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A Flexible and Multipurpose Piezoresistive Strain Sensor
Based on Carbonized Phenol Formaldehyde Foam for

Human Motion Monitoring

Lei Wang, Dong Xiang,* Eileen Harkin-Jones, Xuezhong Zhang, Yuntao Li,*
Yongfeng Zheng, Chunxia Zhao, and Ping Wang

High-performance flexible strain sensors are extensively studied for various
applications including healthcare, robots, and human—computer interaction.
In most of the reported research, the fabrication of these sensors involves
conductive polymer composites containing expensive metallic or carbon
nanomaterials. In this study, commercial phenol formaldehyde foam (PFF) is
carbonized by a simple high-temperature pyrolysis treatment and encapsu-
lated by polydimethylsiloxane (PDMS) to fabricate a flexible and multipurpose
piezoresistive strain sensor. The as-fabricated PDMS-cPFF strain sensor is
capable of detecting various strain modes, including tension, compression,
and three-point bending. Furthermore, the sensor exhibits a high sensitivity
with a gauge factor (GF) of —20.5 under tension and stable signal responses
in a frequency range of 0.01-0.5 Hz. The sensor is also capable of accurately
monitoring a subtle bending strain of 0.05%. In addition, the sensor shows
excellent durability in cyclic loading/unloading tests up to 1000 cycles. The
applications of this strain sensor in both large- (finger bending and neck
movement) and small-scale human motion monitoring (facial micro-expres-
sion and phonation) are demonstrated, showing its potential for applications
in wearable electronics. This work also offers an alternative route to reuse
waste thermosetting resins which would otherwise be difficult to recycle.

1. Introduction

Flexible strain sensors are one of the most important compo-
nents in wearable electronics and have been extensively studied
in recent years.'] They exhibit high sensitivity,® consider-
able stretchability,”! and excellent durability,® which makes
them widely utilized in sports, personal health monitoring,
soft robots, and human-computer interaction.®12l To date,
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various flexible strain sensors based on
capacitors,[3l  field-effect transistors,'
and piezoresistive materials(®! have been
reported. Among them, piezoresistive
strain sensors are advantageous due to
their relatively simple structures and
straightforward preparation methods.['-18]
These types of strain sensors are typically
fabricated by introducing conductive fillers
into soft elastomer materials. The strain or
deformation applied to the sensor can be
determined by measuring the change in
the electrical resistance.

The most commonly used conductive
fillers in these sensors to date have been
metallic particles and carbon nanomate-
rials, including carbon black (CB),[12%
carbon nanotubes (CNTs),21?2 and gra-
phene.?*2* However, metal particles have
the disadvantages of chemical instability
and requiring relative large loadings,
which leads to reduction in process-
ability and in the flexibility of strain sen-
sors. In contrast, carbon nanomaterials
with excellent electrical conductivity have
been regarded as promising additives for
flexible strain sensors. For instance, Pan et al.l’’! demonstrated
a stretchable strain sensor based on 3D graphene films, which
exhibited excellent strain-sensing performance with a workable
strain range of up 187% and simultaneous gauge factor of up
to 1500. Although carbon nanomaterials endow flexible strain
sensors with superior electromechanical performance, the high
costs of raw materials due to complex fabrication has greatly
hampered their mass production.

