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ELECTROSPUN CARBON NANOFIBERS FOR HUMAN
MOTION MONITORING
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CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority under 35 U.S.C. § 119 to provisional application Serial

No. 62/333,635 filed May 9, 2016, which is incorporated by reference in its entirety.

BACKGROUND
L Field of the Disclosure

Novel methods, systems and processes for assembling a highly stretchable and highly
sensitive strain sensor are disclosed. Carbon nanofibers (CNFs) can be sandwiched in two
layers of elastomer polyurethane (PU) to form a sensor. The CNFs/PU strain sensor shows
large strain range of 300%, high sensitivity with gauge factor up to 72.5, and superior stability
and durability during 8000 cycles of stretch/release. These parameters distinguish the present
invention from piezoresistive strain sensors reported in the recent literature. Additionally, the
CNFs/PU strain sensor shows a fast, stable and reproducible response following the bending
movement of finger, wrist, and elbow. A flexible CNFs/PU strain sensor exhibiting such
properties can have broad applications in wearable devices for human motion monitoring.

IL. Description of the Prior Art
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Strain sensors detect the change of electrical characteristics such as current, resistance,
or capacitance in response to the mechanical deformation. Recently, strain sensors for human
motion monitoring, structural health monitoring, and electronic skin, etc. have attracted
considerable attention. To detect human motions, e.g., the large-scale motions like bending of
fingers, arms, or legs, strain sensors need to have high stretchability and sensitivity. However,
conventional strain sensors, which are made of thin metal foils or semiconductors, typically
detect only small strain (<5%) and have limited sensitivity (gauge factor ~2). Therefore, what
is needed are stretchable sensors that have high stretchability of strain (e.g. up to 300%), high
sensitivity of gauge factor (e.g. up to 72.5), and good durability and stability during the
stretch/release test. What is further needed are strain sensor devices suitable for human motion
monitoring, such as bending of finger, wrist and elbow; or in other words, an invention for

broad applications in wearable devices for human motion monitoring.

SUMMARY

Highly stretchable and sensitive strain sensors are in great demand for human motion
monitoring. The present disclosure provides a strain sensor based on electrospun carbon
nanofibers (CNFs) embedded in polyurethane (PU) matrix. The piezoresistive properties and
the strain sensing mechanism of the CNFs/PU sensor are investigated. The results show that
the CNFs/PU sensor has high stretchability of strain up to 300%, high sensitivity of gauge
factor as large as 72.5, and superior stability and reproducibility during the 8000 stretch/release
cycles. Furthermore, the CNFs/PU sensors can be used for monitoring the movements of
finger, wrist, and elbow bending, demonstrating that a strain sensor based on the CNFs/PU
provides a flexible and wearable device for human motion monitoring.

According to at least one exemplary aspect, a method for assembling a highly

stretchable and sensitive strain sensor is disclosed. The method contemplates forming a
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polyacrylonitrile (P AN) nanofibrous mat from electrospinning and producing a CNFs mat by
carbonization of the PAN nanofibrous mat. A PU solution is film cast into a PU film and the
CNFs mat and PU film can be assembled together. Electrical connections can be prepared on
the CNFs mat. The assembled CNFs mat and PU film can be encapsulated by film casting a
layer of PU on the CNFs mat for forming the strain sensor.

According to at least one other exemplary aspect, a highly stretchable and sensitive
strain sensor is disclosed. The strain sensor can include a polyacrylonitrile (PAN) nanofibrous
mat formed by electrospinning and a CNFs mat formed by carbonization of the PAN
nanofibrous mat. A PU solution film can be cast into a PU film, and the CNFs mat and PU
film can be assembled together. One or more electrical connections can be formed on the CNF's
mat. The assembled CNFs mat and PU film can be encapsulated by film casting a layer of PU
on the CNFs mat for forming the strain sensor.

