ﬁ Sensors

Review

Tactile and Thermal Sensors Built from Carbon-Polymer
Nanocomposites—A Critical Review

Chenwang Yuan !

check for

updates
Citation: Yuan, C; Tony, A.; Yin, R,;
Wang, K.; Zhang, W. Tactile and
Thermal Sensors Built from
Carbon-Polymer
Nanocomposites—A Critical Review.
Sensors 2021, 21, 1234. https://
doi.org/10.3390/521041234

Academic Editor: Salvatore Pirozzi
Received: 9 January 2021
Accepted: 3 February 2021
Published: 9 February 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Anthony Tony !, Ruixue Yin 2, Kemin Wang 3 and Wenjun Zhang *

Department of Mechanical Engineering, University of Saskatchewan, Saskatoon, SK S7N 5A9, Canada;
chy908@mail.usask.ca (C.Y.); ant359@mail.usask.ca (A.T.)

School of Mechanical and Power Engineering, East China University of Science and Technology,
Shanghai 200237, China; yinruixue@ecust.edu.cn

School of Mechatronic Engineering and Automation, Shanghai University, Shanghai 200444, China;
wangkemin@shu.edu.cn

*  Correspondence: chris.zhang@usask.ca; Tel.: +1-3069665478

Abstract: This paper provides a critical review of tactile and thermal sensors which are built from
carbon nanomaterial-filled polymer composites (CNPCs). To make the review more comprehensive
and systematic, the sensors are viewed as a system, and a general knowledge architecture for a
system called function-context-behavior-principle-state-structure (FCBPSS) is employed to classify
information as well as knowledge related to CNPC sensors. FCBPSS contains six basic concepts,
namely, F: function, C: context, B: behavior, P: principle, and SS: state and structure. As such, the
principle that explains why such composites can work as temperature and pressure sensors, various
structures of the CNPC sensor, which realize the principle, and the behavior and performance of
CNPC sensors are discussed in this review. This review also discusses the fabrication of the CNPC
sensor. Based on the critical review and analysis, the future directions of research on the CNPC
sensor are discussed; in particular, the need to have a network of CNPC sensors that can be installed
on curved bodies such as those of robots is elaborated.
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1. Introduction

In recent years, industrial robots have emerged both in manufacturing and service
environments, having entered an era where humans and robots work together rather than
automation alone [1,2]. Emphasis on full automation was realized several decades ago,
but humans always tend to be lured by the benefits of automation. This is because these
benefits agree well with some traits of humans, such as desires to get the most amount of
goods in the shortest time and with the least effort. In fact, these traits are of the short term
and are opposite to the notion of sustainability [3,4], a very important concept regarding
balanced technological development. In this paper, we define the robot as a kind of machine
with a certain level of intelligence as humans and we consider that the robot is constructed
by a “wearable” human assistive system (HAS) to augment the robot’s intelligence [2].

One challenge for robots to work intelligently is that they need to know the human’s
mind state and behavior, as only then can robots better serve humans and society [2]. This
means that the robot is expected to have a good sensing ability. This paper focuses on the
sensing of collision between the robot and human, which can be generalized to be a soft
tactile and thermal sensor.

An important kind of soft tactile and thermal sensor is where carbon nanomaterials
are filled into polymers to form a composite, and this kind of sensor has some excellent
properties [5,6]. First, carbon nanomaterials have extraordinary mechanical and electrical
properties [7], which provide a solid foundation for sensors. Second, polymers are easy
to fabricate, cost-effective, and flexible and of conformance to other entities physically.
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Third, the material hardness of different polymers, defined as the resistance of a material
against a localized surface deformation [8], covers a wide range, which certainly extends
the spectrum of applications of such polymer composite sensors [9].

In this paper, we will first propose a framework for classification and analysis of
sensors in Section 2, which is based on the general architecture of the ontology of systems
called function-context-behavior-principle-state-structure (FCBPSS) [10-12]. The salient
point of FCBPSS is that it provides a complete system perspective for a subject to be
examined—a sensor in this case. We will then employ this framework to classify and
analyze various tactile and thermal sensors built from carbon nanomaterial-filled polymer
composites in the subsequent sections (Section 3, Section 4, Section 5, and Section 6).
Conclusions and future directions will be presented in Section 7.

2. FCBPSS Framework for Classification and Analysis of Sensors

The function-context-behavior-principle-state-structure (FCBPSS) is a general archi-
tecture of ontology of any system, developed by Zhang and Lin [10,12,13] and Zhang and
Wang [11]. It has six categories of concepts [11]: structure, state, behavior, principle, context,
and function (see Figure 1). According to Zhang and Lin [10], “Structure is a set of entities
connected in a meaningful way”. States are indicators of the presence and properties of an
entity in a system, adapted from Zhang and Wang [11]. There could be many states of an
entity at a point in time, space, and an event, and therefore a representation approach of
class instance or variable value is applied to the state concept, resulting in the concept of
the state variable. With the concept of the state variable, a particular state (e.g., the mass of
an entity is 50 g) is represented by a notation such as “Mass = 50 g”, where “Mass” is a state
variable, and “50 g” is a value of the state variable. According to Zhang and Wang [11],
“Behavior is the causal relationship among a set of state variables.” The principle of the
system governs the behavior; the principle is deep knowledge of the causal relationship.
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Figure 1. The framework of carbon nanomaterial-filled polymer composites.

By considering carbon nanomaterial-filled polymer composites (CNPCs) as a system,
this system can be represented with FCBPSS. In Figure 1, the structure of the system
refers to the nanofiller and the matrix along with the type, content, and distribution of
the nanofillers. It is clear that the structure will affect the sensing performance measured
by the so-called gauge factor. The working principle or principle that governs how the
CNPC works is conductive pathway reforming (Figure 1). For both tactile and thermal
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sensors, the CNPC has three levels of the overall condition state: normal, heated, and
compressed. Regarding the behavior of the system (the CNPC system in this case), first,
different levels of the overall condition state imply different conductive pathways and thus
different conductivity changes in the CNPC. Second, the behavior in this case refers to the
relationship between a tactile or thermal stimulus to the CNPC and the overall condition
state and thus the conductivity. The context of the system is such that a single CNPC can
work as a tactile or thermal sensor if it is further connected in a circuit, and a set of CNPC
sensors can form a sensor network for a wide range of a target system to be sensed and
monitored. Finally, the function of the system refers to the performance of the system,
which determines the usefulness of the system. In the following, Section 3 will discuss the
principle of the CNPC, Section 4 will discuss the structure and states of the CNPC, and
Section 5 will discuss the performance of the CNPC.

