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DESIGN AND EXPERIMENTAL TESTING OF SOFT
GRIPPER AND SOFT HAND FOR REHABILITATION
WITH PNEUMATIC ACTUATORS

ABSTRACT

Soft Robots, which are mainly made of soft materials, have gained wide attention in the past
years due to their unique and conspicuous characteristics including high flexibility, agility, and
adaptability as well as small weight. This thesis mainly focuses on pneumatic soft robotics,
especially soft actuators with multiple pneumatic networks. The thesis utilized the finite element
method tool to analyze the effects of pressure magnitude and actuator geometry on actuator’s
bending angle and force at the distal tip. In particular, FEM analysis is implemented with grid
convergence index method, which is a reliable and fast way to find the convergent solution, to
ensure the convergence of the FEM solutions. It reveals that soft actuator with pneumatic
networks has a linear relationship between the bending angle and pressure inside the air chamber,
while its force at distal tip can be described in a second order polynomial with respect to the
pressure. The thesis delineates the design, fabrication and application of a soft gripper, which
consists of four soft actuators with pneumatic networks. The soft gripper is especially useful when
grasping delicate and fragile objects. The fitting functions between the actuator’s bending angle
and pressure, force at distal tip and pressure are verified via the experiments with soft gripper.
This thesis also designed a soft hand for rehabilitation. The device mimics the shape and
distribution of joints in fingers and is optimized to exert as much of the generated force as possible
on fingers. The experiments proved that the rehabilitation device can generate force that is large
enough to get the fingers to bend so as to help recover the patients’ finger movements effectively.
And the device’s softness and flexibility ensure that patients’ fingers are fully protected and will
not be further harmed during the rehabilitation process.

Key words: Soft robotics, actuators with pneumatic networks, soft gripper, rehabilitation, finite

element analysis
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BV SRRV RWSE I CIE A il = P PYS VS ICTE oAl = PO Ee CTE AL L 4
MRLERN S
w_r
o, A

B T A TR, RJZ PO E AR AR AR R Az ), B
AR A RJZ DT R R B i il 2-4 Jros, RBUEIR S #l s R  Aids 5 — 2, TR RE
ONG, B2 R B,

Si =

Jo

; /l
a ;
(at1)sindg+b
bi _’
— (6]

A-A"
B 2-4 B RIKEIRMRE R

BH 012 U 4k 48 W

(2-1)

(2-2)

(2-3)
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PRl Eh B4 R A AN e Ak, LR B A K, 4, = 1.
H TR AT 4, Ak
13 = /1112/13 = 1 (2-4)
AT
L=t =1, =7 (2-5)
T IRAA A AR R A, PRI R 0, His; = 0,
it ik % A AT
ow 1
si= - r=n(2-5) (2:6)
ow 1
2= g~ n = (A= %) @7
%z;my—izo (2-8)
p=uls’ = 4 (2-9)

ol RIREN B AEH EEL <A < 1.5 B 2-5 WL, s, < /2, LA Rk R b3
F[8s1, BW&s,o
SHAKXAE (u=1)

16

12

08 —_—sl

52
0.4

2-5 s; 5ARER
e 2-5 fros, WREhEs 2 HRE R BL O S s R AE 11
M, = M, (2-10)

i, M SRS AR USAE AR AR Eh 8 RIm BN JI3E . M2 thaKEh a4 b JRAER 5
JESZ AN N B ) AR BB 2 AR B J0E e R AR AR, 12 N a.

Y
2

M, = (P, — Patm)J 2acosf * (asinf + b)d(asinh)
0

s
2

=2(P, — Patm)f (asind + b)a?cos?6dé
0

B 4a3 + 3ma?b

6 (Pl_ Patm)

(2-11)
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<

b t 5
My = fo sg - 2(a+t)pdp +L (L 2s5;(a+ 1)((a+ 1)sing + b)dg)dr

b t %
= f sp - 2(a+t)Bdp + 2f (f sp((a+ 1)%sing + b(a + 1))d¢)dr
0 o Jo

L35 (2-10), (2-11), (2-12), W] ARSI AU IR/ S IXEN 48 55 i A1 EE 9 &R -

6Mg(6)
4a3+3ma?b

P =Py — Pyem =
X (2-12)H:

L
R+ =+ B 6
%=7§=ﬁ;=%+1

= u(ly — =
sp = Hidp = 73)
R+ b+(a+ 1)sing
ﬂ%¢='___77___
.9 — Avp — ;3
St = H(drg o )
FH(2-12), (2-14), (2-15), (2-16), (2-17)FI%NMgyrexTu, a,b,t FOWIREL.
Mg K iR 75 iz - EUE 73 A B 77 AT — BB 7, ATDUE A Matlab 1 3L A ek £k
integral2 247 3K i .
N7 REBUIRS) EE AR EFH I 5 SERIR R, 75 L E WS a8 AR i o IR IR 5 4 25
MifMER 0, FrliMg =0.
BRIk, BRBE§CT O s I T A
Mf = FLf = Ma = KPin
b, FOYEREN e AR - A B3l /0, L 9 SRa as AR A A A o K BE, My oy i /g 7
Al 9K
H(2-11) A 15
4a3+3ma?b
- 6
R, SREhE AR uEH 71 5 SE KR A:
KPin
__77
3 (2-20) FER ) E RSN Hh AR 0 BERuEH 71 5 Z B0 R . HIREh 42
MBI O B, BRBRAE AT = A2 1 7740 75 2 S IR A R P B R AR T 7= 2R 1) 1 FE Mg
AEMRISEMER T, 2 (2-200 IR BIAR IAEH 73 KN ZSUE T RS 3 A v 5= A2 (1
KIEA 7.

2.3 AENG
A2 T T SNBSS S5 IR B, S 3h Bk TR 2% LUSUE N Eh /g
VB, T IR 5 B A T, (7 ST R SR B W 17 1 R R R, PR R

% 14 T 3k 48 T
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ﬁTThﬁFMﬂ*’JE}Z Rk IR AN gs R, NERREK, KE6EH &R
A s . E0T R IR, BRI T RO R EIR IR . AT T U
AL, FAH T T Neo-Hookean FAEMEAY, {Risikahasr= ERIVRE 1, DUHPETN
Egiﬂéﬁ%ﬁﬁ%iﬂ%ﬁwﬁﬁﬁf 525l A B R un IR R BT 2 s AR IR BN 2%
AR WA R, DR AS SOR 32 LR A BRIC A 72506 gt AT b o 28 = 25 R 25T
XT % s SIRBh 2 A R 7o o A 77
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B=F BRI

3.1 BIRTHEipER
A IR oA A B e S AL DR Bl 2% A 28 ML e 97 (1 £ EAAEL 25 5, I HLag % CAnT ARAL ) 5 X2 B0
SIATEE R, TEINTE I B BB S N ) A A
AR RET, fERH R (Elastosil M4601) % FH Yeoh i st A4 A 34T 45
Yeoh #E Y 3E F AR LR M B AR ST R, antkfR, 12 B55 . Yeoh UL T Rivilin R X% ke 54 4
HEPERIBF S Rivilin R BF I A BURR G (PR P T DAt S48 A 25 6 o MR o 132725 75
FE R AT DL = AN N & (I, 1, I3) KHfiR.
[NEATE, BAEAN:
11 = 112 + AZZ + 132
12 = 11_2 + ;{2_2 + 13_2
I; = 4,23
Yeoh FE Y o W AR B %5 B pREICA -
W= YL, —3)
Ao, CONMENE S 2, BINM BRI S DI &, BI2C, = p. 2 n=1HKF, Yeoh f
HUHN Y neo-Hookean 7,
A1 H Abaqus AR B IREN# BET T A FR 7053 BT - A BR eI 2 Hh X} Elastosil M4601
TR B n =2 1) Yeoh #2347 5347, €, = 0.11 MPa, C, = 0.02 MPa. 4%)Z2KH¥iE
SRS AR . B R S5 3-1 FR.

