays of discrete sensors. Such sys-
tems necessitate numerous electrical contacts and wires within
the area exposed to pressures, which are particularly suscep-
tible to failure in flexible substrates, as well as extensive data
collection and processing.

In contrast to standard 0D devices, functional fibers repre-
sent an advantageous alternative strategy toward large-area
pressure detection and localization, because they are typically
fabricated in large lengths, can be seamlessly integrated into
textiles and, most importantly, enable distributed sensing.'’!
With the proper design, they can enable the functionalization
of large areas with a drastically reduced number of required
electrical connections or optical coupling placed outside the
area of interest!®20 leading to improved robustness and
reduced manufacturing costs. Particularly promising are
fibers originating from the thermal drawing process because
this technique allows the simultaneous processing of conduc-
tive and insulating materials into fibers of extended lengths,
fine architectures, and sophisticated functions, including pres-
sure sensing.?"2*l Thus far however, fiber designs with con-
ducting polymer composites were limited to simple symmetric
designs which prevented the simultaneous detection of pres-
sure location and pressure level. Moreover, the in-depth under-
standing and modeling of the mechanical deformation of soft
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multimaterial constructs, which are essential to control pressure
sensing functionalities, remain to be developed. As a result, the
integration of such smart fiber assemblies into large-area fab-
rics for pressure sensing has not been demonstrated to date.

Here, we present the design and scalable manufacture of
compressible and conductive fibers, which can detect, quantify,
and locate mechanical pressures along their entire lengths. The
thermally drawn fibers are constituted of polymer composite
electrodes arranged in a novel asymmetric architecture within
a soft thermoplastic elastomer support. Taking advantage of
the elastic structure, the fibers can be reversibly compressed,
resulting in the selective contacting of electrodes within the
fibers at distinct pressure levels. This experimentally demon-
strated functioning of the fiber devices is supported by finite
element analysis (FEA) to show the level of control and engi-
neering of the pressure ranges and sensitivity that can be
achieved through application-targeted fiber structures. Using
only simple resistance measurements, kPa-scale pressures
applied on the meter-long fibers are both reliably quantified
and located. This enables the facile functionalization of large
surfaces without the need of typically employed sensor arrays.
Specifically, we demonstrate the potential of such fibers in
large-area pressure sensing by integrating them onto a gym-
nastic mat for the monitoring of human body position, posture,
and motion.

a

&
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2. Results and Discussion

2.1. Fabrication of Compressible and Conducting Fibers

The thermal drawing technique is ideally suited for the coproc-
essing of various materials into long fibers with complex
architectures. In this process, polymer granules are first hot-
pressed into geometrically defined components, which are sub-
sequently assembled and consolidated into a preform. In the
quintessential final processing step, the preform is thermally
drawn into a multimaterial fiber (Figure 1a). Even when com-
posed of different materials and including an empty channel at
its center, the resulting fiber maintains the same architecture
as in the preform, while being much smaller in cross-sectional
dimensions and larger in length. Additionally, the scalable
process allows the fabrication of extended lengths of fibers
in a few hours of operation (Figure 1b). We identified carbon
black-loaded polyethylene (cPE) and poly[styrene-b-(ethylene-
co-butylene)-b-styrene] (SEBS) as suitable active and substrate
materials, respectively, in pressure-sensing fibers. While
both materials share the processing attributes necessary for
thermal drawing—high-viscosity material flow at elevated tem-
peratures—and form an intimate interfacial bond in the fiber
(Figure 1c), they exhibit vastly different sets of electrical and
mechanical properties. Due to the formation of a percolated net-
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Figure 1. Materials, fabrication, and principle of operation of pressure-sensing fibers. a) Schematic of thermal drawing process for the fabrication of
multimaterial fibers. b) Roll of 15 m of continuous fiber, demonstrating the scalability of thermal drawing. c) Optical micrograph of a fiber cross-section.
Two conductive cPE sheets are arranged opposite to one another in a soft SEBS support structure. d) Stress—strain curve of SEBS obtained by tensile
testing to 100% strain and back. The thermoplastic elastomer is soft (Young’s modulus of 2.89+£0.01 MPa) and nearly elastic (remnant deformation 8%).
e) Compression test of the fiber while simultaneously applying a voltage between the two cPE sheets and measuring the conductance at one fiber end.
The insets show optical micrographs of the fiber in the relaxed and compressed state, at which the cPE sheets are separated or in contact, respectively.
f) Schematic of the fiber with a compressed section and resulting equivalent circuit. A voltage (Uy) is applied and a current is measured at either fiber
end. The electrical load of the circuit is the sum of the resistances of the cPE sheets (2-R; or 2:R;, when considering the left or right fiber end, respec-
tively) and the contact resistance between the two sheets (R.). The total resistance increases linearly with the distance of the mechanical stimulation
from the fiber end. Measurements from both fiber ends enable the simultaneous detection of two pressure points on the fiber.
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work of conductive fillers within a thermoplastic matrix, cPE is
a conductive (p = 3 Qm) and rigid material. On the other hand,
the thermoplastic elastomer SEBS is an insulator and exhibits
large elastic deformability. To characterize the mechanical
behavior of SEBS, we performed tensile testing experiments
on a slab of material (Figure 1d), yielding a Young's modulus
of 2.89 £ 0.01 MPa in the linear regime. In these tests, the
samples were strained up to 100% and subsequently released.
Even after being exposed to such extreme strains, the material
almost entirely recovered its original shape during unloading.
A remnant deformation of 8% when the load was fully removed
was the result of viscous and plastic deformation contributions.
Thus, being both soft and highly elastic, SEBS is an attractive
material choice in applications where large and repeated defor-
mations under low loads are required.[?*-2°!