3. The Principle of the CNPC Sensor

There are two working principles or principles of the CNPC sensor. The first principle
is conductive pathway reforming [14]. The nanofillers are dispersed in the polymer matrix
and form filler networks that have many pathways under the condition that the volume
content of nanofillers is higher than a particular value (or threshold) according to percola-
tion theory [15-18]. The conductivity of the whole system is based on the pathways. When
the external pressure stimuli or temperature stimuli are applied to the system, the pathways
change and thus the conductivity changes. It was noted by Miao et al. [14] that pathways,
in particular CNPCs, depend on particular fabrication techniques. The second principle
is electron tunneling or hopping. This principle states that when the distance between
neighboring carbon nanofillers reaches a critical value, the electrons on the outer layer
of carbon atoms are able to hop and move to form conductive pathways. To a particular
CNPC, both principles may play their roles, but in the case of CNPCs, the first principle
dominates. It was also noted that by increasing the volume content of carbon nanofillers
of a CNPC after reaching the percolation threshold, its conductivity increases [19], which
seems to be obvious, but there seems to be a limit of the increase according to the work of
Miao et al. [9].

Both tactile and thermal sensors can be developed based on the principle of conductive
pathways reforming. For the tactile sensing, the pressure is applied on a CNPC, which
causes the change in pathways in a CNPC and the subsequent change in the conductivity
or resistance. For thermal sensing, the heat is applied to the CNPC, which causes two
changes in the structure of the CNPC. The first change is that the electrons at the outer layer
of carbon atoms become more active due to the increase in the temperature of individual
nanofillers. This further causes the decrease in the resistance of the CNPC. The second
change is the expansion of the whole CNPC system due to the thermal expansion law, and
this may subsequently reduce the number of pathways and eventually may increase the
resistance of the CNPC.

As mentioned before, there are three levels of the overall condition state for the CNPC
associated with tactile and thermal sensing: normal, heated, and compressed (as shown in
Figure 2). For the clarity of the subsequent discussions, in this paper, the levels of the overall
condition state are called conditions. At the normal condition, the CNPC has its state and
properties without any contribution from the external force nor heating source. At the
heated condition, the CNPC has its elevated state and properties with a contribution from
the heating flux over the CNPC. At the compressed condition, the CNPC has its elevated
state and properties with a contribution from pressures over the CNPC. At the normal
condition, the composite is conductive when the volume content of carbon nanofillers
is higher than the percolation threshold. From the normal condition to the compressed
condition, the conductivity of nanocomposites would increase as the result of forming
more conductive pathways. This is because the force applied to the CNPC can cause
deformations of the CNPC and can thus change the formation of conductive pathways.
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Figure 2. Three conditions of nanocomposites: (1) normal condition; (2) heated condition; (3) compressed condition.

From the normal condition to the heated condition, the resistance of the CNPC would
change. However, the resistance change due to the change in temperature depends on
several factors, namely, the type, content, dispersion of nanofillers, and properties of
polymer matrixes. It is to be noted that the mechanism governing the temperature resis-
tance effect is still unclear. Currently, there are three mechanisms or principles, namely;,
(1) the tunneling effect mechanism [20], (2) the thermal expansion mechanism [21], and
(3) the nanofiller rearrangement mechanism [22]. The tunneling mechanism states that
the increased temperature could induce more tunneling and thus create more conductive
pathways, which means that the temperature—resistance relationship shows a negative
temperature coefficient (NTC) behavior. Xi et al. [20] presented this relationship as follows:

R(T) = Roexp [TOTJFT] (1)

where Ty is the temperature, below which the elastic tunneling conduction dominates,
T is the temperature, at which the electron could gain enough energy to hop, R is the
resistance, and Ty, T;, and Ry are fitting parameters. Neitzert et al. produced a multi-
walled carbon nanotube (MWCNT)/epoxy composite and used it as a temperature sensor
as well as an electrical heating element [23]. They conducted experiments and showed that
the resistance-temperature relationship of the MWCNT/epoxy composite fits well with
Equation (1).

However, more studies showed a positive temperature coefficient (PTC) phenomenon
of the CNPC. Regarding the thermal expansion mechanism, when the CNPC is heated, the
thermal expansion coefficient of polymers is much higher than that of carbon nanofillers,
which could increase the distance of neighboring nanofillers and reduce conductive path-
ways, resulting in higher resistance. Xi et al. prepared ultra-high molecular weight
polyethylene (UHMWPE) and low-molecular weight polyethylene (LMWPE) composites
filled with short carbon fibers and conducted experiments. The result of their experi-
ments showed that the maximum PTC effect of the carbon fiber-filled LMWPE /UHMWPE
composites can lead to an increase of up to nine orders of magnitude when the volume
content of the carbon fiber is 23.5% (see Figure 3) [21]. Bao, Liang, and Tjong compared
an MWCNT-filled polypropylene nanocomposite (MWCNT/PP) and an MWCNT- and
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montmorillonite-filled polypropylene nanocomposite MWCNT/MMT/PP) [24]. They
also found the PTC phenomenon on both the MWCNT/PP and MWCNT/MMT/PP
composites. However, as the addition of montmorillonite increases the viscosity of the
MWCNT/MMT /PP composite, it restricts the movement of polypropylene molecules and
thus decreases the loss of conductive pathways (hence the PTC effect).
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Figure 3. Log resistivity against temperature of low-molecular weight polyethylene (LMWPE)/ultra-
high molecular weight polyethylene (UHMWPE) composites filled with different carbon fiber volume
contents [21]. Reproduced with permission.

Regarding the mechanism of nanofiller rearrangement, it states that changes occur in
the gathering and/or orientation of nanofillers when the polymer matrix is melted by the
increased temperature [22]. Ferrara et al. investigated several properties of a CNT/linear
low-density polyethylene (LLDPE) composite when applying an electric field [22]. They
found the resistance of the composite increases when heated and they explained this PTC
phenomenon as the result of the regrouping, gathering, and/or orientation of CNTs in the
melt polymer. According to their experiments, the temperature-resistance relationship may
also be affected by the composite’s crystallinity and the voltage applied on the composite.

Based on the principles discussed above, different tactile and thermal sensors have
been developed. However, considering that both deformation and heat could lead to a
resistance change, the performance evaluation of a tactile or thermal sensor is usually
conducted in an univariant environment that only has force or heat applied. This result
could help calibrate the sensing ability of the tactile sensor in a specific temperature or the
thermal sensor in a specific shape. It is hard to distinguish the resistance change caused by
deformation or heat, but measures could be taken to eliminate the influence. Yang et al.
developed a soft thermal sensor based on a single-walled carbon nanotube (SWCNT)-filled
polymer composite and measured the resistance change caused by deformation of the
thermal sensor [25]. By increasing the flexion angle o from 0° to 80° (see Figure 4), the
resistance of the thermal sensor with 20 wt% of SWCNT increased from 20 to 24 k(). When
there is no deformation, the resistance of the thermal sensor decreases from 29 to 11 kQ),
with the temperature increasing from 0 to 80 °C. Comparing the resistance change caused
by the deformation and temperature change, the deformation has a relatively significant
influence on the function of the thermal sensor. Therefore, it is better to give specific
calibration values for tactile sensors in specific temperature or thermal sensors in specific
shapes to avoid the influence.
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Figure 4. The definition of flexion angle « and the resistance change upon increasing « [25]. Repro-
duced with permission.