#3-1 HREREMESH

MR ZH HUE
LAY Yeoh B HPERIAY, & ) [E] 1
HIE 1130 kg/m?3
Elastosil M4601 %44 Bl C: 0.11 MPa
C, 0.02 MPa
R 7 30 A RS AY
4x B 750 kg/m?3
Py IR 6500 MPa
TEFALL 0.2
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3.2 ARTEEIE

A PR D IR T
(1) JZH Solidworks =4 @R IRENFWEE (B R L iy T=B) =4
B
(2) 1E Abaqus FHT £ Part, ¥ —4ER R SCARORAE A step 4 U 5 TN, W] 3-1 fw .

= TE t=
B 3-1 I3 =2HA

(3) TE FEBAI R ImET surface, T IRT 5 HALERA AR H I ACZF KL

(4) W E Elastosil M4601 FLLZ AR 250, FHARYE P AR KL 53 I # 57 Section J& 14

(5) X part R ERAE) R TAVSAMOEL, HARBIAI A Elastosil M4601 A4k} .

(6) I FLTH LA AR B O — AN Bk, R TR B I SRR (RS (merge).

(7) 1F load H 3% NN S31E -5 A [ 52 1 AT LI, FEAE IR 3 2% P 2 18I it &
JIER o 1T SFAAERAN IR B 45 25 12 20 S5 AU IR 30 48 A i A F 7 (0 5 2 A 1
TEAMNFRE . Abaqus 71T X Z %% 2 12 BT R B8 7E DK 2% (1R 24T ity T [
S, TR KA LIH . AR 5B SR B AR v A FH 1 K /N T TR SR B 48 1 A Uiy
R INE E LW, W 3-2 iR,

HR &R 7 1 B 2

B 3-2 RINEHAE () 5RWMERN (B KILF&m

(8) M BIEAAT R MAIEARLI T, 8 A PRIC I M R B T I S 2 T AR 3

SR IAN G B
(9) BRI RIRG, SR Tet 4544550 H ikl 7 kS IR M — U oe, sE3l C3D10H
AR A o

(10) A4 HTHESS, Abaqus HEATH RIC/HT.

A BRIT Hr A ) FEM B8 B IS8T 3-2 N

#£3-2 FEMEERI S
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o/ SHANGHAI JIAO TONG UNIVERSITY BT S50 A LA PRSI IRAE TR 5 R A
2 B
REPsE 133587
LT 83930
R i RNAN 1.0
RSt C3D10H

3.3 ART/HUCHE

A BRIT I3 B 45 SN T WA RN DA R A Bl (Zettk, IR, =iReeeeeo) SERONEUR.
SRR A% ) B B A PR T4l A R I B WSIE IR P, B R To o o 7= AR 2 AN [
GER N T IRIEAS BIHER S A BRI A i 45 31, 1 R 7 A8 45945 4 B g 1 YSc S
7 R m R A TR (h Y, BN A IR TTMG, AT DR RS,
WA LR B G, ZRREEE S @R E 77 e 88 R KON RN (p
). Abaqus HFEEER AN RS RN TR (p-B) SRR E HIUSC S -

NT AE Abaqus 15 SISO , 75 B 2 VI B IR RS R /N DUR s 45 21 16 45 SRS e S S
Kwasniewski L 4 H £ BR 76 70 A iz FH A& W slidE # (Grid Convergence Index) 773Kt
Sl S,

B 9 FEM 0 BB AR, h A& R/ e RS 22 8 e o = n] 15

f=fn=ot+ g1h+ g2h* + -
X, N MR T FEM BUEMR, fio NERERESUR, g NERMEIFRAEL i
WX % BT RN
25, LAl
fi = fazo + g1hy + gohy + -
fo = fazo + G1ha + goho” + -
A, hy = 22

M4 (3-5), (3-6)5(3-7), AILAHES H:

. -1z

X, p iS4
B A R

fao ~ f+ B2

r2—1
1E ELARRN FZ ik T R e USRS, s Bh 0mT BA i =0 (3-10) T 1 15
_ @
b= In (1)
MR USSR EL (GCD & UA:

GCI — fl_fZ FS
f1 rP—1

X, ENEERE.

% 18 T 3k 48 T
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3.0 , HF =2RE LK/ RS )

GCI 7] LMENFZ SR Z R FeR, GCl RN, FTsR iR 5 5a w2 ISRt .

