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Figure 1 (Color online) Broad and narrow definitions of soft robots.
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Figure 2 Fabric structures. (a) Woven fabrics; (b) knitted fabrics.
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Figure 3 (Color online) Pneumatic actuators based on woven sleeve
structures. (a) Extensile; (b) contractile; (c¢) extensile bending; (d)
contractile bending; (e) extensile helical; (f) contractile helical [39]; (g)
rotative [40]; (h) fluidic fabric muscle sheets [41].
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Figure 4 (Color online) Pneumatic actuators based on knitted sleeve
structures. (a) Pneumatic artificial muscle based on weft knitting [43];
(b) bending actuator based on warp knitting and woven fabrics [44].
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Figure 5 (Color online) Pneumatic actuators reinforced with em-
bedded winding fibers. (a) Multi-degree of freedom micro pneumatic
actuators reinforced by single-group winding fibers [46]; (b) pneumatic
actuators reinforced with two sets of winding fibers [50]; (¢) pneumatic
actuators reinforced asymmetrically with a single bundle of fiber.
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Figure 6 (Color online) Applications of fiber-constrained pneumatic
Actuator. (a) Dexterous-hand based on McKibben pneumatic muscle
from Shadow Company [63] (©2013 Shadow Robot Company); (b)
bionic arms based on pneumatic artificial muscles [66] from Festo
(©Festo SE & Co. KG, all rights reserved); (c) dexterous hand based on
winding-fiber-reinforced pneumatic actuators from the University of
Berlin [30].
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Figure 7 (Color online) Elastic fluidic/chamber actuators. (a) Soft
pneumatic actuator with cylindrical elastic chamber [83]; (b) axially
extensile actuator with ribs for NMR environments [85]; (c) spiral/
winding actuators with Independent Elastic chamber from Shanghai Jiao
Tong University [86].
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Figure 8 (Color online) Actuator based on corrugated structures. (a)
Pneumatic flexible arm imitating elephant trunk based on bellow
structure [93] (OFesto SE & Co. KG, all Rights Reserved); (b) bending
pneumatic actuators based on corrugated structure [94]; (c) torsional
pneumatic actuator based on spiral corrugated structure [95].
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Figure 9 (Color online) Elastic folding/wrinkling actuators driven by
positive pressure. (a) Fluidic origami structure [99]; (b) pneumatic
actuator based on elastic Miura origami structure [100]; (c) soft actuator
based on dual-morphing Miura origami structure [101].
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Figure 10 (Color online) Folding/wrinkling actuators based on thin
film/shell driven by positive pressure. (a) Pleated PAM [103]; (b)
diamond-shaped folding actuator [102]; (c) origami soft pneumatic
actuator from Harvard University [107]; (d) pneumatic origami actuator
from Multi-Media Lab, MIT [108] (© 2013 ACM).
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Figure 11 (Color online) Elastic folding actuator driven by negative
pressure. (a) Vacuum powered buckling pneumatic linear actuator from
Harvard University [97]; (b) vacuum-powered soft pneumatic twisting
actuator from Zhejiang University [110]; (c) vacuum-powered soft
pneumatic actuator (V-SPA) from Lausanne Polytechnic Institute [111].
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Figure 12 (Color online) Endoskeleton enhanced thin-film folding
actuator driven by negative pressure. (a) Fluid-driven origami-inspired
artificial muscle from Harvard University [112], capturing objects and
adaptive grabbing; (b) origami-based vacuum pneumatic artificial
muscles based on metal “endoskeleton” [114].
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Figure 13 (Color online) Actuators in combination with multiple
structural forms. (a) Kirigami sleeved actuator [117]; (b) origami
sleeved actuator [118]; (c) pneumatic artificial muscles with braid
bellow sleeves [119].