In summary, tactile and thermal sensing can be quantified by the resistance change in
the CNPC, and the resistance change is governed by conductive pathway reforming. For
tactile sensing, the pressure applied to the CNPC causes the deformation of the CNPC, and
the deformation causes the reforming of conductive pathways—particularly the increase
in the resistance. For thermal sensing, the temperature change causes the whole volume
change due to the thermal expansion law, particularly the increase in the resistance, and
the activeness of electrons, which further causes the reforming of conductive pathways but
is uncertain concerning the increase or decrease in the resistance.

4. Structure and State of the CNPC

A CNPC contains a matrix and nanofillers. Carbon nanofillers have different struc-
tures, mainly classified into carbon black, fullerenes, carbon nanotubes, and graphene.
Due to the outstanding electrical and electronic properties and large aspect ratio, carbon
nanotubes and graphene are widely used in polymer nanocomposites to tailor to different
applications. Carbon nanotubes can be viewed by rolling graphene sheets. Single-walled
carbon nanotubes (SWCNTSs) are tubes that are rolled by one graphene sheet, and multi-
walled carbon nanotubes (MWCNTs) are tubes that are rolled by multiple graphene sheets.

The properties of a CNPC are based on the nanostructure of the composite, which
is composed of a matrix and nanofillers. For the carbon nanofiller, its type, dispersion
condition, and volume content will affect the electrical and thermal properties. Further,
different polymers used as the matrix would also have different mechanical, electrical, and
thermal properties.

4.1. The Types of Carbon Nanofillers

Carbon nanotubes (1D) and graphene (2D) are most widely used as carbon nanofillers,
and they have different effects on the properties of CNPCs (see Figure 5). Tables 1 and 2
show the differences between carbon nanotubes and graphene. The aspect ratio of graphene
is around 58% higher than the aspect ratio of MWCNTs because of the 2D structure of
graphene. The large aspect ratio of graphene could maximize its contact area with the
polymer matrix, which helps transfer stress between the graphene and polymer matrix [26].
The large contact area could also improve the properties compared with polymer com-
posites filled with CNTs. However, the large surface area would also cause aggregation
and bundling of graphene sheets because of the large van der Waals force. Aggregation
of nanomaterials would further influence the properties of the composites, such as the
electrical conductivity and thermal conductivity. Aggregation needs to be avoided in
fabrication, to which use of surfactants [27], functionalization of carbon nanotubes [28],
and physical stirring [29] are the most commonly used methods.
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(a) (b)

Figure 5. Structure of carbon nanotube (a) and graphene (b) [30]. Reproduced with permission.

Table 1. The properties of different carbon nanomaterials [31].

Carbon Nanomaterial Casril?frl\el-\l‘lzzgtefbe CaI:/‘:)l(l)lrt\izZ;I(l):Sbe Fullerene Graphite Graphene
Specific gravity (g/cm?) 0.8 1.8 1.7 1.9~2.3
Electrical conductivity (5/cm) 102~10° 103~10° 10> 4000°%,3.3¢€ 10°
Thermal conductivity (W/(mK)) 6000 2000 0.4 298, 22C 5000
Thermal stability in air (°C) >600 >600 ~600 450~650 600
P: in-plane; ©: c-axis [31].

Table 2. Comparison between graphene and multi-walled carbon nanotube (MWCNT).

Filler Purity of Fillers % A Aspect Re'itio
Carbon Purity CO/Metal Oxide Groups verage Length/Thickness (or @)
Graphene @ ~84 ~16 250
MWCNT® %0 10 157.9

2: data obtained from [32]; ®: provided by NanocylTM company.

CNTs have a relatively low aspect ratio and low surface area, compared with graphene.
Some researchers reported a better performance of polymer nanocomposites filled with
mixed CNTs and graphene [26,33]. Zhang et al. proposed the so-called hybridization design
principle, which has two principles: the complementary principle and the compatibility
principle [34]. For the hybridization of CNTs and graphene, a model for quantitative
analysis is available in the literature. As CNTs and graphene have similar electrical and
thermal properties, it is difficult to tell which one contributes more to composites with
a mixture of nanofillers. Some researchers considered the conductivity improvement of
mixed CNT and graphene nanocomposites as the result of forming a 3D mixture [35]. As
the CNT is a 1D material and graphene is a 2D material, the CNT and graphene would
form a 3D mixture. The mixture of CNT and graphene could enjoy the advantages of each
other with some specific treatments.

Table 3 lists several existing studies on mixtures of carbon nanotubes and graphene as
the nanofiller in the polymer matrix.

Per Table 3, the electrical conductivity and percolation threshold can be compared
when adding different carbon nanofillers into the same polymer matrix. Yang et al. argued
that graphene platelets could maximize the stress transfer between the polymer matrix
and nanofillers due to its large contact area [26]. However, as opposed to the sole filling
of carbon nanomaterials, a CNPC filled with a mixture of CNTs and graphene presents
better conductivity.
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Table 3. The electrical conductivity and percolation threshold of carbon nanotube/graphene-based polymer nanocomposites.

Highest
. . Filler Fabrication Percolation Electrical
Filler Matrix Loading Method Threshold Conductivity Reference
(S/m)
MWCNT Polyphenylene sulfide Melt mixing 5 wt% - [36]
Graphene Polyphenylene sulfide Melt mixing 10 wt% - [36]
MWCNT Epoxy 2 wt% Milling 0.2 wt% 1.76 x 107! [37]
Graphene Epoxy 2 wt% Milling 0.2 wt% 40 %1073 [37]
MWCNT Polyetherimide 5wt% Solution mixing - 1.43 x 1074 [38]
Graphene Polyetherimide 5 wt% Solution mixing 0.22 wt% 5.82 x 1074 [38]
Graphene/MWCNT Polyetherimide 5 wt% Solution mixing - 1.28 x 1073 [38]
MWCNT Polydimethylsiloxane 4 wt% Solution mixing - 2.53 x 1078 [39]
Graphene Polydimethylsiloxane 4 wt% Solution mixing - 7.89 x 1075 [39]
Graphene/MWCNT  Polydimethylsiloxane 4 wt% Solution mixing - 1.24 x 1073 [39]
. . Alcohol-assisted
MWCNT Hligh 3:31151ty - dispersion and 0.25 vol% - [40]
polyethylene hot pressing
: . Alcohol-assisted
Graphene Hligh gfrimty - dispersion and 1 vol% - [40]
polyethylene hot pressing
Polystyrene/ poly (2,6-
MWCNT dimethyl-1,4-phenylene 4 wt% Solution blending 0.2 wt% 57 [32]
oxide)
Polystyrene/ poly (2,6-
Graphene dimethyl-1,4-phenylene 4 wt% Solution blending 1 wt% 0.9 [32]
oxide)
- o In situ
CNT Polyaniline 69.2 wt% polymerization - 680 [41]
s o In situ )
Graphene Polyaniline 69.2 wt% polymerization - 150 [41]
- o In situ )
CNT/Graphene Polyaniline 69.2 wt% polymerization - 410 [41]
MWCNT Polystyrene 5 wt% Melt mixing 0.05 wt% 7.98 x 1071 [42]
Reduced GO PolystyrenePS 4 wt% Solution mixing - 22.68 [43]
CTAB/GwOrapped Poly (vinyl chloride) 6.47 vol% Solution mixing 0.6 vol% 5.8 [44]
MWCNT Poly (vinyl chloride) 20 wt% Solution mixing - 175 [45]
Liquid crystalline N - ) 1 )
MWCNT polymer 4 wt% Melt mixing 1.3 x 310 [46]
Liquid crystalline Solution casting
Graphene q y 5 wt% and compression 3 wt% 45 x 107! [47]
polymerLCP .
molding
Poly(styrene—
MWCNT butadiene-styrene) 5 wt% Solution mixing 0.35 wt% [48]
SBS

