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Abstract: In this paper, a carbon nanotube (CNT)/polydimethylsiloxane (PDMS) composite force-
sensitive structure with good flexibility is proposed and fabricated, and the measurement of scanning
electron microscopy (SEM) and Raman are carried out. The equivalent circuit of force-sensitive test
of structure is performed and analyzed under direct current (DC) and alternating current (AC)
conditions. Under AC conditions, experimental results further show that the sensitivity and sensitivity
factors of force-sensitive structures are 0.15 KPa−1 and 2.17 in the pressure range of 600–1000 KPa
compressive stress and 20–50% tensile stress, respectively. These results are increased by 36.4% and
38.2% compared to the results of compressive stress (0.11 KPa−1) and tensile stress (1.57) under DC
conditions, respectively. It shows that the carbon nanotube/PDMS composite has higher test accuracy
under AC conditions.

Keywords: carbon nanotube/polydimethylsiloxane (CNT/PDMS); force-sensitive test; high sensitivity

1. Introduction

Flexible pressure sensors can adhere to irregular surfaces perfectly due to their soft
characteristics. Thus, they can be used to monitor external mechanical signals and are
widely used in the fields of wearable electronics [1–3], robots [4], medical monitoring [5,6],
human–machine interaction [7,8], and so on.

According to the different signal transmission modes, flexible pressure sensors can
be divided into three types: piezoresistive [9,10], capacitive [11,12], and piezoelectric [13].
Among them, piezoresistive sensors are widely studied because of their simple prepara-
tion, low cost, convenient signal acquisition, high-pressure measurement range, and high
sensitivity [14–16].

Currently, the sensitivity test of flexible pressure sensors is mainly carried out through
the change of resistance under stress [17,18]. H.B. Yao [19] et al. designed a grapheme-
polyurethane sponge sensor with a high-pressure sensitivity of 0.03 KPa−1 in the pressure
range of 2–10 KPa by testing the change of resistance under different pressures. A.D.
Smith [20] et al. proposed a suspended graphene film piezoresistive sensor with sensitivity
of 2.25 × 10−3 KPa−1 in the pressure range of 0–100 KPa. S. Chun [21] et al. designed
a double-layer graphene high-sensitivity pressure sensor structure with estimated pres-
sure sensitivity of 0.034 KPa−1 for the linear response range of 1–8 KPa. Thus, the test
accuracy is not high by means of the change of resistance to test the sensitivity of force-
sensitive structure, which further affects the improvement of sensitivity. C. Sungwoo [11]
proposed CNT-sheet-film-based pressure sensors with a sensitivity factor of 0.02–0.04% in
the pressure range of 20–40 KPa.

In this paper, a CNT/PDMS composites force-sensitive structure with good flexibility
is fabricated. In order to test the sensitivity, the force-sensitive test equivalent circuit
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of the structure is theoretically analyzed under DC and AC conditions. It is obtained
that the impedance change of the force-sensitive structure under AC conditions is more
accurate than that under DC conditions. Further, the force-sensitive characteristics of
CNT/PDMS nanocomposite force-sensitive structures were tested under different DC and
AC conditions. The results show that the sensitivity and sensitivity factor of the force-
sensitive structure under the action of 600–1000 KPa compressive stress and 20–50% tensile
stress are 0.15 KPa−1 and 2.17 under the AC condition, respectively, which are 36.4% and
38.2% higher than 0.11 KPa−1 and 1.57 under the DC condition. It shows that the carbon
nanotube (CNT)/PDMS composites have higher test accuracy under AC conditions.

2. Theoretical Analysis

Under the DC condition, the stress exerted on the nanocomposite structure will cause
the change of position and shape of CNT in the polymer, and the distance between CNT,
which results in the change of conductive network and resistance. The deformation will
lead to a change of resistance. The equivalent circuit is shown in Figure 1a,b. The change of
resistance is defined as:

∆R = R − R0 (1)

where R0 is the resistance value of the structure without stress and R is the resistance value
of the structure under stress.
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Under AC conditions, there will be a resultant change in resistance as well as a change
of capacitance between the conductive grids when stress is applied to the CNT/PDMS
force-sensitive structure. Thus, the total changes are replaced by impedance equivalent. The
equivalent circuit is shown in Figure 1c,d. The change of impedance can be expressed as:

∆Z = Z − Z0 = (R − jXC)− (R0 − jXC0)

= (R − R0)− (jXC − jXC0)

= ∆R − j∆XC

(2)

where Z0 is the impedance value of the structure without applied stress and Z is the
impedance value of the structure under stress.