ZE LATIR, N T SRASA BRI B R e ISR, B0 TR XS Rl — MR R A 3 ARl AE L
KZ CHAERTA o RS KN AT RS RS, fo, fo A AT CLTHE RSN Hp, T
A] PATHEE AL R e WS fr— 0 YA S GCI

3.4 ERNBFHIRTHIER

1 2 i B AR IR B 8% AR B 18 1 AN S8 8, DA IRTCIE O 7 iz 2R g sh 482
LA EE T k. 1o Abaqus 547 FR 7T A T DSBS SR Eh 45 52 URAF R 118 3)
RESHT B, LI T 5 A R . A RICERT A, TS 312 e <)
BRSNS 15 iz s, Wk 3-3 Fios. YKEhER{E 0.08 MPa “ULAR &AL 25
BIIEBIE .

_ { 125 . SHFF/ MR

& 3-3 IRZIELLE 0. 08 MPa S FEMEF T Hhigs)

Abaqus HAF I BR 070 M RENS T I PR BLURZh 25 10 25 il AR . 2 i QAR IR B 2 1025
AR FE R — MR K. W 3-4 Frow, B DR USMERE AR, &5
PR B AR AR T O e i, PR SBT3 . Aahas L 2Se 2z B A i,
PRI 23 J 8 2 AR S o b5 IR0 D9 AR T 1] 4 i 32 U /MR, i 2 R RE

AN PSR 7 L
[__»

B 3-4 IXzhaRBZACRAS By T B

2 i SR B IR B AR 2 fl A 5 U RN B R R o Ao 22 s s B R i 9 5l 2=
BEAT THEAFSUSAER TS A A R Hr. XEhas R S804 3-3 W
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*R3-3 WAL RF

S8 QI
IR E7 T
T H 10
P s e 8mm

A i 5 T v ) 2mm
i A L T JEL 1mm
s AR 4 58 P 6mm

Jes A N 58 4mm

s VA T B A 1 P 5mm
IX B 45 P 12mm
Wkshas LR 10mm
IR 8 2 = B 1mm
XSS TR 1mm
s A TR T 5 P 2mm
Fes A S B AN, N AL K 2mm

XA R ) AR AN 3-5 Fs .

12
I R 4 14 2
T 171 |
SUeUrUUeUeleUUe e
I T e e e O T s s IO e A - m] o
N N e I N W L W N I e
(. h=b

A

& 3-5 WBhHEE TR

B0 22 AEAN )UK/ IME R RO BRB4% 70 B AT A BR e oM, 25 B UREh 45 25 il #1 B2
HRERNREMER R BARBUE 4R 3k 3-4. & 3-6 From. RA— ks Bl & Hodls
RAF B LA R AU

6 = 3828.6P —9.5714

Kb, OB G HA L, AN (0 ). PRSI IT UL RN, Ay

MPa.

&
S
=
H
&
=

(3-12)
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R34 BHHTHARETERPHIRRER

S JE (MPa) B AL (9
0.01 35
0.02 66
0.03 102
0.04 138
0.05 180
0.06 221
0.07 263

WXzh#% 25 h A1 LSRR AR A

300
~ 250 y =3828.6x - 9.5714 ..
° R==0.9974 et
E% 200 ‘
= 150 &
%{E 100 ‘.
R
&g 50 o

0
0 0.02 0.04 0.06 0.08

SERN (MPa)
& 3-6 BB EEERR
A SCAE I TR 72 5 € REBOFN G R EL.
177 M i% 2 (Root Mean Squared Error, RMSE):

RMSE = [AEL,0i— 90 (319
L, n AHERHE, yohESLERE, o0 EREUE.
e R (R?) -

2 _q _ SSres .
R?=1- = (3-14)
KA, SSpes NIRZEFTT R, SSpoe T J7 I
SSres = Zi(yi - fl)z = Ziei2 (3'15)
SStor = 2i(yi — }_’)2 (3-16)

A FIR AT, AT AR R FEM 2445 TR M IKah 25 25 il M B S AU R/ N LA
BREAERMSE = 39175, J& TR LMEZ/MERIRZE . R? = 0.9974, AR .
BRI, SRBNEE IES ih A R S SRR/ T DU 2R 1M ¢ R R .