2.2. Pressure Detection and Localization on Fibers

The particular properties of cPE and SEBS can be exploited
for pressure sensing in fibers. In a first example, two parallel
sheets of cPE were embedded within a SEBS support structure
and drawn into a fiber (Figure 1b,c). In the relaxed state, the
two exposed faces of the conductive sheets are separated by an
air gap. When mechanical pressure is applied on the fiber, the
SEBS structure collapses and the two ¢PE conductors come in
contact, practically closing an electrical circuit. Upon removal
of the load, the structure relaxes, reverting back to its original
state. We quantified this mechanism by subjecting the fiber to a
pressure ramp while simultaneously applying a voltage between
the two cPE sheets and monitoring the conductance at one fiber
end (Figure le). At a threshold pressure of 7 kPa, the conduct-
ance abruptly jumped from 0 to 0.9 MQ™. A further increase
in pressure resulted in only a small increase of conductance of
0.06 MQ™!, which was attributed to a variation in contact resist-
ance. The subsequent unloading showed that the electrical
response was entirely reversible with only a small hysteresis
effect, quantified by a maximum pressure discrepancy of 3 kPa.

The significant and reversible electrical response makes the
proposed fiber an effective approach for pressure sensing. Par-
ticularly advantageous is the soft thermoplastic elastomer fiber
structure when compared to traditional thermal drawing mate-
rials, such as the thermoplastics polysulfone and poly(methyl
methacrylate), as it allows the reversible compression of a fully
enclosed structure and signal triggering at kPa-scale pressures,
which are relevant for applications in health monitoring.?”! The
most important feature of the pressure-sensing fibers, how-
ever, is that resistance measures can be traced back to the loca-
tions where a pressure is applied on the fibers. The working
principle becomes apparent when considering the equivalent
circuit of the fibers (Figure 1f). The electrical load of the circuit
is made up of three resistances in series: the two internal resist-
ances of the cPE sheets and the contact resistance between
the sheets. The resistance of the two cPE sheets scales with
the length of the resistive element that the current must travel
through. Indeed, we found a linear increase in resistance as a
point pressure was applied at positions farther away from the
interrogated fiber end. Evidently, this relationship is ideal for
the localization of pressures on fibers. In this sensing scheme,
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the sensitivity is simply the quotient of the cPE resistivity
and the cross-sectional surface area of the sheets, both of
which are constant for a uniform fiber, and amounted here to
0.6 MQ cm™. The contact resistance represents an error of the
sensor, which was quantified earlier by a change in conductance
and can be translated to an uncertainty in position of <1.2 mm
(see the Supporting Information). The error originating from
fluctuations in resistance measurements for a fiber loaded at
a constant pressure and position was 0.01 MQ, corresponding
to 0.2 mm (Figure S1, Supporting Information). For lengths of
fibers on the scale of meters, which are employed in the large-
area applications considered here, these errors are negligible.
Changes in resistance readings induced by environmental fac-
tors, including temperature, strain, and humidity, which can
result in more significant errors in localization, are discussed
in Section 2.4. Note that the fiber sensors are truly distributed
sensors that can respond to pressure with such resolution at
any point along their entire length. Finally, the capability of the
sensor can be extended by applying a potential and measuring
a resistance alternately from either fiber end. With this tech-
nique, two pressure points can be simultaneously detected and
located on the fibers.[?’]