According to another exemplary aspect a strain device for measuring human motion is
disclosed. The human motion strain measuring device can include a polyacrylonitrile (PAN)
nanofibrous mat formed by electrospinning and a CNFs mat formed by carbonization of the
PAN nanofibrous mat. A PU solution film can be cast into a PU film, and the CNFs mat and
PU film can be assembled together with one or more electrical contacts on the CNFs mat. The
assembled CNFs mat and PU film can be encapsulated by film casting a layer of PU on the
CNFs mat for forming the human motion measuring strain device. In a preferred aspect, the

strain device is disposed on a portion of the human body for measuring bending movement.

BRIEF DESCRIPTION OF THE DRAWINGS
Ilustrated embodiments of the disclosure are described in detail below with reference

to the attached drawing figures, which are incorporated by reference herein, and where:
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Fig. 1a) is a pictorial representation of a fabrication process for a CNFs/PU stretchable
strain sensor;

Figs. 1b) — 1d) are pictorial representations of cross-sectional SEM images of the strain
sensor shown in Fig. 1a);

Fig. 2a) is a pictorial representation of a strain sensor stretched to different strains;

Fig. 2b) is a pictorial representation of typical stress-strain curves for the neat PU film
and the strain sensor;

Fig. 2¢) is a pictorial representation of a plot illustrating resistance versus applied strain
of the strain sensor during a first stretch cycle;

Fig. 2d) is a pictorial representation of a plot illustrating relative resistance change
(AR/RO) versus applied strain of the strain sensor during the first stretch cycle;

Fig. 2e) is a pictorial representation of a plot illustrating gauge factor (GF) versus
applied strain of the strain sensor at the first stretch cycle, wherein the regions i, ii, and iii
correspond to “break phase”, “slide phase™ and disconnect phase”, respectively;

Fig. 3a) is a pictorial representation of the morphological changes of CNFs at the first
stretch cycle;

Fig. 3b) is a pictorial representation of cross-sectional SEM images of the strain sensor
cut along the stretch direction after being stretched for different strains;

Fig. 3c) is a pictorial representation of cross-sectional SEM images of the strain sensor
cut perpendicular to the stretch direction after being stretched for different strains;

Fig. 4a) is a pictorial representation of a plot illustrating resistance of the strain sensor
at the stretch/release cycle of 1, 2, 5, 10 and 100;

Fig. 4b) is a pictorial representation of a plot illustrating AR/RO of the strain sensor at

the stretch/release cycle of 1, 2, 5, 10 and 100;
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Fig. 4¢)is apictorial representation of a plot illustrating gauge factor of the strain sensor
at the stretch/release cycle of 1, 2, 5, 10 and 100;

Figs. 5A1 — 5A2 are pictorial representations of cross-sectional SEM images of the
strain sensor after being stretched to 300% at cycle 1;

Figs. 5B1 — 5B2 are pictorial representations of cross-sectional SEM images of the
strain sensor after being stretched to 300% at cycle 5;

Figs. 5C1 — 5C2 are pictorial representations of cross-sectional SEM images of the
strain sensor after being stretched to 300% at cycle 10;

Figs. 5SD1 — 5D2 are pictorial representations of cross-sectional SEM images of the
strain sensor after being stretched to 300% at cycle 100;

Fig. 6 is a pictorial representation of a plot illustrating relative resistance change
(AR/RO) versus cycle number for a strain sensor being stretched to 100% strain for 8000 cycles,
wherein a stretch/release cycle test apparatus is also shown in the inset;

Fig. 7a) is a pictorial representation of a plot illustrating the response (AR/RO) of the
CNFs/PU strain sensors following the bending motion of the finger, wherein further pictorial
representations of the flat and bending states of the finger are provided in the insets;

Fig. 7b) is a pictorial representation of a plot illustrating the response (AR/RO) of the
CNFs/PU strain sensors following the bending motion of the wrist, wherein further pictorial
representations of the flat and bending states of the wrist are provided in the insets;

