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Abstract: Thermoplastic polyurethane (TPU) is a widely used polymer for a variety of pressure
sensing applications because of its softness and shape memory. This work reports the synthesis
of novel TPU-based three-dimensional structured (3D) pressure-sensitive composites via the melt
mixing method. Poly-methyl methacrylate (PMMA) microbeads of different sizes (5, 10, and 20 µm)
were first coated with multi-walled carbon nanotubes (MWCNT) and then incorporated into the
TPU matrix for achieving an early electro conductive percolation threshold compared to without
PMMA beads. The addition of MWCNT coated PMMA beads reduced the TPU insulated areas
by creating a 3D conductive network that finally reflected the early percolation threshold during
external pressure. Raman microscopy and XRD results confirmed the MWCNT coated nicely on the
surface of PMMA beads. The pressure sensitivity results also confirmed the decrease in resistance of
the composites with the increase in the applied external pressure. Composites with 10 µm PMMA
bead size showed the most linear responses to the decrease in resistance with increasing pressure
and showed a higher strain gauge factor value (3.15) as compared to other composites, which had
values of 2.78 and 2.42 for 20 and 5 µm, respectively. Microstructure analysis of the composites by
SEM, capacitance, permeability, and thermal conductivity measurements was also investigated to
support the above evidence. The results support the suitability of this novel composite as a potential
candidate for pressure sensing applications.

Keywords: multiwall carbon nanotubes; pressure sensors; electrical resistivity; composites; PMMA
bead; interparticle spacing

1. Introduction

Thermoplastic polyurethane (TPU) exhibits good flexibility, excellent mechanical
strength, outstanding abrasion resistance, lower cost, and environmental resistance, thus
allowing for the fabrication of high-performance, flexible piezoresistive sensors [1,2]. Like
most polymers and rubbers, TPU is also thermally and electrically insulating, but with
the addition of an electroconductive material as a second phase in the polymer matrix, it
can act as an electroconductive polymer in certain ranges by creating an electroconductive
network upon external pressure, causing significant variation in conductivity [3,4]. Thus,
the conductive filler dispersed piezoresistive sensors have great importance in many areas,
such as artificial skin, robot arms, and healthcare devices [5–7].

Carbon nanofillers such as multi-walled carbon nanotubes (MWCNTs) are extremely
important electroconductive nanomaterials because of their extraordinary structural prop-
erties. Due to their superior thermal, electrical, and mechanical properties, they are widely
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used as reinforcing electroconductive filler materials in high-performance polymer com-
posites [8,9]. However, many challenges remain in the research on using MWCNTs, such
as agglomeration, inhomogeneous dispersion in the polymer matrix because of very high
surface area and surface energy, the random orientation of MWCNTs, and their poor inter-
action with the polymers. All these factors have a significant effect on the final properties
of the composites [10,11].

At the low loading of an electroconductive filler in the TPU polymer matrix, electrical
resistivity is higher as compared to the higher conducting filler loading [12,13]. Thus,
the fabrication of composites showing a decrease in electrical resistivity with an increase
in external load is important for their use in pressure-sensitive applications. This can
be demonstrated by the fact that percolation paths form within these composites when
pressure is applied to them, causing a sudden decrease in measured electrical resistivity
even with very low filler volume content. With increases in applied pressure, the total
volume of the composite decreases, increasing the volume fraction of the filler [14,15].
Conductive filler-filled composites also exhibit electroconductive responses by electron
hopping to nearby conductive filler and tunneling effect. Even though the MWCNTs are
not physically connected, neighboring electron transfer by electron jumping is possible.
Thus, interparticle spacing/distance (IPS) plays a very important role in conductivity
measurements [16].