From an environment and economic perspective, conductive
carbonized materials based on biomass or industrial waste plas-
tics are attractive choices due to their low cost, availability, and
sustainable sourcing. Through a simple pyrolysis treatment,
these nonconductive materials transform into carbonized
conductive matter, thereby becoming effective fillers for flexible
strain sensors. In recent years, biomaterials such as cotton,[2%7]
silk,128 lignin, 12l and bamboo fibers,?% have been increasingly
used to fabricate flexible strain sensors. For instance, highly
efficient strain sensors based on carbonized cotton fabric
from commercial clothes were prepared by Zhang et al.,B!
with a large working strain range (€ > 140%), high sensitivity
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(GF = 64), and good mechanical durability over 2000 loading
cycles. Similarly, Li et al.?? prepared a flexible strain sensor
by directly using carbonized commercial tissue paper that was
recyclable. Most biomass materials have their own particular
intrinsic interconnected structures, such as fiber and fabric
structures. Therefore, the performance of these strains sensors
significantly depends on the source of biomass, which may lead
to lower reliability and repeatability. It is widely known that
industrial waste plastics, especially waste thermosetting resins,
are difficult to recycle due to the hyper-crosslinked polymer
chains. Although this structural feature makes thermosetting
resins almost infusible and insoluble, it is possible to obtain
porous conductive structures after thermosetting resins are
carbonized.

Phenol formaldehyde foam (PFF) is a common thermosetting
resin that is widely used in heat and sound insulation applica-
tions in the construction industry.?3 In this work, we demon-
strate the fabrication of a flexible and multipurpose strain sensor
by using PFF as a raw material. Commercially purchased PFF
was firstly converted into carbonized PFF (cPFF) with tunable
electrical conductivity by high-temperature pyrolysis. Then, poly-
dimethylsiloxane (PDMS) was used as the elastomer to encap-
sulate cPFF to fabricate a piezoresistive strain sensor. The pie-
zoresistive properties of the PDMS-cPFF multipurpose strain
sensor under tension, compression, and three-point bending
were studied. The sensor exhibited high sensitivity, stable cur-
rent response, and excellent durability over many loading cycles.
Furthermore, large-scale (finger bending and neck movement)
and small-scale (facial micro-expression and phonation) human
motion were successfully monitored, thereby demonstrating the
potential of the proposed sensor in smart wearable devices.

2. Experimental Section

2.1. Materials

Commercial phenol formaldehyde foam (PFF) with a volume
density of 26 kg m~ was supplied by Xinteda Energy Saving
Materials Co., Ltd. (Chengdu). Nitrogen gas with a purity of
99% was purchased from Sichuan Messer Gas Products Co.,
Ltd. SYLGARD 184 silicone elastomer kit (Dow Corning, USA)
PDMS was used for encapsulation.

www.mme-journal.de

2.2. Preparation

Figure 1a shows the fabrication procedure of carbonized PFF
(cPFF)-based flexible strain sensors. A PFF block was firstly
cut into 17 mm X 7 mm x 2 mm sheets using a blade and
then alternately immersed in ethanol and deionized water for
2 min for cleaning. After being dried at 80 °C in an air oven
for 1 h, PFF sheets were placed in a tubular furnace (Jingke,
OTF-1200X), where specimens were carbonized in an inert
atmosphere under a nitrogen gas flow of 100 mL min~!. The
carbonization process is shown in Figure 1b. The carbonization
temperature (T,) varied from 400 to 900 °C.

In order to ensure proper encapsulation, cPFF sheets were
carefully immersed in the PDMS liquid prepolymer which
was prepared by mixing its base and curing agent at a mass
fraction of 10:1 in a beaker. This beaker was then placed in a
vacuum oven at —0.08 MPa and room temperature to remove
the bubbles in the cPFF and facilitate the effective infusion of
PDMS. After 30 min, soaked cPFF sheets were removed from
the beaker and cured at 100 °C for 35 min to obtain PDMS-
cPFF sheets.

The ends of the PDMS-cPFF sheet were cut off using a blade
to expose the inner conductive cPFF section and to enable the
introduction of electrical contacts. Electrodes made of silver
paste were attached to these ends to connect external wires
and then cured at 80 °C for 10 min. The distance between two
electrodes was fixed at 15 mm. The as-prepared PDMS-cPFF
conductive element was then placed in a customized glass
mold and encapsulated by PDMS liquid prepolymer. After
being cured at 100 °C for 35 min in an air oven, the PDMS-
cPFF strain sensor was finally ready.

