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Fig. 2.8An example of a series of high-speed camera images
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Table 2.1Cosdfticient of determination for tissue lateraity
Mean+ SD Max | Min

R? | 0.980+ 0.0128 | 0.997 | 0.914
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Fig. 3.1Lumped viscoelastic model
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Fig. 3.5N-free-node model
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Fig. 3.8Force balance of thieth node
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Fig. 3.9Force relationships of thieth node
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Fig. 3.10Simple model
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(b) The unloading phase (phase of shutting down force)

Fig. 3.12Direction-dependent response, during the loading and the unloading phases
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Fig. 3.13Deformation profiles for various parameter sets
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Fig. 3.14Similarity of deformation

000000000000000000
Fig.3400000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
02000000000000000000000000000000000000 20
0000000O000Fg.BI20000000k 0k 000 LOODOO0OOOO0O0O00O
000000000000000 800[Nm]O4[N/m]00C00000000000000
00000000000000000000000000000000000
000000000000000000000000000000000000000
0000000000000 00000000000000000Fig.BI80 (k. k) =
(2,200Nm]000000000000000000 (CO0)O0 (ke k) = (0,20)[N/m] O
00000 (CO0)0000000000000000000000000000000
00000000000 k=0000000000000 Fig.M2000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000-00000000000
0000000000000000000000000000000000000000
0000000000000000
D00000000000000000Fg.BI800000000 100 16000 2



3.7 00OD0OOODO

37

0.1

0.08f

0.06f

fo[N]

0.04}

0.02}

(k,, k) = (2, 20) [N/m]

U, [mm]

3

NE
(&3]

Fig. 3.15Nonlinearity of the proposed model under quasi-static condition

Table 3.1Model conditions

# of layers | Vertical distance of node [mm] ks [N/m]  k, [N/m]
1 20 160 20
2 10 80 40
4 5 40 80
8 2.5 20 160
16 1.25 10 320
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Table 3.2Simulation results undeir = 0.0018[N]

u[mm]j
# of layers x=0 Xx=5[mm] x=10[mm] x=15[mm]
1 8.95<1072 2.28<10* 0.0 0.0
2 8.98<102 1.22¢10% 0.0 0.0
4 8.98x1072 8.00x10°° 0.0 0.0
8 8.9%1072 6.20x10°° 0.0 0.0
16 8.9%1072 5.3%10° 0.0 0.0

Table 3.3Simulation results undefr = 0.018[N]

u [mm]
#oflayers| x=0 x=5[mm] x=10[mm] x=15[mm]
1 0.730 8.4&102 1.9%10* 0.0
2 0.778 6.1kx102 3.92107° 0.0
4 0.806 4.6&102 1.23107° 0.0
8 0.822 3.9%102 6.14x10° 0.0
16 0.829 3.541072% 4.1%10° 0.0

Table 3.4Simulation results undeir = 0.18[N]

u [mm]
#oflayers| x=0 x=5[mm] x=10[mm] x=15[mm]
1 3.97 1.87 0.589 4961072
2 4.42 1.84 0.433 1.2%10°?
4 4.80 1.77 0.324 4.0%10°3
8 5.07 1.70 0.265 1.9%10°3
16 5.24 1.64 0.235 1.2%10°°

00000000000000000 05%0000000x=5mmO0000cooon
00 4200000000000 Table33000 Table3400 0 f =0.018,018[N] 00O
00000000000 0oooooo f=00018N|ODODODOOOOOO0OOOOOO
00 129%4124%0000000000000000000 (x=00000000000
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Table 3.5FE analysis conditions

Model (a) Model (b)
# of elements 800 1200
Type of element Quadrilateral element
Type of interpolation| Second order Lagrange interpolation
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Fig. 4.1An example of model
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Fig. 4.4Force input

Table 4.1Geometric conditions of model

N | #ofk, L[mm]