Over the last decade, many scientists have studied the pressure dependence of elec-
trical resistivity changes for various polymer composites [17–21]. X. Sun et al. [22] re-
cently reported flexible tactile electronic skin sensors based on CNT/Polydimethylsiloxane
(PDMS) composites. These composites have shown high sensitivity with fast response and
improved consistency. Another study, by M. Charara et al. [23], reported highly sensitive
pressure sensors based on PDMS/CNT composites, showing high sensitivity at lower strain
values. Hussain et al. [24–26] studied the pressure sensitivity of silicon rubber/carbon
dispersed micro-ball composites systems. Rathod et al. [27] demonstrated the pressure
dependence properties of TiO2 doped with poly-vinyl alcohol/chitosan (CN)–Li at dif-
ferent applied loads and temperatures. Z. Tang et al. [28] reported the flexible pressure
sensors with a piezoresistive effects based on CNT and fumed silica nanoparticles as a
conductive filler in the viscoelastic silicone rubber solution. These sensors were used in
grasp sensing and gait monitoring. Wang et al. [29] measured the electrical resistivity of
carbon black-filled silicone composites. Shrivastava et al. [30] synthesized PMMA using
in situ bulk polymerization of commercial PMMA beads in the presence of MWCNTs.
Variation of PMMA bead sizes from 80 to 120 µm and bead content (50, 60, 70, and 80 wt.%)
to achieve early percolation thresholds was also investigated. Y. Zhuang et al. [31] studied
synthesis via solution blending and ball milling of TPU/CNT-based composite-based pres-
sure sensors. These sensors were ideal for the detection of plantar pressure distribution in
human feet.

In our previous study [32], we fabricated MWCNTs and PMMA dispersed in TPU
and showed the effect of differently sized PMMA beads on the variation in electrical and
thermal properties with an external force. In this study, however, we added MWCNT-
coated PMMA microbeads in the TPU matrix to create a three-dimensional conductive
network along the PMMA bead grain boundaries to achieve an early percolation threshold.
MWCNT-coated PMMA beads of different sizes (5, 10, and 20 µm) were added with a
constant MWCNT loading of 3.0 wt.% to investigate the size effect of PMMA beads on
the electrical and thermal sensitivity of the composites and to maintain their mechano-
elastic behavior. Fabricated composites exhibited excellent sensitivity in response to the
changing pressure, which shows that they can be used for pressure-sensing applications.
The evaluation of the effect of MWCNT-coated PMMA bead size on the pressure-sensing
properties in terms of electrical resistivity measurement of TPU-MWCNT composites for
pressure-sensing applications has not previously been reported.



Macromol 2022, 2 213

2. Experimental Details
2.1. Materials

Chemicals used in this study were of commercial analytical laboratory grade and used
without further purification. Polymeric matrix TPU was purchased from Austin Novel
Materials Co., Ltd. (Jiangsu, China). MWCNTs were procured from Hanwha Nanotech
Corp. (Seoul, South Korea). Dimethylformamide (DMF) was procured from Junsei (Kyoto
city, Japan). PMMA beads of different sizes were procured from Sunjin Chemicals (Ansan-
shi, South Korea).

2.2. Fabrication of Composites

The MWCNTs were coated on PMMA particles by using a solution mixing and drying
process. The MWCNT-coated PMMA particles were prepared by dispersing 0.5 g of
MWCNTs in PMMA (8 g) dispersed ethanol solvent bath through sonication for 2 h. The
mix was then stirred for 12 h at 1000 rpm using a conventional magnetic stir bar in a beaker.
After completion of stirring, a gray-colored mud-like slurry precipitated, while a small
number of particles remained floating on the solvent. The solution was then centrifuged for
30 min at 15,000 rpm to separate the residues. The resultant mixture was then completely
dried at 60 ◦C in a vacuum oven for an hour. A specific amount of MWCNT-coated PMMA
microbeads was added to the TPU matrix (3 wt.% relative to TPU) of different sizes (5, 10,
and 20 µm) and pressed using a hot press machine (Auto M-NE, H 3891, Carver, USA) at
200 ◦C. The fabricated composites were removed and cut for testing. A schematic of the
fabrication of MWCNT-coated PMMA composites is shown in Figure 1.

Figure 1. Schematic representation of the fabrication of MWCNT-coated PMMA polymer composites.

