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Analytical Approach to Deformation of a Soft Rotary
Actuator with Double Curvature Shell Shape

old . YA F AT
Young min Lee', Hyouk ryeol Choi?, Ja choon Koo'

Abstract: In this paper, we considered the deformation shape of the soft rotation actuator as a double
curvature shell and proceeded with the analytical development. Since the response of the hyperelastic
material has a large nonlinear deformation, the analytical approach is very complicated and the
solution cannot be easily obtained. it is assumed that the behavior of the flexible body, which is a
superelastic material, takes the form of a double curvature shell, and the formulas for calculating the
deformation are simplified. In this process, equilibrium equations in the related coordinate system
representing a double curvature shell were derived. In addition, assuming a thin shell, the stress
component in the thickness direction was ignored, and the equation was developed by adding the
assumption of free rotation without load. In order to verify the analytically calculated value in this
way, an experiment was conducted and the results were compared.

Keywords: Double Curvature Shell, Soft Actuator, Hyperelasticity

SO, 22 E 23] U)g 2 1& AT Rk
ool *1 AHHIL QITE AEE 2o i) &
2 AR} B ol A A4
BH o AFES et 2 =gl
E 230 7kA 25| v]3) /K]—]:HX—] [SR=R)
d] golsl i Aol M AHg-2
& kL glek ~ol ey grxll J 4 T2 A
QA B AT E TRjHEe] AT FolaL dolHE

=
323} o] AFol A3 Agslel A Gl AE 2R

Received : Dec. 30. 2021; Revised : Jan. 15. 2022; Accepted : Jan. 20. 2022

¥ This work was supported by the National Research Foundation of
Korea (NRF) grant funded by the Korea government (MSIT) (No.
2020R1A4A1018227)

1. PhD Student, Mechanical Engineering, Sungkyunkwan University,
Suwon, Korea (zxcvfgb@skku.edu)

2. Professor, Mechanical Engineering, Sungkyunkwan University, Suwon,
Korea (choihyoukryeol@gmail.com)

+ Associate Professor, Corresponding author: Mechanical Engineering,
Sungkyunkwan University, Suwon, Korea (jckoo@skku.edu)

Copyright©KROS

] Fejel] ok A7} ehisieft,

O)eiF AE R3] G FRekw B 5 Qi AxE

ofole]= A 1 2hgol] oal WAsh= W] Tl wket
l

4 8l(bending) ¥} % (extension), 5-Z(contraction), 723 2! 3]
Z(twisting, or rotating) &=l o] H & F-57-2 4= T} o] T35

gl Ao o Bl AL E 12 vie} wh *}04 RILE oiFo]o]
] ool Al 7Hg ks A] A7E] 3L EH*LO]EPSG] B
9 55 Aol o|B & 71 FHJLE]% FollolH &= lE5
(Pnuematic Artificial Muscle, PAM) Q.5 Sl Z=o] o] B 9] F-AJo]]
Hlal] & 315 W = Alo] 5ol vk 1]l 1 3]0
A= A o= AL dAqtEe] xldEar AN A
3174 N Foflo]Ef 9l 7] BE| 7} 7P Wi SHA| AR AL Q=
A& gk 31 AFoflolHo sl v W2 A7t %1

L EEEEDET

uh, WA 23E ool o] Bl Tl ThakE A% WA
o] AA LA, °”%°11°1E1 W] 55219 Aol Lt W
o] Aofol #ek ATE iAoz 2] BAlolnE B
A7} a7, ZEM olelF fd B 2wk A%
& npzi 1A whiol] S2o] Mg R HE A0z s



oy = 1_
A o o i3 =
he|

R

3]

I

5013 oA 7]eke) u A

ol

©
¢} o
=
L

o}, e xehd 2
23} W gl 48] 7
Neo-hookean, Yeoh
2jo] T2 ARG

o] szoll M= B4 A E fFoflof Bl o] 2] 4 el 3
T-& A&sleh. MagEY} 82 <] A= Neo-hookean
A0, 54 78] Bl L 918 Aol ol
Fio] o] % 5] A JHjE 7HvkaL 7kt 2.1
ofole] 7} g sl= Aefol] theh w2} 1
FEA10 7)<z, 1 #EAlol A o] W
oA = SAA Ag-5}o]

o o] A
9] Hooke’s law tAlo]]
A

1=

I
.g. M- 7

N

vy

!

e

%
o

N

ofN
:
(2

ul

[e)

W >
d P~
I
N, N

F
¢
"

ol
o

(== EeN ¥

aa=

&

N

2

1> o &
ot
v

ok
Kl

tlo

D M oft oX 10 bd ot
3
LN A 1)

2

X
BN
)

~
>
Sk

Ir
tilo

>

2.1 5ol o] E] W3 3

2.1.1 9ol ¥y )} Pl 7|&

NZoo|E] 5 ST} o)A A5 uf
M7} $o] Aol o] FAL [Fig. 1(a-b)]ol
o}, vpgh o2 FAE FA|e) F7hel X
2} 591 A Ko} A
7ol frAle] ARt vl - Fng, Ho) Hd o
T HAA A MysA] ket & glon
A o) e Aek 2 4= 283 [Fig. 2(c)] 2k 2],
1A WA ol 2 o] ZV=r} A5 ekl A o THE 7]
A w71 =] Qlokar 7P gk o Aok 7o) §l
A= AP R A WS SR, o] A o
of] Ao] vjx) g Weko 2= Wgslx] F3hc) A e
A= WY A v 5] WES 51, [Fig. 2(b)] 2} 2o] 4]
ol i3l po] 2t Ak AES YeR) A ok
Ay, Ae] ul 5 vl F<tol <3

5>

o2 7o) 2 Aol

i

r
4 rlo

2

Hodo B A do o

Ao

R

HEY S
714
12 21

¥AKe)

§_]__
o] A3 24 5,07 o]Fato]
7N 22w 5T S 27 Wil
Al E71=A

-
.

AR

[Fig. 1] (a-b) Undeformed and deformed configuration of
suggested soft rotary actuator with related coordinate systems
(R,0,2) and (1,0,z) . (c-d) The segments .5, S, of the undeformed
and deformed configuration is described in coordinates (R,0,2)
and (£,0,¢), where & denotes the length of the meridian
direction and ¢ does that of the thickness direction
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[Fig. 2] (a-b) Figures describing undeformed and deformed
actuator in top view. (c-d) The associated infinitesimal area
normal to mid-surface with related coordinates (R,0,2) and
(£60,¢). a, 3 are the direction of fiber in undeformed and
deformed configurations with respect to & and £
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[Table 1] Dimension and properties of manufactured actuators

Inner 7.5 mm
Radius
Outer 40 mm
Thickness 4 mm
Elastomer Ecoflex 0030
Material Fiber Dyneema
modulus, p 22.081 KPa'
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[Fig. 6] Figures showing the amount of rotation according to the
pneumatic pressure of an actuator with design parameter o=
43.18 degree. 0, 5.4, 7.2, 9, 10.8, 12.6 kPa in the order of (a-d)
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[Fig. 7] Graph comparing rotation values obtained from
experiments and analytic approach. In the order of a-d, the
values of the parameter a.are 43.18, 61.95, 70.44, 75.08 degree
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