Fig. 7¢) is a pictorial representation of a plot illustrating the response (AR/RO) of the
CNFs/PU strain sensors following the bending motion of the elbow, wherein further pictorial
representations of the flat and bending states of the elbow are provided in the insets;

Fig. S1 is a pictorial representation of a flexible CNFs/PU strain sensor in accordance
with an exemplary aspect of the present disclosure;

Fig. S2a) is a pictorial representation of an SEM image of electrospun PAN nanofibers;
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Fig. S2b) is a pictorial representation of an SEM image of electrospun CNF nanofibers;

Fig. S2c¢) is a pictorial representation of an SEM image of electrospun PAN nanofibers;

Fig. S2d) is a pictorial representation of an SEM image of electrospun CNF nanofibers;

Fig. S2e) is a pictorial representation of a plot illustrating diameter distributions of the
PAN nanofibers;

Fig. S2f) is a pictorial representation of a plot illustrating diameter distributions of the
CNF nanofibers;

Fig. S3 is a pictorial representation of a plot illustrating typical stress-strain curves of
an electrospun carbon nanofibers mat; and

Figs. S4A — S4B are pictorial representations of a strain sensor unstretched (A) and

after stretched 350% (B).

BRIEF DESCRIPTION OF THE TABLES

ustrated embodiments of the disclosure are described in detail below with reference
to the attached Tables, which are incorporated by reference herein, and where:

Table S1: Comparison of performances of piezoresistive strain sensors of the present

disclosure and reported in the art.

DETAILED DESCRIPTION
1. Introduction

Strain sensors detect the change of electrical characteristics such as current, resistance, or
capacitance in response to mechanical deformation. Recently, strain sensors for human motion
monitoring, structural health monitoring, and electronic skin, etc. have attracted considerable
attention. To detect human motions, e.g. the large-scale motions like bending of fingers, arms,

or legs, strain sensors need to have high stretchability and sensitivity. However, conventional
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strain sensors, which are made of thin metal foils or semiconductors, typically detect only small
strain (<5%) and have limited sensitivity (gauge factor ~2). Therefore, strain sensors with good
stretchability and high sensitivity for human motion monitoring are disclosed.

The present disclosure achieves all its intended objectives by disclosing strain sensors with
high strain range and sensitivity by fabricating piezoresistive elastic composites from, in at
least one aspect, mixing conductive filler with stretchable rubber/elastic polymer. The change
of resistance due to the change of the inter-filler distance during the stretch of the composite
can be used to detect strain. Various nanomaterials such as metallic nanoparticle/nanowire, Si
nanowire, carbon nanotube (CNT), and graphene can be used as conductive fillers. Strain
sensors using metal nanoparticle as a filler can achieve high sensitivity because of the high
resistance change during stretching; however the disconnect between the nanoparticles under
high strain leads to formation of irreversible inter-particle gaps/cracks, with the devices only
operating with limited strain range. The strain sensors based on one dimensional metal
nanowire (such as Ag nanowire) and CNT can measure high strain but have relative low
sensitivity. Furthermore, the preparation methods for these nanomaterial fillers and the
piezoresistive elastic composites can be time-consuming and expensive. For example, Si
nanowire, CNT, and graphene, can typically be prepared by chemical vapor deposition (CVD).
To fabricate the strain sensors, the fillers are typically dispersed in a solvent to form
suspensions/inks, and patterning/deposition of the inks often involves complicated processing
steps.