ARSI AR A ) B SRR T T ARG . 05k 3-6. Bl 3-7 Fiun, K
B ARunAE 18R NSSE RN DG R AT DU A R R BN & 3T Rk . LG s ECR

&
N
b=
H
&
=
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F = 57.15P2 — 0.401P + 0.0436 (3-17)
b, PSS RAE R J3 kN, BArJy N. PSRRI 3T (92U A, RN MPa.

R3-5 WEBRWIEANESERR
KJE (MPa) A fEH J1(N)

0.01 0.0314
0.03 0.0971
0.05 0.179
0.07 0.296
0.1 0.549
0.13 0.97

W shas AR 5 R R R &R K
12

1 y =57.15x? - 0.401x + 0.0436

R==0.9978
0.8

0.6
0.4
0.2 o N

Wzhas AR 1R (ND

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
SIERN (MPa)

B 3-7 WA ARIRIER I 5ERR

PR 35 5 AR 2 B e R A S AT 19
RMSE = 0.0152, R? =0.9978 (3-18)

PRI, o8 Y 90 22 T T DA Ay s -k 9K sl b A S ' Y 10 K/ AR SR 8% P9 8 s
IV NININP S

3.5 WEZha&JLITE R H 1 sERIR M

ASSCAE BT BRTT 73 HT (0 75506 9Bl 4 B B 2 L S 80EAT 1 oo J U S50t ds . i
R, 2IEEH, AR, S TR, SRR =R . K 3-8, K394
WahasZH AN LR PR TR (PR TREER 20 M=90K. hksigs 3.4 %5
HIIXEN A AT AN F o O T INERA BRI MRS AT IS, Y8/ S E), W FT ) LA 2 Hont Bk
Bhas TERE (AN FEAR T iy 25 1 OBl a5 BT i R SO 25 0 5, IR Bl s .

%22 T 3k 48 T



ETSHATANRIEREFRITESNA

_Z — 2
| | 1
] I o] N i “

[ T N
| [ e [ T =

............... S S Vet S St N Sttt N et ot

e S T S T S T S F S T e T S A B | [

A4

---------------

__________________________________________________

& 3-8 Kzha LE=HE

82

12

& 3-9 IRt EATE=MHE

3.5. 1 AR AR

ASSCEERAS I AR K SR B 232647 7 A BRIT T o 20 i R PR 1 P2 A2 & (0 5 vk
CRXCHRBEII IR 2T . EARSE T, SRS E R B
JEVRIRE RO s A H S R FFA Rl AR5+ 3-6, 1] 3-10, 1A 3-11,
K 3-12 7, P BUEMIR A GCI J5 iSRG AR S«

R 3-6 FEMXEBE R E R

TR T IR HIEH T 0.035MPa S EAER T 0.05MPa S E/EH T
HAE (9 LHAE (9 KufEH 71 (ND

- [5 26 93 0.146
Feldl | T 26 82 0.118
ET7 % 33 121 0.137
=Mt 29 88 0.121

&
N
w
=
H
&
=
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R DR T Zihm ERZ20 (FEM)

EH{FATEMAE (° )
&

1
#Er ik

niE e EF (RFET) =EHN ZAW
& 3-10 WINB/THAE (EHERD SREHRIR

IS E R T Eim SN (FEM)
[SH: 0.035MPal

)

