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Abstract; In active health, biomechanics plays an irreplaceable role. Exercise creates mechanical stimulation to
human tissues and organs. It promotes health, or causes injury and disease. In addition, biomechanics is
involved in the design and evaluation of assistive devices, as well as in rehabilitation clinical diagnosis and
treatment. The development of active health biomechanics requires the integration of sports and medicine. It
includes more dynamics, fatigue and mechanical coupling issues. In the future research, on the one hand, the
experience of other directions in biomechanics should be learnt from. On the other hand, it is necessary to
combine the frontiers of scientific and technological development to develop new directions in biomechanics.
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Design of Customized Decompression Insole with Zonal Gradient
Hardness Structure

CHU Pengfei', GU Yanjie', WANG Sen’, CHEN Li*, CHEN Wenming'*, MA Xin**
(1. Academy for Engineering & Technology, Fudan University, Shanghai 200433, China; 2. Department of Foot
and Ankle Surgery, Huashan Hospital, Fudan University, Shanghai 200040, China)

Abstract; Objective To design a kind of customized insole with zonal gradient hardness for people with high arch
foot in need of plantar decompression. Methods A functional gradient structure was designed and applied to the
customized insole. Porous elements with corresponding elastic modulus were used in different areas of insole.
The relationship between structural element parameters and modulus was studied through mechanical tests. The
foot geometry and plantar pressure distribution data of volunteers were collected, and the plantar region was
divided according to the pressure contour line, so as to assemble the structural unit. Four kinds of customized
insoles were designed. ordinary flat insole, optimized flat insole, ordinary full contact insole and optimized full
contact insole. Through plantar pressure test experiment, the optimization design of sub region was verified.
Results The designed insole could reduce the peak pressure of high arch foot by 52. 8% in static standing state
and 18.43% in gait condition. Conclusions This method can be used to design customized insoles, such as
functional insoles for patients with diabetes and high arch feet, by providing better decompression function. The
research findings provide references for conservative treatment of foot diseases with decompression needs.

Key words: high arch foot; orthopedic insole; plantar pressure; gait

A5 B #3:2020-09-18 ; &[5 B #:2020-11-02

E€UR : EHK A RR AT H (81472037) , gt TAEAHRIE &% RS FHHRBTE 425 H (20184Y0085) , A 1L B2 e Jb Be BHIT 5 2l 5 4
(HSBY2016003 )

WS EE 530, AF5E 51, E-mail ; wmchen@ fudan.edu.cn; Sy, (4% , E-mail ; prof.xin.ma@ qq.com

* Ry RE{E



EREMAE %36% F£5H 20215108
680 Journal of Medical Biomechanics, Vol. 36 No.5, Oct. 2021

NRBTE S ATESFHEWE N AN S
A IR R Ry R AR SR RS b Ry B A SR AL e AR
MEZE . BRI R, ARSI R IR DL &
1R R A R R 23 5 R R K R ) 58 A E R
PRIR | BRORAE RS S — RS R

SRS JE BT A v] LLE 5 0 5O IR T B A
KRG 5 R IR AR PR A R IR 4L
P10 Cheung 25 WF 5T W, JUATHME S 0 e SR
B E BT B, HUOR BN Kk, AT R
T o) S B A 2 A R A R R v 1) O X e e
IR PP BE 1 LA BT E BET S AR R R
BERIMBSE WA AR TE 18 215 B S5 B AT 38
SRR SCBA I A ThaE™ . BT
BT R bt Z e LAME , 2R R S
B TBAC AR VC AL, X Se R T H AR R
AR EAT ST MR Dy 2 R R, SR, R R
(fanTE = 2 ) A9 BRARAE T RE & S BUR A 2 =
(4 37K P, R ) 2 7 I JAD R JAD DX, 4 2R 7 B
b B A Ry — A S AR Y D LR AR 32 )
H g DR R ) R R R R O R BRAR, IR, IR
AN] Xl R R AN [R] g 2= PR Re 1 S b B, H
AL, QT2 5 EEE Z (B 0 AH B AR H, RN R IS (S
JEJ7 WEAH AN J7 i ] AR T IPAR IR 7 R
WA SR AR

Chatzistergos 25" BIF % 1 JFE 4R 4 2 NI 8 | 52
R ey X 1 i 326 PR B B R ), 25 S R B
T RTEREZE MR R R, o —IF R R, I
A% ) B I B2 it S T LA dd 3 R v A AR i R
JInyRe Sy, W kB, BAERIE 5 25 E R E
ﬁiﬁ'i%%‘ﬁ(body mass index, BMI) A 5 KB K
AR T B XA W A e ol de /M R AT
IXSEAF ST G SRR TR R PRI L A4 7% S5
M) 2 IR R B A, 9 an A B sl N TR BIRES