In the present disclosure, highly stretchable, sensitive strain sensors using flexible and
free-standing electrospun carbon nanofibers (CNFs) embedded in a polyurethane (PU)
elastomer are disclosed. The CNFs can be prepared by electrospinning of polyacrylonitrile
(PAN) followed by stabilization and carbonization. The strain sensor can be assembled by

sandwiching the free-standing CNF mat in two PU substrates. The piezoresistive properties
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and the sensing mechanism of the prepared CNFs/PU stretchable strain sensors are of
significant interest to meet the objectives of the present disclosure. The results show that the
sensors of the present disclosure have high stretchability of strain up to 300%, high sensitivity
of gauge factor up to 72.5, and good durability and stability during the stretch/release test for
8000 cycles. In addition, the present disclosure demonstrates human motion monitoring of
finger, wrist and elbow bending using the strain sensor.

2. Experimental

2.1 Materials

The materials included, but are not limited to, Polyacrylonitrile (PAN) (MW=150,000)
powder, tetrahydrofuran (THF, >99.9%) and N,N-dimethylmethanamide (DMF, 99.8%),
which are acquirable from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Other
materials included, but are not limited to, thermoplastic polyurethane (PU85A) which is
acquirable from Shenzhen Huay ang plastic raw materials factory (Shenzhen, China). Although
specific materials, amounts and providers are listed, these are provided by way of example as
these properties can change in order to meet the objectives of the present disclosure.

2.2 Preparation of Electrospun Carbon Nanofibers (CNFs)

Electrospun carbon nanofibers (CNFs) can be prepared by electrospinning. First, a 12
wt% PAN solution can be prepared by dissolving PAN in a mixture solvent of DMF/THF (mass
ratio 9:1). The PAN solution is filled in a plastic syringe (with a metal spinneret). During the
electrospinning process, a DC positive voltage of 15 kV can be applied to the spinneret, and
the feed rate of the PAN spin dope is set, for example, as 1.0 mL/h. A grounded aluminum foil
can be used as a collector, and the distance between the spinneret and the collector can be, for
example, about 20 cm. After electrospinning, a nonwoven PAN nanofibrous mat is obtained.
The mat can be dried in a vacuum oven at 100 °C for 6 hours prior to the oxidative stabilization

and carbonization treatments.
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The oxidative stabilization of the PAN nanofibrous mat can be carried out in a muffle
furnace. In at least one example, the mat is first heated up to 250 °C at a rate of 1 °C /min, and
then the temperature is maintained at 250 °C for 3 hours. During the process, a constant air
flow can be used to facilitate sufficient oxidative stabilization of PAN. Thereafter, the
stabilized PAN nanofibers are transferred into a tube furnace for carbonization. The
temperature, for example, is increased stepwise to 600, 800, 1000, and 1200 °C at a rate of 5
°C /min, and the furnace is held at each temperature for 1 hour. Finally, CNFs can be obtained
after cooling down the furnace to room temperature. Inert Argon atmosphere can be used
during the carbonization and cooling steps.

2.3  Assembly of Strain Sensor Device

PU granules can be dissolved in DMF to prepare a 15 wt% PU solution, and then a thin
layer of PU film can be coated on a clean glass substrate by film casting of the PU solution.
After the PU film is dried, a piece of CNFs mat can be placed on the PU film. In at least one
example, the piece is about 4 mm wide and 20 mm long, cut readily with a scissor. The two
ends of the CNFs mat are brushed with silver paste, and the copper wires are welded for the
electric contacts. Thereafter, a layer of PU can be cast on the surface of the CNFs mat to
encapsulate the device. After the PU film is cured, a free-standing and flexible strain sensor
device (Fig.S1) can be obtained by peeling off the film from the glass substrate.