2.3. Characterization

Thermogravimetric analysis (TGA) was performed using a
TGA/SDTAS851e thermal analyzer (Mettler Toledo) to under-
stand the pyrolysis behavior of PFF in an inert N, atmosphere.
The heating rate was fixed at 20 °C min™' and the temperature
ranged from 50 to 1000 °C. Morphologies of PFF, cPFF, and
PDMS-cPFF as well as their main elemental analysis were
studied using scanning electron microscopy with an energy-
dispersive X-ray spectroscope (SEM-EDS, Zeiss EVO MAIS5).

(b) o
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Figure 1. a) Fabrication of the PDMS-cPFF multipurpose strain sensor and b) related carbonization process parameters.
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Figure 2. In-house developed electromechanical measuring system.

Prior to imaging, fractured surfaces of specimens were sput-
tered with gold. Raman spectroscopy was carried out using
a micro-Raman spectrometer (IDRaman micro IM-52) with
785 nm laser excitation and a spectral range of 200-2000 cm™!.

The volume conductivity (oy) of the PDMS-cPFF conduc-
tive elements was measured using a two-point method with a
picoammeter (Keithley 6485) and DC voltage source (Tektronix
PWS4323), using the formula: oy = (L X I)/(U x S), where L
and S are the length and cross-sectional area of specimens; U is
the output voltage from the source and I is the measured cur-
rent. To investigate the strain-sensing behavior of the PDMS-
cPFF strain sensor, an in-house developed electromechanical
measuring system (Figure 2) was used, which consisted of a
universal testing machine (MTS CMT-4101), the above picoam-
meter, and DC voltage source. The specimens were subject to
various forms of loading such as tension, compression, and
three-point bending under an applied voltage of 3 V. All elec-
trical and mechanical data were collected using specialized
software.

3. Results and Discussion

3.1. Electrical Conductivity and Morphology
From the TGA curve and its differential values (DTG) of PFF

(Figure 3a), it is evident that the maximum degradation temper-
ature (Tj,.y) is about 570 °C, where PFF rapidly converts into
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carbon. Hence, an initial T, of 400 °C was chosen to study the
electrical conductivity of carbonized PFF. Figure 3b shows the
effect of T, on the oy of cPFF and on mass residual ratio. When
PFF was carbonized at a low T, the oy of the corresponding
cPFF also had a low magnitude. For example, oy of cPFF-400
and cPFF-500 are 6.1 x 107 S m™ and 1.5 x 10 S m™,
respectively. When T, was increased to 600 °C, the value of oy
significantly increased to 1.3 x 10 S m™!, which is four orders
of magnitude higher than cPFF-500. When T exceeded 700 °C,
the rate of increase of oy decreased but the value reached a
relatively high conductivity level. Considering both the optimal
electrical conductivity and the Joule heating effect,** we choose
cPFF-700 (oy = 0.8 S m™!) as the material for the preparation of
the flexible strain sensor.

The SEM images of PFF and cPFF-700 are shown in
Figure 4. It can be observed that the pore diameters of both
specimens in Figure 4a,b are relatively uniform. The average
pore sizes (D,) of PFF and cPFF-700 as determined using the
Nano Measurer software are 179.9 and 178.7 um, respectively.
Their corresponding pore size distributions are 78.5-298.8 um
and 81.9-287.4 um, as shown in insets of Figure 4a,b, respec-
tively. This indicates that the carbonization has a minor influ-
ence on the original porous structure of PFF and its main
porous framework is retained. In addition, compared to PFF
(Figure 4a-1), some breakage can be observed in the porous
structure of the cPFF-700 (Figure 4b-1), which can be attributed
to degradation of the thin cell walls in PFF due to high-temper-
ature carbonization.