140
120
100

EHERATEHRE (°
538

1
ik

=@ =+E (FHEP) =EHW =AW
B 3-11 W/ BHAE (SEERD SREHRER

gm0 (FEM)
[SFE: 0.05 MPal

0.16
= 014
= 012
£ 01
gum

0.06
%um
H# 0.2

1
BmRA

=%E =+E (AFEF) EFY =ZAR
B 3-12 WEshaARImE A/ SBEBR KR

FEIA R ARG OUT, IR A R BE A KB & L i AR BE [ 25 A%, (HIL
RESE LI A S 11 Y A3 AN i~ [ P A T X Bl 2% o - BRI AR e Ak SR 3h 4% 7 2E i K AR 1
73, AH M SRIRE 85 7 A 125 H AR AN IE D7 A RS o o 5 HL AT FO AR A 1 25
A B 5 AR e/l o =S TARIIT FOPE RERBLAL T h 357Kt AT L, SXEh s
R X REh A RE P AR O 25 RSN, N4 MR S B (1 N P 75 SR e 35 T kT 2 IR
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3.5.2 AFZEHH
27 R AR (R B3 0 DX B8 1R A5 T R g DA R R o VR FH 0t 2 B K 2 A5 R IT  WT (1 4
T3 3-7, B 3-13, Kl 3-14, & 3-15 H. HERTN, THEKZ, K@ FERE
FERR, FESURAER TR 1S iR o, R fE R 71k, 2 s S ah ks 2% 1) 5
WA R A BRI AR 1 R, Rk s, — 5 HE S E &K, e E &
HOEA TEMAEER, S—HHEMRSEERT, B2RBEKEBKEE, R
FEAR I BRI AR R K, BT LSRR P R 2 i A R TR K SR A F 1R AR AU SR B 25 4T
BRI AR s S B L S THE TS, RS IR sh 8 B B 2 iR, 2 EERT,
FON it £ PR S Rk R, DRI SRS 2% AR i [ 5 oy AR KR 2 i, 34 BeGITA AR 21 RE
T BT CABR B 28 R 2 7= A2 S RIE R 77

R3-7 FEMXT ZE H M th &5 3%
HOEHTE  0.035MPa S EfEH N 0.05MPa S JEA/EAH TR
TR ihmE (9 L AE w71 (ND
7 18 95 0.114
8 20 112 0.131
9 33 122 0.137
10 42 140 0.155

TEREBASHhAE (EHEM) BIRW

6 7 g 5 10 11
=

& 3-13 WBhBRLAE (ENHER) 5ZEBEHERR

TEHNBAZHRE (SEER) 1R
[SH: 0.035 MPa]

160

140
120
100

BOD
60
40
20

1

THAE (°

6 7 B 5 10
TEHE

& 3-14 WEB[BBHMAE (REFER) SZBEHERR
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A AR ER I
[SH: 0.05 MPal

0.16

0.14

o1z

= 01

£ 008

B o.06
L

=~ 004

0.02

0

& 7 £ g 10 11
)

B 3-15 WEhssARImfER I 5 BEE KRR

3.5.3 ANFEIWEERE

IXENAR NS IS T (B 3-16) TRt IR v RE =R WA i . 3K 3-8, K
3-17, ¥ 3-18, K 3-19 W, W mEsm, Waha NEEEEA, ESUEEM T~
A S AR R, SRR Aok, X RN A S e R, B Ok, T
BRI, FULfEM FASEAER T2 AR ok, SRs 88 B sz iI4E gtk
K, BT S W RR ok, SR ek,

3-16 EEEERAEE

&K3-8 FEMX R E N MTER
PR A R A A 0.035MPa “UR AR T2 0.05MPa “UEfEF T A
(mm) (® s (© wfER 71 (ND
4 23 78 0.0415
6 29 138 0.109
8 35 166 0.137
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THESEATSthAE (EHER) MW

35
30
o 25

oo
o

6 7

TESE (m)

B 3-17 WIB[BETEAE (ENER) SEERERR

TESEYESthRE (SEER) f2m
[SFE: 0.05 MPal

LJ
IS
A

180
160
140
120

80
50
40
20

THAEE (°
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o

3 4 5 6 7

TESE (m!

& 3-18 WehET AR (EER) 5ERRERR

s EHARER DR
[SH: 0.05 MPal

0.16

0.14

— 0.12
=

oo

gaw

IE 0.06

# 0.04

0.02

0

3 4 5 & 7 8 g

TFESE (m)

B 3-19 WEhaARmiEH 71 5ERRERR

3.5.4 AS[FEITH . T R

AT IR B F T DA R TE R RE (B 3-20) X IR Sh 88 RE (K 52 HEAT 7 BR 75047
¥R 3-9, K 3-21, K 3-22, & 3-23 fliongs Sinlsn, BEAE M S T & BN, REhEs
NEEFEE R B, EAREAER IR AR ARGk S, RimfER 1N E T R R
TR 2 PR S ol e R T JE P AR, 00 T 5 T TR0 DR B o O\ Im) A 5K PR 29 R e J b, 98 1R
s R REIK RS, dETmysk/y 1 IR Sh 28 AR 0025 M M B . M IRBh 38 R H RS B e = A 125 h
FEE DR/, A R i [ 72 FPIRES N A s AR ek, R Re 0% 7= A= Ve F 1Bl 2
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& 3-20 MEEE R RE A