2.3. Sensing of Pressure Level with Customizable Multielectrode
Fiber Architectures

Having devised a technique to detect kPa-range pressures
applied on meter-long fibers, we now turn to the challenge
of simultaneously locating and quantifying a pressure event
beyond a simple binary output. To address this task, we devel-
oped an alternative fiber architecture, while employing the
same materials used above (Figure 2a). In this modified design,
three small cPE sheets of width 200 um were arranged opposite
to a large cPE sheet of width 1300 um set on an incline. The
mechanical behavior of the fibers was once more investigated
by applying a pressure ramp (Figure 2b). As the compressive
load was increased, the top electrodes came into consecutive
contact with the inclined bottom electrode, each contact event
triggering an individual electrical signal at a distinct pressure
level. Also in this configuration, an abrupt increase in conduct-
ance was followed by a negligible further change at increasing
pressures. Presumably due to the larger deformations in the
structure compared to the fiber structure presented above, a
more pronounced hysteresis in the loading and unloading paths
resulted in a maximum deviation of 15 kPa between the trigger
and release pressures. Remarkedly, each electrode retained its
dependency on the location of the applied pressure (Figure 2c).
Similarly to the previous fiber example, the interrogation from
both fiber ends enables the localization of two pressure points
along the fiber for a given top electrode-ground electrode com-
bination (i.e., pressure level). Thus, in the current design of
a fiber with three top electrodes, a total of six pressure points
can be resolved. A limitation in this localization scheme is that
points of higher pressure must be distanced further from the
interrogated fiber ends than points of lower pressure. However,
in most load settings, such as a body on a surface, the highest
pressure is generated at the center and decreases toward the
extremities, and the fibers can thus be employed unrestrictedly.
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Figure 2. Fibers for detection of pressure level and location. a) Optical micrograph of the fiber cross-section. Three small conductive cPE sheets are
arranged opposite to a large inclined sheet in an SEBS support structure. b) Optical micrographs of the fiber cross-section under increasing pressure.
The consecutive contact of the electrodes results in an abrupt increase in the corresponding conductance at distinct pressure levels. c) Resistance of
the electrode pairs as a function of the position of the pressure on the fiber. The measurement can be performed at either fiber end. Due to overlapping
data points, the graph is shown once more separately for each electrode pair in Figure S2 in the Supporting Information. d) Finite element analysis
of the deformation of the fiber cross-section under increasing pressure, showing the maximum principal logarithmic strain field & (j&)| > |&g| 2 |e3],
where &, &, and &; are the three principal logarithmic strains) in the structure at different pressure levels and the pressure on the fiber structure as a
function of displacement. The progressive collapse of the structure is divided into distinct regimes separated by the consecutive contact events of the
electrodes. Each additional contact results in an increase in stiffness of the fiber structure.

To further explore the mechanism underlying this mechani-
cally induced signal triggering, we performed an FEA of the
fiber structure using Abaqus/Explicit. The simulation was eval-
uated by comparing the mechanical response of the compressed
fiber structure obtained through experimentation and the FEA,
and an excellent agreement was found (Figure 2d). The FEA
results indicate that the mechanical behavior of the fibers can
be divided into four distinct regimes, each separated by the con-
secutive contact events of the electrodes. i) At low pressures, the
entire applied load is carried by the two side walls of the open
channel. As the pressure is increased, the walls bend progres-
sively, and, eventually, the first top electrode comes in contact
with the ground electrode. ii) With additional loading, there is
an increase of the stiffness of the fiber structure, as indicated
by the slope of the pressure-displacement curve, given the
combined effect of the bridge generated by contact of the first
electrode and the continued bending of the side walls. Simi-
larly, further stepwise increases in the stiffness occur during
regimes (iil) and (iv), associated with the subsequent contacts
of the second and third electrodes, respectively. Note that the
maximum principal logarithmic strain in the structure rises
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to values as high as —0.4 (the negative sign signifies that the
associated strains are compressive). These large strain values
highlight, once more, the necessity of employing the elasto-
meric material SEBS instead of common thermoplastics, which
could not sustain reversibly such high levels of deformation.
The stepwise increase in stiffness of the fiber under compres-
sion justifies our choice for the positions of the three top elec-
trodes in the selected fiber design. While one might have been
tempted to space these electrodes equidistantly, such an archi-
tecture would result in unbalanced pressure levels (Figure S3,
Supporting Information). With the quantitative analysis of
the increasing stiffness in compression of the fiber structure,
we purposely shifted the position of the second top electrode
away from the first and toward the third top electrode. In this
noncentered electrode fiber design, signal triggering occurred at
equally spaced pressure levels. We anticipate that balanced pres-
sure levels will be preferred for most applications because applied
load ranges can be classified evenly. For this reason, all subse-
quent experiments were performed on fibers with three top elec-
trodes, which are triggered at the representative pressure levels
of 50, 150, and 250 kPa, noting that triggering at different pres-

