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Abstract: With the rapid development of intelligent applications, the demand for high-sensitivity
pressure sensor is increasing. However, the simple and efficient preparation of an industrial high-
sensitivity sensor is still a challenge. In this study, adhesives with different elastic moduli are used to
bond pressure-sensitive elements of double-sided sensitive grids to prepare a highly sensitive and
fatigue-resistant pressure sensor. It was observed that the low elastic modulus adhesive effectively
produced tensile and compressive strains on both sides of the sensitive grids to induce greater
strain transfer efficiency in the pressure sensor, thus improving its sensitivity. The sensitivity of
the sensor was simulated by finite element analysis to verify that the low elastic modulus adhesive
could enhance the sensitivity of the sensor up to 12%. The preparation of high-precision and fatigue-
resistant pressure sensors based on low elastic modulus, double-sided sensitive grids makes their
application more flexible and convenient, which is urgently needed in the miniaturization and
integration electronics field.
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1. Introduction

Flexible multifunctional sensors represent a significant branch of the next generation
of flexible electronics, exhibiting great potential for application in smart wear, human-
computer interaction, and soft robotics [1-8]. Numerous types of pressure sensors already
exist, such as capacitive inductive [9,10], piezoelectric ceramic [11,12], and resistive strain
gauges [13,14]. These types of pressure sensors usually require complex circuit and me-
chanical structural designs [15]. The capacitive sensors require high accuracy in processing
and assembly to achieve a certain degree of sensing accuracy, and they have poor anti-
interference ability and parasitic capacitance problems. In contrast, piezoelectric ceramic
pressure sensors require special installation methods, and they are susceptible to environ-
mental influences, which significantly increase the operating cost and pose difficulties for
large-scale production. Resistive strain sensors employ the resistive strain effect caused by
changes in the conductive path generated by external forces on the sensitive unit, resulting
in advantages such as simple production processes, strong anti-interference capability, and
compatibility with a wide range of applications.

In order to further increase the sensitivity of the sensor, a micro-nano structure, dif-
ferent materials, and other methods have been used [16-20]. Lee et al. used single-walled
carbon nanotube (SWCNT) strain gauges and epoxy adhesives to develop sensors that
were able to achieve a high strain transfer efficiency owing to the high sensitivity coeftfi-
cient (Ks = 59.2) of the gaps in the SWCNT arrangement; however, the fabrication process
was very complex [21,22]. Few studies have applied low elastic modulus adhesives to
strain gauges for strain measurement, as most people believe that low elastic modulus
adhesives in a soft state have weaknesses, such as unfavorable strain transfer and poor
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adhesion [23-29]. In contrast to the conventional view, in this study, we observed that low-
modulus adhesives are more effective in creating adequate tensile and compressive strains
with the Wheatstone full bridge output than high-modulus adhesives in double-sided
sensitive grid structure pressure sensors, thus achieving higher sensitivity.

The purpose of this study is to investigate the effect of different elastic modulus
adhesives on the sensitivity coefficient of strain gauges and to understand their mechanism
of action. In this study, the graphene conductive ink was used to print two sensitive grids on
both sides of a polyimide (PI) film to create a pressure sensor based on the screen-printing
process, which can effectively capture the small deformation of the glass screen and achieve
touch-pressure sensing. This study focused on a sensor with double-sided sensitive grids
and different pressure transmission elements made from 3M double-sided adhesive and
Loctite 401. The sensitivity coefficients of the sensor with the double-sided sensitive grids
and bonding with high and low elastic modulus adhesives were compared and analyzed
through finite element simulations and experiments.

2. Materials and Methods

Experimental materials: The materials and models used in the experiments are shown
in Table 1 below.

Table 1. Materials and models, and the companies that made them, used in the experiments.

Material Name Model Name Company
Graphene conductive ink 02 Shanghai Enwang Material Technology Co. Ltd
Conductive silver paste NT-ST80b Beijing konaton éﬁ;ﬁ;ﬁlgﬁiﬁmﬂogy Co., Ltd.
Epoxy conductive adhesive YC-01 Nanjing g&gi’?}fnztig;iﬁf) Co., Ltd.

uv

Jiangsu Guangxin New Photosensitive Materials Co., Ltd.