Fs0L FT1M

2020 4F

R HART

[fz=x

Y (20l 1 2 TN In - ® R
- o %w (edIN T'$)HY S
e S e TS EA B B et T oy @ i G
NG O 7 L T R O C1~50) 2dL o %
AT s U (I A - ° A4 4
ORI paes e g b TR ﬁ;%% TR e
WA I AR 2 T 001~01) ndL
— VL[N 7 TR ) [ %9T~%T1C~ [ J oy 7 5,25 51
R
Wi
I3 b v
e = B T -
xéﬁ% S 6 I g TYKHHH R e
W S Fhe e Y00 SR A (2dIN 1~T°0) :
A LT T i, S o by 05T~02 &3
¥ £ el Wby W o i
I 3SR My EEE P I8 4 7 (%050 ° ° A 7Y T
IR A i
R Ml - =3
WK Y AN & W A ¢ FA
W o
oy ! . i
MWWW_MW A3 o [ 1 1 AN E|
VR
ﬁ%www E ﬂwgﬁﬁﬁwwwﬁ (AN %001~%0€~  00S~0 ] ® Ve
WE R LEWR WL LYl Gut 17Tl b
PRV BWEL R o %
=] =1} ~oh ke
Rt i B, ok W A o o ¥ w
W A 5 WERER FNiE i #
= Eu!_ =
. N IR #blad ° o i i
o T sl ., REHUG )
VEEEY 407 %W - WAL %00~%0€ e o o o u
, w15 7
—— oqp B R E
- - L AL P AU & SAEE S ey
5 5 e AT YA
FAETIEER

SOINJONIS JUSIAJJIP YPIM SIOJenIOe Jo doueuriojrod pue sonsudjoerey) [ d[qeL

UH SO (X AP 7 B T 3

909



AN N R FEBLR S5 a %

)

E TR

NE N
i

i

,A_—E@

BITE

SRR
“Y%0SET eI _ . g A e ) G
%6000 EA %0S€  009~0 @ SENGW+TIGHE
M,
i) g
T (e
MR 1 i)t )
CHEDINE RS0 B gy izyg g _ s ° =) nH)
HWZ TWRS N4 At LR ERET /g1 T+ 57 S Y7 o
BTN LGSV UAGWE W NWR RN UAG s | g NGy
[l 57 BN 2y e
rr3eLLal F
e 3 - %ST— 0Z~0 @ UM+ TV
T4 L i
F:
WY 57 - ~ 5 F
W] 00€-0 i =R
HY L 30
(edD
Bl 0L~DHy 7
P YHEICE acae oy =
%_W ﬁm%_ e i Am&w 7~5°0) 0~%06~ e o o EM\WM
e 006 WK T YTHINH FTygem  pacars Rt
o TEEART I T R YoM (edI 0001 A
e o] F04 Y) N oeoD e
R i R [l <>mmwbww
HE Y YA it , S i %
WA ol e LY e 0~%St e o o
e a3 < (edIN WHTAE i
R L RO i (70 00D . =
NS SATEAT g T W%W%MW %0ST~%05— 00L~0 o o ( T
X1 (edIN e -2
RO H o 01~ 0) Tl 24001 mi CaURtEl
BN G N EUT ohww ~  001~0 : T
vddd “NdL
—— - ﬁw gt i B
\ \ = [%e s A 35 (o /3L /s /HHE /A M5z
LY 5 gy FARE o, UE WG A P WA
AT HEE D
§E=5)

910



PEBE: FARRE 2020 4F H50% 7

fe AR R, e AU D) S0 T AT R, 140
McKibben A N LA 159 F BAR S A F
SENURA AT B B, AR R A,
I FAE T IR 4E1s, (B2 LLBE s AT I A F
TRERE TR S E SRR, L8 AL
WAl & BN A MR BT A — L8R, A1 3D
T VAR AF AE LA AL 2 SR B AR ML a5 N A Bh &% 1)
AL, SeBL T — R AL, AR T AR A Tk
j§[39,l21].

