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ABSTRACT

Study on the Dependence of Indirect Laser Tactile Stimulation

on Medium Properties

By Seung-Eun Kim

Advisor : Prof. Jong-Rak Park, Ph.D.
Department of Photonic Engineering
Graduate School of Chosun University

In this study, the dependence of an indirect laser tactile stimulation method on
medium properties was investigated. The indirect laser tactile stimulation method is a
technique with which tactile sensations are evoked by irradiating laser pulses on a
light-absorbing elastic medium attached on human skin. The characteristic medium
properties considered in this study include absorption coefficient, density, specific
heat, thermal expansion coefficient, Young’s modulus, refractive index, Poisson’s ratio
and thermal conductivity. First, heat effect simulations were performed using the heat
transfer equation and temperature change was evaluated. Subsequently, mechanical
effect simulations were performed using the thermoelastic wave equation and medium
deformation was evaluated. Commercially available simulation tools for thermal and
mechanical effects, ANSYS Fluent and ANSYS Mechanical (ANSYS Incorporated,
USA) respectively, were employed for the simulations.

The wavelength, pulse width, pulse energy and beam diameter (1/e) of the laser
system used for the stimulations were assumed to be 532 nm, 8 ns, 50 mJ and 5
mm, respectively. The diameter and thickness of the elastic medium were set to be

30 mm and 2.2 mm, respectively. The dependences of the maximum increase in

_Vi_

Collection @ chosun



temperature and the maximum acceleration on the medium properties were
investigated based on the simulation results of the thermal and mechanical effects.
The effects of refractive index, Poisson’s ratio and thermal conductivity on the
temperature and the acceleration changes were negligible. The damage threshold of
the medium and the perception threshold of the tactile sensations were studied
through literature search. It was assumed that the damage threshold of the medium
was determined by the maximum increase in temperature and the ultimate tensile
stress, and the perception threshold of the tactile sensations by the maximum
acceleration. By analysing the dependences of the maximum increase in temperature
and the maximum acceleration on the medium properties and the information of the
damage and the perception threshold, the range of each characteristic property (upper
and lower limits) in which the tactile sensations would be effectively evoked without
inducing any medium damage was determined.

Currently, acrylic polymer tapes are being used as the light-absorbing elastic
medium for laser indirect stimulation. It is expected that the results of this study
would provide useful information for the development of or the search for a new

medium that can be utilized for laser indirect stimulation.
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¥ 2.1 & 2AE At AMEEHE EE

Symbol Description
w 1/e* Gaussian Beam Radius
0] 1/e Gaussian Beam Diameter, ¢ = \/5 w
« Absorption Coefficient
R Reflectance at the Boundary between Air and Medium
E, Laser Pulse Energy
T Laser Pulse Width
n, Real Part of Refractive Index
n; Imaginary Part of Refractive Index, Extinction Coefficient
A Laser Wavelength
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F 22 & A AlEeldel AgHeE =

Symbol Description Units
p Mass Density kgm”
C Specific Heat J'kg" K
T Temperature Increase Distribution K or °C
k Thermal Conductivity Wm K
q Heat Generation Rate W-m”
h Heat Transfer Coefficient W-m™ K"
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Symbol Value Units
U Displacement nm
E Young’s Modulus MPa
v Poisson’s Ratio -
16} Volumetric Thermal Expansion Coefficient K"
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o] A 2~8 mm, Y= HAF 2~4 mm,

ahEre] A9 8~12 mm, A7) T F A% 30~40 mmE HALFIL Qe
Hl, ¥ =l A & 2ol el wae 54 A8E o] Jedd 5 mmE AlE
doldE A% 1/e7l W ABeR AAsAn oA AT A

rn‘.
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o
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A}

A ol ] Hx oJAi= thEF 1~100 mie]
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F 3.1 Al ARERE FEd B vid e Ve 54 debvH

Parameter Value Remark

Young’s Modulus £ 26.05 MPa Measured

Density p 1014 kg~m'3 Measured

Specific Heat C 2269 J-kg' K Measured

Thermal Conductivity & 0.3073 W-m"-K" Measured

Absorption Coefficient « 3.4365 mm’ Measured

Index of Refraction 7, 1.52 Measured

Poisson’s Ratio v 0.49 Ref. [24]
Thermal Expansion Coefficient 3/3 4.15x10" K Fitted