KSM-180 g GH1 (Jiangyin, China)

PI film

Jiangsu Yabao Insulating Materials Co., Ltd.

0.25 mm (Yangzhou, China)

Mobile phone glass screen

Suzhou Grens Photoelectric Technology Co., Ltd.

152.3 x 72.5 x 0.7 mm (Suzhou, China)

Screen printing plate

Changzhou Pratt Printing Technology Co., Ltd.

Polyester Screen (Changzhou, China)

Experimental equipment: The equipment and models used in the experiments are
shown in Table 2 below.

Table 2. Equipment and models, and the companies that made them, used in the experiments.

Equipment Name Model Name Company
o . . Shanghai Xuanting Screen-printing Equipment Co., Ltd.
Screen-printing machine PHP-2525 (Shanghai, China)
. Shanghai Bosun Industrial Co., Ltd.
Vacuum drying oven DZF-6020 (Shanghai, China)
UV curing lamp BHL-1000 L Philips Lighting ]jElectromcs' (Xiamen) Co., Ltd.

(Xiamen, China)

Three-dimensional printer FLASH DK2 Guangzhou flash Information T(.echnology Co., Ltd.

(Guangzhou, China)
Regulated power supply MS-305d Dongguan Maihao Electronic Technology Co., Ltd.

(Dongguan, China)
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Table 2. Cont.

Equipment Name Model Name Company
. . . Teck Technology (China) Co., Ltd.
Voltage resistance equipment meter Keithley 2400 (Shanghai, China)
. . . Changzhou Tonghui Electronic Co., Ltd.
Resistance metering equipment TH2829C (Changzhou, China)
Scanning electron microscope FESEM 54800 Hitachi Company
(Tokyo, Japan)

Manufacturing process: The screen-printed sensor developed using the abovemen-
tioned processes is shown in Figure 1. Firstly, the PI film with a suitable size was put on a
vacuum table of the screen-printing machine, and a charge coupled device (CCD) camera
was used to catch the position of the target on the screen-printing plate. Secondly, the
conductive silver paste on the screen plate was printed on the PI film by scraper walking
and extrusion. The conductive silver paste line on the screen was printed on the PI film.
Next, the PI film with the newly printed conductive silver paste was put into in a vacuum
oven and cured at 130 °C for about 30 min. Thirdly, the graphene-sensitive grids were
printed in the same way. The PI film with the cured conductive silver paste was put on
the vacuum table, and a CCD camera was used to catch the position of the target on the
screen-printing plate in the sensitive grids’ pattern. The graphene conductive ink on the
plate was printed on the PI film by scraper walking and extrusion. The two sensitive grid
lines on the screen were printed on the PI film. Next, the PI film with the newly printed
graphene conductive ink was put into in a vacuum oven and cured at cured at 150 °C for
about 180 min. Fourthly, the UV adhesive was applied to the screen-printing plate in a
covering layer pattern. The UV adhesive covered the graphene sensitive grids and most of
the conductive silver paste line. Then PI film was put under a UV light to cure. Then, on
the other side of the conductive silver line, graphene-sensitive grids and a UV adhesive
protective layer were printed in the same order and operation.

Screen printing plate

[ ]

One side

Pnntmg Prmtlng Prlntmg
Conductive silver paste Graphene conductive ink
t Finished Product
Another side
— —
Printing Printing Printing
Conductive silver paste Graphene conductive ink uv