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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sure levels could be readily achieved by adjusting the electrode
spacings. Additionally, the pressure level sensitivity can be tuned
through the tailoring of other geometrical aspects of the fiber
cross-section, such as the wall thickness, electrode gap, and angle
of the ground electrode. The fiber could also be adapted for appli-
cations where shear forces in addition to compressive loads are
expected. Angled forces can shift the pressures under which
the electrodes are triggered and, thus, cause pressure quantifica-
tion errors. These could be reduced through changes in the fiber
structure, such as a reduced electrode gap and thicker side walls.
Finally, the number of pressure levels detected by the func-
tional fibers can also be increased by the inclusion of additional
electrodes in the design. For example, we fabricated and char-
acterized a fiber with six top electrodes (Figure S4, Supporting
Information). Note that this increase in pressure resolution also
leads to an increase in spatial resolution of a generated pres-
sure map, as each added electrode is accompanied by a signal
specifying a pressure location. Overall, the fiber-based pressure
sensors that we have developed exhibit a discrete resolution of the
pressure level and offer the capability of a continuous pressure
location measurement. Our design can be highly customizable
toward specific applications, guided by a parametric exploration
of the FEA and implemented through thermal drawing.

2.4. Performance of Pressure-Sensing Fibers

To quantitatively assess the fibers' electromechanical perfor-
mance, we subjected them to repeated cycles of controlled
compression and relaxation while simultaneously monitoring
the conductance values corresponding to the three pres-
sure levels. The tests revealed that the electrical response of
the fibers to pressure was remarkably consistent and robust
(Figure 3a). All three pressure levels were triggered and released
consecutively within each pressure cycle, and no changes in
the conductance profiles were observed going from one pres-
sure cycle to the next. Even after 10 000 cycles, the electrical
response remained nearly unchanged. As we envision to use the
fibers for pressure-localization applications, we characterized
more thoroughly the ultimate output of the fiber-based sensors:
the magnitude and position of pressures on the fibers. First, we
measured the pressures at which the three electrode pairs were
triggered during cycle 1, 10, 100, 1000, and 10 000 (Figure 3b).
Variations in trigger pressures between different fiber samples
were quantified by a maximum error of +20 kPa during the first
cycle. Additionally, fatigue resulted in a maximum decrease in
mean trigger pressure of 18 kPa after 10 000 cycles. The quality
of pressure magnitude measurement of the fiber-based sensor,
limited by intrinsic variations and fatigue, was deemed to be
satisfactory, as the calculated errors fall well below the 100 kPa
difference of trigger pressure between levels. Second, we evalu-
ated the reliability of the fiber-based sensor for determining
pressure position. This was achieved by assessing the relation-
ship between the measured position and resistance prior to the
fatigue experiment (Figure S5, Supporting Information). Using
this calibration curve, recorded peak resistance values for each
cycle could be directly translated into position readings. During
the fatigue test, we monitored the change in position reading
over 10 000 cycles (Figure 3c). We found that the localization was
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highly consistent, quantified by a maximum error in position
reading between different fiber samples during the first cycle of
0.2 mm and a maximum drift of mean position reading due to
the repeated deformation of 0.6 mm after 10 000 cycles.

Next, we investigated the response time of the fiber-based
pressure sensors to mechanical stimuli (Figure 3d). The sup-
ported bandwidth represents an important sensor specification
because human body motion can reach frequencies as high as
10 Hz.”8l We compressed the fibers cyclically at frequencies of
1, 10, and 20 Hz, and simultaneously monitored the electrical
response. Experiments at higher frequencies could not be per-
formed due to limitations of the testing machine. Even at the
highest considered frequency of 20 Hz, the fiber followed the
motion of the indenter faithfully, and all three pressure levels
were triggered and released within each deformation cycle,
resulting in a constant signal amplitude.