Yang et al. explored the synergetic effects of filling graphene platelets, which are
platelet-like graphite nanocrystals with multiple graphene layers, and carbon nanotubes on
the mechanical and thermal properties based on epoxy composites [26]. They argued that
graphene platelets could help maximize the stress and heat transfer between the polymer
matrix and nanofillers due to its large contact area. Thus, graphene platelets could provide
better reinforcement for a CNPC compared with CNTs. However, the large contact area
would cause a large van der Waals force and result in the aggregation and stacking of
graphene sheets. Therefore, they examined the effects of mixing 2D graphene platelets
with 1D multi-walled carbon nanotubes, from which they expected to find a new way to
overcome the aggregation problem as the MWCNTs could separate the graphene sheets
and increase the contact area at the same time.
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Pradhan and Srivastava investigated the synergistic effect of an MWCNT-graphene
nanofiller in enhancing the properties of silicone rubber (VMQ) [49]. They fabricated an
MWCNT/VMQ nanocomposite, a graphene/VMQ composite, and an MWCNT-graphene/
VMQ nanocomposite. The mixture filler was made with the MWCNT and graphene at
a 1:1 weight ratio. Figure 6 shows the transmission electron microscopy (TEM) images
of the MWCNT (0.375 wt%)/VMQ composite, the graphene (0.375 wt%)/VMQ com-
posite, the MWCNT-graphene (0.375 wt%)/VMQ composite, the MWCNT-graphene
(0.75 wt%)/VMQ composite, and the MWCNT-graphene (1.5 wt%)/VMQ composite [49].
According to Figure 6a,b, MWCNTs are entangled into bundles and graphene nanosheets
are shown to be stacked in the composite. In Figure 6c—e, the MWCNT—-graphene (1:1)
mixture shows a better dispersion. Especially for Figure 6d, when the MWCNT-graphene
is at 0.75 wt%, the graphene nanosheets are separated by MWCNTs and MWCNTs are
attached on the surface of the graphene. Figure 6d shows a 3D structure formed by a 1D
MWCNT and 2D graphene. Pradhan and Srivastava further studied the mechanical and
thermal properties of the MWCNT/VMQ nanocomposite, graphene/VMQ composite, and
MWCNT-graphene/VMQ nanocomposite. They concluded that the synergistic effect of
the MWCNT-graphene 3D structure could account for the improvement in mechanical
and thermal properties [49].

Figure 6. TEM images of (a) MWCNT (0.375 wt%)/silicone rubber (VMQ), (b) graphene
(0.375 wt%)/VMQ, (¢) MWCNT-graphene (0.375 wt%)/VMQ, (d) MWCNT-graphene (0.75 wt%)/VMQ,
and (e) MWCNT-graphene (1.5 wt%)/VMQ [49]. Reproduced with permission.

Punetha et al. also concluded that the mixing of one-dimensional CNTs and two-
dimensional graphene could form a three-dimensional mixture that can solve the problem
of dispersion of the sole nanofiller and provide synergistic properties compared with
composites with a sole nanofiller [33]. In summary, the type of carbon nanomaterials added
into the polymer composite has direct effects on the properties of the composite. Mixed
filling is promising to achieve better performances with different nanostructures.

4.2. The Distribution of Carbon Nanofillers

The distribution of carbon nanofillers has a direct impact on the formation of con-
ductive pathways. Aggregation of nanofillers could lower the composite’s conductivity.
Aggregation of nanofillers is caused by the intrinsic van der Waals forces. To overcome
the trend of aggregation and to make the nanofillers disperse homogenously, there are
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several solutions reported in the literature, including ultrasonication, high-shear mixing,
surfactants, alignment, chemical modification, and polymer chain wrapping [50]. Zhu et al.
found that a homogenous distribution is important not only for electrical properties im-
provement but also for mechanical properties enhancement [50]. Grossiord et al. pointed
out that good distribution in terms of uniformity could lead to more conductive pathways,
which could further lead to good conductivity [27].

However, some researchers hold different opinions that aggregation has positive
effects on increasing conductivity. Delozier et al. thought that a good uniform distribution
would lower the possibility that carbon nanofiller bundles would connect to each other
to form conductive pathways [51]. However, this explanation is not convincing as the
aggregation of nanofillers may not be able to connect neighboring bundles. Du et al.
proposed that electrical conductivity would be increased by heterogeneous distributions of
SWNTs instead of uniform distributions [52].

Besides qualitative analysis, Li et al. provided an equation to describe the relationship
between the distribution of carbon nanofillers and the conductivity of the composite [53].
They proposed that the percolation threshold of the composite can be represented by

2

P — 5877'[ . (1 i)é%‘fd o)
where P, means the percolation threshold of the composite, § means the volume fraction of
the aggregated CNTs, ¢ means the volume content of CNTs in an aggregation, d means the
diameter of the CNTs, and I means the length of the CNTs. However, this equation remains
to be proved by more experiments. In summary, uniformity in the distribution of nanofillers
over polymer matrixes is important and has some great effect on the conductivity of the
composites. More quantitative analysis needs to be explored in the future.

4.3. The Volumn Content of Carbon Nanofillers

In addition to the distribution of carbon nanofillers, the quantity of nanofillers is also
a critical parameter that affects the properties of the CNPC. An increase in volume content
would make the composite become conductive after achieving the percolation threshold.
From Table 3, it can be seen that for the same matrix and fabrication method, different
weight mixing ratios of CNTs and graphene would affect the electrical conductivity of the
composite, which would consequently affect the sensing performance of the tactile sensor.
Stauffer et al. presented a predictive relationship based on the percolation thresh-

old [54]:
p=po(v—re), 3)

where p is the composite resistivity, pg is the resistivity of the conductive filler, v is the
volume content of the filler, v, is the percolation threshold of the filler, and t is the critical
exponent.