= ) =\
® © @

Figure 1. Schematic diagram of the manufacturing process of the sensor, (D PI film; @) Conductive
silver paste line on the PI film; 3 Graphene-sensitive grids printed between conductive silver paste
line; @ UV adhesive covered the graphene sensitive grids and most of the conductive silver paste line;
® In another side, conductive silver paste line on the PI film; ® In another side, graphene-sensitive
grids printed between conductive silver paste line; (7) In another side, UV adhesive covered the
graphene sensitive grids and most of the conductive silver paste line.
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Testing process: Firstly, a cross line should be drawn in the middle of the glass screen,
and the center of the two sensitive grids of the sensor was aligned with the center of the
cross line, and then the sensor was pasted into the middle surface of the glass screen with
3M glue. Secondly, the glass screen was placed on the mobile phone frame printed with a
3D printer, and the surface of the glass screen was faced up, whose surface was not pasted
with the sensor. Thirdly, the loading-support fixture was placed on the glass screen at the
center of the sensor, and then the wires on the sensor were lead to connect to the regulated
power supply and Keithley resistance equipment meter. Finally, a 100 g weight was put on
the loading support fixture, afterwards recording the value change of the Keithley meter.

3. Results and Discussion

In this study, graphene conductive ink was used as the conductive filler to form a
resistive pressure sensor on the surface of the PI film by screen printing, as shown in
Figure 2a—c. The surface structure of the resistive sensor was recorded by scanning electron
microscopy (SEM), as shown in Figure 3a. We found that the surface of the film is smooth
without obvious agglomeration, indicating that the graphene is uniformly dispersed in the
conductive ink. The sensor measured resistance performance by connecting a regulated
power supply and Keithley resistance equipment meter, with a value of approximately
463.32 () and where the standard variance was about 21.86 (). Furthermore, the resistance
values of the screen-printed strain gauges were statistically analyzed with Minitab soft-
ware [30]. The distribution of the resistance values of the screen-printed strain gauges,
which are sensitive elements for gluing, were found to be normally distributed (p < 0.05), as
shown in Figure 3b. The excellent resistance characteristics of the resistance sensor provide
a basis for the subsequent study of the influence of adhesives on sensor sensitivity. There is
a better consistence of the resistance, which provides the good suitability of the sensors
compared to another literature study when it comes to mass production and cost-efficiency
in the future [19].
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Figure 2. (a) Structure of the sensor; (b) schematic diagram of the arrangement of the adhesive and
sensor on the glass screen; (c) schematic diagram of the loading status.



Sensors 2022, 22, 3425

50f 10

Summary Report for Resistance (unit: Q)

Anderson-Darling Normality Test
A-Squared 0.83
P-Value 0.030
Mean 463.32
StDev 21.86
E Variance 477.93
] Skewness -0.169949
o Kurtosis -0.857080
2 N 77
w
Minimum 418.60
1st Quartile 444.60
Median 466.70
3rd Quartile 482.90
Maximum 511.30
a20 460 480 500
Resistance (Q) 95% Confidence Interval for Mean
458.36 468.29
95% Confidence Interval for Median
_ 458.37 470.53
95% Confidence Interval for StDev
95% Confidence Intervals 18.87 25.99

Mean | |
Median | |

Figure 3. (a) The SEM picture of the resistive sensor; (b) distribution of the resistance values made by
the screen printing.

To study the influence of adhesives with different modules of elasticity on the sen-
sitivity output of the pressure sensors, two typical adhesives with relatively significant
differences in their elastic moduli were selected for comparison: a 3M double-sided ad-
hesive with a 0.4 MPa elastic modulus, and a Henkel Loctite 401 instant adhesive with
approximately a 2.5 GPa elastic modulus (Table S1). The sensor was attached to the back of
the phone glass screen under 3 V regulated power supply and 100 g load [31] (Figure 2a,b).
The mean full-bridge voltage output of the sensor (L4) was 0.000257 V when attached to
the Loctite 401 adhesive, resulting in a sensitivity of 0.0856 mV /V. Meanwhile, the mean
full-bridge voltage output of the sensor (M3) was found to be 0.000303 V when attached to
the 3M double-sided tape, resulting in a sensitivity of 0.101 mV/V, as deduced from Figure
52 and the Formula (S5) in the Supplementary Material. The full-bridge voltage output
of M3 is approximately 1.179 times higher than the full-bridge voltage output of L4. So
M3 is 17.9% more sensitive than L4 under the same pressure. In addition, the M3 sensor
was tested for fatigue using a custom-made cam fatigue test rig, as shown in Figure 3a.
The relative resistance change rate was observed to drift by less than 1% after one million
continuous cycles under a 100 g load and a frequency of 1 Hz. This indicates that the sensor
using 3M adhesive exhibits excellent stability performance.