By comparing Equations (1) and (2), it shows that the change of impedance can be
divided into two parts: the change of resistance and capacitive reactance after stress is
applied under AC conditions, which is more accurate than the change of single resistance
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under DC conditions. Therefore, the measurement accuracy of the sensitivity of force-
sensitive structures will be improved by measuring the change of impedance.

3. Structure Fabrication
3.1. Materials

Carbon nanotube (CNT) was purchased from Shenzhen suiheng Technology Co., Ltd.
Shenzhen, China. The detailed specifications of CNTs are a length of 2–8 µm, an inner diam-
eter of 5–8 nm, an outer diameter of 10–15 nm, and a purity of 98%. Polydimethylsiloxane
(PDMS) and curing agent were purchased from Dow Corning, Midland, MI, USA.

3.2. Processing of Sample

Firstly, 0.54 g CNT were weighed as conductive filler, and a small amount of alcohol
was added to them and then vibrated for one hour in an ultrasonic cell crusher to make
carbon nanotubes evenly dispersed in alcohol. Then, 10 ml PDMS were added to it for
mechanical stirring. After mixing, the curing agent was added and stirred to form a
homogenous slurry. Finally, the slurry was cast into a mold. Then, the mold was put
into the vacuum oven for about 1h to remove the bubbles in the sample. Subsequently,
the mold was cured on the heating table at a temperature of 80 ◦C for 2 h. To obtain
the CNT/PDMS force-sensitive structure, the as-prepared mold was cut into the size of
2 cm × 1 cm for performance measurement. The processing flow of the sample is shown in
Figure 2. Figure 3a show that the processed sample has good flexibility. The conductivity
of the CNT/PDMS composites structure was 38 S/m. The cross-section of the composite
was observed by scanning electron microscope, as shown in Figure 3b. In Figure 3b, carbon
nanotubes are evenly distributed in the CNT/PDMS composites. Figure 3c show the Raman
spectrum of CNT/PDMS.
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4. Force-Sensitive Characteristic Test

The force-sensitive characteristics of the prepared CNT/PDMS force-sensitive struc-
ture under DC conditions were tested. The test principle is shown in Figure 4a. Figure 5a



