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Abstract: In this work, buckypaper composed of multi-walled carbon nanotubes (MWCNT) was 
prepared through a vacuum filtration process. The effect of MWCNT aspect ratio on the buckypaper 
performance was investigated. The freestanding and highly flexible buckypaper can be used as a 
sensor to attach on a complex surface monitoring the strain and temperature at the critical area. The 
mechanical properties of the buckypaper were examined using the tensile and nanoindentation 
tests. The strain and temperature sensitivities of the buckypaper were evaluated through the four-
point bending and thermal chamber tests, respectively. In addition, the microstructure and thermal 
stability of the buckypaper were studied by scanning electron microscopy (SEM) and 
thermogravimetric analyzer (TGA), respectively. Experimental results showed that the mechanical 
properties such as Young’s modulus, tensile strength, fracture strain, and hardness of the 
buckypaper made of high aspect ratio MWCNTs were significantly superior to the buckypaper 
consisted of low aspect ratio MWCNTs, while the strain and temperature sensitivities of the 
buckypaper composed of low aspect ratio MWCNTs were better than that of the buckypaper made 
of high aspect ratio MWCNTs. 
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1. Introduction 

Since the discovery in 1991 by Iijima [1], carbon nanotubes (CNTs) have received great attention 
in a variety of research fields owing to their extraordinary mechanical, thermal, and electrical 
properties. Pipe et al. [2] predicted the Young’s modulus of CNT in the range of 500 ~ 600 GPa based 
on both the theoretical analysis and experimental results. Yu et al. [3] reported that the maximum 
tensile strength of CNT is approximate to 200 GPa. Yang et al. [4] indicated that the thermal 
conductivity of a randomly oriented multi-walled carbon nanotube (MWCNT) film is close to 15 
W/mK. Gao et al. [5] found that the electrical resistivity of CNT is less than 10−5 Ω/cm. CNTs with 
a great flexibility compared with conventional carbon materials have been considered as one of the 
most promising materials for high performance of structural and multifunctional applications. 
Despite their remarkable features, limitations in terms of handling and operating of the nanomaterial 
have significantly restricted the potential usage of CNTs. Thus, many applications can only be 
realized by developing alternate approaches that can take the advantages of the unique property of 
individual CNT and translate into macroscopic scale. One of the most important approach in this 
subject is the preparation of CNT film. The flexible and free-standing CNT film known as buckypaper 
is a macroscopic paper-like material with planner structure comprising of porous and entangled 
network of CNTs formed by Van der Waals forces [6]. 

Buckypaper with high electric and thermal conductivities [7] has attracted a great attention for 
various applications in recent years. Potential applications of buckypaper reported in the literatures 
including transistors and logic devices [8], supercapacitors [9], actuators [10], and strain sensing [11]. 
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Lu et al. [12] fabricated the buckypaper using spray-vacuum filtration method to monitor the glass 
transition temperature of polymeric composites. Zhang et al. [13] investigated the structural, 
mechanical, and conductive properties of buckypaper prepared by pressurized filtration method. 
Wang et al. [14] studied the piezoresistive behavior of CNT composite film subjected to tensile and 
laterally compressive loads. Zhang et al. [15] improved the mechanical and electrical properties of 
buckypaper by in situ cross-linking of CNTs. Lu et al. [16] monitored the curing behavior of 
epoxy/glass composite using highly sensitive buckypaper. Arif et al. [17] demonstrated that both the 
electrical and thermal conductivities of compressed buckypaper are increasing due to the higher 
density of CNT network. Li et al. [18] investigated the influence of CNTs synthesized over different 
catalysts on the performance of buckypaper. Wang et al. [19] fabricated the buckypaper using spray 
vacuum filtration method and embedded into glass fiber reinforced polymer composite laminate to 
monitor the drilling process. Li et al. [20] embedded buckypaper into glass fiber reinforced plastics 
laminates to enhance the interlaminar fracture toughness and shear strength. Dao et al. [21] 
developed Limnobium Laevigatum nanogenerator (LLN) for electricity generation and freshwater 
production using vacuum filtration deposition of MWCNTs onto cellulose paper-located on the 
Polystyrene (PS) foam. CNTs served as sunlight absorbers have been widely used in solar-driven 
steam generation devices with a variety of applications such as low-cost steam for medical 
sanitization, seawater desalination, chemical distillation and water purification [22–24]. Lu et al. [25] 
developed a flexible spongy CNTs consisting of self-assembled, interconnected CNT skeletons, was 
directly used as electromagnetic interference (EMI) shielding film. The freestanding CNT sponge 
with a thickness of 1.8 mm showed highly EMI shielding effectiveness (SE) and specific SE (SSE) of 
54.8 dB and 5480 dB 𝑐𝑐𝑐𝑐3/𝑔𝑔 in X-band, respectively. Dao and Choi [26] used dry plasma reduction 
(DPR) to synthesis MWCNT–Platinum nanohybrid acted as an efficient and low-cost counter 
electrode material for dye-sensitized solar cells. Dang et al. [27] prepared CNT-Ruthenium 
nanohybrid using liquid plasma reduction for the redox reaction in dye-sensitized solar cells. Kim et 
al. [28] prepared a hybrid electrode based on sulfur-impregnated MWCNTs using a dry plasma 
reduction method for lithium–sulfur batteries. The MWCNT-SnO electrode exhibited high 
conductivity and small volume change during a repeated charge–discharge process. 