To further understand the effect of the two adhesives on the sensitivity of the sensor,
the above mobile phone press model is shown in Figure S3a. The phone press model was
constructed and analyzed by finite element simulation [32]. The results were illustrated in
Figure 4b. When the 3M double-sided adhesive was applied to the sensor, the sensitive
grids on the non-adhesive side of the sensor sensed tensile strain, and the other sides of the
sensor sensed compressive strain. Whereas, the sensitive grid on both sides of the sensor
sensed tensile strain when Loctite 401 adhesive was applied to the sensor. The tensile strain
induced by the Loctite 401-bonded sensitive grids is greater than the absolute value of the
strain induced by the 3M double-sided adhesive. It indicated the greater strain transfer
efficiency obtained by the sensor with a larger elastic modulus. The difference between
the tensile strain caused by the 3M double-sided adhesive acting on the sensitive grid and
the compressive strain is larger than that induced by the Loctite 401 adhesive (Figure 4b).
The large difference represents that the output of the strain signal is larger when forming
the Wheatstone full bridge circuit. Through the calculation of the simulation results, the
results of the finite element simulations demonstrated that the total strain output of the
full bridge was 12% higher with M3 than with L4 under the same pressure (100 g), which
is in line with the results of the experimental tests, which are shown in Figure S3a,b. The
simulation results and the calculation formula of sensitivity (Formula (S5)) are summarized
in Table 3. The comparative total strain output and sensitivity of M3 and L4 are shown
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in the simulation and experimental test, respectively. Sensitive grids on both sides of the
low elastic modulus adhesive were observed to effectively induce tensile and compressive
strains for higher sensitivity. The low elastic modulus adhesive effectively improves the
sensitivity of the pressure sensor with the double-sided sensitive grids, which will further
broaden the structure, process, and application range of the pressure sensor. According
to the total strain and sensitivity, the sensitivity factor K can be approximately calculated
(Formula (S5)). The sensitivity factor K of M3 is 9.2 and the sensitivity factor K of L4 is
8.7. The sensitivity factor K of this study is better than the sandwich-structured strain
sensor (GF = 1.5) [33], and it is similar to the result of the literature (GF = 7.7~9.4) [34]. The
sensor also has a better response time (Figure S4) than Han et al., listed in Table 1 [19].
Furthermore, the sensors in this study are very suitable for mass production in the future
and are cost efficient.
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Figure 4. (a) Sensor resistance drift during the fatigue test; (b) strain distribution curves for the M3
and L4 sensitive grids.

Table 3. Comparative total strain output and sensitivity of M3 and L4 regarding the simulations and
experimental test, respectively.

Simulations Experiment
Strain on the Backin Strain on the Adhesive
Model 8 -
ode Surface ¢ Surface pe Total Sensitivity
Strain pe mV/V
Path01 Path02 Path03 Path04
M3 11.6 114 —-10.6 -10.4 44.00 0.101
L4 50.1 49.4 30.5 29.8 39.20 0.0856
Change 12.2% 17.99%

In order to obtain the influence rule of different elastic modulus adhesives on the total
strain output, the simulation of adhesive-backed sensors with different elastic moduli was
carried out. The total strain output is the difference between the strain on the two sensitive
grids on the adhesive-backed surface and the strain on the two sensitive grids on the
adhesive surface, and the calculation formula is presented in the Supplementary Material.
As shown in Figure 5a, when the elastic modulus of the adhesive is less than 1 MPa, the total
strain increases with the elastic modulus of the adhesive increases. The tensile strain on the
backing surface is a positive strain, which increases as the elastic modulus of the adhesive
increases. Whereas, the compressive strain on the adhesive surface is a negative strain,
which decreases as the elastic modulus of the adhesive increases. When the elastic modulus
of the adhesive ranged 1-500 MPa, the total strain decreased as the elastic modulus of
the adhesive increased. The strain on both the backing surface (Non-Glue Surface) and
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the adhesive surface (Glue Surface) increased with the elastic modulus of the adhesive
increasing, and the slope of the increase on the adhesive surface was greater than the slope
of the increase on the backing surface (Figure 5b). When the elastic modulus of the adhesive
was greater than 500 MPa, the total strain, and the strain on the backing and adhesive
surfaces, were both positive strains, and they all tended to be constant.