2.3. Characterization

The electrical resistivity of the fabricated composites was measured under various
applied loads using a Metrotech tester operating at 220 V, 60 Hz, and 30 W (TC21206C, South
Korea) and Force Tester (MCT2150, AANDD Japan). Sample morphologies were examined
by using scanning electron microscopy (SEM; JEOL JSM-6330F, Japan) and the Raman
point mapping method with a 100x objective lens. Figure 6 shows a graph of interparticle
distance as a function of PMMA particle size for the composites, as measured by using SEM
images and analyzing them through GeoDict® simulation software. Thermal conductivities
of the test samples were measured using a thermal tester (MV 100PR, South Korea).

3. Results and Discussion

MWCNT-coated PMMA beads of different sizes were dispersed into a TPU matrix to
determine the effect of additive volume fraction on the pressure sensitivity of the resulting
composites. Figure 1 shows a schematic diagram of the process for synthesis of pressure-
sensitive polymer composites.

3.1. Scanning Electron Microscopy (SEM) of PMMA Beads

To confirm the MWCNT coating on the PMMA beads, SEM images of 3 wt.% MWCNT
coating were obtained, as shown in Figure 2. Figure 2a shows SEM micrographs of the
uncoated beads, while Figure 2b shows the MWCNT-coated PMMA beads. The presence
of MWCNTs was observed on the surface of the PMMA beads. Coating of MWCNT onto
the surface of PMMA beads was also confirmed by Raman spectroscopy.
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Figure 2. SEM micrographs of (a) uncoated PMMA beads and (b) MWCNT-coated PMMA beads.

3.2. Raman Spectroscopy

Raman spectroscopy was performed, and the results indicated the presence of MWC-
NTs on the surface of the PMMA beads, as shown in Figure 3. The Raman mapping was
focused on only one MWCNT-coated PMMA bead, clearly showing the layers (blue colors)
of MWCNTs on the surface of the PMMA bead. The MWCNT and PMMA interface was also
clearly observed, showing up in red in the Raman mapping in Figure 3. So, from the SEM
and Raman spectroscopy results, it can be concluded that the MWCNT was successfully
coated on the surface of PMMA beads.

Figure 3. Raman micrographs of MWCNT-coated PMMA bead with Raman spectrum of PMMA,
CNT, and interface.
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3.3. Pressure Sensing Properties-Strain Gauge Factors

The electrical resistivity of the composites fabricated with TPU and MWCNT and
those fabricated with MWCNT-coated PMMA beads/TPU were measured and compared.
The electrical resistivity values of the composites and a blank sample that did not contain
PMMA beads were measured by increasing external pressure. There were differences
between the composites in the trend of decrease in electrical resistivity with increasing
external pressure (Figure 4Aa–d). It can be seen from Figure 4Aa that there was an abrupt
decrease in electrical resistivity in the region of 2 kgf pressure when only CNT was added
to the TPU matrix, with a percolation threshold of around 2–4 kgf. The electrical resistivity
then changed gradually as further pressure was applied. No large variations were observed
at low pressure in any of the five measurements; however, there were large variations
between successive electrical resistivity measurements at higher pressure, suggesting
that the elastic recovery of the matrix was slow or that the conductive network structure
of MWCNTs was broken. The resistive behavior of the 5 µm MWCNT-coated polymer
composite was different from that of the composite without PMMA beads. When the
pressure of 1 kgf was applied to the composite, the coated CNTs easily moved close to
each other because the PMMA microbeads occupied a certain volume of the polymer
matrix (known as the excluded volume). By increasing the excluded volume, the MWCNT-
coated PMMA beads came closer to each other and formed a three-dimensional conducting
network through the dispersed CNT and the CNT coating. During composite fabrication,
the MWCNT-coated PMMA beads lost some CNTs, which were distributed into the TPU
polymer matrix. Thus, even under no pressure, the electrical resistivity of the composites
was found to be around log(R) = 4.6. However, when external pressure was applied,
the coated beads formed a conductive network around the beads and bead interfaces.
When further pressure was applied, the coated beads moved even closer, and the electrical
resistivity fell further. As the bead size increased, the excluded volume also increased,
and thus the bead-to-bead interface distance decreased, allowing easier formation of a
conductive three-dimensional network even at low pressures. Therefore, three different
resistivity vs. pressure relationships were observed as the bead sizes changed, as shown
in Figure 4Ab. As shown in Figure 4Ab, the 5 µm MWCNT-coated beads had a different
electrical resistivity curve compared to the MWCNT-polymer composites with no added
beads, as was the case for the composites containing MWCNT-coated PMMA beads (10
and 20 µm) in Figure 4Ac,d. Force was applied and removed five times on each composite
to confirm the repeatability of the pressure-sensing response of the composites.