R 3-9 FEMXH U TH i B BE I AT 46 2R
i TR EAEA TS 0.05MPaEIER T 0.05MPa SUEMER T
(mm) (iibiili ) SHME (9 ARmfER 71 (N)
1 42 287 0.234
15 39 205 0.17
2 35 166 0.137
25 33 122 0.0975
3 30 99 0.066
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35
™ 30
H 15
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DESIGN AND EXPERIMENTAL TESTING OF SOFT
GRIPPER AND SOFT HAND FOR REHABILITATION
WITH PNEUMATIC ACTUATORS

Robots which consist of rigid structural components like motors and internal combustion
engines have shown superior abilities in performing tasks which require fast responses, accurate
operations, and large forces. However, the rigid materials have constrained the robots’ capabilities
from flexibly adapting to various environments, resisting external impact which may cause
components failure inside the robot. What’s more, robots which are made of rigid materials
usually have high prices and heavy weights, which are not desirable in many situations.

In contrast, soft robots which are largely composed of soft materials have demonstrated their
great potential in equipping robots with high agility, flexibility, and adaptability as well as light
weight and low cost in the past years, and thus, have gained wide attention around the world. Soft
robots have continuous deformation and theoretically infinite degree of freedom. They are able to
pass through narrow space by twisting, bending, extending their bodies which mimic the way soft
animals behave. Their softness and flexibility are especially advantageous when robots are
grasping delicate and fragile objects, and thus, soft actuators can be good candidates for
mechanical gripper’s actuator. Even more, soft robots can be useful in medical operations, disaster
response, deep ocean exploration, human-machine interface, etc.

This thesis first reviewed the status quo of soft robotics developments and applications,
including four main ways of actuating mechanisms which are dielectric elastomer actuators, shape
memory alloy actuators, pneumatic actuators, and chemical actuators respectively.

This thesis mainly focused on pneumatic soft robotics, especially soft actuators with multiple
pneumatic networks. Pneumatic actuators are usually composed of two kinds of layers which are
elastomer layer and inextensible layer respectively. When pressurized, the actuator’s elastomer
layer will be inflated while the its inextensible layer at the bottom side will keep its original length,
which together bend the actuator. Before stepping into detailed analysis of soft actuators with
multiple pneumatic networks, the thesis reviewed a theoretical model for soft actuators with
fiber-reinforcement proposed by Polygerinos P, et al, at Harvard University.

The thesis performed a thorough finite element analysis regarding the effects of pressure
magnitude and actuator geometry on actuator’s bending angle and force at the distal tip. Abaqus is
used as the analysis software and Grid Convergence Index(GCI) method is implemented to ensure
the convergence of the solution. The actuator is made of Elastosil M4601 as the elastomer layer
and paper as the inextensible layer. Elastosil M4601 is modeled in Yeoh hyperelastic material
model with C; = 0.11MPa, C, = 0.02MPa. Paper layer is modeled in elastic material model
with elastic modulus = 6500MPa and Poisson ratio = 0.2. Based upon these two material
models, a complete finite element analysis process is illustrated.

According to the solutions attained from finite element analysis, a linear relationship between

¥ 143 m



/. SHANGHALJ1A0 TONG UNIVERSITY ETSHALINANREREFRITERA
the actuator’s bending angle and pressure inside the air chamber can be derived by using Least
Square Regression method. More specifically, 8 = 3828.6P — 9.5714. The root mean squared
error RMSE = 3.9175 and coefficient of determination R? = 0.9974 for the linear fitting function.
And a second order polynomial can be used to correlate the actuator’s force at distal tip and the
pressure inside the air chamber. The fitting function is F = 57.15P2 — 0.401P + 0.0436, whose
RMSE = 0.0152, R? = 0.9978. Therefore, the linear function that shows how the bending angle
is related to pressure and the quadratic function used to connect force at distal tip with pressure are
reasonable and have low fitting errors based on their RMSE and R? values.

