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Ze 5zde e BN B3 AFARE FF F822E 08T 9T AAASH nde J|E dolElz o] §E 4 U

O

Abstract : A mathematical model of viscoelasticity on the material property of human pharyngeal tissue utilizing Y.C. Fung’s Quasi-linear
viscoelastic theory is proposed based on cyclic load, stress relaxation, incremental load, and uniaxial tensile load tests. The material prop-
erties are characterized and compared with other biological materials’ results. The mathematical model is proposed by combining two char-
acteristic functions determined from the stress relaxation and uniaxial tensile load tests. The reduced stress relaxation function G(t) and
elastic response function S(t) are obtained from stress relaxation test and uniaxial tensile load test results respectively. Then the model
describing stress-time history of the tissue is implemented utilizing two functions. The proposed model is evaluated and validated by com-
paring the model’s cyclic behaviour with experimental results. The model data could be utilized as an important information for construct-
ing 3-dimensional biomechanical model of human pharynx using FEM(Finite Element Method).

Key words : Pharyngeal tissue, Viscoelasticity, Biomechanical model, Fung, Quasi-linear viscoelasticity, Cyclic load, Tensile stress relaxa-
tion, Incremental load, Uniaxial tensile test
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Fig. 1. Schematic diagram of whole pharyngeal tissue(Posterior
pharyngeal wall)
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Fig. 2b. Experimental apparatus
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Fig. 5. Incremental step load test result

Zve] At 2HE FujE 349 AHY ddte] $HAIA Y
test)o] A=1.25¢] <17m](extension ratio)
old] & Axr} 18 4.9 vl A=1.

(stress relaxation

NN AR o

259} w3 EL& olAH| (extension ratio)d| Ao SEHL Hx
138 oluldl relaxation “Jejo] Z=@dl. incremental step

load tests= w102 n}c} QY] (extension ratio)AS A=0.05 7}
Aog Z7IAFIEA S8 esl(stress relaxation)d A wa}
gor 1089 AIZIHA L stress relaxationd]| Al #id A=
T2 st A=A o)A @ dEHS A} 1y 5.
o vehidch

olgfdt A P& ¢E
stress test)o] 1.0mm/%9] ¢

237 vEhd Atk

A 24 Q1 AA] ¥ (uniaxial tensile
NFEE2 AFPEdon a8 6.9

Quasi-linear viscoelastic
characterization
AFzAY A5z EA

reduced stress relaxation

58 ey

1
=l

354 & 437 St

9} elastic response &7} A&

o383 7] : 4194, A53%, 1998

Y

Jats

6.o7

2800 2500

Tire (sec)

3500 4

g 4
Fig. 4.

S Y3t Ag 2o
Stress relaxation test result

0.2

0.2

Stress (MPa)

0.7

0.0

T T
40 60

so
Strain (%)
J3 6. 954 A% Mgz}

Fig. 8. Uniaxial tensile load test result

272 5E Ao Y.CFungd HeAol&
stress relaxation &4 ofe(t)t]s HIAE
Z3 FEH oz g o] T
Ebd o Qi)

o eld), t] = G(H*S

42 47 dee S

‘reduced stress relaxation function”o]

B& A&y
(strain) ¥} A7t 9]

3kr9l convolution® & 1}

(D
e HEE, t= A
function” & G(t)= ¢
G(t=0)=10]t}.

“elastic response

olnf elastic response= WEHF A5y a JeEd &
Aow thE3 o] Yebd & ui[27].