Figure 4B shows the real-time measurement of the change in resistance with time
under different applied pressures. For sample (a) with 5 µm PMMA beads, the resistance
decreased with the increase in pressure up to 30 N, but after that, there was not much
variation in resistance with increasing pressure. This suggests that the composite did
not show pressure sensitivity at higher pressures. Additionally, in the case of sample c
with 20 µm PMMA beads, the resistance decreased with the increase in pressure but there
was not much difference in the resistance values at higher pressures. That result also
suggests that sample (c) with 20 µm PMMA beads did not show high-pressure sensitivity
at higher pressure values. In the case of sample (b) with 10 µm PMMA beads, the decrease
in resistance with increasing pressure was higher, and the variation in values for resistance
at higher pressures of 30 N and above were higher. From these results, it can be concluded
that the sensitivity response of samples with 10 µm beads was superior as compared to
the other two samples. This can also be confirmed from Figure 4Bd, as the composite with
10 µm PMMA beads showed a steep decrease in resistance as compared to the other two
samples [33,34].

The strain gauge factor of the synthesized composites was also calculated and is shown
in Figure 4C. Among the fabricated pressure sensors, the composite with 10 nm PMMA
beads had a higher gauge factor of 3.15, calculated by taking the slope from Figure 4C. The
calculated sensitivity and the gauge factor of the composite showed high sensitivity of the
pressure sensor, which suggested its suitability as a pressure sensing material [35].
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Figure 4A. Applied force versus Log resistivity. (a) TPU-MWCNT, (b) TPU-(MWCNT-PMMA) (5µm),
(c) TPU-(MWCNT-PMMA) (10 µm) and (d) TPU-(MWCNT-PMMA) (20 µm).

Figure 4B. Sensitivity of the fabricated composite sensors. Change in R/R0 versus time and applied
force: (a) TPU-(MWCNT-PMMA) (5 µm), (b) TPU-(MWCNT-PMMA) (10 µm), and (c) TPU-(MWCNT-
PMMA) (20 µm). (d) R/RO vs. pressure curve for TPU-(MWCNT-PMMA) (5, 10 and 20 µm).
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Figure 4C. Strain gauge factor of (a) TPU-(MWCNT-PMMA) (5 µm), (b) TPU-(MWCNT-PMMA)
(10 µm) and (c) TPU-(MWCNT-PMMA) (20 µm).

3.4. Calculations of Inter-Particle Distances

The variation in excluded volume changes with changing bead size was investigated
by calculations using two different equations as shown below [22,23].

IPDav = r [(4 π/3Φf)
1/3 − 2] (1)

IPDpac = 2r [(Φm/Φf)
1/3 − 1] (2)

Using Equation (1), the average interparticle distance (IPD av) was calculated, where
r is PMMA radius, Φf is the volume fraction of PMMA beads, and Φm is the fractional
mass. In Equation (2), practical interparticle distance (IPDpac) was calculated. PMMA
particles are considered as well packed. From one PMMA particle volume and the total
area, IPD of several PMMA beads was calculated. The variation in interparticle distance
with PMMA particle size is represented in Figure 5. It is evident from Figure 5 that the
smaller diameter of PMMA yielded a larger interparticle distance than that of the larger
particle sizes. Measure data were well fitted with Equation (1), suggesting the particles
were well dispersed and nicely distributed.
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Figure 5.Variation in inter-particle distance with PMMA bead size.