- 20 -
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3 32 HolA HFAE] wid 54 A0 #3 AlEdelAE fE AR

o)A seue sl wjde] 2]

Parameter Value
Wavelength A 532 nm
Pulse Energy E, 50 ml]
Laser .
Pulse Width 7 8.0 ns
Beam Diameter ¢ 5.0 mm
. Diameter 30 mm
Medium .
Thickness 2.2 mm
- 2‘] -
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A2d d &7 2 7|AF &7 AEd oA

rfo

1L Md 54 selnEe sl Be X 4% HoA

A, F ATE s d 53 AlEdeldS Fdste] Azt uhE

2 Wake] WE AaE Taksith F5 AF7E 10, 34, 100, 500 mm ' ]
7HA Aol diskel AlEEel S Fdslon, dolAYt dAbeke kW F
Fol o] Alzte] whg 2k W3l Ay a7 329 2k &5 A o]99 b
2 St Ee & 3100 Aed FEed 9l Wde) v 54 ey g
S adE ARSIt 2 WHos tE 54 setue e Wt tid AlE
dlojde] Aolm 1 gpetulg ol9le ghse % 319 71E 54 #Es Ak
staleh. dlolAZE JArgE =3 Sx7F FA438] e F MM gadske A%
S wola glew, 5 gt SUHESE 2 A HUAE ST
330 24 55 A AEdoldS B E2 2% g AdA dHolHE A

32 55 A Wstel] mE 2= ge HdA AlEdeld At

&4~ (Power Function) =141 Br&(Curve Fitting) 235 RHoF3 oy, 2% 4
s HA Wl F Al Wskd Adldse 9 sk en, 1
vl A<+ 1.06 Cmmolgiu} é do] A7} YALS AFo] 2% A FHUA
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max 2 pC 7m)2 a (3 1)
o EA ot Fr)oh WA Aole] WALE R EF FF AT adl Eait ghol
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SR Adkste] W A sE AAREE de @ 2 8.26x10°S I
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B Aget dEel W= A, @ 23 AlEdeld Ade walketA
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33 &7 AF ¥t wE 2 s HdA Algdeld A

-
it

Absorption Coefficient o [mm| Max. Temperature Increase 7, .. [°C]

1.0
3.4
10.0
50.0

1.06
3.60
10.60
52.99
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¥ 3.4 A% W3l u}

il

Sk e AdA AlEeld 2

Density p [kg-m'3]

Max. Temperature Increase

T

max

[°Cl

100
300
500
700
900
1100
1300
1500

36.93
12.31
7.39
5.28
4.10
3.36
2.84
2.46
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F 3.5 0d W3l e 2k s HAA Aol A

Specific Heat C' [J-kg"-K|

Max. Temperature Increase

T

max

[°Cl

100
400
700
1000
2000
3000
4000

82.63

20.66
11.80
8.26

4.13

2.75
2.07
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A

3.6 S A Wsto] wE Wby tEw HU A AlEgol A Axt

-
it

Absorption Coefficient v [mm] Max. Acceleration A4 .. [g]

0.1
0.5
1.0
2.0
3.0
4.0
5.0
10.0
20.0
30.0

5.845
25.63
46.65
71.85
84.55
94.15
97.45
112.7
131.1
146.7
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¥ 37 Wx W3l wE WAl Ve H A Al EdolAd A

Density p [kg-m'3]

Max. Acceleration A, [g]

500
700
900
1100
1500
3000
5000
7000

191.9
139.9
103.6
79.05
53.03
19.95
10.57
6.45
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¥ 3.8 B Wzl WE WA stET JUx Al Edold A

Specific Heat C [J-kg" K]

Max. Acceleration A, [g]

1000
2000
3000
4000
8000
12000
16000

200.7
100.2
66.76
50.08
25.04
16.76
12.52
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F 39 A Al Wste e 24 TSR Hoj A AlEdold A3

Thermal Expansion Coefficient 3/3 [KI]

Max. Acceleration A,  [g]

