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Abstract; Objective To establish a mechanical model with times of laser treatment as the independent variable in
treatment process of rabbit ear hypertrophic scar (HPS) by combining experimental research and numerical
simulation, so as to evaluate the curative effect of HPS. Methods Firstly, the HPS model of rabbit ear was
established by CO, laser instrument, and then the HPS was treated for continuous three times by pulsed dye
laser ( PDL) combined with CO, lattice laser. After each treatment, the uniaxial compressive mechanical
properties of HPS were tested to fit Ogden hyperelastic model to obtain mechanical parameters of HPS during the
treatment. The functional relationship between mechanical parameters of HPS and times of laser treatment was
established by LM optimization algorithm. Results Mechanical parameters of HPS increased with the increase of
laser treatment times, and gradually became a constant, namely, mechanical parameters of normal skin. With
the increase of laser treatment times, the growth ratio of HPS mechanical parameters gradually decreased. The
initial growth ratio was 60% and decreased to 4.09% after three times of treatment. Conclusions The initial
curative effect of laser therapy is the most obvious, and with the relief of symptoms, the effect of single laser
therapy is no longer significant.
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Fig.2 Morphology of rabbit ears after the first laser treatment

1.3 HPS EHENZFXW

HPS Fph 456 7 SO L2 ) FL 7 B A RhA
YL (HY-0580, I i i 3K 2% A 2 A R A\ ) 1k
Y IIE 3(a) ], B 3(b) Akl 4R R
TR KSR AR 6 mm FIHTE RSk 586 TR IERER 1Y
I HAHE T IR EAR 100 mm FEEEA



FAIL, &1 F 18 4 MR LT 50 A R
LIANG Yaya, et al. Mechanical Model for Evaluating Curative Effect of Laser on Hypertrophic Scar 469

B Sk

kA . HPS

L._. I
(a) HY-0580URIRIHL
B3 {migE
Fig.3 Test set-up (a) HY-0580 testing machine,

() E4ERB~EE

(b)Schematic diagram of compression test

SC g R 0 0 A A W O 58 B E

1 mm/min, {5 B Pic - h 2, 7053t
AL 44 SOV S -P7E

o=F/A (1)

e=(H,-H)/H, (2)

AP FONTRARET A sk A S fh i FR, A =

wR? R N4 Hy WAL AR E B H A

WANRR BUKGTRE SB2KETRE EIWETR

WITIREBSRIE  BOGhITR

4 B HPS MHEBTHR
Fig.4 Early HPS results of laser treatment

(a) WOGHIT AT FEHPS MR RS

SURAR WA IERE . % &3] HPS (R R, 543
H 4 BB T 5 1 IRFESOE KI5 35 d JE K
XT4: 08 HPS FLER B2 K ;5 3 Ui 43 i 78 B
JIEIT I HPS 25 35 d RE SR it T, MIRSER 4k
PR ARSI T 5 IRE R HRAE

2 #R

2.1 #XEFTE HPS REZTWK

KIGIT ) HPS 2 181 20 H 1™ AN, I B4
4% SR JEREE N (2. 24+0.15) mm), 2 1F 5 B RS
12 4%, 55 1.2 WEOEIRYT I HPS R K b B i,
223t 35 d KR 5 SR 2L PR AR 423 2%, 3R
TS PR T AN, 7656 3 YRYT IS HPS (1)
FEOEIA W ARYR | 4 218 AR 5 JR L IE 8 B ik L
WA DO, B HPS P42 (1. 4140, 12) mm,
Bl ORI P UCBIEE N , HPS 2 1A - B,
o b LA % R 2R T 1 R R (LI 4)

30r

O i i i L i
EFER SE3WIAIT BAORAIT SB1URT BAEMRR
(b) HPS V- EEAAL

(a) Evolution of HPS surface morphology before and after

laser treatment, (b) Change of average thickness of HPS

2.2 N=EER

FH UE R R RIS [R]3OG VA 97 B BE HPS 1 77 -
NABSC R RIAL, BT AT AU A e 4 R B R Lk,
HAEARR R 3 264 T ARIAY7 B HPS HA KN AR,
Vi HPS $TA8 2 1 fig J1 Bl /N T IE 8 Je ik, P&
BOEIRTT B HE N, HPS 114 f5e RN A 32 i 23 F
B Rk (WLELS)
2.3 HPS BRETHIEL