S= A™ -1 (2)

&7]A elastic response F4e AFE Uehll= A9l B:

grold, AR Ee AeRy £2UE $97 0y
Y BAZRE Lo 17 6,028 dojd A A, B

= o3 2o

A:
B:

0.19078 MPa
0.02265



0.8

0.6| Experimental
) K‘
L) R i

0. s

Theoretical

Reduced Stress Relaxation Function G(1)

Time (sec)
a8 7. EEEE SHs (HHA)
Fig. 7. Reduced stress relaxation (experimental values)

=

as NEE AUHoz ¢
Azl mE MY

L
o & VYR o2
4 % o

e FAHeER A
2 e Zol Je

e = af (3)

H()e Bt 2ol

Quasi-linear viscoelastico] &0 <] &}H

gehd 5 ol %

. :
o= [ G-
dS(e) _de
J Glt-t )AE—_W T 4)

dgt 28 ¥

ol 714} reduced stress relaxation function

o ye verd + Uri28),

[1+CLE,(t/z,) - E,(t/r)]]
Gt) = —— (1+Cin(z,/r )]

(5)

o 714 E(t)—f ——dtg Uehi = 5 434e] A 2 (expo

nential integral functxon)?ﬂ oly, C, r, s 7, 2o 474 AEA

wj2 HE] do]r|i= A4o|th. Stress relaxation test 22} ZHE
1ol 2] = o] E]= reduced stress relaxation HolEHZ 35

ol
o oA A¥A G1)E t=0¥ Hg G0)E = norma-

lizesbg & AAAHA o] Rtk dPorrE 42 GO
a9 7o veht ga o] ARZRE ol dFxHY P
4% Uehle @49 A Cr, 3 r, & O3 2ol 7
s Aot

T, = 0.01145 sec., C=0.571, 7, = 62000 sec.

4 ()% 43)%
gt

A (4 dhstd g 2 Hos 54

sty udge] #d A 499

o.08

- Avg(Peak)

Theoretical (QLV) O

--o-- Avg(Peak_QLV)
L
*

-- Avg(Valley)
-- Avg(Valley_QLV)

0.04 Experimental

Stress (MPs)

0.02

Experimental Theoretical (QLV)
S
0.00 -~
o 2 - . [ ]

Number of cycl-
7 8. HEA SEAME (MERSH olZsHAR)
Fig. 8. Cyclic load test (experimental & theoretical values)

5(f) = ABajO’ Gt-1) ™™ dr (6)
A O u=t-1 % du=-dc2 U] g Felahw,
t
5(t) = ABe ¢ fo Glu) e ™ du %

A ()& ogdtd Hx 8F7]% ¢ cyclic load test 2o}
vlwaldch ol zzte] F7|5< HEeERY AL HAUE
AgABe 4 (NelA 78 AnE vwste] 28 8.0 FAs
gtk 18 894 R WA FrldA AE g Hxo FAE
Aoste ANHog F7)71 AP | wetd Azt Fashks

Ae & 4t o g Az}l A SlE o] f 2= reduced re-
laxatlon 812 G(t)9} elastic response §t4= S7t MZ convolu-
tiono] HWA F&57 FAHAYHE ARy o] Az
F4AH = AR AP ZAE Fgolnz A4he LAt &
A7 oz =49t gats Y.CFung? Quasi-linear vis-
coelastic theoryE o] 43}d AT %39 #8849 HeAYREE
T3 & 9lon o= AR F§ELAE FFIUE AR
Fol g A G ndg FAEH Ao Fad A=
24 o148 ¢ 9l

AgFon g 2a3% 7|5 B3

0
e
-

AE AFE
& el e Addos & <A YA gon E3] A
Ao A FRAAA BT 715F 4 de Bad 71eF
9 B4 ARA 4o BF A7E AR gulolth ey
@ AP0z AR ASEAY FeHe e AFdA
Had Az Ane wL-FHE Boe} 1 54 §52

olg) g dAte AAY AHY vhe £ I cyclic load,
stress relaxation, incremental load, )i U&A4 AFAE
g B8 ge Zie vmalRe W RE A AEHA

SAMS BAY 5 9o dAE JF23F 9 stress relaxa-

tion A|@23 relaxation® e £%7 vjad wWE Aoy A

J. of KOSOMBE : Vol. 19, No. 5, 1998



500 a4
ot g2 ARSY FHHEYD vnsd ® A A
ARzHe ohy Fo duel b 84T 2 4PE pel
20}, ol Fne BAd Bud oj%h fAHE AAe BE
zAd] it AF[9,10] A LH7 stress relaxation Hef}
st
Axd o2 Y.CFungd Quasi-linear viscoelastic theorydl
1 e