0.5x10™
1.0x10™
2.0x10™
3.0x10™
4.0x10™
5.0x10™

10.71
21.41
42.82
64.23
85.65
107.06
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F 310 9E Wstel mE B VSRR FHoA AlEdold A

Young’s Modulus £ [MPa] Max. Acceleration A4, [g]
0.05 67.6
0.1 80.6
0.5 37.68

1 29.22

39.31
5 50.59
10 66.32
20 80.99
25 86.98
30 92.59
35 95.84
40 96.65

- 43 -

Collection @ chosun



i
L
B

@] b)| (©)

i
H
i

i
i
i

Acceleration o]
Acceleration [g]
Acceleration [g]

i
[
i

ccccc = & r 8 B W o ¥ 2 1 4 % & T B B W e ¢ 2 3 4 s g T B B W

Time[ms] Tirne{rns] Time [ms]

@ @ ®

[
[
[

i
H
"

Acceleration[g]
H

Acceleration[g]
a M

Acceleration(g]
o H

i
i
i

-------------- I a4 = & T B 3 4 @ ¢ .z 31 a4 s & T 8 & W

Timeims] Time[ms]

@ ) (@

[
[
[

Acceleration o)
] ] ]

Acceleration|g)
] a ] ]

Acceleration|g)
] a [ ]

g 4 2 31 4 s E® T & ® wWw 0. F 2 I a4 =3 & T B § 0 g % % 3 4 3 g T 8 8 W

Time_[rns] Timeims] Time[ms]
==
‘T
L =
B
3
o =
<
- Time{ms]

a7 3.9 A F Foko Ao AlTte] whE WA Jp&E W A Ed o)A
AIESF A a: (a) 0.1, (b) 0.5, (c) 1.0, (d) 2.0, (e) 3.0, () 4.0, (g) 5.0, (h)
10.0, (i) 20.0, (j) 30.0 mm™)

- 44 -

{“/Collection @ chosun



Fmee = D1 BT D) s 12
. | £(=111 %107) s

Max. Aceeleration [g]

0 8 10 15 20 25 30 35
Absorption Coefficient [mm™]

a9 310 F Alg wstel] mE 2 ThEE A

Ageold Ase W FA 2 A%

_45_

{“ICollection @ chosun



- (@] (b)
o 5
El ;_W/’\NW- § -
I Tilme;ms; CT R Tilmrszms.l= T
- ©] (d)

Aecelaration [g]
a B

Acceleration [g]
o M

] L H I 4 2 e T -] 5 B4 -] ' I I - = e T = k] m
Time[ms] Time[ms]

i )] (®
Mo

Acceleration [g)
]

Acceleration [g]
]

E—*[—u‘\-
- -=
-um =4
o 1 2 I = 2 L T -] = o o 1 2 I < 2 e T L] = w
Time[ms] Time[ms]
. @ - ()
- g B
= =]
- o=
k=] =]
= =
: !
- 1
. 2oy 51
-1 o
2 a - a a T a = m o ] 2 1 - 3 L.} T B = w
Time[ms] Time[ms]

a9 311 v ?—H& =% E—Oﬂ/ﬂ«] A Zro] W vy Vi E
A3l A E ol AIHEE p: (a) 500, (b) 700, (c) 900, (d) 1100,
(e) 1500, (f) 3000, (g) 5000, (h) 7000 kg'm™)

_46_

{“/Collection @ chosun



O Ssimulsted| |

o Amax= (259 x 10°) x p~116

B

Max. Aceeleration [g]
5 2 8 8

Fed
L]

= —

[} 1000 2000 3000 4000 5000 G000 TOOD
Density [kg-m?]
I 312 HWE Wste] mE A VSR HOX] AlEd ol Ae}

W 24 % A%

=]

a|J

_47_

{“/Collection @ chosun



- (a) b)) - (c)

¥ t 'z ¥ 4 3 @& T 8 % W @ t -2 T 4 3 "E. T B ® W B 1 % 3 4

- |

Acceleration [g]
a M ]
Anceleration [g]
[
Acceleration [g)
[

]
]