Two aspects are considered when investigating the effect of
carbonization on the conductivity of cPFF. Firstly, carbonization
can change the elemental composition of PFF. From results of
EDS (Figure 5a), it can be seen that the main elements in cPFF-
700 are C, O, and P with 93.1, 17.0, and 2.2 wt% composition,
respectively. Compared to PFF, C increases by 14.6 wt% while
O decreases by 13.6 wt%.

Secondly, when PFF is carbonized under a relatively high T,
part of the amorphous carbon transforms into graphitic carbon.
This process of graphitization greatly improves the electrical
conductivity, since the conjugated benzene rings in graphite
sheets are beneficial for current conduction.?”! Compared to
PFF, the Raman spectrum of cPFF-700 (Figure 5b) shows two
distinct peaks, around 1330 and 1597 cm™, which correspond
to the D band and G band peaks, respectively. The G band is
associated with microcrystalline sp? carbon and the D band
is related to its defects.?>) The ratio of their peaks intensities
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Figure 3. a) TGA and DTG curves of PFF and b) volume conductivity of cPFF under different carbonization temperatures.
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Figure 4. SEM images of a) PFF and b) cPFF-700.

(Ig/Ip) are related to the degree of graphitization to some
extent.*®l For cPFF-700, the I¢/Ip value is calculated to be 1.12,
which confirms the formation of graphitic carbon after the car-
bonization process.

3.2. Encapsulation and Pre-Strain Treatment

Due to the brittle nature of cPFF, its porous structure is easily
broken under a small deformation. Hence, it cannot be directly
used as a flexible strain sensor. However, after being encap-
sulated by PDMS, the PDMS-cPFF strain sensor can endure
repeatable deformation and retain its original porous structure.
From the cross-sectional SEM image of the PDMS-cPFF-700
strain sensor (Figure 6a), one can observe that PDMS has
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effectively filled the pores of the cPFF-700. Distributions of C,
Si, and O elements in PDMS-cPFF-700 are further examined
in the EDS color map (Figure 6b—d). Compared to cPFF, a
significant increase in the weight fraction of Si (increased by
42.0 wt%) and O (increased by 7.7 wt%) (Table 1) confirms the
presence of PDMS in the porous structure of cPFF.

In order to obtain reliable strain-sensing behavior, the
PDMS-cPFF-700 strain sensor was subjected to 30 cyclic pre-
strain treatments under different strain modes, including
tension, compression, and three-point bending. An SEM
image of the PDMS-cPFF-700 strain sensor (Figure 7a)
obtained after pre-strain treatments shows that some parts of
the porous carbon structure have been destroyed, resulting
in the formation of carbon fragments. However, these frag-
ments are restricted by the surrounding PDMS, forming a

(b)

—PFF
¢PFF-700

G band
D band

Intensity (a.u.)

--——M

500 1000 1500 2000 2500 3000
Raman Shift (cm™)

Figure 5. a) Comparison of major element content in PFF and cPFF-700 and b) their Raman spectra.
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Figure 6. a) Cross-sectional SEM image of PDMS-cPFF-700 strain sensor and b—d) its major elemental distribution from EDS.

so-called fragmented carbon framework (FCF, illustrated in
Figure 7b).

Stress—strain curves of the PDMS-cPFF strain sensor under
tension, compression, and three-point bending are, respec-
tively, shown in Figure 8a—c. For different pre-strain treatments,
their stress—strain hysteresis loop areas are relatively small,
indicating that the strains can return to their initial values
after the stress is released. For instance, residual strains in
30th cycle of compression (Figure 8b) and three-point bending
(Figure 8c) are 2.3% and 0.3%, which indicates this sensor has
good elasticity. Furthermore, after 30 cycles of loading, stress—
strain hysteresis loops of the PDMS-cPFF strain sensor are
almost unchanged, indicating that this strain sensor has a good
mechanical repeatability.