We also tested the performance of the fiber-based sensors
under different environmental conditions, including humidity,
temperature, and strain. Proper functioning in variable envi-
ronments is an advantageous device property, as the fibers
could be exposed to moisture, heat, and deformations during
applications involving the human body. Furthermore, prac-
tical functional textiles should be machine washable. First, we
tested the fibers” stability in humid environments (Figure 3e).
In this test, fibers were first calibrated and subsequently sub-
mersed in a water bath. While being submerged, the fibers
were compressed at the predetermined positions and the
outputs recorded after 1 and 24 h in water. A comparison of
the positions determined by the fibers revealed that the expo-
sure to water had practically no effect on the functioning of
the fiber-based sensors, validating their robustness in humid
environments. To investigate the effect of temperature on the
functioning of the fiber-based sensors, we applied a controlled
temperature ramp to the fibers while monitoring the resistance
of the ground electrode end-to-end (Figure 3f). An increase in
temperature from 25 to 50 °C resulted in a resistance difference
per fiber length of 0.025 MQ cm™!. This increase in resistance
was found to be almost entirely reversible, quantified by a rem-
nant change in resistance per length of 0.003 MQ cm™. While
the difference in resistance induced by a change in temperature
scales orders of magnitudes below the sensitivity of the pres-
sure localization (=1 MQ cm™), it could reduce the accuracy
of the fiber-based sensor for large temperature differences and
exposed fiber lengths. Thus, we tested the functioning of the
fibers at an elevated temperature of 50 °C (Figure 3g). In this
test, fibers were first calibrated regarding their pressure position-
resistance relationship at room temperature. After heating the
fibers from 25 to 50 °C, pressures were once more applied
at the same predetermined positions and the resulting resist-
ance readings directly converted using the calibration curves
obtained at room temperature. Indeed, the significant tempera-
ture rise induced a non-neglectable error in the localization of
pressures of up to 15 cm. However, this issue can be resolved
by taking advantage of the multielectrode design of the fibers.
While the pressure localization relies on the resistance meas-
urement of electrode pairs interrogated from one fiber end, the
resistance of a single electrode end-to-end can also be moni-
tored. We used this measure to establish a temperature correc-
tion factor with which the calibration curve can be continuously

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED Fﬁ'%"cAﬁ‘c?ﬁ AL
SCIENCE NEWS MATERIALS

www.advancedsciencenews.com www.afm-journal.de

a b o

B
£
05 Pressure leve| 3———————— E 300/ pressure level 3 é 2 {1Pressure level 3
(@] [72)
goasf ||| NN Sl 575 ¢ 3] Eop— ~
< 05 Pressure Ievel ; 200 @ 2 1 Pressure level 2
8 - 2 Pressure level 2 5
E 0.25 S 150 ] { & § 8 0
s © Press r/e Ievel g 100 s -22 '
E 0.5 O g |Pressure level 1 & Pressure level 1
0025 = e o o * & 50w :
0 0 - - . - - © -2 . . . .
123 100 1000 10000 10° 10! 102 108 104 6 0 2000 4000 6000 8000 10000
Cycle Cycle
d g e
=380
o 11172 360 o--®--°""
o —Level 1 S40{g - -®--® "~
& 0.5 —Level 2 % 20
S o —Level 3 o 0 5 10 15 20 25 30
) ' ' " " " o) N>  Position (cm)
5 11 & X
8 [P
K 0.5; o 30 ———
5 07 £ 20
€ 1 %.g
s ] 2% 10{ HH
Z0.5, 8
0 0.5 1 1.5 2 25 3 before  1h ~24h
£ Time (s) = submersion in water  in water
s f g s h
€ 0.03 100 S
S | —heating T g |72 Sallorated at 25°C 2 | S o.06l —loading
g | —cooling S 90 —am el 2 B | —unloading
T 0.02 S 80 {—at50 °C with L SR =
e = compensation e P <004
g 2 70 K i g Y
) o Rl ad ®
2001 g o0 o 20.02
2 5 50 o o 3
8 0 § 40 g-z° g
8 > , g 0
3 30 S
K%} 25 30 35 40 45 50 40 50 60 70 80 R 0 2
é Temperature (°C) True position (cm) é Strain (%)

Figure 3. Performance of the pressure-sensing fibers. a) Electrical response of the three pressure level-indicating electrode pairs in the fibers under
repeated compression and relaxation for 10 000 cycles. Only the conductance profiles at three consecutive cycles starting at cycle 1, 100, 1000, and
10 000 are shown. b) Change in trigger pressure of the three electrode pairs as a function of cycle number. The error bars represent the standard devia-
tion between different fiber samples. c) Change in location reading of the three electrodes as a function of cycle number. The location is calculated
using the peak conductance of previously calibrated electrode pairs for each cycle. The lines represent the mean and the shaded areas the standard
deviation between different fiber samples. d) Time-resolved electrical responses of the fibers to compression at different frequencies, illustrating the
bandwidth of the sensor. e) Stability of fiber-based sensors under water. The resistances of the electrodes in the fibers are linearly dependent on the
position of the applied pressure, shown exemplarily only for one electrode pair. The color shade in the plot is relevant for the subsequent illustration.
The positions determined using the calibrated fibers are compared in dry conditions to submersion in water for 1 and 24 h. The shade of color indicates
the true position at which the fibers are compressed, and the height of the bars in the bar chart the measured position determined with the fibers.
f) Change in resistance per length of the fiber ground electrode induced by an increase and subsequent decrease in temperature. The lines represent
the mean and the shaded areas the standard deviation. g) Pressure position determined by the pressure-sensing fibers as a function of true position
at the temperature of calibration, at an elevated temperature without compensation, and at an elevated temperature with compensation, reducing the
error in pressure localization induced by the temperature effect. h) Change in resistance per length of the fiber ground electrode due to an applied and
subsequently released axial strain. The lines represent the mean and the shaded areas the standard deviation.