3. Results and Discussion

Electrospinning is a versatile technique that can prepare polymeric, ceramic,
carbonaceous, and composite fibrous materials with the diameters ranging from tens of
nanometers up to several microns. PAN based carbon nanofiber is considered an outstanding
material for applications in energy conversion and storage devices, catalysts, and
electrochemical sensors, because of its good electrical conductivity, high aspect ratio, and high

specific surface area. In the present disclosure, CNFs are prepared by electrospinning of the
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PAN solution followed with oxidative stabilization and carbonization treatments. Fig.S2a) and
2¢) show the SEM images of the as-spun PAN nanofibers. The continuous PAN nanofibers
are randomly overlaid with diameters of 508+34 nm (Fig.S2e). After stabilization and
carbonization treatments, the obtained CNFs (Fig.S2b and 2d) have smaller diameters of
400+36 nm (Fig. S2f). In addition, the CNFs mat is free-standing and flexible, as shown in the
optical image of the CNFs mat (the first inset in Fig.1a). The free-standing CNFs mat can be
readily cut into different sizes for assembly of the strain sensor.

The assembly process of the CNFs/PU strain sensor is schematically depicted in
Fig.1a). The as-spun CNFs mat is first cut into long stripes with desired dimensions. The piece
is then placed on a PU film on a glass substrate. Finally, another layer of PU is cast to seal the
device. After the PU film is cured, the device can be peeled off from the glass substrate.
Optical images of a strain sensor are shown in Fig.1a (the second inset in Fig.1a) and Fig.S1.
The thickness of the CNFs layer is about 60 um (Fig.1b), and each PU layer is about 120 pm.
The cross-sectional SEM images of the device show that the CNFs are embedded in the PU
matrix (Fig.1c and 1d). Continuous nanofibers, broken nanofiber ends, and holes are observed
in the cross-section of the CNFs layer, indicating that the CNFs are randomly overlaid in the
PU matrix. The nanofibers parallel with the cut direction are continuous, and the nanofibers
not aligned with the cut direction were broken or pulled out when the device is fractured in
liquid nitrogen for SEM characterization.

Thermoplastic polyurethane (PU) is a highly elastic polymeric material that can tolerate
strain higher than 500%. Fig.2a) shows the optical images of a strain sensor with initial length
of 1.0 cm being stretched to 100%, 200% and 300%. The stress-strain curves of PU and the
CNFs/PU (Fig.2b) show typical elastomer behavior. The stress of the neat PU film is about 15
MPa at the break strain of 510%. The stress of the CNFs/PU material is about 20 MPa at the

break strain of 480%; both values of the stress and strain are similar to those of the neat PU
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film. The difference is likely related to the stress-strain property of the electrospun carbon
nanofibers. As shown in Fig.S3, the CNFs mat can only withstand strain less than 4% before
break. Even though the strain of the CNFs/PU strain sensor is as high as 480% before break,
the strain sensor is tested up to 300% strain. One reason is that the CNFs/PU sensor cannot
fully recover to the initial length when the strain is higher than 350% (Fig.S4); another reason
is that the 300% strain would be sufficient to detect most large-scale human body motions.

Fig.2c) shows the resistance (R) versus the applied strain (e=AL/LO0) of the CNFs/PU
strain sensor at first stretch cycle. Here, LO is the initial length of the strain sensor, AL is the
length difference of the sensor at the stretched condition and the initial length. The sensor had
a low initial resistance (RO) of about 85 Q, suggesting the good conductivity of the CNFs mat.
When stretched, the resistance (R) of the sensor increased. The resistance of the device at the
strain of 300% is about 10 kQ. Fig.2d) plots the relative resistance change (AR/RO) versus the
applied strain, where AR is the resistance change (AR=R-R0). At the strain of 300%, the
resistance of the device increased about 2 orders of magnitude.

The gauge factor (GF), defined as GF=(AR/Ro)/e, measures the sensitivity of a strain
sensor. Fig.2e) shows the variation of GF with the strain for the CNFs/PU device at the first
stretch cycle. For the CNFs/PU strain sensor being stretched to 300% strain at the first stretch
cycle, the change of GF could be divided to three different regions. In the strain range between
0 to 20%, GF increased sharply and reached to 12 at 20% strain; in the range of 20% to 100%
strain, GF was nearly constant; in the strain range of 100% to 300%, GF increased significantly
from 14 to 40.

