= ol o
=23 dE

StelX| H 26 M 53 pp. 142-149 May 2009 / 142

Journal of the Korean Society for Precision Engineering Vol. 26, No. 1, pp. 142-149

0l0 mi

ol
C3

H A=

0|8

rot

7 2528 & HA ofzo] HE

Development and Application of Polymer-based Flexible Force Sensor Array
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This paper proposes and demonstrates novel flexible contact force sensing devices for 3-
dimensional force measurement. To realize the sensor, polyimide and polydimethylsiloxane are
used as a substrate, which makes it flexible. Thin-film metal strain gauges, which are
incorporated into the polymer, are used for measuring the three-dimensional contact forces. The
force sensor characteristics are evaluated against normal and shear load. The fabricated force
sensor can measure normal loads up to 4N. The sensor output signals are saturated against load
over 4N. Shear loads can be detected by different voltage drops in strain gauges. The device has
no fragile structures; therefore, it can be used as a ground reaction force sensor for balance
control in humanoid robots. Four force sensors are assembled and placed in the four corners of
the robot’s sole. By increasing bump dimensions, the force sensor can measure load up fo 20 N.
When loads are exerted on the sole, the ground reaction force can be measured by these four
sensors. The measured forces can be used in the balance control of biped locomotion system.

Key Words: Contact Force (£
{84 A, Tactile

3, Ground Reaction Rorce (X WBHEE)) Strain Gauge (S Eal 914 01X, Force Sensor

1. N8 nnHAA ¥ng 2R £9 9 AEs] s
M, 3 FER SR A A2 5

2930 vlelaz 3 AME 2E A2®, £ AT F AN ¥ A9 2A Fesh 3 &9
=8 =7, $4E7F Bob T AMEE BeE W FAY e AMT dele FolR, BS
ZIdi7b "z 9okl 243 J)AAR A" A% e A FAs|7t oFbr] wH ot}

(Micro-Electro-Mechanical System, MEMS) 7|9 & ol#1d 3 =9 & A3y YA AgE =2

e o Bobe BUATE FANA, ALES), TR AFHAA foh e oy A=
Zajn, b B2 5L ol8¥ Ay THIY  ARES Ae¥ AN JAHew §d8A 1B
MEMS 7% 4% @ A4 ofuel7t ARHAA  HolXrs ojgth AT v A AHE 4
o3 g A Azals] AaA, Age FH B ol F

EX A&"d oM, BXE e W Exo o EWE c|&dt= stelBIY= FHF] A (hybrid



ro

SHUSE3A A 26 H 13 pp. 142-149

January 2009 / 143

packaging) o] AR&-E 2 kSt olel @ W el

ZHolu= 3¢ YT ANE AZAES o
7] (flexible Printed Circuit Board)
= NEAIE o] &3t A
(mounting) dH= Hlo]l It} bl e} o)
H714 HHe FA AA Bisle] 88 wE

e ok

T 24E 7ML =g AgE dg 7z 3
% 3 AME v 28X 2~H(piezoresistor) S Al
Azz A&, ol H& Fujg BE 3
4 Hrgt). o] 2591 7] (ion-implanter), 438}
7185 #& A (Low  Pressure  Chemical  Vapor

Deposition) &°] ZAH o)t AW, AgZE A&
8 3 % 9 AMY PHE FAe| dus 2
Aot 4 W& E s

3% 9 W49 33 Mes
A, E4WE

2 BaAA] e
EF A MAZo] AwHoix]
N 7 e g 24 whge] ALgHol

ol
Ax g, st A7 A% dse g e

[=]

© el YE sy -89 (capacitance)
A3HE A s el o Y W 7
A e 229e A aiHolt 17
U FRIgeR Agat 98 285707} oy
o At ZYee Aoz AdsiM ALY
93 2 We 24 49 it 52 vdel 3
o g BEE AgSE AT 1FE gleu, o
WY TR $YYL A gl AR AAn
011;].17

AR

B fr(optical fiber) & ©] €3 3 & IJANE
A AR5 Qe 131‘/} o] J
(Charge-Coupled Device),
5 FH89 #9 3A7) Egom SRR
2, A7) 3 & @ AN ARe olHrA oz
ATAEY ol 93 g,