ASCITAT AN [R5 22 L B TT A G R A
YRR DI ReA B R PRS2 pp R D A8 A PR AT e
AT PR ) R T 2%

1 F&
1.1 BT

Kl 1 Fs D) Re e 0 B R, o T =X
Ik AL A A (fused deposition modeling, FDM) |

FDM Jg& T-55 44 i 3 , B 0 3 5 WS b Bk iy O =0, 4%
R = R AR A PR ) 3 1 SRS AL . FDM AT LA
B IR PR BT TR AR R A 1 A i 2
FLEEFFNE il Al (0 A A0 e 5 A
(thermoplastic urethane , TPU ) J&—F%5] £ 1a] [F) 14
() SPE AL RL, PR R 11,7 MPa JAFALL M 0. 45,
A I B AN AR E SO 2 FL A5 H , T2 A o
TR RE, vl LA T 2500 0 J1 24 PR RE . A S0
A BRI/ BT RSB I £, 1N 2L EROT ) Ak R
5 HRES R 18] 1Y 5 5 5 A 5 R AR 4 52 ) 4
B VE R BTTH ) RIS i o LA RO o

KRERIEES

| BIE AT BRI S B RD,
I
¥4 2 AL TR AR
E(i=123,4,5)
P
JUTER
o K BN B Bl
ERZ AT B
[ I
1
IRIES AR
S B2

1 it ERE

Fig.1 Flow chart for the procedure of design and optimization

FIFH ABAQUS 37 HAT 64 ML FLHIT(8x8x1)
SO Iy = R 3 g - N L IR U A =23 i
B A R IO AR ) 1 g -1 AR it 2, JF R R Z Mt 42
SRR BOR A S0 . R FH Instron 5966 3 FH
T 7 883 38 ML (Instron 2N &), £ H), % IR
1SO 604-2002 47 #E 3FE 47 HLAH 47 12 56, 1 4 3 5 Ry
1 mm/min'"™ CRFES R K 50 Hz [ WL 2 (a) ],
Kl 2(b) s BA R R R i 2 AL oeRi

e=0.05 e=0.3 e=0.5

N

x> Ny ANx

(a) 2 AL TT R 4R (b) ZALH TR

B2 AEMESFLATEBRERINRTE

Fig.2 Model of porous cell with different specifications and
compression test experiment (a) Compression test on

porous cell specimen, (b) Porous cell models



S, % BF 0 XIS EEE SN E SR EERE T
CHU Pengfei, et al. Design of Customized Decompression Insole with Zonal Gradient Hardness Structure 681

SN E B 22 FL5A 0 I AR 1V g - 17 A2 T 2
Kl 3(a) iz, AT, B 5 MRS M2
fLEH AT, TR BRI ) S5 80, S 17 b
DNt A T R 2 DR 22 R B R, R A FROT
TR SR S A B D . b A BROT I
BEEAE NS i i S 46 I e 0 UE AT FROT T 25
Ro MREIN S ARG AR TR, 2
FLEATT A A5 RO AR S R R A SG [ L 3
(b) 1o /MBI RS X B 22 £L 500 B A7 R OT P00 45
T S R AT B A AR AR R, R R B —
0, I PR R SRR B0 SRR 22 18] A4 8] B A2
N RER A AR . B 5 A BT R TR,
DA AR R

LI TCRAE %
(a) L A1-Pi2% 2%

0.9
£08 /
S0t xmwsE
B0 - HWITH
2o
£ 0.5
ﬁoa
0.2
R

016 165 17 175 18 185 1.9 195 2.0

% LA 6 S EAE A RN ~F/mm
(b) SRR

B3 ZramilidEhEER
Fig.3 Mechanical properties of test samples composed of
porous units (a) Stress-strain curve, (b) Equivalent

moduli

1.2 ZEEMERILIT

MWiXE M1 ZBERS EEE, & 185 em,
R 65 kg, X Hfd OG22 4 i %5 UPOD-S
(ScanPod3D AW, NEE ), BRI HARE T L
AL WL 4(a) 1 AR RAEAITH 1 &

[EELE AR SIEES R 0.13.0. 18, MK FIEH
JEFRIE(O. 28~0.30) It AR G222 H 5 A
SRR A A [ WL 4(b) ] SRIEE R
A BRITHTAL FE R HyperMesh 13. 0, B4~ di E 28 X6}
I A LS B[ WK 4 (c) ] BB
DR [ Ay JLART SCA , 5 00 A A 1 2 i) £ A 3
e,