The basic concept behind the preparation of buckypaper is to utilize the exceptional properties 
of CNTs in macroscopic scale. The macroscale buckypaper can be handled easily and improve the 
feasibility of using CNTs in industries. It has been reported that the performance of buckypaper is 
significantly affected by several important factors such as CNTs type [29], aspect ratio of CNTs [30], 
degree of CNT alignment [31], chemical functionalization of CNT [32], and purity [33]. In this work, 
the buckypaper composed of MWCNTs was prepared through a vacuum filtration process. The 
mechanical properties including the Young’s modulus, tensile strength, fracture strain, and hardness 
were examined using the tensile and nanoindentation tests. Thermal stability of the buckypaper was 
evaluated by thermogravimetric analyzer (TGA). Buckypaper with remarkable electrical and thermal 
conductivities has been considered as an ideal sensor for strain and temperature sensing. The 
sensitivities of strain and temperature were investigated through a series of four-point bending and 
thermal chamber tests, respectively. The effect of MWCNT aspect ratio on the mechanical properties 
and sensing capability was studied. 

2. Experimental 

2.1. Preparation of Buckypaper 

Two different sizes of MWCNTs were used in this work to investigate the influence of the 
MWCNT aspect ratio on the buckypaper performance. For the high aspect ratio MWCNTs, the 
diameter and length are ranging from 10–20 nm and 100–200 μm, respectively. For the low aspect 
ratio MWCNTs, the diameter and length are ranging from 30–50 nm and 50–100 µm, respectively. In 
this work, MWCNTs were purchased from Conjutek Co., New Taipei City, Taiwan, and used as 
received without any further purification. The purities of high aspect ratio MWCNTs and low aspect 
ratio MWCNTs were ≥98.5% and ≥97%, respectively. Figure 1 shows the morphologies of the 
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MWCNTs as received. The buckypaper was fabricated using vacuum filtration method with the aid 
of surfactant Triton X-100 (Big Sun Chemical Corp., New Taipei City, Taiwan). The vacuum pressure 
used in the filtration process was 0.1 atm. Triton X-100 (C14H22O(C2H4O)n) purchased from Big Sun 
Chemical Corp., New Taipei City, Taiwan, which is a nonionic surfactant with a hydrophilic 
polyethylene oxide chain. It has a viscosity of 400 centipoise at 25 °C and purity of 97% and is soluble 
in water. To overcome the van der Waals forces between MWCNTs and break up MWCNTs bundles 
into individual MWCNTs, a series of experimental tests were conducted to obtain the optimal 
preparation process. The optimal preparation processes were as follows: 50 mg of MWCNTs and 5 g 
of Triton X-100 were added into 250 mL distilled water. Then, the mixture was dispersed by a sonicate 
tip at 30 W for 2 h. The sonicator (Q700, Qsonica L.L.C., Newtown, CT, USA) was operated at pulse 
mode with 10 s on and 20 s off. Upon the completion of the dispersion procedure, the well dispersed 
suspension was filtered through a PVDF (Polyvinylidene Fluoride) microporous membrane with 
pore size 0.45 μm and diameter 47 mm. Figure 2 shows the experimental setup of the vacuum 
filtration. After the filtration, the buckypaper was peeled off from the PVDF membrane and soaked 
in the isopropyl alcohol for 4 h to remove the residual surfactant Triton X-100. Then, the buckypaper 
was washed by a total amount of 5 L DI water and dried in a thermal chamber at the temperature of 
40 𝐶𝐶  0  for 5 h. A typical free standing and flexible buckypaper is illustrated in Figure 3. The diameter 
and thickness of buckypapers were 36 mm and 0.1 mm, respectively. The thickness of the buckypaper 
was measured by micrometer caliper (Mitutoyo Taiwan Co., Ltd.) with an accuracy of 0.001 mm. It 
can be seen from the naked eye that the fabricated buckypaper exhibits smooth surface with black 
color and no crack on the surface. Buckypaper has good strength and flexibility to be handled like a 
traditional fiber mat. Bending and twisting tests were conducted on the buckypaper as shown in 
Figure 4 to illustrate the high flexibility of the free standing buckypaper. 