Figure 6 shows the image of prepared composites along with their assembly for pres-
sure measuring equipment. The composites showed considerable differences in electrical
resistivity around the pressure of 1 kgf, along with a sharp fall known as the percolation
threshold. After 2 kgf pressure, the electrical resistivity decreased gradually. The early
percolation threshold compared to that shown in Figure 4Aa was a result of the presence
of PMMA beads, which created an additional excluded volume in the polymeric matrix.
This enabled conductive networking at an early stage because the presence of PMMA
in the composites helped achieve contact between CNTs, even at low CNT loadings [12].
There were also large variations between successive measurements of electrical resistivity.
This might be explained by the fact that due to the presence of many small PMMA beads,
the polymer matrix had reduced elastic recovery or took longer to regenerate. For the
composites with larger beads of 10 µm, a percolation threshold was observed at 1 kgf, but
the electrical resistivity gradually decreased linearly with an external load. The variation in
successive measurements was not significant. This might suggest that when 10 µm beads
were used, the beads were homogeneously dispersed in the polymer matrix, and either
the elastic recovery of the polymer was consistent with time or the polymer itself became
slightly harder and thus gained more elasticity. Similarly, the 20 µm MWCNT-coated beads
resulted in a sharp percolation threshold at 1 kgf load. The electrical resistivity of these
composites was much lower (4.1 at 2 kgf and 2.6 at 6 kgf) than that of the others because the
larger beads occupied more volume and created a three-dimensional conductive network
through the interfaces between the beads and the MWCNTs in the polymer itself. Because
the excluded volume increased when larger PMMA beads were added, the concentration of
MWCNTs in the remaining volume of the polymer matrix also increased, hence increasing
the composite’s conductivity by bringing the MWCNTs closer to each other, which allowed
them to form three dimensional conductive paths [24–28]. No variation in the electrical
resistivity was observed for repeated measurements, which indicates these composites are
reproducible and reliable for pressure-sensing applications.
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Figure 6. Pressure-sensitive polymer composites and their assembly for pressure sensitivity mea-
suring equipment. (a) TPU-(MWCNT-PMMA) (5 µm), (b) TPU-(MWCNT-PMMA) (10 µm), and
(c) TPU-(MWCNT-PMMA) (20 µm).

3.5. Capacitance and Relative Permittivity

Figure 7a–d shows the capacitance and dielectric constant of the prepared samples.
The dielectric properties of a polymer composite depend on the addition of high (such
as ceramic and glass) or low (such as organic material) dielectric constant materials into
the polymer matrix to increase or decrease the composite’s permittivity. However, the
interfaces created when dispersing high-surface-energy particles such as nanoparticles into
a low-surface-energy polymer can conduct charge. The presence of conductive particles in
a polymer typically results in a decrease in breakdown strength, beginning at quite low
volume concentrations [36]. The breakdown strength of the composites can be improved
by the addition of particles that are resistive and have a low dielectric constant [37–39].
All samples in this study showed higher dielectric constants at low frequency, which
decreased with increasing frequency. This was simply due to the addition of conductive
MWCNT particles into the polymer matrix. However, the differences in capacitance and
relative permittivity due to the addition of different PMMA beads can be explained in
various ways. The samples with 10 and 20 µm PMMA beads showed the greatest dielectric
constant over several frequencies. There are a few possible explanations for this increase
in dielectric constant relative to the samples with no beads and those with 5 µm PMMA
beads. The first could be the good dispersion of 5 µm PMMA beads in the TPU matrix,
which means that the MWCNT-coated PMMA beads were not as close to each other. The
second is the formation of slow conductive paths because a wider percolation threshold
at higher pressure (3 kgf) was observed and confirmed by the electrical resistivity versus
pressure curves for the composite samples (Figure 4Aa). On the other hand, this was
not the case for the 10 and 20 µm MWCNT-coated PMMA bead composites, firstly due
to the formation of a good three-dimensional conductive network with the presence of
the MWCNT coatings, and secondly due to the accumulation of large interfacial or grain
boundary charges at the interfaces between PMMA-MWCNT and TPU polymer, which is
known as the Maxwell–Wagner–Sillars (MW) effect [39,40].
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Figure 7. Capacitance (A) and relative permittivity (B) of (a) TPU-MWCNT, (b) TPU-(MWCNT-
PMMA) (5 µm), (c) TPU-(MWCNT-PMMA) (10 µm) and (d) TPU-(MWCNT-PMMA) (20 µm).