Based on experiments, Regev et al., Martin et al., Sandler et al., and Hu et al. reported
that the critical exponent value ranges from 0.7 to 3.1 [55-58]. However, this predictive re-
lationship is only suitable for a small amount of carbon nanofillers added into the polymer
composite. When the volume content of carbon nanofillers is relatively high (compared
with the percolation threshold), large bundles and aggregations would appear and the con-
ductivity of composites tends to be leveled off, or even decreased [59]. Liao et al. conducted
experiments on nanocomposite bipolar plates by filling different volumes of MWCNTs into
high-crystallinity polypropylene (HC-PP), medium-crystallinity polypropylene (MC-PP),
and low-crystallinity polypropylene (LC-PP) and tested their conductivities, as shown in
Figure 7 [59]. All three composites show the same trend of a conductivity decrease when
filled with higher amounts of carbon nanotubes.
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Figure 7. The bulk electrical conductivities of the nanocomposite bipolar plates with various MWCNT
contents [59]. Reproduced with permission.

Engel et al. reported the relationship between the MWCNT loading and the resistance
of an MWCNT-filled conductive elastomer [60]. They found that when the nanofiller’s
loading content is near the percolation threshold, the resistance of the MWCNT-filled
conductive elastomer has a sensitive response to deformation, which means that the
conductive elastomer gets the best tactile sensitivity but with a nonlinear response and
noise as well. When the nanofiller’s loading content is much higher than the percolation
threshold, its response sensitivity to deformation goes down but presents better linearity.
In summary, the volume content of carbon nanofillers could affect the conductivity of
the composite directly. An appropriate volume content needs to be chosen based on
experiments.

4.4. The Type of Polymer Matrixes

Various kinds of polymers have been tried as the matrix of CNPCs. Based on the
molecular forces, polymers are classified into four types, elastomers, fibers, thermoplastics,
and thermosets. The molecular force in elastomers is the weakest among the four types,
which enables elastomers with good stretchability. Thermoplastics and thermosets are two
main categories of polymers that are commonly used in plastic products. Thermoplastics
become soft when heated and can be molded to obtain a desired shape. The molecular force
in thermoplastics is the van der Waal force. However, thermosets become rigid and infusible
when being heated. They have low molecular masses compared with thermoplastics, which
are long-chain polymers. The difference between thermoplastics and thermosets is that the
repeated heating and cooling for the shaping process of thermoplastics is possible while
impossible for thermosets. The intrinsic reason is that thermoplastics would not contain
any cross-bond, but thermosets would form cross-links between polymer chairs and form
a 3D structure when heated. As polymers work as the substrate of tactile/thermal sensors,
the properties that could affect the performance of a tactile/thermal sensor are Young’s
modulus and the thermal expansion coefficient. Based on the same polymer substrate,
various tactile/thermal sensors could be fabricated when filling different types and content
ratios of carbon nanomaterials. However, there are two general notes that may help
researchers choose a suitable polymer as the substrate: (1) polymers with a smaller Young’s
modulus would help form a tactile sensor with higher sensitivity; (2) polymers with a bigger
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thermal expansion coefficient would help form a thermal sensor with higher sensitivity if
the thermal expansion mechanism is the governing mechanism. Table 4 provides general
notes for the suitable application of different polymers as the sensor matrix. Further,
Table 5 provides the electrical percolation thresholds for CNT-filled thermoplastic and
thermoset polymers.

Table 4. Suitable application of different polymers as the sensor matrix.

Polymer Type Suitable Application as the Sensor Matrix
Thermosets Tactile sensor
Thermoplastics Thermal sensor
Elastomers Tactile sensor with high sensitivity
Fibers Tactile and thermal sensor

Table 5. Electrical percolation thresholds for CNT-filled thermoplastic and thermoset polymers [35].

Polymer Type Electrical Percolation Thresholds (CNT)
Thermosets 0.1 to 1 wt%
Thermoplastics 0.2 to 15 wt%

From the perspective of safety for humans and the environments in, for example,
human-robot—environment systems, two types of polymers are receiving increased atten-
tion, that is, biocompatible and biodegradable polymers. Biocompatibility is a measure of
negative effects of materials on humans and environments, see [61-66]. Biodegradability
is a measure of decomposition of a polymer into elements and compounds [67,68]. Poly
(lactic acid) (PLA), poly (glycolic acid) (PGA), and poly(3-caprolactone) (PCL) are the
most widely used biodegradable synthetic polymers [69]. PLA is a hydrophobic material
and could maintain mechanical properties for several months before degradation. Guo
produced a biodegradable polymer nanocomposite based on a PLA matrix and tested
various mechanical properties [70]. In contrast, PGA is hydrophilic and degrades faster
than PLA. PGA would lose mechanical properties between two and four weeks. Adding
carbon nanomaterials as the filler would improve the mechanical and electrical properties
of biocompatible and biodegradable polymers and could promote the development of
tactile and thermal sensing applications.

For both tactile and thermal sensors, the polymer matrix performs as an agent to trans-
form the deformation and temperature change to the resistance of the CNPC. Therefore, the
properties of polymers have dominant effects on the sensitivity of the composites. A soft
and thermal-sensitive transformation polymer should contribute to better sensitivity as the
deformation or temperature change caused by external factors is more quickly transferred
to resistance change [37,39].

5. The Performance of the CNPC Sensor and Sensing System

CNPC sensors work in two different contexts: a single sensor and a sensor network.
The performances of a single CNPC sensor and a sensor network are measured by key
indexes such as the gauge factor, linearity, repeatability, response and recovery time, and
durability. Considering that the gauge factor is the most important performance index and
is readily available, this paper only concerns the gauge factor.

Many efforts have been spent on developing single tactile or thermal sensors. Besides
functioning as a single sensor, a sensor network is another effective way to obtain sensing
ability. Table 6 lists several tactile sensing systems with their structures and performances
and Table 7 provides several thermal sensing systems. Selected systems are commented
on below.
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Table 6. Several tactile sensing systems.

Structure Filler Matrix Filler Loading Performance Reference
Single sensor Graphene Polysilicon 6.8 vol% Gauge factor = 535 [71]
Single sensor Carbon black SEBS-Block 50 wt% Gauge factor = 20 [72]