Ll
i
]

s &8 T° @8 8 ® 0

Time[ms} Timeims] Timelmsl
; @] - @] - ®
= o =
g~ B 5=
T ¥ T =
a L7} o
o -]

ccccccccccccc

2 + = & T & & ¢ " g ¢ 2 2 4 =3 @& T 8 B W

Timeims] Time[ms]

i (g)

Accalaration (4]
"

Time[ms]
a9 313 vfd S FFol Aol A7t w2 WA TR Wsh A& ol
A<D ¢ (a) 1000, (b) 2000, (c) 3000, (d) 4000, (¢) 8000, (f) 12000, (g)
16000 J-kg'-K™h

_48_

{“/Collection @ chosun



ra
H

() Simulated | |
——Fied

ra
=]

&

g

Amay = (2.03 x 10°) x ¢~1.90

/

B

B

BO[

60 [

Max. Aceeleration [g]
=

40

L P}
20 st

Fa

0L ) ) i ) i ) ) o
L] 2000 4000 &0D0 B000 10000 12000 14000 15000

Specific Heat [J-kg K]
1 314 1D st w2 WAl vpEw HgA AlEgolAd

Ass NP A 2F A

_49_

{“/Collection @ chosun



@] - (b)
(==1 3 4 E-5=8 3 4
E ECi E EQr
= =
S ol S wl
m m
o o o 1
§ [ —‘r——"‘“'- g CJ‘“N¥_—A————
'ﬂﬂ: el ét Ll 1
=40 L -40
£0r 1 €0
] 1 z 3 4 5 B T & 5 10 @ 1 i z 4 5 -] F - -] gle)
Time [ms] Time [ms]
R T T T T T r T T T
100 b (c) 1
=4 E
= ol o
C L
b= D
= <
b -
L1k} L]
L] L]
Lo} L]
<L I
-0k
o=l o €0
L=} 1 z E 4 -1 B T E-d - | A0 L=} 1 I Z 4 L L] T B L] o
Time [ms] Time [ms]
im0 120
ol (e = ®;
el ==l A
= .l = .|l
=
2w 2 wf
m m
o = ] o :f
o o
o o WW [%) C_H.M
L&) L&)
{ ok {1: S0k
-0k -40
=0 F =0 [
= i z 2 4 L] [ ¥ E3 ] 18 L=} 1 2 Ed 4 = E T a -] 1@
Time [ms] Time [ms]

a9 315 wE FH FFRdA e Alzke] M WA JhEE WEl A EY oA
AIHGHZ AT B/3: (a) 0.5x107, (b) 1.0x10™, (c) 2.0x10™, (d) 3.0x10™, (e)
4.0x10%, () 5.0x10™ K

_50_

{“ICollection @ chosun



140

() Simulated

Amax = (2.14 x 10°) x (B/3) 100

B

g

=]
[=]

Max. Aceeleration [g]

201

; . : ; " 5 5
Thermal Expansion Coeffident[K'] 1
a9 3.6 A Alg Wl M2 3 JhEE HR|

AEEeld sl B A %E A}

_51_

{“/Collection @ chosun



) (@ - ®)] (c)
D= T= B
£ o e
B £ t-
o g o
8 . 8 . g .
<. T * *
T ot 2 1 Ti-me;m5; ::::::::: Ti‘me;m:': --------- Ti‘me;msi T &8 s m
» @] (e)] . ®
Te= T= Se=
E - 5 = _E =
i E. | E- {
o a o
8 C\*m.,x.,«_ﬁ_..-ﬁ__ﬁ.___. 8 . g .
R Ti‘me;ms; T T Ti‘me;ms; T T Ti.me;rns; T
. @ . )] . )
= T= =
E - E G E =
B B L.
o g k]
8 . 8 . g .
B Ti‘me;ms; ::::::::: Ti‘l‘l‘le;l‘l‘lS‘F ::::::::: T;me;ms; T
- o] - (9] @
D= D= T =
§= 5= S
E. E. 2
kT i =
- - -
. Ti‘me;msi ::::::::: Ti‘me;msf T e = T 1z 12 Ti.mezms; T = s =
a9 317 vid $H FAAAA Y Algt] e A ThEE wst AlEg ol

ATHAE E: (a) 0.05, (b) 0.1, (c) 0.5, (d) 1.0, (¢) 3.0, (f) 5.0, (2) 10.0, (h) 20.0,
(i) 25.0, (i) 30.0, (k) 35.0, (1) 40.0 MPa)