16 T T T T T T T T T T T 3
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Figure 5. (a) Total strain output and relative rate of change versus the elastic modulus of the adhesive;
(b) total strain, strain on the Non-Glue (non-adhesive) surface, and strain on the Glue (adhesive)
surface versus the elastic modulus of the adhesive; (c) schematic of the force deformation of the low
elastic modulus adhesive model; (d) schematic of the force deformation of the high elastic modulus
adhesive model.

Deformation occurs under the action of loading, and the soft adhesive (low elastic
modulus adhesive) is connected tightly with the glass screen, and the soft adhesive close
to the glass screen extends around the deformation of the glass screen, whereas the other
side of the soft adhesive is connected tightly with the sensor, and the sensor hinders the
deformation of the soft adhesive. Since the soft adhesive is a flexible body, the soft adhesive
close to the glass screen extends around, resulting in the tightening of the middle part of the
soft adhesive (necking phenomenon), and the contraction of the surface between the soft
glue and sensor, which forms a contracted compressive strain on the sensor surface; that is,
a compressive strain is formed on the sensor surface close to the soft glue. Meanwhile, the
sensor bending induces a tensile strain formed on the other side of the sensor (Figure 5c).
When the glass screen deforms under the action of the loading, the hard adhesive (high
elastic modulus adhesive) connected tightly to the glass screen extends around the defor-
mation of the glass screen. Because the hard adhesive layer is equivalent to a rigid body,
the expansion of the hard adhesive close to the glass screen also exhibits a tensile effect on
the sensor surface, which results in a tensile strain on the sensor surface, and the bending
deformation of the sensor leads to a tensile strain on the other side of the sensor (Figure 5d).
At the area around the hard adhesive occurs an incline phenomenon. Therefore, the strain
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difference of the adhesive layers with different elastic modulus under load has a serious
impact on the sensitivity of the sensor.

4. Conclusions

In this paper, through the experimental method and finite element simulation method,
the sensitivity coefficients of the sensor with double-sided sensitive grids adhered by the
high and low elastic modulus adhesives are compared and analyzed. It is different from
the traditional sensor with double-sided sensitive grids adhered by a high elastic modulus
adhesive, as the surface in contact with the adhesive and the surface not in contact with the
adhesive are subjected to the tensile strain synchronously. The sensor with a double-sided
sensitive grid pasted with a low elastic modulus adhesive can form tensile and compressive
strains on the two surfaces of the sensor, respectively, so as to achieve higher sensitivity
(12%). The sensors in this study are also very suitable for mass production in the future
and are cost efficient. We expect this convenient and efficient preparation method of a
high-sensitivity sensor to greatly widen the sensor applications in industrial manufacturing
and robots that require high sensitivity, thereby making a significant contribution to the
development of human industry.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/s22093425/s1, Figure S1: Testing process of the screen-printing
sensor; Figure S2: DC Wheatstone bridges; Figure S3: (a) Assembly relationship model with loading
and boundary schematics; (b) Results of 3M double-sided adhesive paste sensor (M3) simulation,
DG-Path01 for M3 first strip, DG-Path02 for M3 second strip, DG-Path03 for M3 third strip, and
DG-Path04 for M3 fourth strip, corresponding to the strain distribution in the length of the sensitive
grid; (c) Results of Loctite 401 adhesive simulation results, HY-Path01 for L4 first strip, HY-Path02 for
L4 second strip, HY-Path03 for L4 third strip, and HY-Path04 for L4 fourth strip, corresponding to
the strain distribution in the length of the sensitive grid; Figure S4: Loading and Response Time of
this Study; Table S1: Material performance parameters; Table S2: Measurements of the modulus of
elasticity of 3M double sided tape on the tensile tester; Table S3: Different compressive and tensile
strains developed on the PI adhesive side and PI backing side for adhesives with different elastic
moduli; Table S4: Thickness of the 3M double-coated adhesive layers; Table S5: Data of the tensile
test results; Table S6: Thickness of the adhesive layer of the Loctite 401 instant adhesive (unit: mm).