L O

(a) RIRRERAVHEES (b) PIRBLT
B4 SEMERGITERE

Fig.4 Design process of total contact insole

(c) S Heflik

(a) Plantar
contour and flat insole, (b) Mesh mapping, (c¢) Total

contact insole

1.3 BREEHNE

i 1f XSensor X4 ¥ # & 7 £ R 4 ( XSensor
SE] BRI PRI e B 5 A A M PR ) (R S
M R G0 1 RUEERR A5 230 R (& IRAR 34 5)
Oy ATERTA L FEHE N (1. 8+0.2) mm, AL
I E A R A AR 2 ) A R R S, R R
FERIREA 100 Hz, 7% I8R50 77 Bl >k 7 ~ 880 kPa,
M EAT 4 B2 AT, 58 P M A LAk T A i
B W R Al AL e R R il
B LAY R A e g A5 31, R T
— B A B AR AR 1) T ik Shy B AN [ IX I
BRI B A A RE, 4500 o | 70 J5 2 AL 45
JR DX, 7 foff e R AS 2 1) 22 FL B G, (] s IR A i
X i1 Ak J2 — Pl R A i T, AR SR A B Y RIS
FRSIE NG R WK 5 (a) ], 4% BB S0 i AR
b, X AR o X3, AN ] X 3R FH AN ()AL i 1 22
fLETe R B )E A P AR L L S (b) T, #F
AL G 19V B e 4R 5 4 1 il B I AT A IR OR R 02
AR RIS I bR [ WLIEI S(e) ]

2 #R

P Fe v RS B T i, whar A8,
3 0 e TR 4 AR AR N 2SR N A SRR TR
HEALERL S km/h 388 NI 25 R R ) o



EREYMAE $£36%E £5H 20215104
682 Journal of Medical Biomechanics, Vol. 36 No.5, Oct. 2021

4%

() RN () MG PAEESR (o) Pifb)a S EfiEd
B s EAHERESMNBEEERLITIE

Fig.5  Design process of decompression insole with gradient

hardness structure (a) Plantar pressure distributions,

(b) Optimized flat insole, (¢) Optimized total contact insole

fii o SCHRSE A R AR L T AR I 5
FOE AR5 1 S R S R I DA N g B AR
38. 5% , 43 M [ FRAR 5 19. 3% ; 4 b EEHE R Y
RS K RS W (R 77 B AR 4. 1% , 422 ok g AR 4R o
52. 4% s A5 A4 442 i ek 4 ol e 45 AL I 06 {1 17 7
FAR 52. 8% , #E Ml TE FREZ 55 54.8% (L1 6) . HH UL
AT FE Al ST Rl R P R SO P A 4 fil

(a) Tl FAEER (b) Pifb/E Pk

1

(c) il AR (d) DUAL)E s
E6 FEHARELTHSERN AN
Fig.6 Static plantar pressure distributions with different types
of insoles  (a) Ordinary flat insole, (b) Optimized flat
insole, (c¢) Ordinary total contact insole, (d) Optimized

total contact insole

AR 2 v 2 fih 1D AR
=K,

FELRFM T, 5 2 LA A, FaE T IH
— AL A3 A5 BN A ) B (] Y AR AL, AR b
R W N A T S TR e e I R e
il A 4 1) W 0 ) BE IR PRI AR 320 501 B T 8. 84%
2.47% 18.43% (VLIE 7). HhOUET RN, O Ak 4 4 ik
FESVERT , 25 A0 0 12 I W (A 4 g /N, 3
AL R RIRE A Y5 R R 1 A FE R

W% AP U A s 7 I i 3

350p
300l 0 I TR Bk
0 AR B

£ 250t o W A A B

2 o e

{ﬁ PN <z\h

a 150} Ay p

¥ 100} VSV T
sof .+ |

0 50 100 150 200 250 300 350 400 450 500
fif 8] /ms
B7 $ETIEENMERETW L

Fig.7 Variation of peak force with time in gait

3 g

ARSCHE PR A B T i O AT IR
P AR JECTUART IR PR A 0 0 5 5, 2 il T R e )
TRV R SIS EE AR % B i B R AE R
R 42 il i ) 3559 Ak T TR A A R AT
P o BE2 5 T3 3 ST A A AT ol 0 {1 f
JETIBEAIG 38. 5% , WF5E 3R AN, A Hz fb EEH m fff A\
AU ST B AW (L o 7 ARG 30% ~40% 11 AR
S PR, 5 3 S AR A LL, TR T Y 4 4 M
HE R I R A A O ST P A (T T AR
41. 1% X ST HEER Ak R RE F1 AL, BEAh,
BT SRR B LA 5 B P 3 I DAk
G S R n T v 5 R I S W (L ) R AIG
52. 8% , Hzfl ARG N 54. 8% LA I,

ARIFFEAFAE— 2 B R B . © #E LA AR
FHERASI £ 9 2 IS R R ROk, AR B0 2
g NRIRR IR ESH AR, @ T2l
SEFRER R LI 454 | 30 FDM il AT ER Y
BAEHOWZ ] AFAE— SRS E G, Blan . HopbA
YIS EUZ 52 Z RIEER 2, Ve 40 S