adjusted for any given temperature (see the Supporting Infor-  the source of the resistance change must not be known for the
mation). Using this compensation scheme, the temperature- compensation as long as the fiber is uniformly exposed to it.
induced error could be significantly reduced to a maximum  Note also that the electrode used for the monitoring of temper-
value of 3 cm and pressures localized without recalibration at  ature-induced resistance changes must not necessarily be one
elevated temperatures. The actual temperature change or even  involved in the pressure localization but could also be a separate
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Figure 4. Fibers in human body posture and motion monitoring. a) Eight pressure-sensing fibers are integrated on a gymnastic mat. The electrodes
exposed at the fiber ends are connected to a circuit board and are interrogated by a microcontroller. Fiber 5 and a coordinate system are shown, which
are relevant for subsequent illustrations. b) Photographs of a volunteer lying on the gymnastic mat in different positions labeled 1 to 4. The raw outputs
of fiber 5 as a function of time for the entire test, including shifts from one body position to the next, are shown as an example. The pressure level is
indicated by the number of electrodes that are triggered, while the distance of the pressure position to the fiber end is quantified by the signal value.
The times at which photographs were taken are indicated on the plot. Automatically generated pressure contour plots are obtained by processing the
data collected by all fibers with the help of previously determined calibration curves. Displayed pressure areas are defined by the two position readings

obtained for every fiber and pressure level and are thus a representation of only the pressure profile of the body.

electrode integrated within the fibers. As a final environmental
stimulation, we characterized the effect of an axial strain
applied along the fibers (Figure 3h). In this test, the resistance
of the ground electrode end-to-end was measured while the
fibers were elongated to 4% and subsequently released. While
the electrode remained conductive even at elevated strain levels,
a resistance difference per fiber length of up to 0.057 MQ cm™!
was found. Also in this case, the effect was reversible resulting
in a remnant resistance change per length of 0.004 MQ cm™
after unloading. As a longitudinal strain is expected to affect
all electrodes uniformly, the same compensation scheme intro-
duced for the temperature effect could be employed to reduce
the error in pressure localization applications where longitu-
dinal strains are to be expected. More complex modes of defor-
mation, such as fiber bending, could also perturbate the correct
functioning of the fiber-based sensors. However, as only appli-
cations of the fibers on flat surfaces are envisioned, the analysis
bending-induced errors goes beyond the scope of this work.
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2.5. Pressure-Sensing Fibers in Human Body Position, Posture,
and Motion Monitoring