  

(a) (b) 

Figure 1. Morphologies of multi-walled carbon nanotubes (MWCNTs). (a) high aspect ratio 
MWCNTs, (b) low aspect ratio MWCNTs. 

 
Figure 2. Experimental setup of vacuum filtration. 
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Figure 3. Buckypapers as prepared. 

 
Figure 4. Bending and twisting tests of Buckypapers. 

2.2. Testing and Characterization 

The surface morphology of the buckypaper was examined by a field emission scanning electron 
microscopy (JSM 7600F, Jeol Co. Japan) operated at an accelerated voltage of 10 kV. The test sample 
was coated with platinum. The thermal stability of the buckypaper was tested with a 
thermogravimetric analyzer (TGA) (2-HT TGA, Mettler Toledo, USA). The test sample was placed in 
a thermal chamber filled with nitrogen. The temperature was increased from room temperature to 
800 0𝐶𝐶 at a rate of 10 0𝐶𝐶/𝑚𝑚𝑚𝑚𝑚𝑚. In this work, mechanical properties of the buckypaper such as Young’s 
modulus, tensile strength and fracture strain were characterized using the tensile test while the 
hardness was determined by nanoindentation test. Tensile tests for the buckypaper were conducted 
on a strip sample (30 mm x 10 mm) using a universal tensile machine operated at a constant speed of 
0.5 mm/min. To avoid the stress concentration at the grip, a rubber pad was attached to the grip. 
Nanoindentation tests were performed using a Nano indenter (NanoTestⅠMicro Materials Ltd., UK) 
equipped with a Berkovich diamond indenter to evaluate the hardness of the buckypaper. 

To investigate the strain sensitivity, a buckypaper sensor with dimensions of 30 mm x 10 mm 
was bonded on an aluminum test specimen using epoxy adhesive and subjected to four-point 
bending. The resistance change of the buckypaper due to the applied strain was measured by a source 
meter (Keithley 2450, USA). The strain sensitivity of the buckypaper is quantified as the relative 
resistance change owing to the applied strain, commonly referred to gauge factor as follows. 

GF =
△𝑅𝑅
𝑅𝑅0𝜀𝜀

 (1) 

where 𝑅𝑅0 and ∆R are the initial resistance and relative resistance change due to the applied strain 
𝜺𝜺, respectively. 

To evaluate the temperature sensitivity, the buckypaper sensor was put into a vacuum oven and 
temperature varied from room temperature to 100 °𝐶𝐶. A K-type thermocouple was placed next to the 
buckypaper to measure the temperature. The resistance change of the buckypaper sensor was 
measured by a Keithley 2450 source meter. Temperature coefficient of resistance (TCR) was used to 
characterize the temperature sensitivity as follows. 
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TCR =
∆𝑅𝑅
𝑅𝑅0∆𝑇𝑇

 (2) 

where 𝑅𝑅0 is the initial resistance at room temperature, ∆R is the relative resistance change due to the 
temperature change ∆T. 

3. Results and Discussion 

3.1. Morphology of Buckypaper 

Figure 5 shows the surface morphologies of buckypapers fabricated from high and low aspect 
ratios MWCNTs. It appears that the entangled MWCNT network consists of continuous MWCNT 
ropes resulting from the self-assembly due to the van der Waal forces. The well distributed network, 
uniform rope size, and porous structure of the buckypaper demonstrate a good dispersion of 
MWCNTs in the suspension. The buckypaper with high aspect ratio WMCNTs forms more porous 
network. As MWCNTs pile up, the gap between MWCNTs is increasing with the increase of the 
MWCNT diameter. Thus, the pore size of the buckypaper (piled up of MWCNTs) with low aspect 
ratio MWCNTs is larger than that of high aspect ratio MWCNTs. It can be seen from the surface 
morphology as shown in Figure 5 that the pore size and the rope diameter of the entangled network 
are dependent on the MWCNT diameter, the larger of the MWCNT diameter the larger of the pore 
size and rope diameter. Figure 6 shows the cross section of the buckypapers. The test sample used 
for the cross-section SEM image was obtained from the broken part of the tensile test specimen. A 
layered structure was observed in the buckypaper made of high aspect ratio MWCNTs. While a loose 
interlayer structure was found in the buckypaper composed of low aspect ratio MWCNTs due to the 
less tightly bound between the low aspect ratio MWCNTs. The bonds between MWCNTs were 
evaluated based on the degree of entanglement. MWCNTs with high aspect ratio exhibit a higher 
degree of entanglement in comparison with low aspect ratio MWCNTs. Thus, a high degree of 
entanglement leads to tight bonds between MWCNTs with a high aspect ratio. This indicates that a 
better interconnection between the high aspect ratio MWCNTs in comparison with low aspect ratio 
MWCNTs. 