B R EE SR AT RN, IEH kLA K HPS 4L HATY
MR P B | G g -1 A O 2R AT LA ek iy AR
REPREL W Ak, B S H 245 ) [RIPE AL}
SHE PR AT LSRR A AR AN AR 5 pR Y, B

P
=

% X BLF1/MPa
° o
\
§ %

0.1 02 03 04 05
ED !
(a) & XURLF7-RIAR £k (b) “FHEIBCKRIAR
B 5 EERBKMARGITIAET HPS I 1EaE
Fig.5 mechanical properties of normal skin and HPS after different
treatments

(a) Nominal stress-strain curves, (b ) Mean

maximum strain



ER4EMOE $£37% $£3H 2022%F6A

470 Journal of Medical Biomechanics, Vol. 37 No.3, Jun. 2022
wW=w(,,I,,I, 3 2
] X ( 1952 ) E( ) [l :(/\2 +j (12)
it:t'jill \]2 \13 j‘jcaUCh}’m g‘KE‘E/J3/\Z:7hA /\

EVSERR LY PN UE ST

FRG I N A 20 R i B SE R 5T, 42
T 2R R R R A I E R . Ogden' ™ §
B A, ﬂiﬁﬁﬂ’rﬁéﬁfxﬁbl}lﬁ:

2 L-1y? (4)

A=A (5)
A A, R ER A, AL A B 3 AT
o] AR LY s, o, D, HREEH IS 28N Sy 200
B, YA 2 S0}, HAE = Piola-Kirchoff i JJ
S 51 AFFEERREL W 47 Cauchy-Green 5K & C Z [H]
AICER N

LW
Sz—pjcl+2E (6)

A :p HEKIES ;) 2R
Cauchy . 17 o, 7] DL i
T3S FR

kk: Piola-Kirchoff [

o=J"FSF" (7)
K F AR
Xt T AN gl e (T= 1), 2 10 [ 4 5
ARIE R TR

A =A=1-¢ (8)
1
Ay =Ay=— 9
i (9)
AT B R
A 0 0
0 L o
F = JA (10)
0 o0 -
JA

TEHRESE T S, =S, =0, @b fAf o] LAFS 2%
4577 0] 158 . Piola-Kirchoff i J1 24 .

11 oW oW
S, =2|—-—|IA—+— 11
: [)\ /\4)( ol a]zj (D

Ao, W AR AR 5 1 R 1, AT DUGE G A 4 A
EY

1
I = (ZA +-A2j (13)

B RARA(7) AT Ogden A< F #6274 £
% Cauchy W #7157,

TR e Slheas) e
A, Aﬁﬁﬁﬁﬁ HPS HEU R4 L, EI]?EQR/}Z
JERTBRIT R H MR IEE H) Z ;s e 24410

2 SONAE K5 (a) HEU 44 L Tj/}f '?J(
(14) #ATAR LM/ D —RIEU A A BN T 7
%ﬁﬂ*ﬂa(ﬁ%@ 1)0

R1 EFEBRMARBNETRYT HPS hZESH
Tab.1  Mechanical parametersof normal skin and HPS after

different times of laser treatment

Bad 1R B2k

2% - W3 EW R
L S Y
n/kPa 0.7 8 14.6 17 24
a 20 32 38 43 48.5

2.4 NEFHEE
MR 1Al L, B3 SO IR T IR BB 3 N, HPS
1228 T o HP 5 B G a4, LI i
JEBW/ N RS HE A R B, A U O GTR
JPURELS HPS 112 S8 (B R sRBOC R INTT
M =a arctan(bt) + u, (15)
a =c arctan(et) + a (16)
Ko FROGIRTTIRAL po oy RARRIAIT (1=0)
i HPS (41 RHE M, u,=0.7 kPa, a,=20, ¥ 1
Bl 5 FiRRBOC R LM RIS [ W

Kl 6(a) . (b) ], MIGHIEEHEE AN pREEAL
s =15 arctan(0. 63t) + 0.7 (17)
a =19 arctan(0.7t) + 20 (18)

ARG BEAEARZS T Bl OG IR I YR Y
I HPS 2RI 2 AR BRI 2 8w

AT —AHE, Bk, xF b =17 i R K
TR RWT .