{“/Collection @ chosun

_52_



110

() Simulated
100 [ | =——Fitted

[75]
=]

Max. Aceeleration [g]

A = (287 w101 % E%34 .
+(7.63 x 101) x exp (—2.96E)

Li] ] 10 15 20 25 30 35 40 45
Young's Modulus [MPa]
29 318 FE Wstel wE A 7S AR AlEdelAd

Asnst W5 FH 2F A

_53_

{Z/Collection @ chosun



A3 EHHA dolA FHAT FEE A WA 54 3
BH 99 44

g A<D Helz
of Bag o}ad
2l 40 MPa""E &4}

ol AgAow WA Al &% FFA 34 °cet w3

?‘:_L—‘j/]‘ﬂgl o 1752 (Ultimate Tensile Stress, UTS) %k

g AA s A2de G Eo] e i =E Al

ool Ads ntgoR FaEd [29]04] AAE Q1A B EF YA
a

HAom dol HEAFE fE

H

ok

-

30,

oy

2 X
N

e

off

o

T ASY 78%, A @del] vk Al Edold Al ¥ 333 19 33%

& 32.08 mm'Y w] wjE &4 BEXQ Hu &% F5A 34 °oco] =g,

AF &l g AlEdeld A7l ¥ 3.6 219 310 E3] 025 mm'Y

<ﬂ?<1 TEAQ B &R 241‘41‘1 13 goll =9shs & 4= 9k whEhA
3}

A

i
fru
=
odpe o
> R A VR =

18 o
to 2L
N

o
u
B
o
ot g
»
X0,
o

[e)
o} go A on getuy dd9S 2+ 110~5240 kgm®, 240~15580 J-kg'-K!
AR
2 golA el mid Fel o dAsE Ao S92 thy A3 o] Fo

_54_

Collection @ chosun



FE
max mﬂTmax

kA, :é;ﬂr-‘ﬂ Halo] S mAA ek wid 54 detaEd I3 Al
Tk FEO AT A 3.2)F AMESH FErE deks 7 5 Stk 7] 54
getu e o] 49 2% s AR 3.6 ColER, A 325 T3 9% A
B/37}F 8.5x10° K'Y W Ho) & 5., 7t UTSHEQ 40 MPao] =&s & 4=
ohowEbA o] e AAF AGe miEtn Ei deto 2 ARsoct. 4% A

i
(9%)
(9,]
<
&
t
IR T
o
‘W ‘W o Ol'm

A I AlgEEeld Aol A TFEE FHUA

A= FES fhol SAsHA ol sEtvE ke AT 4 AT olH g W
Aow AR FEFTA B4 vide 54 getrE 99L& 11¢] Condition
ASH &t}

o7 Al4(Safety Factor) 29} 55 A8 A5, AAA A LEA(LA 7H
T FHUA), A & FEARE A HUA, UTS)E ZH7F 26 g(13x2 g), 17
°C(34/2 °C), 20 MPa(40/2 MPa)2} 65 g(13x5 g), 6.8 °C(34/5 °C), 8 MPa(40/5 MPa)
= AAe 4 ok b Al 29 591 A9 "EiAE 54 Iy 99E
b Alg 190 A9k 2 Ao R AAs=d, 1 Ay 747 1 3119
Condition B, Co} #t}.

_55_

Collection @ chosun



% w54 shepe oo

Medium Property

Condition A
(Safety Factor 1)

Condition B
(Safety Factor 2)

Condition C
(Safety Factor 5)

Lower Limit | Upper Limit | Lower Limit | Upper Limit | Lower Limit | Upper Limit
Absorption Coefficient [mm'l] 0.25 32.08 0.51 16.04 1.73 6.42
Density [kgm™] 110 5240 220 2880 540 1300
Specific Heat [J-kg" K] 240 15580 490 7800 1200 3100
Thermal Expansion Coefficient [K']| 0.6x10* | 8.5x10° | 1.2x10* | 43x10”° | 3.0x10™* | 1.7x10°
Young’s Modulus [MPa] - 535 - 268 9.58 107
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