  

(a) high aspect ratio MWCNTs (b) low aspect ratio MWCNTs 

Figure 5. Surface morphology of buckypaper. (a) buckypaper composed of high aspect ratio 
MWCNTs (b) buckypaper composed of low aspect ratio MWCNTs. 
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(a) high aspect ratio MWCNTs (b) low aspect ratio MWCNTs 

Figure 6. Cross section of buckypaper: (a) buckypaper composed of high aspect ratio MWCNTs and 
(b) buckypaper composed of low aspect ratio MWCNTs. 

3.2. Thermal Stability 

Figure 7 shows the residual weight of the buckypaper as the temperature increasing from room 
temperature to 800 °𝐶𝐶. The residual weight percentages of buckypapers composed of high aspect 
ratio MWCNTs and low aspect ratio MWCNTs at the temperature of 800 °𝐶𝐶 are 93.5% and 91.9%, 
respectively. It can be observed that a good thermal stability was achieved for the fabricated 
buckypapers. Most of the weight loss can be attributed to the residual surfactant Triton X-100 or 
moisture in the buckypaper. 

 
Figure 7. Residual weights of buckypapers composed of high and low aspect ratios MWCNTs in the 
thermogravimetric analyzer (TGA) test. 

3.3. Mechanical Properties 

Typical stress–strain curves for the buckypapers made of high and low aspect ratios of MWCNTs 
are presented in Figure 8. The Young’s modulus, tensile strength, and fracture strain of the 
buckypaper can be extracted from the stress–strain curve. Three samples were prepared and tested 
for each buckypaper. The average values and standard deviations of the tensile properties of the 
buckypaper are listed in Table 1. It is clear that all the tensile properties of the buckypaper composed 
of high aspect ratio MWCNTs are much higher than that of the buckypaper made of low aspect ratio 
MWCNTs. This demonstrates that the reinforcement of MWCNTs with large diameter is significantly 
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deteriorated in comparison with small MWCNTs. Sastry et al. [34] pointed out that the tensile 
properties of porous fiber materials are heavily dependent on the load transfer ability among the 
networks. The buckypaper with high aspect ratio WMCNTs forms a more porous network. As 
MWCNTs pile up, the gap between MWCNTs is increasing with the increase of the MWCNT 
diameter. Thus, the pore size and rope diameter of the buckypaper composed of high aspect ratio 
MWCNTs are smaller than that of the buckypaper consisted of low aspect ratio MWCNTs as shown 
in Figure 5. Buckypaper made of high aspect ratio MWCNTs exhibits a denser pack compared with 
buckypaper consisted of low aspect ratio MWCNTs. The larger pore size and rope diameter decrease 
the load transfer between tube/tube in the MWCNT rope due to the possible tube slippage. In 
addition, the layered structure of the buckypaper composed of high aspect ratio MWCNTs as shown 
in Figure 6a indicates a strong interconnection between the MWCNT ropes resulting in a good load 
transfer among the MWCNT networks. The interconnection between MWCNTs is attributed to the 
entanglement of MWCNTs network. The degree of entanglement of MWCNTs with high aspect ratio 
is higher than that of low aspect ratio MWCNTs. The better tensile properties of the buckypaper 
composed of high aspect ratio MWCNTs demonstrate that the interconnection between the high 
aspect ratio MWCNTs is better than that of low aspect ratio MWCNTs. 

In the nanoindentation tests, the maximum indentation load used was 3 mN. Three 
nanoindentation tests were conducted for each test sample. Figures 9 and 10 plot the load versus 
indentation depth curves for high aspect ratio MWCNTs and low aspect ratio MWCNTs 
buckypapers, respectively. Three nanoindentation tests were conducted on each buckypaper to 
illustrate the repeatability. The hardness of the buckypaper can be extracted from the load-
indentation depth curve using the expressions proposed by Oliver and Pharr [35]. The hardness of 
the buckypapers composed of high aspect ratio MWCNTs and low aspect ratio MWCNTs are 112 ± 2 
MPa and 107 ± 1 MPa, respectively. 

Table 1. Tensile properties of buckypapers composed of high aspect ratio MWCNTs and low aspect 
ratio MWCNTs. 