1 2 20
3 4 10
7 8 5

Table 4.2Model parameters per numberlgf

No. | ka[N/m] ky[N/m] cn[Ns/m] cy[Ns/m]
1 20 160 0.2 1.6
2 20 160 0.2 16
3 20 160 2 1.6
4 20 160 2 16
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K (A) = A - A (4.23)
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Fig. 4.7Estimated parameters fky andk, with respect to the number of samplings
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Table 4.3Error rate of estimated parameters

Error rate [%)]

No. K Ky Ch Cy
1 3.81 0.0468 473 494
‘]' 2 0.0160 0.000331 6.91 0.499
Z| 3 38.2 0.469 8.35 4.84
4 0.178 0.00363 0.130 0.499
1 0.0141 5.2%10°% 8.93 4.92
“I'I’ 2 0.0117 7.0%10° 14.3 0.499
Z| 3 0.0665 9.5%10° 0.270 4.92
4 0.113 0.000120 0.834 0.499
1 0.0182 0.00436 19.8 4.92
T 2 | 0.00925 0.000172 13,5 0.499
2 3 0.0122 0.0457 6.14 5.06
4 0.0995 0.000465 1.45 0.499
Table 4.4Rank of matrixA
m|N=1 N=3 N=7
1 1 2 2
2 2 4 4
3 3 4 4
4~ 4 4 4
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Table 5.1Simulation conditions

N | # of k, L[mm] Kn[N/m] ky[N/m]

1 2 20 320 160

3 10 640 80

5 6 6.67E 40/6) 960 53.3€ 320/6)

A A

(a) Condition 1k, =0 (b) Condition 2:ky, =0

Fig. 5.3Initial condition
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Fig. 5.4Deformation of the proposed model
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Fig. 5.5Relationship between applied force and deformation
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Table 5.2Combinations of the applied force for solving the inverse problem

No. | Combinations of the applied force [N] Graph legends
1 | [0.001, 0.002] 0
2 | [0.010, 0.011] o
3 | [0.010, 0.020] O
4 | [0.100, 0.101] 0
5 | [0.100, 0.110] a
6 | [0.100, 0.200] o
7 | [1.000, 1.001] O
8 | [1.000, 1.010] a
9 | [1.000, 1.100] a
10 | [1.000, 2.000] o
11 | [0.500, 1.000, 1.500, 2.000] O
12 | [0.250, 0.500, 0.750, 1.000, 1.250, 1.500, 1.750, 2.000]

Table 5.3Convergence results undsr= 1

Condition 1 2 3
Success 12 12 11

Differentvaluel 0 0 O

Notconverge| O O 1

0000000000No.10 No. 20000000 Fig.54a) 00000000000
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0000000000 3,000000000 No.1OODDOODODODOODODOO
gobboodoobobuoooobbuoooobbbooobbbooobLbbooobo
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Relationship between number of iterations to convergence and initial condition
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Table 5.4Convergence results unddr= 3

Condition 1 2 3
Success 0O 9 10
Differentvalue| 4 0
Not converge | 8 3
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Fig. 5.9 : : : . _— .
g Relationship between number of iterations to convergence and initial condition

underN = 3
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Table 5.5Convergence results unddr=5
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Table 6.1Estimated parameters

Subject A| Subject B
Kn[N/m] 688 107
ky[N/m] 38.7 24.6
ch[Ns/m] 0.428 0.254
c[Ns/m] | 0.0155 | 0.00793

Table 6.2Displacement at the point of force application

Subject A

Subject B

Uc[mm]

1.89

3.35

Table 6.3Time constant

Subject A| Subject B
Th[mMS] 0.622 2.37
Ty[ms] 0.401 0.322
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Fig. 6.3Relationship between applied force and deformation
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Fig. 6.4Deformation comparison between the measured data and the model
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Fig. 6.6Initial condition
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Deformation comparison between point and surface deformation method with dif-
ferent number of nodes of the model

Table 6.4Estimated parameterky( ky)[N/m]

Point-type | Surface-type
3x3|(368,144)| (393,140)
5x5 | (178,142) | (448, 86.5)
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