HEYS 3 5 o
q () AFEAY o3 FBEEAE Ul FE stress
relaxation®} cyclic behaviourg& T3ste st A7t wg
g4-0]12 A HojZ 1 ¢t} Pinto, et al[7]% Johnson, et al
[81ef 93 ATAM®E o]o} AR 25 &9 & =+ T

2

rin

B A= Y.CFungd 93] AtH Quasi-linear viscoe-
lastic theoryd] 23 g%z HEYEHS F87 o2
o] FEFYEY olgd 2Re FAsE FefvetEe 484
o) Wk Z siress relaxation test2 3B £%¢ reduced stress
relaxation function®} U&A A RN F& AFFFHd
9| elastic response® AW Tl A Fakh o2 g re-
duced stress relaxation function® =433 e]el elastic
response®] 433 convolutiong Al 3l AlZte] wE §He
Z718 ARG E AT F s TFE =Fde 2EHeR
238 Zalel uimslgddh. Cyclic load test HEZAH} oj2F 0
2 7o zas vad 23 x7)d LA 2a5 A 9
3o A7te] mE HaldMe vnd YR se Ae BEHRL

=2

o mepd ol@ 2de] ATEHe FRASH

E] e
o ol §3 AT Fzle) izt skt Bk 271
Ag 44T £ Ao
A5 5AN7} A Bl dd AHE ARE e @
o] &

Q=9 ZL7|A o

SECREELE

R
o re e 4

_tf‘-_o Agiﬂg]dé_}x-l oo

=

KX

b f=

=g @‘_}le 9l g AE Er__!f_
2

B

o] 783 x : 41194, A53, 1998

10.

11

12.

13.

14.

. Fung, Y.CB., “Stress -strain history relations of soft tis-

sues in simple elongation. Biomechanics: Iis foundations
and objectives, eds.”, Prentice -Hall Inc., Englewood
Cliffs, N.J., pp. 181-208, 1972

. McConnel FMS, Mendelsohn MS, Logemann JA, “Exami-

nation after total laryngectomy using manofluorography’,
Head Neck Surg Vol. 9, pp. 3-12, 1986

. Brasseur JG and Dodds WJ, “Interpretation of intralumi-

nal manometric measurements in terms of swallowing me-
chanics”, Dysphagia, Vol. 6, pp. 100-119, 1991

. Logemann JA, Kahrilas PJ, Begelman J, and Pauloski

BR, “Interactive computer program of biomechanical analy
sis of videofluorographic studies of swallowing”, AJR,
Vol. 153, pp. 277-280, 1989

. Danko Cerenko, Fred MS, McConnel and Richard Jack-

son, “Quantitative assessment of pharyngeal bolus driving
forces”, Otolaryngology Head and Neck Surg., Vol. 100,
No. 1 Jan., pp. 57-63, 1989

. Bosma JF, “Deglutition. Pharyngeal stage”, Physiolocal

Reviews, Vol. 37, pp. 275-300, 1957

. Pinto JG, patiticci PJ, “Visco-elasticity of passive cardiac

muscle”, Journal of Biomechanical Engineering, Vol. 102,
pp. 57-61, 1980

. Johnson GA, Rajagopal KR, Woo SLY, “A single inte

gral finite strain(SIFS) viscoelastic model of ligaments
and tendons”, ASME BED-Vol. 22, pp. 245-248, 1992

. Woo SLY, Akeson WH, and Jemmott GF, “Measure

ments of nonhomogeneous, directional mechanical properties
of articular cartilage in temsion”, Journal of Biomecha-
nics, Vol. 9, pp. 785-791, 1976

Alipour-Haghighi F, Titz IR, “Viscoelastic modeling of
canine vocalis muscle in relaxation”, J. Acoust. Soc. Am.,
Vol. 78(6), pp. 1939-1943, 1985

Finestone HM, Greene-Finestone LS, Wilson ES, Teasell
RW, Malnutrition in stroke patients on the rehabilitation
service and at follow-up. prevalence and predictors. Arch
Phys Med Rehabil Vol. 76, pp. 310-316, 1995

Gordon C, Hewer RL, Wade DT, Dysphagic in acute
stroke, Br Med J vol. 295, pp. 411-414

Alessi DM, Berci G, Aspiration and nasogastric intuba-
tion, otolaryngol Head Neck Surg Vol. 94, pp. 486-480,
1986

Elidan J, Shochina M, gonen B, Gay I, Manometry and



15.