¥ =EdAE A7 #4435 @ AlA ofF
ol My, 2R #¥S J | #1g A4 v
e AN E2A A3 & ol v E(polyimide)
¢} PDMS(polydimethylsiloxane) 7} 71% Ed= A}
EHUoH, F& AEGUAANAN 3 £ L =4
SH=E GIQHE 3 E} Add Axe Fag EFo
2 A vy 723 W¥gLRE] Qe
Aotk o]PJo TN U F5a FrEs oA
42 FobA Al =

MM FE W 5F A8

Lo . bump structure
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Fig. 1 Schematic view of the proposed 3-axis force
sensor: Strain gauges are embedded in a ductile
polymer substrate. A bump structure that is used
for load distribution is placed on the top of the
sensor surface

21 HdAM =
o] 7] gholl(substrate) 91 F o] ZheiA A =W
e P WYS FAN7 A4 $Ee

L.I

uHA @ o] 3 $3& Hooke's law © <3
HYE2 veuA " g2 A9l g o
T27F olge HIFES sty 9% WHe

AHEEA Ed B ATdAE ojHd HEE
o F2E FEH 7|He® oA SUth Fig 1
AtE AN F2E 2AHos ehdo Hy

Joe® (Mo =
2
(il
My o % fuoog

o O M ¥ ol

)
rr
T
T

ﬂf{ﬂ!mhrﬂw
o = o e g

;}o:h;]_ /\1,74:?1 HLD]— :TLZ: E_dal_o,]
7} Fig. 2(a)°ﬂ vERY glom, AQkd Al H%
! & Fig. 2(0)9] e ATk A4S 9l
**ﬂi“ A E“*?ﬂriw 165

>

2
>
oo
l‘&ﬂ
m{n



ok

Y UBESIX A 267H 15 pp. 142-149 January 2009 / 144
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(b) Shear load strain gauges
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o] AEE 2 729 3 % 3 AME Fig. 3 Normal and shear load sensing principles: (a) In
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HE 7HGF, gauge factor) UHE A 5o HsA &7 subjected to tensile stress, (b) in the case of
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(a) Silicon membrane structure (b) Proposed tactile sensor structure
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Max. strain ~ 0.2x1073

(c) Strain analysis of (d) Strain analysis of
silicon membrane structure proposed tactile sensor

Fig. 2 FEM analysis model and results: (a) dimensions of a silicon-diaphragm model, (b) dimensions of proposed tactile
sensor model, (¢) FEM strain analysis result for the silicon diaphragm model, and (d) FEM strain analysis result for
the proposed sensor model
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(a) Strain gauge patterns on polyimide

(d) 3 PI layer coating and via holes etching  (e) Interconnecting the other ends

(f) Bump structures patterning

Fig. 4 Fabrication steps for the realization of the proposed device: (a) strain gague patterns on PI, (b) second PI layer

coating and via hole etching, (c) interconnecting one end by electroplating, (d) third PI layer coating and via hole

etching, (e) interconnecting the other end, and (f) bump structure patterning
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Fig. 5 Optical photographs of the fabricated flexible tactile sensor: (a) 8x8 force sensor array, (b) One unit force sensor
consists of four strain gauges for normal and tangential load detection, (¢) Sensor indicating its flexibility
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the assembled GRF sensor module, (d) A graph of
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#1

#1 #0 #1 #2

Fig. 8 Measurement of the Ground Reaction Force (GRF) with GRF sensor

Table 1 The result of ground reaction force measurement unit: N
#1 #2 #3 #4 SUM
(a) Applying conf:entrated load (20 N) at the 551 757 8.10 6.08 2726
geometrical center of plate
(b) Applying conf:entrated load (30 N) at the 769 957 857 8.52 3435
geometrical center of plate
(c) Applying con'centrated load (40 N) at the 992 10.16 12.60 9.60 41.67
geometrical center of plate
(d) Applying dlstrlbuted.Load (10-20-10N) 10.59 8.95 13.73 957 42.79
along the center line of plate
(e) Applying concentrated load (40 N) at the 554 6.68 16.97 13.17 42.36
fore part of the plate
() Applying concentrated load (40 N) ,
at the rear part of the plate 13.81 13.93 7.90 8.00 43.64
¥ =ES 394 Aze 729 #5489 ¥
540l 7hed #4 F AMTL Ad=EAY. E3
olul=¢} PDMS 7} 7| EF 2 ALEEATH Z4 This study was supported by a grant of the Korea

o 7]@e] LA E HYELS Y AYE 2E Health 21 R&D Project, Ministry of Health & Welfare,
€ F;A 542 + AW 5347 Republic of Korea(Grant A020602).
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