Tensile Properties 
High Aspect Ratio 

MWCNT 
Buckypaper 

Low Aspect Ratio MWCNT 
Buckypaper 

Young’s modulus 
GPa 

0.679 ± 0.025 0.528 ± 0.019 

Tensile strength 
MPa 

17.3 ± 0.29 3.19 ± 0.10 

Fracture strain 0.122 ± 0.003 0.018 ± 0.0005 
multi-walled carbon nanotubes (MWCNT). 

 
Figure 8. Stress–strain curves of buckypapers composed of high aspect ratio MWCNTs and low aspect 
ratio MWCNTs. 
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Figure 9. Load vs. indentation depth for the buckypaper made of high aspect ratio MWCNTs. 

 
Figure 10. Load vs. indentation depth for the buckypaper made of low aspect ratio MWCNTs. 

3.4. Strain Sensitivity 

The prepared buckypaper was cut into rectangular strips with dimensions of 30 mm x 10 mm as 
a sensor for evaluating the piezoresistive response and sensing performance. An aluminum beam 
with dimensions of 200 x 20 x 2 mm was used as a test specimen. The buckypaper sensor and strain 
gauge were adhered to the top and bottom surfaces of the Al beam in the central region, respectively. 
The Al specimen was subjected to four-point bending test as shown in Figure 11. The distances 
between the two inner points and two outer points for the four-point bending test were 60 mm and 
160 mm, respectively. The specimen was loaded by a tensile machine (10 KS, Hounsfield, United 
Kingdom) at a loading speed of 5 mm/min. The electrical resistance of the buckypaper was measured 
by a source meter (Keithley 2450, Tektronix, Inc., Beaverton, OR, USA). A DC voltage was applied 
then the resistance of the buckypaper can be calculated from the applied voltage and measured 
current based on the Ohmic law. Silver paste was used as electrodes to minimize the contact 
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resistance. The change of the resistance of the buckypaper was measured as a function of the strain 
applied to the specimen. 

Figures 12 and 13 show the relative resistance change in response to the applied strain for 
buckypapers made of high aspect ratio MWCNTs and low aspect ratio MWCNTs, respectively. It is 
clear that the relative resistance change exhibits a good linear relationship with the applied strain. By 
linearly fitting the relative resistance change and applied strain, the coefficient of determination 
achieves 0.99 for both buckypapers. The linearity and stability of the relative resistance change vs. 
applied strain demonstrate a great potential of the buckypaper as a strain sensor. The gauge factor of 
the buckypaper can be determined from the slope of the linear relationship. The gauge factors for the 
buckypapers consisted of high aspect ratio MWCNTs and low aspect ratio MWCNTs are 1.21 and 
2.68, respectively. The resistance of the buckypaper can be characterized into two different types. One 
is the intrinsic resistance affected by the conducting or semiconducting type of MWCNTs, diameter 
and structural defects. The other is the contact resistance between MWCNTs controlled by the 
tunneling effect. It is well known that the intrinsic resistance of MWCNT is significantly lower than 
that of contact resistance. The buckypaper resistance is mainly dominated by the contact resistance 
between MWCNTs, while the intrinsic resistance has only a little effect on the buckypaper resistance. 
Thus, the piezoresistive response of the buckypaper is generally considered to be attributed to the 
change of the contact resistance. In the bending test, the buckypaper sensor adhered to the specimen 
was stretched, resulting in the increase of the distance between MWCNTs. The contact resistance of 
the buckypaper dominated by the tunneling effect between MWCNTs is increased due to the increase 
of the distance and reduction of the conductive paths. A positive piezoresistive behavior in response 
to the applied strain was found in the buckypaper sensor as shown in Figures 12 and 13. The relative 
resistance changes of both buckypapers are linearly increasing with the increase of the applied strain. 
The difference in the piezoresistive response between the buckypapers composed of high aspect ratio 
MWCNTs and low aspect ratio MWCNTs can be attributed to the differences of the contact area and 
interaction between MWCNTs. The pore size and rope diameter of the buckypaper made of low 
aspect ratio MWCNTs are larger than that of the buckypaper composed of high aspect ratio MWCNTs 
as shown in Figure 5, leads to a larger contact area. Moreover, a layered structure of the buckypaper 
with high aspect ratio MWCNTs as shown in Figure 6a illustrates a good interconnection between 
MWCNTs, while a loose bound is found in the low aspect ratio MWCNT buckypaper as shown in 
Figure 6b. The distance between the low aspect ratio MWCNTs increased due to the tensile stretch is 
longer than that of high aspect ratio MWCNTs. Thus, the gauge factor of the buckypaper made of 
low aspect ratio MWCNTs is larger than that of high aspect ratio MWCNT buckypaper i.e., more 
sensitive to the applied strain. 