To demonstrate the potential of fiber assemblies in large-area
pressure sensing applications, we integrated multiple fibers
onto a gymnastic mat for the monitoring of body position, pos-
ture, and motion (Figure 4a). We placed eight fibers strategi-
cally on the mat at positions where the highest body pressures
are expected, including the head, shoulders, tailbone, and
heels. The four electrodes at each fiber end were connected
to a custom circuit board using electrical wires, and a micro-
controller was used to interrogate the fibers. The prototype
highlights two key aspects of the fiber technology: first, the
outstanding throughput of thermal drawing, even at a labora-
tory scale, as the fiber used to functionalize the entire surface
of 180 cm x 60 cm was obtained from a single drawing experi-
ment; second, the number of electrical connections, which
is orders of magnitude lower than what would be needed to
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functionalize such a surface with 0D sensors. To directly output
pressure positions during use, the fibers were calibrated before
testing the device. This procedure consisted of compressing
each fiber at five predetermined points and correlating the
measured signals to the true positions. The performance of
the calibrated device was subsequently evaluated by having a
volunteer lie on the mat in different positions, and continu-
ously recording signals generated by all fibers (Figure 4b). The
signals of the sensor system, shown here only for the fifth
fiber from the top as an example, proved to be stable. Signals
collected from all fibers were translated to positions using the
calibration curves. To make the gathered data more accessible
to users, the readings were visualized in pressure contour plots
that were automatically generated in real-time. In these, the
displayed pressure areas are defined by the two position read-
ings obtained for every fiber and pressure level and are thus a
representation of only the pressure profile of the body. While
an increase in pressure within the outer determined body pro-
file will be detected through the triggering of another electrode
pair, a decrease will not, which is a limitation of our fiber-based
sensor. Nonetheless, as shown by the close correlation to the
photographs of different body positions, the pressure plots
can be used to determine body position, posture, and move-
ment. Moreover, the location of an exceedance of a threshold
pressure is easily picked out on the graphics. Knowledge of a
critical pressure location over time is crucial in assessing the
risk for the formation of bedsores.?”! We also tested the device
dynamically by asking a volunteer to walk on the mat as well
as lie on it and shift between different body positions (Video
S1, Supporting Information). Pressures could be resolved tem-
porally and spatially, and body movements on the mat were
accurately represented in pressure visualizations. The results
suggest that the fiber-based monitoring system presented here
allows for the detection of surface occupancy, assessment of
body posture and kinematics, and localization of exceedance
of critical pressures. In this application, we employed fibers
with trigger pressures of 50, 150, and 250 kPa. However, as
previously discussed, the trigger pressures can be tailored to
the specific information of interest through targeted changes
in the fiber geometry. Furthermore, the quality of the pressure
measurement over the large area could be further improved
through the inclusion of a higher number of fiber-based sen-
sors, resulting in a larger coverage. The information obtained
through the system could be particularly useful in health care,
such as pressure ulcers prevention and surveillance of sleep
patterns or physical exercise, but also in more general body
pressure measurements, such as car seat occupancy measure-
ments, detection of falls of elderly people, and monitoring of
foot traffic.

3. Conclusion

We have developed compressible and electrically conducting
fibers, optimized for the measurement of kPa-scale pressures
over m2-scale surface areas. The fibers consist of conductive
polymer composite electrodes arranged within a hollow, soft
thermoplastic elastomer support and are fabricated by the scal-
able thermal drawing technique. A mechanical pressure on
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the fibers results in the selective and reversible contacting of
electrodes, generating an electrical signal. We showed that the
fibers perform as accurate, time-responsive, and robust sensors
of both pressure magnitude and location. Moreover, the fibers
are customizable, as the electrical response to mechanical
stimuli can be tuned through targeted changes in the archi-
tecture, enabling control of trigger pressures as well as resolu-
tion of pressure level and location. The developed fiber-based
sensors stand out among standard pressure sensing strategies,
such as piezoresistivity, because the discrete rather than contin-
uous pressure level measurement is inherently impervious to
noise and drift. Moreover, the fibers act as distributed sensors
for the functionalization of large surface areas and enable pres-
sure localization without the need of typically employed grids
of 0D sensors, thus drastically reducing the number of failure-
susceptible electrical connections. This was demonstrated by
integrating the pressure-sensing fibers on a gymnastic mat,
with which human body position, posture, and motion was
captured. We anticipate that this robust, cost-effective, and
easily implementable technology can significantly contribute
to health monitoring of patients prone to pressure ulcers, and
anywhere else where pressures on large surfaces need to be
assessed reliably.

4. Experimental Section

Mechanical and Electrical Testing of Materials: The mechanical
behavior of SEBS (Kraton) was investigated by tensile and
compression testing with a standard frame (Mecmesin Multitest 2.5-i)
and load cell (Mecmesin Basic Force Gauge). In tension, samples
of dimensions 40 mm length, 24 mm width, and 5 mm thickness
were tested and in compression samples of dimensions 20 mm
length, 24 mm width, and 24 mm thickness. The displacement was
set to 300 mm min~' and 1 mm min~' for tensile and compression
testing, respectively. The resistivity of cPE (Goodfellow) was obtained
by performing resistance measurements with an electrical testing
instrument (Keithley Sourcemeter 2400) in four-probe configuration at
a current of 100 pA.

Fiber Fabrication: First, granules of the polymers were hot-pressed
(Lauffer Pressen UVL 5.0) into geometrically defined components.
Next, the parts of different materials were assembled into a fiber
preform, where a machined polytetrafluoroethene core was placed at
its center to create the empty channel. The preform was consolidated
in the hot press and the core was subsequently mechanically removed.
Finally, the preform was drawn into a multimaterial fiber with a custom
draw tower.