copolymer
Single sensor MWCNT Polysulfone 0.5 wt% Gauge factor = 2.78 [73]
Band Graphene Rubber 0.2 vol% Gauge factor = 35 [74]
Band Reduced VHB elastomer S=AR/R_137KpPa~! [75]
graphene oxide AP
5 x 5 array MWCNT Polydimethylsiloxane 7 wit% AR/RO =0.6 [76]
16 x 17 array Carbon black Polymer foam [77]
6 x 8 array MWCNT Polydimethylsiloxane 6 Wt% S=AR/R-169kPa~? [78]
Serpentine structures Carbon black Polydimethylsiloxane 25 wt% Gauge factor =29.1 [79]
Thermoplastic o _
11 x 11 array MWCNT Polyurethane 11.1 wt% Gauge factor = 2800 [80]
Rosette-type Carbon black Polydimethylsiloxane 15 wt% [81]
8% 8x2 Conductive 182]
polymer
5 paddings graphite Rubber [83]
14 lines MWCNT Acrylate monomer 1 wt% - [84]
Table 7. Several thermal sensing systems.
Filler Temperature
Structure Filler Matrix . Resistance Performance Reference
Loading
Effect
. o Linear between 25
Single sensor CNT Polyethylene 50 wt% NTC and 45 °C [85]
. Polymer based on o Linear between 0
Single sensor SWCNT hydrogen bonds 20 wt% NTC and 40 °C [25]
Single sensor MWCNT Bisphenol ¥ 3 wt% PTC 64 QmEK-! [86]
epoxy resin
DiGlycidil-Ether
. Bisphenol-A/4,4- o Linear between 30
Single sensor MWCNT diaminodiphenyl 1 wt% NTC and 110 °C [87]
sulfone
Single sensor MWCNT high-density 5.4 wt% PTC [88]
polyethylene
DiGlycidil-Ether Temperature range
Single sensor MWCNT B.l sphenol‘—A/4,4— 0.5 wt% NTC between room [23]
diaminodiphenyl temperature and
sulfone 150 °C
Single sensor SWCNT Polystyrene 2 wt% NTC 7x1077 QmK™! [89]

Among the tactile sensing systems in Table 6, there are two tactile sensors that have a
relatively high gauge factor. One was fabricated by Boland et al. They embedded graphene
in a highly viscoelastic silicone polymer and obtained a tactile sensor with a gauge factor
of > 500 that can even detect a spider’s footsteps on it [71]. The gauge factor reaches 535
for tensile measurement when the volume content of graphene is 6.8% (see Figure 8). The
polymer matrix they used was a lightly cross-linked silicone polymer, which is commonly
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known as Silly Putty. The graphene nanofillers form a mobile conductive network that
could easily breakdown and reform when the matrix is deformed. However, this highly
sensitive tactile sensor only works at a limited strain range of 0-2%. This strain range limits
its application for light force detection. Another tactile sensor that has a high gauge factor
was fabricated by He et al. Their tactile sensor achieves a gauge factor of approximately
2800 in the strain range of 5-100% [80]. However, the problem with He’s sensor is that there
is hysteresis of the resistance change with strain higher than 20%. The hysteresis would
influence the repeatability of tactile sensing. For tactile sensors that have a relatively high
gauge factor, a limited strain range and poor repeatability are two typical disadvantages.
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Figure 8. Gauge factor (G) plotted versus volume fraction (&) for both tensile (blue) and compressive
(red) measurements. The solid symbols represent measured values, and the open symbols represent
predicted values [71]. Reproduced with permission.

For the structure of tactile sensing systems, a single sensor has limited coverage.
Researchers explored different sensor networks based on tactile sensors. Cheng et al. devel-
oped a tactile sensing array by using conductive polymers filled with carbon nanomaterials,
see Figure 9. Through forming a sensor network, the sensing system obtains more sensing
ability, e.g., twist force and irregular distribution pressure [82]. However, this tactile sens-
ing system has poor linearity of resistance versus pressure and resistance versus twisting
angle. This poor linearity may be attributed to the sensor network structure as different
parts of the structure have a nonlinear deformation response to pressure and twisting.

Sun et al. produced 6 x 8 tactile sensor networks based on a multi-walled carbon
nanotube (MWCNT)-filled polydimethylsiloxane (PDMS) composite [78]. The composite
shows high sensitivity in the low-pressure range (<300 Pa) and the sensor network can work
stably in the temperature range of —20 to 50 °C. Similar to Cheng’s tactile sensing system,
Sun’s 6 x 8 tactile sensor arrays also have poor linearity of resistance versus pressure.
In addition, in the low-pressure range (100-300 Pa), there is a significant hysteresis of
resistance change despite the high sensitivity performance.

Chang et al. fabricated a piezo resistance stretchable pressure sensor based on reduced
graphene oxide and a VHB elastomer for surgical robots [75]. The novel part of their work
is based on the wrinkle architecture of the sensor, which is inspired by the skin of the Shar
Pei dog. This wrinkle architecture could be understood as pre-compressed, which reserves
the space for stretching. Another advantage is that the stretching and loading operation
could change the resistance of the tactile sensor in opposite directions. This could help
distinguish the tensile and compressive stress. They applied this tactile sensor on surgical
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robots and proved its sensing ability. However, this tactile sensor was in the shape of a film
and could not locate the position of where the strain was created.

(a) e Tactile sensing
Conductive Lo, g
polymer

Lower spiral "~ "¢ S Upper spiral
electrodes N g electrodes

(b) Polymer * Force

Stretchable

interconnect D |
} Force

Figure 9. (a) The schematic of a tactile sensing array; (b) the sensing system under stretching [82].

Reproduced with permission.

Chen et al. proposed a touch-sensing skin for collaborative robots [83]. This skin was
fabricated by coating graphite-filled latex on rubber and has a piezoresistive feature. They
applied this tactile sensing skin on collaborative robots with five different paddings. As
a conclusion, foam is considered as the best padding material working with this tactile
sensing skin on collaborative robots. It was a great idea to view tactile sensing skin and
padding as a system and test their performance. However, only bonding tactile sensing skin
with padding physically is far from enough, and well-designed physically and functionally
bonding is still expected.

Based on the analysis above, there are several factors that may influence the per-
formance of the tactile sensing system. The content ratio of carbon nanomaterials, the
structure of a tactile sensing system, and Young’s modulus of the polymer matrix all have
impacts on the performance of the sensing system. The design of a specific tactile sensing
system is a procedure of tuning between these factors. For example, a softer polymer
matrix may lead to a more sensitive tactile sensor but would also limit its strain range.

Table 7 provides several thermal sensing systems. Different from tactile sensing
systems, thermal sensing does not have a significant desire for a larger coverage. Most of
the thermal sensors work alone.

Karimov et al. fabricated a temperature gradient sensor based on a CNT compos-
ite [85]. They proved that the conductivity change in the CNT composite temperature
gradient sensor is attributed to the percolation theory. Figure 10 shows the resistance
change when the temperature increases from 25 to 85 °C. It shows good linearity of the
resistance-temperature gradient between 25 and 45 °C and could be used for human body
temperature sensors considering its linearity range. The sensor shows an NTC which
may be related to its relatively high content ratio of CNTs. One explanation is that the
CNTs are crowdedly connected to each other in the composite. Once heated, the thermal
expansion cannot disconnect many conductive pathways, while the tunneling mechanism
increases conductive pathways and decreases the contact resistance of the connected CNTs.
Therefore, the tunneling mechanism is governing the temperature resistance effect and
overall shows a negative temperature coefficient. Another thermal sensor that shows an
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NTC was fabricated by Yang et al. [25]. It also has a relatively high content of MWCNTs
(20 wt%). This high content ratio coincides with our explanation for the cause of an NTC.
This explanation coincides with the numerical simulation conducted by Alamusi et al. [90].
Regarding the governing mechanism of the temperature resistance effect, future work is
expected to explore the intrinsic principle of the mechanisms.
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Figure 10. Resistance and temperature relationship of the CNT-GMSA composite [85]. Reproduced
with permission.