3.3. Piezoresistive Behavior

Figure 9 shows the strain sensing behavior of the PDMS-
cPFF-700 strain sensor under different deformations. In order to
better characterize the electromechanical performance of strain
sensors, the relative electrical current variation (RCV = Al/Iy =
(I = Io)/I,, where Iy and I are the initial and real-time current,
respectively) was calculated. The relationship between RCV
and applied monotonic strain under tension, compression, and

Table 1. Elemental composition of PFF and cPFF-700.

Sample number C [wt%] O [wt%] P [wt%)] Si [wt%]
cPFF-700 93.1 3.4 2.7 N.A.
PDMS-cPFF-700 46.9 1.1 N.A. 42.0

Macromol. Mater. Eng. 2019, 1900492

1900492 (5 of 9)

three-point bending are shown in Figure 9a,d,g, respectively.
Under tension and three-point bending, AI/I, decreases with
the increase of applied strain due to the gradual destruction of
conductive network in the sensor, which is shown in Figure S1,
Supporting Information. In addition, two linear regions with
different slopes are observed in both RCV-strain curves. The
slope of the RCV curves reflects the sensitivity of the strain
sensors, which is denoted as the gauge factor (GF = RCV/Ag,
where Ae is the change of applied strain). From Figure 9a,g, it
can be seen that GF; (—20.5 and —19.6) is much lower than GF,
(—0.3 and —1.7), indicating that this strain sensor is more sensi-
tive under small strain (e.g., Ae < 4 %). Its sensitivity shown in
both tension and bending deformation is higher compared with
the recently reported studies.’>3738] This is probably due to
the tunneling effect in the fragmented carbon framework that
dominates the conductive mechanism in small strain ranges,*”!
leading to large RCV of the strain sensors.

However, as shown in Figure 9d, the RCV-strain relation-
ship is quite different when this sensor is compressed. Obvi-
ously, the RCV-strain curve exhibits both negative and positive
piezoresistive effects during the entire strain range of 0-40%,
where the compressive strain of 20% is the turning point. To
further understand the underlying mechanism, a schematic
depicting the change of the internal structure is proposed in
Figure 10. When the strain sensor is under small compressive
strain, the deformation of PDMS elastomer particles induces
a deflection and separation of surrounding carbonized frag-
ments, which can result in electrical disconnection in the pre-
viously connected FCF (Figure 10b). Although further com-
pression causes larger deformation of FCF, neighboring con-
ductive fragments can reconnect to generate new conductive
pathways (Figure 10c). Therefore, a positive piezoresistive effect

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. a) SEM image of PDMS-cPFF after pre-strain treatments and b) schematic for the formation of fragmented carbon framework.
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Figure 10. Schematic of the fragmented carbon framework evolution in
the PDMS-cPFF strain sensor: a) before compression, b) under small
strain (<20%), and c) under large strain (>20%).

dominates the strain-sensing behavior when the compressive
strain exceeds 20%.

To fully evaluate the piezoresistive properties of the PDMS-
cPFF-700 strain sensor, cyclic loading tests were conducted.
RCV responses for different strain ranges at a frequency
of 0.1 Hz were measured, as shown in Figure 9b (tension),
Figure 9e (compression), and Figure 9h (three-point bending).
For each form of loading, the patterns of each RCV response
are identical, indicating the excellent responsiveness of this
sensor to applied strains. In addition, the RCV values decrease
as the strain increases. For instance, the lower peak values of
the PDMS-cPFF-700 strain sensor under tension with 2, 5, 10,
and 30% strain are —29.5, -59.2, —68.7, and —74.2%, respec-
tively, which is consistent with the result shown in Figure 9a.
Notably, this sensor can also monitor a subtle applied strain of
as low as 0.05% in three-point bending (Figure 9h, inset).