Structural and Electromechanical Analysis of Fibers: The cross-sections
of the fibers were examined by light microscopy (Leica DM 2700 M).
To investigate the fibers’ electrical response to pressure, the exposed
electrodes at the fiber ends were contacted using electrical wires and
silver paint. Resistances were measured using the Sourcemeter at a set
current of 100 nA for two-electrode fibers, and with a microcontroller
(Arduino Uno) for simultaneous measurements of multiple fiber electrode
pairs at an applied voltage of 5 V in a voltage divider circuit with a 10 MQ
reference resistance. In the compression test, 100 mm long fiber samples
were compressed between two plates of diameter 15 mm using a dynamic
mechanical analysis setup (DMA, TA Instrument DMA Q800), with which
displacement and force were measured. To evaluate the correlation
between pressure position and electrical response of the fibers, T m long
fiber samples were compressed locally with a rod of diameter 5 mm. For
fatigue testing, 100 mm long fiber samples were repeatedly compressed
in the DMA at a frequency of 5 Hz and the conductance measured
continuously for all three electrodes over 10 000 cycles. A position value
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was calculated for each cycle from the peak conductance values using
the previously determined calibration curves (Figure S5, Supporting
Information). The same test was repeated with interruptions at cycles
1, 10, 100, 1000, and 10 000, where a controlled pressure ramp test was
applied to determine the variation in trigger pressure of the electrodes.
To determine the mechanical bandwidth of the fiber-based sensors, fiber
samples were stimulated in the DMA at frequencies 1, 10, and 20 Hz, and
the electrical response recorded with an oscilloscope (Digilent Analog
Discovery) in the voltage divider circuit. To investigate the functioning
of the fibers in water, 0.5 m sections of 1 m long fiber samples were
submerged in a tray filled with water. The fibers were compressed locally
at predetermined positions with the rod and the resistance measured with
the Sourcemeter. To characterize the effect of temperature, fibers of length
1 m were placed on a hot plate and the temperature monitored with a
thermocouple coupled to a multimeter (Keithley DMM7510). Pressures
were applied at predetermined positions with the rod and resistance
measured with the Sourcemeter. The effect of strain was assessed by
elongating fibers of length 30 cm using the tensile testing stand and
resistance simultaneously monitored with the Sourcemeter.

Finite Element Analysis: FEA simulations were performed using the
commercial package Abaqus/Explicit, which offers a more efficient and
robust convergence performance in simulations involving complex
contact geometries compared to Abaqus/Standard. Given that the
cross-section of the undeformed fiber is uniform along its length,
the structure was simplified to a plane stress (2D) model (Figure
S6, Supporting Information). Considering the nonlinear mechanical
behavior of the thermoplastic elastomer used, the SEBS material was
modeled by the incompressible Yeoh hyperelastic material with the
strain energy potential U = C,(1h-3) + C,(11-3)2 + C3(1-3)3, where
I = 42 + A2 + 432 is the first invariant of the right Cauchy-Green
deformation tensor, and Ay, A,, and A; are principal stretches. The
material constants C; = 482.2 + 1.8 kPa, C, = —82.8 + 2.2 kPa, and
C; = 11.3 £ 0.8 kPa were determined by performing uniaxial tension
and compression tests on SEBS. The material of the electrodes cPE
was assumed to be a linear elastic material with a Young’s modulus
of 157 MPa determined by tensile testing (Figure S7, Supporting
Information). The contact between any two surfaces (or self-contact)
was assumed to be a general contact without penetration and friction.
The model was discretized by =67 000 CPS4R plane-stress elements with
an element size of 6.8 um. A mesh convergence study was performed
to ensure that the element size was sufficiently fine. Geometric
nonlinearities were taken into consideration in the simulation. During
loading, the bottom face of the fiber was clamped, and the top face was
compressed with a prescribed uniaxial displacement that was increased
smoothly from 0 to 600 im in 5 ms and restricted laterally. The kinetic
energy was less than 0.5% of the strain energy, which indicates that the
simulations captured the mechanical behavior of the fiber under quasi-
static loading conditions.

Fiber-Equipped Gymnastic Mat Manufacture: A fiber obtained from a
single draw was cut into eight pieces, each with a length of 0.6 m. The
exposed electrodes at each fiber end were contacted with silver paint and
electrical wires. Next, the fibers were fixed on the gymnastic mat using
double-sided tape. The wires originating from all the fibers were connected
to a custom circuit board. Each set of two electrodes was connected in
series to a reference resistance of 10 MQ, forming a voltage divider. The
fibers were interrogated with a microcontroller (Arduino Mega 2560) by
applying a voltage of 5 V successively at each fiber top electrode and
measuring the voltage across the reference resistance, which is inversely
proportional to the fiber resistance. In this setup, 48 values were recorded
at a rate of 4 Hz. Each fiber was calibrated by applying a point pressure
at five positions. For each electrode set, the voltage level was directly
correlated to a position using a two-term exponential fit.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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