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Fig. 19 Capacitance variation graph with the number of axis for pressure

sensor in (a) all pressure range, (b) low pressure range (P < 1 kPa),

(c) medium pressure range (1 < P < 100 kPa), and

(d) high pressure range (100 < P < 500 kPa).

Table. 2 ANOVA results for sensitivity by axis.

Factor DF Adj SS Adj MS F P
Pressure 26 19.142 0.736 5.592 0.000
Axis 3 9.215 3.072 23.332 0.000
Error 78 10.268 0.132
Total 107 38.625
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Fig. 20 Capacitance variation graph with tilting angle for pressure sensor in
(a) all pressure range, (b) low pressure range (P < 1 kPa),
(c) medium pressure range (1 < P < 100 kPa), and
(d) high pressure range (100 < P < 500 kPa).

Table. 3 ANOVA results for sensitivity by tiling angle.

Factor DF Adj SS Adj MS F P
Pressure 26 100.02 3.846 1273.767 0.000
Axis 3 0.238 0.08 26.33 0.000
Error 78 0.236 0.003
Total 107 100.494
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Fig. 21 Capacitance variation graph with pore size for pressure sensor in (a)

all pressure range, (b) low pressure range (P < 1 kPa),

(c) medium pressure range (1 < P < 100 kPa), and

(d) high pressure range (100 < P < 500 kPa).

Table. 4 ANOVA results for sensitivity by pore size.

Factor DF Adj SS Adj MS F P
Pressure 26 28.425 1.093 7.674 0.000
Axis 2 3.588 1.794 12.594 0.000
Error o2 7.408 0.142
Total 80 39.422
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Table. 5 Comparison of research results with existing capacitive pressure

Sensors.
Dielectric Sensitivity Pressure Consistency
Type material [kPa ] range of Refs.
[kPal performance
Micropyramid PDMS  0.55 @0.2kPal 8 O [39]
Micropillar PDMS 042 @1.5kPa 50 O [40]
Microd PDMS 00044 500 O [41]
icrodome @11kPa
Porous
Particle- 0.51
(Particle= V1S /Sugar 500 X [44]
template @10kPa
method)
Porous
(Chemical [PDMS/NaHC 0.0052
) 900 X [45]
foaming O3+HNO;3 @20kPa
method)
Porous
Emulsion- 1.18
(Emulsion= o 16 /Water 5 X [46]
template @0.02kPa
method)
0.135
@1kP
3d printing OOSa
multi—axis air | Agilus 30 ) 500 O This work
@10kPa
a
sab 0.025
@20kPa
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Fig. 24 Capacitance variation of the sensor under a stepwise pressure of

10 kPa, 20 kPa, 30 kPa, 100 kPa, 200 kPa, and 300 kPa.
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Fig. 25 Capacitance variation of the sensor as stepwise pressure.
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Fig. 28 Capacitance variation sensors under external pressure up to 100 kPa

during 10 repeated loading and unloading cycles.
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Fig. 29 The cyclic test of 1,000 cycles of loading—unloading to 100 kPa.
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Fig. 30 Plantar pressure sensing application using a pressure sensor. (a, b)
Images of plantar pressure measurements from a pressure sensor attached to
a slipper. (c) Graph of capacitance variation with plantar pressure during

walking.
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Table. 6 User—specific weight and measured plantar pressure.

Type User A User B
Weight 70 kg 50 kg
Pressure 875 kPa 725 kPa
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50 kPa

Fig. 31 Plantar pressure distribution estimation in an insole using pressure
sensors. (a) Image of the 3D modeled insole. (b) Photo of the fabricated
insole. (c) Photo of the plantar pressure measurement. (d) Location of the five
sensors on the insole. (e) Results of the plantar pressure distribution
measurement during standing.
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A Study on 3D printing-based
implementation of multi—axis air gap

structural pressure sensor

Su-Yeong Moon

Department of Mechatronics Engineering
The Graduate School

Jeju National University

Abstract

Recently, there has been a growing interest in wearable devices that can
collect various information about the body, and pressure sensors have been
actively studied. Pressure sensors applied to wearable devices require
performance such as high sensitivity, wide measurement range, output
stability, fast response speed, and high durability to effectively accept
various stimuli and withstand external influences. In this study, we utilized
3D printing technology to fabricate a pressure sensor with a multi-axis air
gap structure with consistent performance through a simplified process to
overcome the problems of complex manufacturing process and performance
reproducibility in previous studies applied to pressure sensors. By setting
the axis, tilting angle, and pore size of the air gap structure as
parameters, the sensitivity of the structure was analyzed, and a pressure
sensor structure with three axes, a tilting angle of 15°, and a pore size of
900 um was optimally selected. Based on the capacitive principle, the
sensor exhibited a high sensitivity of 0.135 kPa-1 at 1 kPa, which was up
to 26 times higher than that of conventional sensors using bulk dielectrics

without internal pores. In addition, the sensor showed consistency of



performance, a wide pressure measurement range up to 500 kPa, a fast
response time of 100 ms, a low-pressure detection limit of 50 Pa, and
operational reliability of more than 1000 cycles. The sensor was also
effectively implemented in plantar pressure sensing and distribution
applications, showing good performance in response to changes In user
weight and plantar pressure distribution. The results confirm that the
proposed multi—axis air gap structure pressure sensor is applicable to
wearable device applications due to its simple fabrication process and

excellent functional characteristics.
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