 
Figure 11. Experimental setup of the four-point bending test. 
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Figure 12. Relative resistance change vs. applied strain for the buckypaper made of high aspect ratio 
MWCNTs. 

 
Figure 13. Relative resistance change vs. applied strain for the buckypaper made of low aspect ratio 
MWCNTs. 

3.5. Temperature Sensitivity 

The fabricated buckypaper with dimensions of 30 mm x 10 mm rested on a glass substrate was 
placed in a vacuum oven and temperature varied from room temperature to 1000𝐶𝐶. Figures 14 and 
15 plot the relative resistance change of the buckypapers made of high aspect ratio MWCNTs and 
low aspect ratio MWCNTs in response to the temperature change, respectively. It can be seen that 
both buckypaper sensors exhibit a negative piezoresitivity, i.e., the resistance is decreasing with the 
increase of the temperature. As the temperature increases, the electron gains the thermal energy and 
transmits it to kinetic energy, leading to an increase of the mobility. The electron is more likely to 
leap across the interconnected MWCNTs instead of via tunneling. Thus, the resistance of the 
buckypaper decreases as the temperature increases. The relative resistance change of the buckypaper 
exhibits a good linear relationship with the temperature change as shown in Figures 14 and 15. The 
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temperature coefficient of resistance can be obtained from the slope of the resistance –temperature 
curve. The temperature coefficients of resistance for the buckypapers composed of high aspect ratio 
MWCNTs and low aspect ratio MWCNTs are −8.24 × 10−2 0𝐶𝐶−1  and −1.05 × 10−1  0𝐶𝐶−1 , 
respectively. 

 
Figure 14. Relative resistance change vs. temperature change for the buckypaper made of high aspect 
ratio MWCNTs. 

 
Figure 15. Relative resistance change vs. temperature change for the buckypaper made of low aspect 
ratio MWCNTs. 

4. Conclusions 

Buckypapers were prepared by vacuum filtration method. The effect of MWCNT aspect ratio on 
the buckypaper performance was investigated in this work. The morphology of the buckypaper 
examined by field emission scanning electron microscopy depicts a self-assembled MWCNTs 
network due to the van der Waals forces. A layered structure and small pore size were found in the 
buckypaper made of high aspect ratio MWCNTs. This indicated a better interconnection between the 
high aspect ratio MWCNTs in comparison with the low aspect ratio MWCNTs. Mechanical properties 
of the buckypapers were characterized by the tensile and nanoindentation tests. Experimental results 
showed that the mechanical properties such as the Young’s modulus, tensile strength, fracture strain, 
and hardness of the buckypaper made of high aspect ratio MWCNTs were much higher than that of 
the buckypaper composed of low aspect ratio MWCNTs due to the better interconnection and smaller 
pore size. The piezoresistive behavior of the buckypaper was evaluated using a Keithley 2450 source 
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meter. A positive piezoresistivity was found in response to the applied strain, while a negative 
piezoresistivity to the temperature change. The relative resistance change varied linearly with respect 
to both the applied strain and temperature change. The linearity and stability of the piezoresistive 
response demonstrate a great potential of the buckypaper as a strain and temperature sensor. 
Buckypaper consisting of low aspect ratio MWCNTs exhibits higher sensitivities in both strain and 
temperature compared with the buckypaper made of high aspect ratio MWCNTs. 

Author Contributions: Conceptualization, S.-C.H.; methodology, W.-C.H.; validation, S.-C.H.; formal analysis, 
W.-C.H.; investigation, W.-C.H.; data curation, W.-C.H.; writing—original draft preparation, S.-C.H.; writing—
review and editing, S.-C.H. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by Ministry of Science and Technology of Taiwan, grant numbers MOST 
108-2221-E-155 -042 -MY2 and MOST 104-2221-E-155 -057 -MY3. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Iijima, S. Helical microtubules of graphite carbon. Nature 1991, 354, 56–58. 
2. Pipes, R.B.; Frankland, S.J.V.; Hubert, P.; Saether, E. Self-consistent properties of the SWCN and hexagonal 

arrays as composite reinforcements. Compos. Sci. Technol. 2003, 63, 1349–1358. 
3. Yu, M.F.; Files, B.S.; Arepalli, S.; Ruoff, R.S. Tensile loading of ropes of single wall carbon nanotubes and 

their mechanical properties. Phys. Rev. Lett. 2000, 84, 5552. 
4. Yang, D.J.; Zhang, Q.; Chen, G.; Yoon, S.F.; Ahn, J.; Wang, S.G.; Zhou, Q.; Wang, Q.; Li, J.Q. Thermal 