S, % BF 0 XIS EEE SN E SR EERE T
CHU Pengfei, et al. Design of Customized Decompression Insole with Zonal Gradient Hardness Structure 683

W7, SR, RRBERE 3D FTENHL & Rk
RE B AW kit , 3D 4T EEEH A o i A0 HI 7
B, @ BIR TPU FHRA B 4095 55 1
B H 3D FT N IR S B A BT 57 1 B X HE 4R
SRR E A IS SUR e N RS TE
DL T WSS

4 #ig

K 3D FTEIEOA S 18 HA 2 FLA5 I 5E 4k
BESR L A T AR AT | 22 FL A5 A 1B 2%
FUF AR T i AR A BE— 2B AN, LA
A 4 i A A T T A0 2 ) JEL U 0 T ) B )
IR [ A 18.43% o AW 5T IT A #7512 [l A
THABEESE , AU 5 R B T EL X HAB AT 26
TR AEBA R TETI

S Xk

[ 1] TEOHJC, LEE T. Prediction of plantar soft tissue stiffness
based on sex, age, bodyweight, height and body mass
index [J]. J Mech Behav Biomed, 2016, 54 219-222.

[2] BURNS J, CROSBIE J, OUVRIER R, et al. Effective
orthotic therapy for the painful cavus foot. A randomized
controlled trial [J]. J Am Podiat Med Assn, 2006, 96(3) :

205-211.
[ 3] TEOHJC, SHIM VPW, LEE T. Quantification of plantar
soft tissue changes due to aging in various

metatarsophalangeal joint angles with realistic tissue
deformation [ J]. J Biomech, 2014, 47(12) ; 3043-3049.
[4] 0, W ARERBARTE LR E L[ J].
EEREY 1%, 2020, 35(1) ; 108-113.
MA XY, MAN X. Analysis on characteristics of plantar
pressures in different age groups during walking [ J].
J Med Biomech, 2020, 35(1) . 108-113.
[ 5] CHOIJ, CHA EJ, KIM KA, et al. Effects of custom-made
insoles on idiopathic pes cavus foot during walking [ J].
Biomed Mater Eng, 2015, 26 (Suppl 1) : S705-S715.

[6]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

CHEUNG TM, ZHANG M. Parametric design of pressure-
relieving foot orthosis using statistics-based finite element
method [ J]. Med Eng Phys, 2008, 30(3) : 269-277

WAN KWF. Three-dimensional insole design for relieving
plantar pressures in high-heeled shoes [ D]. Hong Kong:
Hong Kong Polytechnic University, 2018.

BONANNO DR, LEDCHUMANASARMA K, LANDORF KB,
et al, Effects of a contoured foot orthosis and flat insole on
plantar pressure and tibial acceleration while walking in
defence boots [J]. Sci Rep, 2019, 9(1) . 1688-1697.

Hbg, S, A, & PO E R AL 3 S 2R E )
FRAE[J]. AW 124, 2020, 35(4) : 342-348.

ZHU T, MA X, ZHAI H, et al. Dynamic plantar pressure
features of ankle joints at different stress positions [ J].
J Med Biomech, 2020, 35(4) . 342-348.
CHATZISTERGOS PE, NAEMI R, CHOCKALINGAM N. A
method for subject-specific modelling and optimisation of the
cushioning properties of insole materials used in diabetic
footwear [ J]. Med Eng Phys, 2015, 37(6): 531-538.
CHATZISTERGOS PE, NAEMI R, HEALY A, et al.
Subject specific optimisation of the stiffness of footwear
material for maximum plantar pressure reduction [J]. Ann
Biomed Eng, 2017, 45(8) : 1929-1940.

DAVIA-ARACIL M, HINOJO-PEREZ JJ, JIMENO-
MORENILLA A, et al. 3D printing of functional anatomical
insoles [ J]. Comput Ind, 2018, 95(1) : 38-53.

WANG L, KANG JF, SUN CN, et al. Mapping porous
microstructures to yield desired mechanical properties for
application in 3D printed bone scaffolds and orthopaedic
implants [ J]. Mater Design, 2017, 133(1) : 62-68.

TANG L, WANG L, BAO WN, et al. Functional gradient
structural design of customized diabetic insoles [ J ].
J Mech Behav Biomed, 2019, 94(1) . 279-287.

BRI, P E 2 R IR OC A A PR e e
FE LAIIRRN [ D], L. HIgASE AR, 2009.

CHEN W, LEE SJ, LEE PVS, et al. Plantar pressure relief
under the metatarsal heads: Therapeutic insole design
using three-dimensional finite element model of the foot
[J]. J Biomech, 2015, 48(4) : 659-665.