However, Lamberti et al. and Neitzert et al. fabricated thermal sensors that show an
NTC while the content ratio of MWCNTs is only at 1 [87] and 0.5 wt% [23]. They both
used DiGlycidil-Ether Bisphenol-A /4,4-diaminodiphenyl sulfone epoxy as the matrix. As
discussed in Section 3, there are three mechanisms that may be working at the same time
for the temperature resistance effect and the governing mechanism would decide whether
the temperature resistance effect is a PTC or an NTC. A higher content ratio and better
homogeneous distribution of carbon nanomaterials would favor the tunneling mechanism
as thermal expansion would disconnect a significant number of conductive pathways.
Another factor is the thermal expansion coefficient of the polymer matrix. A polymer
matrix with a higher thermal expansion coefficient would favor the thermal expansion
mechanism for the temperature resistance effect.

For the thermal sensor made by Lamberti et al., the presence of an NTC with 1 wt%
MWCNTs may be related to the hydrotalcite clay. Here, 0.7 wt% of hydrotalcite clay was
added to the MWCNTs. The lamellar shape of the clay favors the deposition of MWCNTs
over its surface and therefore forms a better dispersion of MWCNTs [87]. Although the
content ratio of MWCNTs is not as high as the thermal sensor from [85] and [25], the
homogeneous distribution of MWCNTs may lead to the failure of the thermal expansion
mechanism. This is because MWCNTs are distributed evenly in the composite that even the
1 wt% MWCNT load could fully connect MWCNTs and keep them connected when thermal
expansion happens. Therefore, the tunneling mechanism is governing the temperature
resistance effect and shows an NTC. The better dispersion of MWCNTs also leads to
properties improvement, including the thermal sensing ability. It has a linear temperature
resistance range between 30 and 110 °C. The thermal sensor made by Neitzert et al. has
a larger temperature range from room temperature to 150 °C [23], but the linearity of the
temperature resistance is not good.

Alamusi et al. reported a thermal sensor that shows a PTC [86]. It has a rate of
resistivity change with a temperature of 64 Q) m K~ in the range of 330 to 375 K. It shows
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good linearity, but the working range is limited for application. Based on the analysis
above, for a thermal sensor, the content ratio and distribution of carbon nanomaterials and
the thermal expansion coefficient of the polymer matrix all have an impact on the sensing
ability. Different parameters may lead to a different temperature resistance effect, but it
would be better to have one mechanism as the governing mechanism to obtain a linear
temperature resistance effect.

For these different kinds of sensor networks, there are several essential parameters
that are used to compare their performances, including sensitivity, linearity, response and
recovery time, and durability [91]. Based on different structures, filler types, and polymers,
sensor networks would have advantages in some parameters and disadvantages in other
parameters. In summary, tactile and thermal sensors built from carbon nanomaterial-filled
polymer composites are widely used in robotics, human-machine interaction [92], biomed-
ical application [93], and wearable electronics [94]. Single sensors or sensor networks are
utilized in different contexts. The forming of sensor networks is a more effective way to
expend the sensing area and capacity.

6. Fabrication Techniques

The fabrication procedure has important effects on the formation of conductive net-
works, which will contribute to the conductive performance of CNPCs [95]. The fabrication
technique of CNPCs mainly has three different methods. Table 8 provides advantages,
disadvantages, and notes of different fabrication methods.

Table 8. Advantages, disadvantages, and notes of different fabrication methods.

Fabrication Methods

Advantages Disadvantages Fabrication Notes

Solution method

Help distributes fillers

homogeneously Complicated procedures Need appropriate solvent

Melt mixing method

Not easy to distribute fillers

homogeneously Not appliable to thermosets

Easy procedures

In situ polymerization method

Better with functionalization of
carbon nanomaterials and
surfactants

Only applies to certain

Easy procedures polymers

(1) Solution method [38]: Prepare a polymer solvent and dissolve nanofillers into the
polymer solvent. After sufficient dissolution, evaporating the water of the solvent
then results in a polymer nanocomposite, which is in the matrix form. This is the
most commonly used method.

(2) Melt mixing method [46]: Prepare a polymer solvent and add the nanofillers directly
into the solvent. After solidification of the polymer solvent nanocomposite, the
polymer nanocomposite is obtained. This method seems easier than the solution
method; however, the biggest problem is that it is difficult to disperse the nanofillers
in a random and uniform way. This means that the nanofillers may aggregate in a
small area, which produces some unexpected mechanical and physical properties in
the resulting composite.

(3) Insitu polymerization method [41]: This method is different from the foregoing meth-
ods in such a way that the polymer composite is formed with polymerization at the
same time. In particular, it uses a monomer solution or a liquid monomer to dissolve
nanofillers and then to polymerize the monomer to form the polymer composite.

Aggregation of nanofillers in the fabrication process occurs in all the foregoing meth-
ods, as this is due to the inherent property of nanofillers, i.e., high surface free energy.
Efforts have been taken to develop methods to overcome this problem. The ultrasonic
process [96] and addition of surfactants [9] are the two most commonly used methods in
this regard. Figure 11 shows a typical procedure of the ultrasonic process in the solution
method. MWCNTs and a polymer resin are dispersed in the same solvent and mixed.
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The ultrasonic process is then employed to help disperse the MWCNTs in the solution.
After the ultrasonic process, the polymer is cured, resulting in an MWCNT-filled polymer
composite. In this ultrasonic process, the choice of the solvent is extremely important [97].
Different organic solvents have been examined, including dimethylformamide [98], chlo-
roform [99], tetrahydrofuran [100], and toluene [101]. To find out which one works better
with MWCNTS, Liu et al. investigated the four organic solvents and found that chloroform
beats the other three [97].

Add MWCNT into Add polymer into
solvent A solvent A

Ultrasonic process Mechanical stirring process

ST &

Mix the two solutions Ultrasonic_process Evaporate the solvent
and cure the polymer

Figure 11. Solution method with the ultrasonic process.

The above special treatments may be called the mechanical method. The chemical
method may make sense, which is based on functionalization of carbon nanomaterials.
As discussed in Section 3, the van der Waals force is the main reason that keeps carbon
nanomaterials gathered. However, the functionalization treatment is an effective method to
achieve homogeneous distributions [102,103] and is considered as one of the best methods
to prevent the aggregation of nanofillers [33]. The functionalization treatment has two
kinds: covalent functionalization and non-covalent functionalization. Both kinds are
based on alteration of the bond connectivity. Covalent functionalization is to form a
covalent linkage between the functional units and the skeleton of CNTs or graphene. Such
linkage could achieve a high quality of functionalization, but the shortcoming with this
method is that it can destroy the translational symmetry of the CNTs and graphene, which
may lead to a significant change in the electrical and mechanical properties. Non-covalent
functionalization is to form the bond connectivity of functional units and CNTs or graphene
without destroying the -7 conjugation [104]. This could preserve the physical properties
of CNTs or graphene, but the shortcoming is that functionalization is not stable [33]. As
both methods of functionalization have pros and cons, the choice of them is highly case by
case in specific applications. Nevertheless, there have been some experiences in choosing a
particular functionalization method. In the following, a detailed discussion of covalent and
non-covalent functionalization is introduced to help readers design their experiments.