conductivity of multiwalled carbon nanotubes. Phys. Rev. B. 2002, 66, 165440. 
5. Gao, B.; Chen, Y.F.; Fuhrer, M.S.; Glattli, D.C.; Bachtold, A. Four point resistance of individual single-wall 

carbon nanotube. Phys. Rev. Lett. 2005, 95, 196802. 
6. Oh, J.Y.; Yang, S.J.; Park, J.Y.; Kim, T.; Lee, K.; Kim, Y.S.; Han, H.N.; Park, C.R. Easy preparation of self-

assembled high-density buckypaper with enhanced mechanical properties. Nano Lett. 2015, 15, 190–197. 
7. Hone, J.; Llaguno, M.C.; Nemes, N.M.; Johnson, A.T.; Fischer, J.E.; Walters, D.A. Electrical and thermal 

transport properties of magnetically aligned single wall carbon nanotube films. Appl. Phys. Lett. 2000, 77, 
666–668. 

8. Zhao, Y.; Li, D.; Xiao, L.; Liu, J.; Xiao, X.; Li, G.; Jin, Y.; Jiang, K.; Wang, J.; Fan, S. et al. Radiation effects and 
radiation hardness solutions for single-walled carbon nanotube-based thin film transistors and logic 
devices. Carbon 2016, 108, 363–371. 

9. Che, J.F.; Chen, P.; Chan-Park, M.B. High-strength carbon nanotube buckypaper composites as applied to 
free-standing electrodes for supercapacitors. J. Mater. Chem. A. 2013, 1, 4057–4066. 

10. Chen, I.-W.P.; Cottinet, P.-J.; Tsai, S.-Y.; Foster, B.; Liang, R.; Wang, B.; Zhang, C. Improved performance of 
carbon nanotube buckypaper and ionic-liquid-in-Nafion actuators for rapid response and high durability 
in the open air. Sensors and Actuators B Chem. 2012, 171-172, 515–521. 

11. Zhang, Z.; Wei, H.; Liu, Y.; Leng, J. Self-sensing properties of smart composite based on embedded 
buckypaper layer. Struct. Health Monit. 2015, 14, 127–136. 

12. Lu, S.; Chen, D.; Wang, X.; Xiong, X.; Ma, K.; Zhang, L.; Meng, Q.; Monitoring the glass transition 
temperature of polymeric composites with carbon nanotube buckypaper sensor. Polym. Test. 2017, 57, 12–
16. 

13. Zhang, J.; Jiang, D.; Peng, H.-X. A pressurized filtration technique for fabricating carbon nanotube 
buckypaper: Structure, mechanical and conductive properties. Microporous Mesoporous Mater. 2014, 184, 
127–133. 

14. Wang, Y.; Wang, S.; Li, M.; Gu, Y.; Zhang, Z. Piezoresistive response of carbon nanotube composite film 
under laterally compressive strain. Sensors Actuators A: Phys. 2018, 273, 140–146. 

15. Zhang, J.; Jiang, D.; Peng, H.-X.; Qin, F. Enhanced mechanical and electrical properties of carbon nanotube 
buckypaper by in situ cross-linking. Carbon 2013, 63, 125–132. 

16. Lu, S.; Chen, D.; Wang, X.; Shao, J.; Ma, K.; Zhang, L.; Araby, S.; Meng, Q. Real-time cure behaviour 
monitoring of polymer composites using a highly flexible and sensitive CNT buckypaper sensor. Compos. 
Sci. Technol. 2017, 152, 181–189. 

17. Arif, M.F.; Kumar, S.; Shah, T. Tunable morphology and its influence on electrical, thermal and mechanical 
properties of carbon nanostructure-buckypaper. Mater. Des. 2016, 101, 236–244. 



Sensors 2020, 20, 3067 13 of 13 

 

18. Li, Z.; Xu, J.; O’Byrne, J.P.; Chen, L.; Wang, K.; Morris, M.A.; Holmes, J.D. Freestanding bucky paper with 
high strength from multi-wall carbon nanotubes. Mater. Chem. Phys. 2012, 135, 921–927. 

19. Wang, G.D.; Li, N.; Melly, S.K.; Peng, T.; Li, Y.C.; Zhao, Q.D.; Ji, S.D. Monitoring the drilling process of 
GFRP laminates with carbon nanotube buckypaper sensor. Compos. Struct. 2019, 208, 114–126. 

20. Li, N.; Wang, G.D.; Melly, S.K.; Peng, T.; Li, Y.C.; Zhao, Q.D.; Ji, S.D. Interlaminar properties of GFRP 
laminates toughened by CNTs buckypaper interlayer. Compos. Struct. 2019, 208, 13–22. 