Micromachines 2022, 13, 719 4 of 7

show the change results of the relative resistance of CNT/PDMS force-sensitive structure
with pressure in the range of 0–1000 KPa. The results show that the resistance change rate
increases as the function of pressure. In the pressure range of 600–1000 KPa, the sensitivity
of the CNT/PDMS force-sensitive structure was 0.11 KPa−1 (the sensitivity calculation
formula is (R − R0)/R0/∆P, R is the resistance of the structure after pressure is applied,
R0 is the resistance value of the structure without pressure, and ∆P is the change of corre-
sponding pressure). Figure 5b show the change of relative resistance of the CNT/PDMS
force-sensitive structure within 50% tensile strain, and it is indicated that the sensitivity of
the CNT/PDMS force-sensitive structure is 1.57 within 20–50% tensile strain (the sensitivity
calculation formula is (R − R0)/R0/strain, R is the resistance of the structure under tensile
strain, and R0 is the resistance of the structure without tensile strain).
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The force-sensitive characteristics of the prepared CNT/PDMS were tested under AC
conditions. The testing principle is shown in Figure 4b, and the test results are shown in
Figure 6. Figure 6a show the change in the relative impedance of the CNT/PDMS force-
sensitive structure with pressure in the range of 0–1000 KPa. The change rate of impedance
increases as the increase of pressure. The sensitivity of CNT/PDMS was 0.15 KPa−1 in the
pressure range of 600–1000 KPa (the sensitivity is calculated by (Z − Z0)/Z0/∆P, where Z is
the impedance of the structure after pressure application, Z0 is the impedance value of the
structure without pressure application, and ∆P is the change of corresponding pressure).
Figure 6b show the change of relative impedance of CNT/PDMS force-sensitive structures
within the range of 50% tensile strain. It can be seen that the sensitivity of CNT/PDMS
nanocomposites was 2.17 within the range of 20–50% tensile strain from Figure 6b (the
sensitivity calculation formula is (Z − Z0)/Z0/strain, Z is the impedance value of the
structure under tensile strain, and Z0 is the impedance value of the structure without
tensile strain).
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From Figures 5 and 6, the sensitivity and sensitivity factors of the CNT/PDMS
force-sensitive structure under AC conditions are 0.15 KPa−1 and 2.17, respectively, and
0.11 KPa−1 and 1.57, respectively, under DC conditions in the pressure range of 600–1000 KPa
and 20–50% tensile strain. The comparison results show that the pressure sensitivity and
tensile strain sensitivity factors under AC conditions were increased by 36.4% and 38.2%,
respectively. Figure 7 show the comparison of relative impedance under AC and resistance
change of the CNT/PDMS composite under DC when pressure and tensile strain were ap-
plied, which shows that the pressure sensitivity and tensile strain sensitivity factors under
AC conditions are higher than in DC. Table 1 show the sensitivity comparison between
our flexible sensors test results and other sensor test results. From the comparison results,
it can be seen that the sensitivity of the test method in this paper is improved by at least
three times.
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In order to further test the force-sensitive characteristics of the CNT/PDMS force-
sensitive structure under AC conditions, the force-sensitive characteristics of the composites
structure under different tensile strains at fixed frequency are tested, and the results are
shown in Figure 8. Figure 8a is the schematic test diagram; Figure 8b,c show the frequency
of the force-sensitive structure decreases under different tensile strains, and the frequency
is 14.7 kHz when without stretched, the frequency decreases to 11.5 kHz after 50% tensile
strain and the corresponding frequency decreases by about 22.5%. This could be explained
by f = 1/2πRC, the resistance increases, the capacitance decreases under tensile strain, and
the change of resistance is greater than that of capacitance, so the frequency decreases.
Under 50% tensile strain, the frequency is reduced by 3.3 kHz, indicating that the strain
detection of force-sensitive structure can reach 170 µε, which is calculated according to the
formula 1

(∆ f /∆ε)
, ∆ f is the variation of frequency under different tensile strain, ∆ε is the

variation of tensile strain. Under the action of tensile strain, the change rate of resistance and
capacitance are increasing simultaneously and further result in the increase of the change
rate. Therefore, the frequency shows a significant change with the increase of tensile strain.
According to Figure 5b, it is known that the strain detection of force-sensitive structure is
8000 µε under DC, which is calculated according to the formula 1

(∆R/∆ε)
. The results show

that the frequency measurement under AC conditions has higher sensitivity. Moreover,
the resistance measurement can not be compatible with the AC system, but the frequency
measurement method can be compatible with the AC system, such as electromagnetic field,
which has a wider range of applications and prospects.
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5. Conclusions

In this paper, a CNT/PDMS force-sensitive structure was designed and fabricated.
The structural morphology test and electrical performance tests show that the machined
force-sensitive structure has good conductivity and flexibility. The equivalent circuit of
stress-sensitivity test of the CNT/PDMS nanostructures was theoretically analyzed under
DC and AC conditions. Further experimental results show that under AC conditions, the
sensitivity and sensitivity factors of stress-sensitive structures in the pressure range of
600–1000 KPa and 20–50% tensile strain are 0.15 KPa−1 and 2.17, respectively, which are
36.4% and 38.2% higher than that under DC conditions. It shows that the CNT/PDMS
composite has higher test accuracy under AC conditions.

Author Contributions: Conceptualization, R.W. and H.G.; methodology, J.T.; software, R.W.; valida-
tion, J.L., X.L. and R.W.; formal analysis, Y.Q.; investigation, R.W.; resources, J.T.; data curation, R.W.;
writing—original draft preparation, R.W.; writing—review and editing, R.W.; visualization, H.G.;
supervision, J.T.; project administration, L.L.; funding acquisition, L.L. All authors have read and
agreed to the published version of the manuscript.