Author Contributions: Conceptualization, X.X. and J.D.; methodology, X.X.; software, X.X. and H.Z.;
validation, S.D.; investigation, X.X., S.D., T.S., G.C. and J.D.; writing—original draft preparation, X.X;
writing—review and editing, G.C. and ].D.; visualization, J.D. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was fund by the National Natural Science Foundation of China, grant
number [51675236], the National Key Re-search and Development Program of China, grant number
[2017YFB0307001] and the National Natural Science Foundation of China, grant number [91648109].

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: Project supported by the National Natural Science Foundation of China (Grant
No. 51675236), the National Key Research and Development Program of China (2017YFB0307001) and
the National Natural Science Foundation of China (91648109), Jiangsu Provincial “333” High-level
Talent Training Project.

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


https://www.mdpi.com/article/10.3390/s22093425/s1
https://www.mdpi.com/article/10.3390/s22093425/s1

Sensors 2022, 22, 3425 90of 10

References

1.

10.

11.
12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Cai, L.; Song, L.; Luan, PS.; Zhang, Q.; Zhang, N.; Gao, Q.; Zhao, D.; Zhang, X.; Tu, M.; Yang, F.; et al. Super-stretchable,
Transparent Carbon Nanotube-Based Capacitive Strain Sensors for Human Motion Detection. Sci. Rep. 2013, 3, 3048. [CrossRef]
[PubMed]

Wang, Y.; Wang, L.; Yang, T.; Li, X.; Zang, X.; Zhu, M.; Wang, K.; Wu, D.; Zhu, H. Wearable and Highly Sensitive Graphene Strain
Sensors for Human Motion Monitoring. Adv. Funct. Mater. 2014, 24, 4666—4670. [CrossRef]

Yogeswaran, N.; Dang, W.; Navaraj, W.T.; Shakthivel, D.; Khan, S.; Polat, E.O.; Gupta, S.; Heidari, H.; Kaboli, M.; Lorenzelli, L.;
et al. New materials and advances in making electronic skin for interactive robots. Adv. Robot. 2015, 29, 1359-1373. [CrossRef]
Trung, T.Q.; Lee, N.E. Flexible and Stretchable Physical Sensor Integrated Platforms for Wearable Human-Activity Monitoringand
Personal Healthcare. Adv. Mater. 2016, 28, 4338-4372. [CrossRef]

Wang, R.; Xu, W,; Shen, W.; Shi, X.; Huang, J.; Song, W. A highly stretchable and transparent silver nanowire/thermoplastic
polyurethane film strain sensor for human motion monitoring. Inorg. Chem. Front. 2019, 6, 3119-3124. [CrossRef]

Lee, J.; Kim, S.; Lee, J.; Yang, D.; Park, B.C.; Ryu, S.; Park, I. A stretchable strain sensor based on a metal nanoparticle thin film for
human motion detection. Nanoscale 2014, 6, 11932-11939. [CrossRef]

Xiang, L.; Zeng, X.W.; Xia, F; Jin, W.L; Liu, Y.D.; Hu, Y.F. Recent Advances in Flexible and Stretchable Sensing Systems: From the
Perspective of System Integration. ACS Nano 2020, 14, 6449-6469. [CrossRef]

Wang, L.; Zhang, M.Y,; Yang, B.; Ding, X.Y.; Tan, J.J.; Song, S.X.; Nie, ].Y. Flexible, Robust, and Durable Aramid Fiber/CNT
Composite Paper as a Multifunctional Sensor for Wearable Applications. ACS Appl. Mater. Inter. 2021, 13, 5486-5497. [CrossRef]
Hu, W,; Niu, X.F; Zhao, R; Pei, Q.B. Elastomeric transparent capacitive sensors based on an interpenetrating composite of silver
nanowires and polyurethane. Appl. Phys. Lett. 2013, 102, 083303. [CrossRef]