The change of the gauge factor can be explained by the morphological evolution of
CNFs during the stretch of the device. Fig.3a shows the schematic of the morphology of CNFs
at different strains; the corresponding SEM images of the cross-sections of the device parallel

and vertical to the stretch direction are shown in Fig.3b) and 3c¢), respectively. The change of
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morphology/GF can be separated into three phases, correlated to the three regions of Fig.2e).
At the initial state (A), the random-overlaid CNFs embedded in the PU matrix (SEM images
Al-4) are continuous. For the strain range of 0 to 20% (phase i, “break phase™), the CNFs start
to break during stretching. As seen in the SEM images (B1-4) of the device after 20% strain,
the CNFs are broken into short fibers, which leads to rapid increase of the resistance and the
GF. For the strain range of 20-100% (phase ii, “slide phase™), more fibers can be broken into
short fibers, and the shortened fibers can slide through each other. The SEM images (C1-4) of
the device after 100% strain are shown in Fig.3. Parallel to the stretch direction (C1, C2),
shortened nanofibers are observed with orientation along the stretch direction, and the wavy
structure of the CNFs mat indicates the sliding of the nanofibers; vertical to the stretching
direction, few holes are observed in C4, suggesting that there are few long fibers after stretching
to 100% strain. In this phase, even though the shortened carbon fibers can slide in the matrix,
the connection between these nanofibers remain relatively constant, hence the GF is nearly
constant in phase ii (Fig.2e). When the strain is higher than 100% (phase iii, “disconnect
phase™), the CNFs begin to form wavy islands of shortened fibers parallel to the stretching
direction (SEM images D1-4), and the connection between these islands determines the
resistance of the device. With continuous stretching, the wavy islands of the CNF bundles
become less connected, leading to significant increase of resistance and the resultant GF in
Fig.2e).

After being stretched to 300% for the first time, the CNFs/PU strain sensor returned to
the initial length when the stress is released. However, because the CNFs are broken into short
fibers during stretching, the resistance of the device increased to about 2 kQ. In the next few
stretch/release cycles, the irreversible change of the resistance with the strain continued, until
the morphology of the CNFs/PU composite became stable. Fig.4 shows the behavior of the

strain sensor for the first 100 stretch/release cycles. At the second cycle, the resistance of the

12
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device rise to about 360 kQ at 300% strain, indicating the continuous shortening of the carbon
nanofibers. After the 10 stretch/release cycle, the resistance at 0% and 300% strain stabilizes
at values of ~2.5 kQ and 500 kQ, respectively. As shown in Fig.4b) and 4c¢), the AR/RO and
GF follows the similar trend. The GF reached as large as 72.5 at 300% at the stretch/release
cycle 5. Compared with the one at the first cycle, the GF versus strain curve at stretch/release
cycle 100 did not have a distinguished phase 1 (“break phase™) region, but had similar “slide
phase” (0-100%) and “disconnect phase” (100-300%) behavior. Note that the GF at 300%
strain for cycle 100 is slightly lower than those at cycle 5 and 10. This is likely related to the
increased initial resistance and decreased resistance at high strain due to the subtle changes of
the morphology.

The results of the strain sensor behavior in Fig.4 can be correlated to the morphology
of the CNFs/PU composite during the stretch/release cycles. As discussed before, during the
first stretch/release cycle, the long carbon nanofibers are shortened and the shortened
nanofibers form bundles (Fig.5 A1, A2). The shortening of the nanofibers leads to irreversible
resistance change after the first stretch/release cycle. The irreversible CNFs shortening
continues in the next few cycles. After stretched for 5-10 cycles, most of the CNFs are broken
to short fibers, and the stable bundles of the shortened CNFs are formed. As observed in the
SEM images (Fig.5 A1-C1), uniform nanofiber bundles are formed after 10 cycles (C1), and
the nanofiber bundles form wavy structures with a period of about 20 um. In the SEM images
A2-C2 shows that the CNFs become shorter and better embedded in the PU matrix with
repeatedly stretch/release of the device. After most of the CNFs are shortened and form
bundles during the stretch/release cycle, the resistance change of the device is determined by
the sliding and connection of the CNF bundles, resulting in stable and reversible strain sensor