limu = 24. 26

limo = 49. 8

t—

TS A BRI (5 S PR 56 5 3 X B an
Kl 6(e) fras, Horp w FFIXTIRZTE 1. 1% ,« BYFXT



R, .1 E 18 4 MR IR O 7 30 ) AR R
LIANG Yaya, et al. Mechanical Model for Evaluating Curative Effect of Laser on Hypertrophic Scar 471

BRZETE 5. 13% IR ZETE AT 2L B2 N, IR ZEAFAE
1149 Ji DR AR ST AR i 1) B8 2 AR B 1) 3 L A
BARIA 3R 22 AETE , DL S5 20 0 38 B BG
IR I EER

B (17) L (18) R AR (14) rha] LIS B30k
AT S S B HPS B A7- I A8 AH G ) — B Ogden
T BPE AR IR

_ 30arctan(0. 63¢) + 1.4 N
19arctan(0.7¢) + 20

( 1 _ 8W) 19arctan(0.7¢) +20 _

( 1 _ EW) —=9. 5arctan(0. 7t) =10 ( 19)

2.5 itig

K6 (d) Fl(e) T 7m o AR 3l ok K00RE Y T 00 )
HPS J12Z B BEHO IR 7 OB A2 1k, phy il 2%
P H AT LI ORI IR IR I, HPS T2 8 u
o B ot SHEOEIRTT YRR ] 40 I,
PRECIHZ R TP R RILT 0 0, 6 (1) X 1L

T 6 WBOGIARIT I R HPS 112358 w Bl o 34
KR R LI, WO E WIRIT 1= S8 K i
TERTEH 6 YIRYT , I HPS 697 1 2 Fh B 2 306
TRIT U T BOR WAL, L, % IR EARYY
BUAS DA SR B A4 485 T T, WOGIR YT HPS B9 EAT
PIRRE R 3~5 1K,

HAEG T PDL BES CO, A FEEOGRIATT 7k
ABAERF 98 3 8 24 v, Horp PDL 7] DL3F 4] HPS P
WA, IR BN L L0 ARUR, CO, s FE IO T LR 1
JE AR 4, IR T RE Y ARSI AR
S RE HPS A 455 Won , BA R I7 7T DL AR HPS
JERE AR bR, M RREZ 2 abE e M ke, 120
PR 8 JG LT 2 S B M B2 Tk 4 4 7 2A PR RE Y S
B, M LT L S N5 R 1) A Y S vl R 4 A
PERE RS | T IS A 3 2 S 4R R AL 2L R
PEFARAY 5 P 23t PDL #L CO, S FESOEHIE
J7  HEVIMRZ LTI G R R D k441
0 00 A el D e D i, g 2 M Bt B 2
A% ARSCHIF HPS J12: 28002 AL PEAL HPS B9

25r 50
’ — LBE 60r
— S ast — B D mipE
20¢ — BAHE B SE{E
401
< I5F
g 35¢ T 4
=10t S30t z ©
0.62629 + 0.09097 a 0.69578 + 0.05246 20
15.1383 + 0.95471 25 L b 19.39159 + 0.7075 [
5k Reduced Chi-S 0.00869 Reduced Chi-Sq 0.11427
R(COD) 0.99994 R{(COD) 0.99917 10F
W ER 0.99992 20 WEER 0.99876
¢ 1 2 3 4 5 [ 2 3 0
WOLIR T R WoLIhyT IRE u o
() WOLHEIT RS (b) WotiaITid el MM A () IEH BB iR 8 5 5B fE T bL
l T TS aretan(0.63x)+0 ~49.8 607
25t — ) Barctan0.63010.7 S5y — 18 ctan(0.72+20
50 50+
20¢ 45¢ g0t
< 40 %
£1s 30
T 35 R
10 30 20}
5 ” “l |:|
0 X L X . L L , 20 X X X N X X \ l:l P N s
20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 1 2 3 4 5 6

(d) BOLHEITRE S u R B LR R

() WOWMIT B o B RR R (D HPSH¥SHBEROLHIT BN 2%

Bl 6 HPS AESHEHLRTABKNELER

Fig.6 Mechanical parameters of HPS varied with the number of laser treatments

(a) Nonlinear fitting of parameters p
during laser treatment, (b) Nonlinear fitting of parameters « during laser treatment, (c¢) Comparison of theoretical and
experimental values of normal skin mechanical parameters u and «, (d) Function curve of laser treatment numbers and
parameters i, (e) Function curve of laser treatment numbers and parameter a, (f) Growth ratio of HPS mechanical

parameters with laser treatment numbers
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