Nagatomo, T.; Miki, N. Micromachines, Reduction of Parasitic Capacitance of A PDMS Capacitive Force Sensor. Micromachines
2018, 9, 570. [CrossRef]

Tressler, J.E.; Alkoy, S.; Newnham, R.E. Piezoelectric Sensors and Sensor Materials. J. Electroceram. 1998, 2, 257-272. [CrossRef]
Rodel, J.; Jo, W.; Seifert, K.T.P.; Anton, E.M.; Granzow, T.; Damjanovic, D. Perspective on the Development of Lead-free
Piezoceramics. J. Am. Ceram. Soc. 2009, 92, 1153-1177. [CrossRef]

Brace, W.E. Effect of pressure on electric-resistance strain gages. Exp. Mech. 1964, 4, 212-216. [CrossRef]

Cai, G.; Wang, J.; Qian, K.; Chen, J.; Li, S.; Lee, P.S. Extremely Stretchable Strain Sensors Based on Conductive Self-Healing
Dynamic Cross-Links Hydrogels for Human-Motion Detection. Adv. Sci. 2017, 4, 1600190. [CrossRef] [PubMed]

Mohankumar, P.; Ajayan, J.; Yasodharan, R.; Devendran, P.; Sambasivam, R. A review of micromachined sensors for automotive
applications. Measurement 2019, 140, 305-322. [CrossRef]

Aslanidis, E.; Skotadis, E.; Moutoulas, E.; Tsoukalas, D. Thin Film Protected Flexible Nanoparticle Strain Sensors: Experiments
and Modeling. Sensors 2020, 20, 2584. [CrossRef]

Hu,J; Yu, J,; Li, Y,; Liao, X,; Yan, X,; Li, L. Nano Carbon Black-Based High Performance Wearable Pressure Sensors. Nanomaterials
2020, 10, 664. [CrossRef]

Yu, R.F; Zhu, C.Y;; Wan, ].M.; Li, Y.Q.; Hong, X.H. Review of Graphene-Based Textile Strain Sensors, with Emphasis on Structure
Activity Relationship. Polymers 2021, 13, 151. [CrossRef]

Han, F; Li, M.; Ye, H.Y.; Zhang, G.Q. Materials, Electrical Performance, Mechanisms, Applications, and Manufacturing Ap-
proaches for Flexible Strain Sensors. Nanomaterials 2021, 11, 1220. [CrossRef]

Kanoun, O.; Bouhamed, A.; Ramalingame, R.; Bautista-Quijano, J.R.; Rajendran, D.; Al-Hamry, A. Review on conductive
polymer/cnts nanocomposites based flexible and stretchable strain and pressure sensors. Sensors 2021, 21, 341. [CrossRef]
Abot, J.L.; Kiyono, C.Y,; Thomas, G.P; Silva, E.C.N. Strain gauge sensors comprised of carbon nanotube yarn: Parametric
numerical analysis of their piezoresistive response. Smart Mater. Struct. 2015, 24, 075018. [CrossRef]

Lee, D.; Hong, H.P.,; Lee, M.].; Park, C.W.; Min, N.K. A prototype high sensitivity load cell using single walled carbon nanotube
strain Gauges. Sens. Actuators A Phys. 2012, 180, 120-126. [CrossRef]

He, W.; Han, M,; Philippe, G.; Bourhis, E.L.; Renault, P.O.; Wang, S.; Li, L. Strain transfer through film-substrate interface and
surface curvature evolution during a tensile test. Appl. Surf. Sci. 2018, 434, 771-780. [CrossRef]

Kang, I; Schulz, ML].; Kim, ].H.; Shanov, V.; Shi, D.L. A carbon nanotube strain sensor for structural health monitoring. Smart
Mater. Struct. 2006, 15, 737-748. [CrossRef]

Torres, B.; Paya-Zaforteza, I.; Calderén, PA.; Adam, .M. Analysis of the strain transfer in a new FBG sensor for Structural Health
Monitoring. Eng. Struct. 2011, 33, 539-548. [CrossRef]

Song, HW.,; Qin, L.K.; Zuo, X.Y,; Li, Y. Strain Transfer Analysis of FBG Sensors Bonded on the Surface of Structure. Adv. Mater.
Res. 2014, 1065-1069, 1638-1642. [CrossRef]

Wang, B.; Liu, T.; Xu, J.L.; Liu, M.B. Strain transfer analysis of metal paste type resistance strain gauge. China Meas. Test 2016,
42,1-6.