behavior.
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The stability, reversibility, and durability of the CNFs/PU strain sensor can be tested
using a home-made stretch/release apparatus (inset of Fig.6). The stretch and release cycle is
controlled by a computer-controlled motor. The sensor is first manually stretched to 100% for
one cycle to shorten the CNF's before used for cycle test. The cycle test is performed for 8000
stretch/release cycles up to 100% strain. The AR/RO versus cycle number is shown in Fig.6.
The AR/RO decreased during the first 100 cycles, and then becomes stable. This result is
consistent with morphological observations (Fig. 5) that the irreversible shortening of the
carbon nanofiber is complete after 100 cycles. For practical application, the first 100 cycles
can be considered a device “aging” step. The device shows superior stability and reversibility
during the 8000 cycle test.

Table.S1. Comparison of performances of piezoresistive strain sensors of the present
disclosure and related art.

Prepare/assembly

Materials method Stretchability Gauge factor Reference
Ag nanoparticles t;;zgtse]:fr:il:gk 20% 2.05 Lee, J. etal.
Ag nanowires drop casting 70% 2-14 Amijadi, M., et al.
PANI/Au nanowire Chlnejvii;;iir;brush 100% 13 Gong, S., et al.
Si nanowires vapo;igq:g;:l;sohd 50% 350 Zhang, B.-C., et al.
dry-spun 900% 64 Ryu, S., et al.
Carbon nanotubes Iayer—tz\;—slzyr/]eg:r drop 100% 62.7 Roh, E., et al.
drop at surface 530% 12-25 Darabi, M.A., et al.
soaking 800% 35 Boland, C.S,, et al.
graphene Ia\;esrs—::)r\gtl)a;\\//er 150% - Park, J.J., et al.
embedding 100% 7.1 Yan, C., et al.
Electrospun Electrospinning & 300% 725 Present disclosure

carbon nanofibers

sandwiching

Table.S1 compares the performance of the CNFs/PU strain sensor in this work and the

ones reported in the related art. The CNFs/PU strain sensor show excellent stretchability and
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sensitivity. Preparation of the CNFs by electrospinning makes it easy to tailor the size and the
shape of the conductive component of the strain sensor, and the sandwiched device structure
which embeds the CNFs in a polymeric elastomer can be readily processed and integrated into
arrays of strain sensors.

Finally, the capability of the CNFs/PU strain sensor for detecting human motions is
disclosed. Large-scale motions of finger, wrist and elbow bending can be monitored using the
CNFs/PU strain sensor. A device “aging” step is carried out prior to the test. The response of
the finger, the wrist and the elbow bending is shown in Fig.7 and Figs. S1 — S3. The relative
resistance changes (AR/R0) during the bending of the finger, the wrist, and the elbow are about
6, 3 and 20, respectively. Obviously, the motion of the elbow gives higher strain (deformation),
which is measured by the large resistance change; on the other hand, the bending of the wrist
is limited, resulting in the small resistance change.

4.0. Conclusion

The present disclosure provides a simple method to assemble a highly stretchable and
highly sensitive strain sensor. Carbon nanofibers prepared by electrospinning of PAN followed
by stabilization and carbonization, are sandwiched in two layers of elastomer PU. The
CNFs/PU strain sensor shows large strain range of 300%, high sensitivity with gauge factor up
to 72.5, and superior stability and durability during 8000 cycles of stretch/release. These
parameters meet the intended objectives of the present disclosure and distinguish the present
disclosure from the piezoresistive strain sensors reported in the art. Additionally, the CNFs/PU
strain sensor shows fast, stable and reproducible responses following the bending movement
of fingers, wrists, and elbows. A flexible CNFs/PU strain sensor with the properties disclosed

herein can have broad applications in wearable devices for human motion monitoring.