The frequency dependence is another important charac-
teristic when piezoresistive properties of a strain sensor are
evaluated. RCV responses of the PDMS-cPFF-700 strain sensor
under cyclic strain in a frequency range of 0.01-0.5 Hz were
measured. As shown in Figure 9c (tension), Figure 9f (compres-
sion), and Figure 9i (three-point bending), all response signals
closely follow the input strains and exhibit almost no frequency
dependence. This indicates that the sensor is stable and has
a fast response over a wide range of loading frequencies. For
example, the minimum RCV values of the PDMS-cPFF-700
strain sensor under the three-point bending at frequencies
of 0.01, 0.05, and 0.25 Hz are —43.1%, —45.7%, and —46.3%,
respectively. Hence, only a decrease of about 3% is observed.

To demonstrate the durability of this multipurpose strain
sensor, cyclic loading/unloading tests under strains of 10, 20, and

www.mme-journal.de

5% at a frequency of 0.2 Hz were conducted for tension, com-
pression, and three-points bending, respectively. For the tension
mode, the applied voltage was set as 0.6 V. For the compressive
and three-points bending modes, the voltage was fixed at 3 V.
From Figure 11a—c, it can be observed that the current response
signals remain regular even after 1000 cycles, demonstrating the
good reliability and excellent durability of this strain sensor.

3.4. Application

The high sensitivity and durability of our multipurpose strain
sensor make it suitable for monitoring human body motion,
including large-scale movements (e.g., bending of joints)
and small-scale movements (e.g., facial micro-expression and
speaking) (Figure 12). The PDMS-cPFF strain sensor was fixed
on the tester’s index finger (Figure 12a) and knee (Figure 12b),
in order to monitor their bending/releasing movements. The
strain sensor deforms when joints are bent, which results
in a decrease in its response current. This current value is
restored when the joints are relaxed. Similar measurements
were performed on monitoring motions of the neck and a sig-
nificant decrease in current was observed for nodding motion
(Figure 12c). Furthermore, some small-scale motions of the
human body were also measured by this sensor. As shown in
Figure 12d, by attaching the strain sensor on the cheek region
of the tester, a real-time current response was observed during
smiling movements, which was due to the subtle deformation
of the strain sensor induced by facial muscle stretching. In addi-
tion, this strain sensor was fixed on the tester’s eyelid, which
successfully detected small blinking movements (Figure 12e).
This strain sensor could also monitor the motion of a human
speaking. As shown in Figure 12f, our multipurpose strain
sensor was attached to the throat of a tester who was asked
to read different English words repeatedly, including mono-
syllabic word (Hi), dissyllabic word (Sen/sor), and polysyllabic
word (Won/der/ful). The response current of the sensor showed
a distinctive and repeatable signal pattern for each word, indi-
cating its potential for the application of phonetic recognition.

4, Conclusions

In this study, a flexible and multipurpose PDMS-cPFF strain
sensor based on carbonized phenol formaldehyde foam was
fabricated using a simple and low-cost method. The electrical
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. 6x10° _ _ )
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Figure 11. The durability of a PDMS-cPFF strain sensor under cyclic loading of a) tension, b) compression, and c) three-point bending.
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Figure 12. Applications of PDMS-cPFF strain sensor in human motion monitoring: a) index finger and b) knee bending, c) nodding, d) smiling, e)

blinking, and f) speaking.

conductivity of cPFF was tuned by varying the carboniza-
tion temperature, which influenced the degree of graphitiza-
tion. The strain sensor was able to monitor various forms of
applied strain, including tension, compression, and three-
point bending, and showed an excellent durability over 1000
cycles. Both negative and positive piezoresistive effects of
RCV responses were observed during compressive defor-
mation, which was due to the disconnection/reconnection
process of conductive carbon fragments. Furthermore, this
sensor exhibited high sensitivity (GF = —20.5) over a strain of
0-5% in cyclic stretching/releasing tests and was capable of
monitoring a subtle strain of 0.05% in a three-point bending
measurement. We also demonstrated its ability to detect
both large-scale human body motions (finger bending, nod-
ding) and small-scale motions (facial micro-expression and
phonation).
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