21. Dao, V.-D.; Vu, N.H.; Choi, H.-S. All day Limnobium laevigatum inspired nanogenerator self-driven via 
water evaporation. J. Power Sources 2020, 448, 227388. 

22. Dao, V.-D.; Vu, N.H.; Yun, S. Recent advances and challenges for solar-driven water evaporation system 
toward applications. Nano Energy 2020, 68, 104324. 

23. Dao, V.-D.; Choi, H.-S. Carbon-Based Sunlight Absorbers in Solar-Driven Steam Generation Devices. Glob. 
Challenges 2018, 2, 1700094. 

24. Dao, V.-D.; Chien, N.D.; Strek, W. Enthusiastic discussions on solid physic and material science at 
SPMS2019. Scie. Technol. Dev. J. 2020, 23, 490–498. 

25. Lu, D.; Mo, Z.; Liang, B.; Yang, L.; He, Z.; Zhu, H.; Tang, Z.; Gui. X. Flexible, lightweight carbon nanotube 
sponges and composites for high-performance electromagnetic interference shielding. Carbon 2018, 133, 
457–463. 

26. Dao, V.-D.; Choi, H.-S. Dry plasma synthesis of a MWNT–Pt nanohybrid as an efficient and low-cost 
counter electrode material for dye-sensitized solar cells. Chem. Commun. 2013, 49, 8910–8912. 

27. Dang, H.-L. T.; Tran, N.A.; Dao, V.-D.; Vu, N.H.; Quang, D.V.; Vu, H.H.T.; Nguyen, T.H.; Pham, T.-D.; 
Hoang, X.-C.; Nguyen, H.T. et al. Carbon nanotubes-ruthenium as an outstanding catalyst for triiodide 
ions reduction. Synth. Met. 2020, 260, 116299. 

28. Kim, A.-Y.; Kim, M.K.; Kim, J.Y.; Wen, Y.; Gu, L.; Dao, V.-D.; Choi, H.-S.; Byun, D.; Lee, J.K. Ordered SnO 
nanoparticles in MWCNT as a functional host material for high-rate lithium-sulfur battery cathode. Nano 
Res. 2017, 10, 2083–2095. 

29. Muramatsu, H.; Hayashi, T.; Kim, Y.A.; Shimamoto, D.; Kim, Y.J.; Tantrakarn, K.; Endo, M.; Terrones, M.; 
Dresselhaus, M.S. Pore structure and oxidation stability of double-walled carbon nanotube-derived bucky 
paper. Chem. Phys. Lett. 2005, 414, 444–448. 

30. Zha, J.W.; Shehzad, K.; Li, W.K.; Dang, Z.M. The effect of aspect ratio on the piezoresistive behavior of the 
multiwalled carbon nanotubes/thermoplastic elastomer nanocomposites. J. Appl. Phys. 2013, 113, 014102. 

31. Li, A.; Bogdanovich, A.E.; Bradford, P.D. Aligned carbon nanotube sheet piezoresistive strain sensors. 
Smart Mater. Struct. 2015, 24, 095004. 

32. Zhang, X.; Sreekumar, T.V.; Liu, T.; Kumar, S. Properties and Structure of Nitric Acid Oxidized Single Wall 
Carbon Nanotube Films. J. Phys. Chem. B. 2004, 108, 16435–16440. 

33. Roy, S.; Jain, V.; Bajpai, R.; Ghosh, P.; Pente, A.S.; Singh, B.P.; Misra, D.S. Formation of carbon nanotube 
bucky paper and feasibility study for filtration at the nano and molecular scale. J. Phys. Chem. C 2012, 116, 
19025–19031. 

34. Sastry, A.; Wang, C.W.; Berhan, L. Deformation and failure in stochastic fibrous networks: Scale, dimension 
and application. Key Eng. Mater. 2001, 200, 229–250. 

35. Oliver, W.C.; Pharr, G.M. An improved technique for determining hardness and elastic modulus using 
load and displacement sensing indentation experiments. J. Mater. Res. 1992, 7, 1564–1583. 

 

© 2020 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 (http://creativecommons.org/licenses/by/4.0/). 

 


	1. Introduction
	2. Experimental
	2.1. Preparation of Buckypaper
	2.2. Testing and Characterization

	3. Results and Discussion
	3.1. Morphology of Buckypaper
	3.2. Thermal Stability
	3.3. Mechanical Properties
	3.4. Strain Sensitivity
	3.5. Temperature Sensitivity

	4. Conclusions
	References