3.6. Thermal Conductivity

Figure 8 shows thermal conductivity variations with applied pressure at room temper-
ature for the composites. It can be observed that there was a gradual increase in the thermal
conductivity of the composites up to 5 kgf of applied pressure. The addition of PMMA
beads of various sizes to the composites significantly improved the thermal conductivity;
among the composites fabricated and tested, the one with 20 µm beads exhibited the high-
est thermal conductivity values. The values were slightly higher than we observed in our
previous work [41–43], in which the PMMA beads were not coated with MWCNTs. This
reinforces the electrical resistivity findings for the composites with 10 and 20 µm PMMA
beads, which did not deviate from each other and showed a linear decrease in electrical
resistivity with increasing pressure.

Figure 8. Thermal conductivity curve as a function of external pressure.

3.7. SEM Images of MWCNT-Coated PMMA/TPU Composites

Figure 9a–c shows SEM images of the dispersed PMMA bead composites in successive
measurements. In the 5 µm PMMA bead composites, the beads were found to be well
bonded with the TPU, although a few beads were pulled out (forming holes). This suggests
that these bead pull-outs caused variation in the electrical resistivity measurements. No
such phenomenon was observed in the 10 and 20 µm PMMA bead composites, and,
therefore, no clear deviation in electrical resistivity was observed. Moreover, the thermal
conductivity also increased linearly.
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Figure 9. SEM images of composites (a) 5 µm (b) 10 µm and (c) 20 µm PMMA bead composites.

The mechanism whereby the MWCNT-coated PMMA beads enable resistance reduc-
tion at low CNT concentration is shown in Figure 10. In a typical three-dimensional network
structure, the PMMA beads inside the TPU polymer matrix occupy a certain volume, and
when pressure is applied, the total volume of the elastomeric matrix decreases, thereby
bringing the PMMA beads in the matrix closer to each other and creating conductive paths
more easily throughout the matrix (with CNTs) and the PMMA-CNT interfaces. Thus, even
at low loadings, conductive paths can form that allow an electric current to pass easily and
enhanced electroconductive and pressure-sensing properties to be achieved.

Based on the findings, it can be inferred that the fabricated MWCNT-PMMA-based
TPU composites have the potential to be used as pressure-sensitive materials and that
10 µm PMMA beads have shown promising results for these applications (since 5 and
20 µm PMMA beads had sharp falls between 1–3 kgf load). The 10 µm beads exhibited
a very gradual response to the decrease in electrical resistivity with increasing pressure
and showed the highest thermal conductivity among the other composites; furthermore,
the strain gauge factor of composites with 10 µm PMMA beads was the highest (3.15)
among other composites. Such a unique linear electrical response and repeatable pressure
sensing in response to variation in external force are crucial for the reliable application of
the composites to the fabrication of pressure-sensitive devices.
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Figure 10. Schematic diagram of the formation of three-dimensional conductive networks.

4. Conclusions

PMMA beads of different sizes (5, 10, and 20 µm) were first coated with MWCNTs
and then dispersed in the TPU matric using the melt mixing method. The effect of PMMA
bead size on pressure sensitivity was measured and compared. The pressure sensitivity
results show that with the increase in applied pressure on the composites, the MWCNT-
coated PMMA beads present in the TPU matrix moved closer to each other and formed
three-dimensional conducting network structures at the percolation threshold through
the MWCNT-coated PMMA interfaces. The presence of PMMA beads facilitated the
achievement of early contact even at low MWCNT loadings. The resulting composites also
exhibited improved thermal conductivity. The real-time measurement of the change in
resistance with time under different applied pressures showed that for the composite with
10 µm PMMA beads, the decrease in resistance with increasing pressure was higher and
the variations in the values of resistance at higher pressures of 30 N and above were also
higher, which means that the sensitivity response of composite with 10 µm PMMA beads
was superior as compared to the other composites and that the composite with 10 µm
PMMA beads had a higher gauge factor of 3.15 relative to the other composites. Pressure
sensitivity and strain gauge factor results demonstrated that the resulting composite with
10 µm bead size was more reliable with repeatable pressure sensitivity and thus could be
an ideal candidate for pressure-sensing applications. This kind of reliability and gradual
fall in electrical response with increasing pressure is significantly important for pressure-
sensing applications.
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