The thesis analyzed how cross section shape, number of air chambers, height of air chamber,
thickness of side walls, and height of connection parts between air chambers influence the
actuator’s bending angle and force at distal tip under same pressures. The analysis result reveals
that square cross section shape can generate maximum bending angle among all the analyzed cross
section shapes. And half circular cross section shape produced the maximum force at distal tip
among all the analyzed cross section shapes. As for the number of air chambers, the more air
chambers there are, the larger bending angle and the larger force at distal tip the actuator can
generate. If the aim chamber height goes up, the actuator’s bending angle and force at distal tip
will be augmented. And if the side wall thickness is increased, the actuator’s bending angle and
force at distal tip will decrease. The last variant is the height of the connection part between air
chambers. The actuator’s bending angle and force at distal tip will be reduced as the height of the
connection part decreases. The thesis provided detailed analysis about the rationale behind the
above mentioned conclusions. And the potential weak locations on the actuator is explained under
the actuator’s inflated state. Those locations should be taken care of when the actuator is designed
so as to avoid possible material failure like cracks on those positions. Pertinent measures include
filleting the corners to release the stress concentration.

The final part of the thesis is about experimental tests and applications of the pneumatic
actuators. The actuator is made of Elastosil M4601 silicone by using casting fabrication method. A
systematic way of actuator casting is delineated in the thesis. The thesis proposed three different
ways to design casting mold in order to ensure the surface quality of the actuator and make the
mold easily separable after the silicone is cured inside the mold. The advantages and
disadvantages of each design method are explicitly illustrated.

A soft gripper building upon the pneumatic soft actuators with multiple air chambers is
designed, fabricated and experimented. The thesis explained how to design the actuator and
casting molds, how to connect the actuator with the gripper base in a fast way, how to connect the
actuator with the hose in a reliable way in detail. The actuator is tested and the results were
compared with the FEM solutions. The comparison verifies the effectiveness of the FEM analysis.
The soft gripper is used to grasp noodles, potato chips, eggs, electronic pcb boards, pens, etc. It
demonstrates its superb performance when grasping the delicate and fragile objects. The softness
and flexibility of the actuators fully protected the target object from being scratched or damaged.
And the actuators themselves can be bent, thus, the contact area between the actuators and target
object is maximized during the whole grasping process. This makes the grasping more reliable and
stable. The soft gripper can grasp object with weight up to 400g steadily. By grasping objects with
different weights and comparing the pressured needed in the experiments and the pressure

calculated from the second order polynomial relationship between the actuator’s force at distal tip
and pressure, the fitting function between the force and pressure is proved to be able to reasonably
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connect the two variants and make predictions.

This thesis also applies the pneumatic actuators on the human-hand-like rehabilitation device
for fingers. The soft hand mimics the shape and distribution of joints in fingers and is optimized to
exert as much of the generated force as possible on fingers. It can bend each actuator in the same
way that human beings bend fingers. The experiments proved that the soft hand can generate
enough force to get the fingers to bend so as to help recover the patients’ finger movements
effectively. And the device’s softness and flexibility again ensure that patients’ fingers are fully
protected and will not be further harmed during the rehabilitation process. Therefore, soft
actuators have their unique and undeniable advantages to be used in the rehabilitation device.

To sum up, the thesis reviewed the soft robotics developments in recent years, especially the
pneumatic soft robotics. Then the pneumatic soft actuators’ deformation mechanism and
theoretical model for pneumatic actuator with fiber-reinforcement are discussed. Next, finite
element analysis with Abaqus and GCI method is fully explored with regard to the effect of
different pressure and actuators’ geometric dimensions on the actuator’s performance. The thesis
concluded a linear relationship between the actuator’s bending angle and pressure, and a second
order polynomial relationship between the actuator’s force at distal tip and pressure. Finally, a soft
gripper and a soft rehabilitation device for fingers are illustrated during which the fabrication
process is also described. The thesis proved the applicability of pneumatic actuators in these two
fields.
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