Micromachines 2022, 13, 719 7 of 7

Funding: This work is supported by the National Natural Science Foundation of China, Grant No.
51775522, Scientific and Technological Innovation Programs of Higher Education Institutions in
Shanxi, Grant No. 2020L0638, Shanxi province key laboratory of quantum sensing and precision
measurement, Grant No. 201905D121001, Shanxi ‘1331 Project’ Key Subjects Construction, Applied
Basic Research Program in Shanxi Province, Grant No. 201901D211203, 201801D221230.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Gong, S.; Schwalb, W.; Wang, Y.; Chen, Y.; Tang, Y.; Si, J.; Shirinzadeh, B.; Cheng, W. A wearable and highly sensitive pressure

sensor with ultrathin gold nanowires. Nat. Commun. 2014, 5, 3132. [CrossRef] [PubMed]
2. Pang, C.; Lee, C.; Suh, K.-Y. Recent advances in flexible sensors for wearable and implantable devices. J. Appl. Polym. Sci. 2013,

130, 1429–1441. [CrossRef]
3. Lipomi, D.J.; Vosgueritchian, M.; Tee, B.C.K.; Hellstrom, S.L.; Lee, J.A.; Fox, C.H.; Bao, Z. Skin-like pressure and strain sensors

based on transparent elastic films of carbon nanotubes. Nat. Nanotechnol. 2011, 6, 788–792. [CrossRef] [PubMed]
4. Yousef, H.; Boukallel, M.; Althoefer, K. Tactile sensing for dexterous in-handmanipulation in robotics e a review. Sens. Actuators A

Phys. 2011, 167, 171–187. [CrossRef]
5. Zang, Y.; Zhang, F.; Di, C.-A.; Zhu, D. Advances of flexible pressure sensors toward artificial intelligence and health care

applications. Mater. Horiz. 2015, 2, 140–156. [CrossRef]
6. Wang, X.; Gu, Y.; Xiong, Z.; Cui, Z.; Zhang, T. Silk-Molded Flexible, Ultrasensitive, and Highly Stable Electronic Skin for

Monitoring Human Physiological Signals. Adv. Mater. 2014, 26, 1336–1342. [CrossRef] [PubMed]
7. Chortos, A.; Liu, J.; Bao, J.L.Z. Pursuing prosthetic electronic skin. Nat. Mater. 2016, 15, 937–950. [CrossRef]
8. Tee, B.C.-K.; Chortos, A.; Berndt, A.; Nguyen, A.K.; Tom, A.; McGuire, A.; Lin, Z.C.; Tien, K.; Bae, W.-G.; Wang, H.; et al. A

skin-inspired organic digital mechanoreceptor. Science 2013, 350, 313–316. [CrossRef]
9. Zhang, J.; Zhou, L.J.; Zhang, H.M.; Zhao, Z.X.; Dong, S.L.; Wei, S.; Zhao, J.; Wang, Z.L.; Guo, B.; Hu, P.A. Highly sensitive flexible

three-axis tactile sensors based on the interface contact resistance of microstructured graphene. Nanoscale 2018, 10, 7387–7395.
[CrossRef]

10. Yamada, T.; Hayamizu, Y.; Yamamoto, Y.; Yomogida, Y.; Izadi-Najafabadi, A.; Futaba, D.N.; Hata, K. A stretchable carbon
nanotube strain sensor for human-motion detection. Nat. Nanotechnol. 2011, 6, 296–301. [CrossRef]

11. Chun, S.; Son, W.; Choi, C. Flexible pressure sensors using highly-oriented and free-standing carbon nanotube sheets. Carbon
2018, 139, 586–592. [CrossRef]

12. Shin, U.-H.; Jeong, D.-W.; Park, S.-M.; Kim, S.-H.; Lee, H.W.; Kim, J.-M. Highly stretchable conductors and piezocapacitive strain
gauges based on simple contact-transfer patterning of carbon nanotube forests. Carbon 2014, 80, 396–404. [CrossRef]