For covalent functionalization, cationic, anionic, and radical polymerizations are three
different categories and the atom transfer radical polymerization is the most effective and
widely used one [33]. Research has been conducted by using the atom transfer radical
polymerization method to functionalize carbon nanomaterials with different polymers.
Liuetal. conducted a detailed review on covalent functionalization of carbon nanomaterials
with polymers. They characterized covalent functionalization into two groups based on the
different approaches, “grafting from” and “grafting to”. For the “grafting from” approach,
it contains three steps in the following order: introduction of the desired functional group,
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covalent modification, and grafting the polymer from carbon nanomaterials. For the
“grafting to” approach, it firstly synthesizes polymer chains and then links the polymer
chains with functional groups on the surface of carbon nanomaterials [105]. Different
polymers include PEGMA [106], PS/PSI [107], PNB [108], crosslinked PMMA-POSS [109],
and PCBAA [110], which are grafted from carbon nanomaterials using the “graft from”
approach. Further, there has been research that used the “graft to” approach to functionalize
carbon nanomaterials with polymers, including PDMS [111,112], PMMA-POSS [113], and
PS [114]. Figures 12 and 13 show the technical procedures of covalent functionalization
of carbon nanomaterials with different polymers using the “grafting from” and “grafting
to” approaches.
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Figure 12. Covalent functionalization using the “grafting from” approach [105]. Reproduced
with permission.
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Figure 13. Covalent functionalization using the “grafting to” approach [105]. Reproduced
with permission.
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In the scope of tactile and thermal sensors, a good example of using covalent func-
tionalization is Zhang et al.’s work. Tetravinyl tetramethyl cyelo tetrasiloxane-modified
MWNTs were grafted with poly (vinylmethylsiloxane) (PVMS). The composite shows good
piezo resistance repeatability [115].

Recently, Raimondo et al. explored new kinds of functionalization treatments that
could improve the compatibility with the polymer matrix while preventing sacrificing
CNTs’ extraordinary electrical and mechanical properties [116]. Covalent functionalization
was performed by using 4,4’-diaminodiphenyl sulfone as the functional unit. At the same
time, 4,4’-diaminodiphenyl sulfone was also employed as the matrix filler to increase
the physical bonds between functionalized CNTs and the epoxy matrix. Raimondo’s
method uses the same material (4,4’-diaminodiphenyl sulfone) as the functional unit and
the matrix filler. It was demonstrated as an effective method to achieve better dispersion
and preservation of physical properties at the same time.

For non-covalent functionalization, it preserves the extraordinary properties of carbon
nanomaterials while adding new functionalities. Since -7 conjugation is maintained in
the structure of carbon nanomaterials, H bonding and 7—m stacking play important roles
in non-covalent functionalization [117]. Non-covalent functionalization is more promis-
ing for tactile and thermal sensors considering that the function requirements for the
sensor need the mechanical, electrical, and thermal properties of carbon nanomaterials.
Especially for the biocompatibility property, non-covalent functionalization is preferred to
establish an interaction between carbon nanomaterials and biomolecules without compro-
mising 7—7t conjugation [118]. Liang et al. used non-covalent functionalization to achieve
molecular-level dispersion of graphene oxide in a poly (vinyl alcohol) (PVA) matrix and the
nanocomposite was found to obtain a better mechanical property. E. Choi et al. approved
that reduced graphene after non-covalent functionalization could achieve stable dispersion
in various organic solvents [117].

In summary, the fabrication of CNPCs is mainly determined by two essential factors:
the dispersion of carbon nanomaterials in a designated solvent and the bond connectivity
of carbon nanomaterials. Different fabrication methods, surfactants, and functionalization
approaches can be chosen to achieve homogeneous distribution and present mechanical,
electrical, and thermal properties to meet the designed function requirements.

7. Conclusions and the Future Direction

This paper presented a critical review of tactile and thermal sensors which are built
from carbon nanomaterial-filled polymer composites (CNPC)—CNPC sensors for short.
The review was assisted by a general knowledge architecture of a system, namely, FCBPSS.
The review covered the principle, structure and state, behavior and performance, and
fabrication of CNPC sensors. Several conclusions can be drawn from this review.

(1) The design and fabrication of a single CNPC sensor is ad hoc, i.e., far less systematic.
There is no well documented knowledge available regarding the relationship of
various parameters of CNPCs with respect to the performance of CNPC sensors. It
is noted that the performance includes the following matrices: sensitivity, accuracy,
reliability, robustness, and resilience [3,4].

(2) Networks of CNPC sensors, i.e., intelligent tactile sensing systems, are still in their
infancy. Currently, there is no theory available to guide the design and fabrication of
such networks and operate and manage them. It is noted that for applications such
as human-robot interaction or human cooperative robotics, real-time adaption of a
network of CNPC sensors is imperative because in these applications, a target system
changes with respect to time and event.

(3) Both a single CNPC sensor and a network of CNPC sensors are suitable for flat sur-
faces only. This is an important limitation to applications such as human cooperative
robotics, where a curved body surface is required.

Based on the above discussion, a few important future works are proposed with the
main application in human cooperative robotics. First, for a single CNPC sensor, there
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is a need to develop a mathematical model for the relationship among various variables
on the structure of CNPC sensors, fabrication variables, and sensor performance. The
model should be applied to develop a systematical design process for CNPC sensors,
which is expected to develop a CNPC for a particular requirement. It is noted that such a
mathematical model could be built by combining machine learning and the knowledge
about the principle along with the structure—function (sensing in this case) relation.

Second, for a network of CNPC sensors, there is a need to develop a mathematical
model for the relationship of the variables, which describe the network, with respect to the
performance of the network. The performance includes not only the accuracy but also the
robustness and resilience of the network. It is noted that such a mathematical model may
likely be built with machine learning techniques because of complexities in the network,
e.g., the coupling effects between individual CNPC sensors and the network of them.

Third, it is imperative to develop a CNPC sensor that adapts physically to a curved
body shape. The challenge here is about knowing changes in internal stresses and their
distribution in the material system and how these changes affect the sensor performance. To
probe this development, a careful mechanics analysis of a CNPC sensor when its structure
changes due to its installation on a different body surface should be carried out.

Fourth, CNPCs can also be shaped as a medium between two parallel electrode plates,
and the whole system can serve as a capacitive pressure sensor [119-121]. How the CNPC
discussed in this paper, including the structure and fabrication technique, would affect
the property (e.g., dialectic constant) of such a medium in a capacitive pressure sensor is
worthy of study.
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