16.

17.

18.

1.

20.

21.

]

183

=
£27

9 A g
electromyography of the pharyngeal muscles in patients
with dyaphagia, Arch Otolaryngol Head Neck Surg Vol
116, pp. 910-913, 1990

Finestone HM, Greene-Finestone LS, Wilson ES, Teasell
RW, Malnutrition in siroke patients on the rehabilitation
service and at follow-up. prevalence and predictors. Arch
Phys Med Rehabil Vol. 76, pp. 310-316, 1995

Gordon C, Hewer RL, Wade DT, Dysphagia in acute
stroke, Br Med J Vol. 295, pp. 411-414, 1987

Hendrix TR, Art and science of history taking in the pa-
tient with difficulty swallowing, Dysphagia Vol. 8, pp.
69-73, 1993

Hickling K, Howard R, A retrospective survey of treat-
ment and mortality in aspiration pneumonia, Intensive
Care Med Vol. 14, pp. 617-622, 1988

Johnson ER, McKenzie SW, Rosenquist CJ, Lieberman
JS, Sievers AE, Dysphagia following stroke: Quantitative
evaluation of pharyngeal transit times, Arch Phys Med
Rehabil Vol. 73, pp. 419-23, 1993

Kidder TM, Langmore SE, Martin BJ, Indications and
techniques of endoscopy of cervical dysphagia: comparison
with radiographic techniques, Dysphagia Vol. 9, pp. 256-
261, 1994

Lorenz R, Jorysz G, Classen M, The value of endoscopy
and endosonography in the diagnosis of the dyaphagic po-
tients, Dysphagia Vol. 8, pp. 91-97, 1993

HEAY E A

2

_04

53

22.

23.

24.

25.

26.

21.

28.

oA T AT 501
Mackay LE, Bernstein BA, Champman PE, Morgan AS,

Milazzo LS, Early intervention in severe head injury.
long-term benefits of a formalized program, Arch Phys
Med Rehabil Vol. 73, pp. 635-641, 1992

Muz J, Hamlet S, Mathog R, Farris R, Scintigraphic
assesment of aspiration in head and meck cancer patients
with trachestomy, Head Neck Vol. 16, pp. 17-20, 1994
Palmer JB, Kuhlemeier KV, Tippett MA, Lynch C, A
protocol for the videofluorographic swallowing study, Dys-
phagia Vol. 8, pp. 209-214, 1993

Splaingard ML, Hutchins B, Sulton LD, Chaudhuri G,
Aspiration in rehabilitation patients. wvideofluoroscopy vs
bedside clinical assessment, Arch Phys Med Rehahil Vol.
69, pp. 637-640, 1988

Schultz JL, Perlman AL, VanDale DJ, Laryngeal move-
ment, oropharyngeal pressure, and submental muscle con-
traction during swallowing, Arch Phys Med Rehabil Vol.
75, pp. 183-188, 1994

Kennedy, J. C., Weinberg, H. W. and Wilson, A. S,
The anatomy and function of the anterior cruciate liga-
ment as determined by clinical and morphological studies.,
J. biomech. Engng. Vol, 112, pp. 147-152, 1974

Chen, Y. L. and Fung, Y. C., Stress-strain history rela-
tions of rabbit mesentery in simple elongation., Inproc.
Biomech. Symp. ASME. Vol. ADM-2, pp. 9-10., 1973

J. of KOSOMBE : Vol. 19, No. 5, 1998