13. Wu, W.; Wen, X.; Wang, Z.L. Taxel-Addressable Matrix of Vertical-Nanowire Piezotronic Transistors for Active and Adaptive
Tactile Imaging. Science 2013, 340, 952–957. [CrossRef] [PubMed]

14. King, M.; Baragwanath, A.; Rosamond, M.; Wood, D.; Gallant, A. Porous PDMS force sensitive resistors. Procedia Chem. 2009, 1,
568–571. [CrossRef]

15. Shirinov, A.; Schomburg, W.K. Pressure sensor from a PVDF film. Sens. Actuators A Phys. 2008, 142, 48–55. [CrossRef]
16. Lee, I.; Sung, H.J. Development of an array of pressure sensors with PVDF film. Exp. Fluids 1999, 26, 27–35. [CrossRef]
17. Cheng, L.; Wang, R.; Hao, X.; Liu, G. Design of Flexible Pressure Sensor Based on Conical Microstructure PDMS-Bilayer Graphene.

Sensors 2021, 21, 289. [CrossRef]
18. Trung, T.Q.; Tien, N.T.; Kim, D.; Jang, M.; Yoon, O.J.; Lee, N.-E. A Flexible Reduced Graphene Oxide Field-Effect Transistor for

Ultrasensitive Strain Sensing. Adv. Funct. Mater. 2013, 24, 117–124. [CrossRef]
19. Yao, H.-B.; Ge, J.; Wang, C.-F.; Wang, X.; Hu, W.; Zheng, Z.-J.; Ni, Y.; Yu, S.-H. A Flexible and Highly Pressure-Sensitive

Graphene-Polyurethane Sponge Based on Fractured Microstructure Design. Adv. Mater. 2013, 25, 6692–6698. [CrossRef]
20. Smith, A.D.; Niklaus, F.; Paussa, A.; Vaziri, S.; Fischer, A.C.; Sterner, M.; Forsberg, F.; Delin, A.; Esseni, D.; Palestri, P.; et al.

Electromechanical Piezoresistive Sensing in Suspended Graphene Membranes. Nano Lett. 2013, 13, 3237–3242. [CrossRef]
21. Chun, S.; Kim, Y.; Oh, H.; Bae, G.; Park, W. A Highly sensitive pressure sensor using a double-layer grapheme structure for tactile

sensing. Nanoscale 2015, 7, 11652–11659. [CrossRef] [PubMed]

http://doi.org/10.1038/ncomms4132
http://www.ncbi.nlm.nih.gov/pubmed/24495897
http://doi.org/10.1002/app.39461
http://doi.org/10.1038/nnano.2011.184
http://www.ncbi.nlm.nih.gov/pubmed/22020121
http://doi.org/10.1016/j.sna.2011.02.038
http://doi.org/10.1039/C4MH00147H
http://doi.org/10.1002/adma.201304248
http://www.ncbi.nlm.nih.gov/pubmed/24347340
http://doi.org/10.1038/nmat4671
http://doi.org/10.1126/science.aaa9306
http://doi.org/10.1039/C7NR09149D
http://doi.org/10.1038/nnano.2011.36
http://doi.org/10.1016/j.carbon.2018.07.005
http://doi.org/10.1016/j.carbon.2014.08.079
http://doi.org/10.1126/science.1234855
http://www.ncbi.nlm.nih.gov/pubmed/23618761
http://doi.org/10.1016/j.proche.2009.07.142
http://doi.org/10.1016/j.sna.2007.04.002
http://doi.org/10.1007/s003480050262
http://doi.org/10.3390/s21010289
http://doi.org/10.1002/adfm.201301845
http://doi.org/10.1002/adma.201303041
http://doi.org/10.1021/nl401352k
http://doi.org/10.1039/C5NR00076A
http://www.ncbi.nlm.nih.gov/pubmed/26098064

	Introduction 
	Theoretical Analysis 
	Structure Fabrication 
	Materials 
	Processing of Sample 

	Force-Sensitive Characteristic Test 
	Conclusions 
	References