Xu, Y.Q.; Yang, X.; Wei, T.; Yao, ]. Analysis of the factors affecting strain transfer in resistance-strain sensors. China Meas. Test 2018,
44,136-142.

Wu, R;; Zheng, B,; Liu, Z.; He, P; Tan, Y. Analysis on strain transfer of a pasted FBG strain sensor. Optik 2014, 125, 4924-4928.
[CrossRef]

Ryan, B. MINITAB Handbook; International Edition; Cengage Learning, Inc.: Boston, MA, USA, 2012.


http://doi.org/10.1038/srep03048
http://www.ncbi.nlm.nih.gov/pubmed/24157842
http://doi.org/10.1002/adfm.201400379
http://doi.org/10.1080/01691864.2015.1095653
http://doi.org/10.1002/adma.201504244
http://doi.org/10.1039/C9QI00989B
http://doi.org/10.1039/C4NR03295K
http://doi.org/10.1021/acsnano.0c01164
http://doi.org/10.1021/acsami.0c18161
http://doi.org/10.1063/1.4794143
http://doi.org/10.3390/mi9110570
http://doi.org/10.1023/A:1009926623551
http://doi.org/10.1111/j.1551-2916.2009.03061.x
http://doi.org/10.1007/BF02323653
http://doi.org/10.1002/advs.201600190
http://www.ncbi.nlm.nih.gov/pubmed/28251045
http://doi.org/10.1016/j.measurement.2019.03.064
http://doi.org/10.3390/s20092584
http://doi.org/10.3390/nano10040664
http://doi.org/10.3390/polym13010151
http://doi.org/10.3390/nano11051220
http://doi.org/10.3390/s21020341
http://doi.org/10.1088/0964-1726/24/7/075018
http://doi.org/10.1016/j.sna.2012.04.015
http://doi.org/10.1016/j.apsusc.2017.09.164
http://doi.org/10.1088/0964-1726/15/3/009
http://doi.org/10.1016/j.engstruct.2010.11.012
http://doi.org/10.4028/www.scientific.net/AMR.1065-1069.1638
http://doi.org/10.1016/j.ijleo.2014.04.028

Sensors 2022, 22, 3425 10 of 10

31.

32.

33.

34.

Wolterink, G.; Sanders, R.; Krijnen, G. A flexible, three material, 3D-printed, shear force sensor for use on finger tips. In
Proceedings of the 2019 IEEE SENSORS, Montreal, QC, Canada, 27-30 October 2019.

Chimakurthi, S.K.; Reuss, S.; Tooley, M.; Scampoli, S. ANSYS Workbench System Coupling: A state-of-the-art computational
framework for analyzing multiphysics problems. Eng. Comput. 2018, 34, 385-411. [CrossRef]

Jiang, D.; Wang, Y,; Li, B.; Sun, C.; Wu, Z,; Yan, H.; Xing, L.; Qi, S.; Li, Y.; Liu, H.; et al. Flexible Sandwich Structural Strain Sensor
Based on Silver Nanowires Decorated with Self-Healing Substrate. Macromol. Mater. Eng. 2019, 304, 304. [CrossRef]

Santos, A.; Amorim, L.; Nunes, ].P.; Rocha, L.A ; Silva, FA.; Viana, ].C. A comparative study between knocked-down aligned
carbon nanotubes and buckypaper-based strain sensors. Materials 2019, 12, 2013. [CrossRef] [PubMed]


http://doi.org/10.1007/s00366-017-0548-4
http://doi.org/10.1002/mame.201900074
http://doi.org/10.3390/ma12122013
http://www.ncbi.nlm.nih.gov/pubmed/31234602

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