15
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What is claimed is:

1. A method for assembling a highly stretchable and sensitive strain sensor, comprising:

forming a polyacrylonitrile (P AN) nanofibrous mat from electrospinning;

producing a carbon nanofibers (CNFs) mat by stabilization and carbonization of the PAN

nanofibrous mat;

film casting a polyurethane (PU) solution into a PU film;

assembling the CNFs mat and PU film together and preparing electrical contacts on the CNFs

mat; and

encapsulating the assembled CNFs mat and PU film by film casting a layer of PU on the

CNFs mat for forming the strain sensor.

2. The method of claim 1, further comprising:

forming a 12 wt% PAN solution by dissolving PAN in a mixture solvent of N,N-

dimethylmethanamide (DMF) and tetrahydrofuran (THF).

3. The method of claim 1, further comprising:

drying the PAN nanofibrous mat prior to carbonization.

4, The method of claim 1, further comprising:

oxidatively stabilizing the PAN nanofibrous mat prior to carbonization.

5. The method of claim 1, further comprising:

exposing the PAN nanofibrous mat to an inert gas during carbonization.

6. The method of claim 1, further comprising:

18
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preparing at least a 15 wt% PU solution from a PU constituent dissolved in DMF.

7. The method claim 1, further comprising:

detecting one or more human movements from placement of the strain sensor on one or more

parts of the body.

8. A highly stretchable and sensitive strain sensor, comprising:

a polyacrylonitrile (PAN) nanofibrous mat formed by electrospinning;

a carbon nanofibers (CNFs) mat formed by carbonization of the PAN nanofibrous mat;

a polyurethane (PU) solution film cast into a PU film, wherein the CNFs mat and PU film are

assembled together;

one or more electrical contacts on the CNFs mat; and

wherein the assembled CNFs mat and PU film are encapsulated by film casting a layer of PU

on the CNFs mat for forming the strain sensor.

9. The strain sensor of claim 7, wherein the PAN nanofibrous mat is formed from
electrospinning a 12 wt% PAN solution of PAN, N,N-dimethylmethanamide (DMF) and

tetrahy drofuran (THF).

10. The strain sensor of claim 7, wherein the PAN nanofibrous mat is dried prior to

carbonization.

11. The strain sensor of claim 7, wherein the PAN nanofibrous mat is oxidatively

stabilized prior to carbonization.

12. The strain sensor of claim 7, wherein the PAN nanofibrous mat is exposed to an inert

gas during carbonization.
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13. The strain sensor of claim 7, wherein the PU solution comprises a 15 wt% PU

solution from a PU constituent dissolved in DMF.

14. A strain sensor device for measuring human motion, comprising:

a polyacrylonitrile (PAN) nanofibrous mat formed by electrospinning;

a carbon nanofibers (CNFs) mat formed by carbonization of the PAN nanofibrous mat;

a polyurethane (PU) solution film cast into a PU film, wherein the CNFs mat and PU film are

assembled together;

one or more electrical contacts on the CNFs mat; and

wherein the assembled CNFs mat and PU film are encapsulated by film casting a layer of PU

on the CNFs mat for forming the strain sensor device for measuring human motion.

15. The strain sensor device of claim 14 disposed on a portion of the human body for

measuring bending movement.

16. The strain sensor device of claim 14 disposed at the wrist for measuring bending.
17. The strain sensor device of claim 14 disposed at the elbow for measuring bending.
18. The strain sensor device of claim 14 disposed at the finger for measuring bending.
19. The strain sensor device of claim 14, wherein electrospun carbon nanofibers form a

freestanding mat/film, and wherein the freestanding mat/film is readily tailored to the desired

shape and size before integration into the strain sensor device.
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