32 BHRA

T AR I S MU A B E AR S B pLas A i)
JIZAEH, S S R AL I 5 v N T AR B A
MG T2, R WA I BHR A, Hig /R
A DU S LA ek, (82 i T RER B SR i
ARV IAEAE 2 ™ E S ML A N IR 0% VA0 48 A5
It LA BT A 2L A Bt AR ) DA R B AR R
TRV B A SR VR BN B ML 28 N 14 oh DAR
e R TR o

NT FEERAARYLEE N IRSh RS, &8 R B
RHLEE NS MEAT AL BT, (R TR R r4heE
B N S O IR R A Sk T BRI A A, Bl S
Do B 2 e e U RO T R BN AR
FAMEATA AR AL N HIE NPT RE, (H & FLRE
JEHE LS, BT R TR . 2L
IR, W] LN 5 Rl )N 52 45
R epr 20127 B O TR I A LB N 5 R T B
FIH E SR PSS BT, (Hex T TR
He 258, TS [l REATY SR A2 13 T 20 g

NT RIS F GRS ) R, AR S Bl
RIS S T GGG VE, BINT kR A
TR sk S B v, LME T k. T
VU129 300 e 11132 sty o Ak 6 £ Ut — 2 42
1 T AL A N B R 2R 11 52 2 B RV R, il e
AASE FH 2 il vk kil VB LA 52 2% P 3 45 M I AR HL 2R N
Wik 14(a).

BRibz 4h, 2R 7 IR R A 1
RARMIEEMIr N 2 ATRBRIS5 0, T FERAIG TR R
MBI HIVEMERE, IR AR5 R N 20 FR 45 0 DA S A% B 25
HL T o 14(b). AER A RIS S R
PSS DR R IR 2 ) 7 A R T LR

() (b) B1 % #1552 %
| | T ; ’

L g
.. &%;;5 AT

Tt &

BEY | A
%‘%’5 (e ’ Hi

B 14 (WAERCREDGFRMITNE. (a) KRENFBLASHIIEN
GUg L () S B RRFTE RIS R R Y

Figure 14 (Color online) Casting molding fabrications. (a) Lost wax

casting for bellow structures [132]; (b) step-by-step casting method for
elastic chamber structure [28].
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Figure 15 (Color online) Manufacturing method of multi-material 3D
printing. (a) Fabrication of fiber reinforced pneumatic soft actuator with
multiple nozzles of direct writing and fused deposition molding [145];
(b) multi-material direct writing printing of self-sensing pneumatic soft
actuator [147]; (c) soft hydraulic system built by one-time multi-
material inkjet printing from MIT [146].
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3D Hall serisor” /. Magnetic field
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Figure 16 (Color online) Flexible sensors based on different princi-
ples. (a) Resistive strain sensor [149]; (b) capacitive pressure sensor
[149]; (c) hall magnetic tactile or deformation sensor [163]; (d) flexible
optical fiber tactile sensor [178].
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Figure 17 (Color online) Self-healing/sealing soft pneumatic actua-
tors based on different principles. (a) Self-healing pneumatic soft robot
based on self-healing polymers [96]; (b) self-sealing soft pneumatic
actuator based on silicone matrix reinforced by short Kevlar fiber [195];
(c) self-healing soft actuator based on embedded uncured photosensitive
resin [198].
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Figure 18 (Color online) Variable stiffness designs with different
principles. (a) Variable stiffness aircraft skin embedded with pneumatic
muscle fibers [207]; (b) variable stiffness robot fingers with embedded
shape memory polymers [139]; (c) variable stiffness structure based on
laminar jamming effect [208].
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Figure 19 (Color online) Spontaneous light and auto-chromic soft
robots. (a) Spontaneous light [182]; (b) auto-coloration [222].
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Status of and trends in soft pneumatic robotics

GUAN QingHua', SUN Jian', LIU YanJu’ & LENG JinSong'

' Center for Composite Materials and Structures, Harbin Institute of Technology, Harbin 150008, China;
? Department of Astronautical Science and Mechanics, Harbin Institute of Technology, Harbin 150008, China

Soft robots are receiving increasing attention and have great potential in the fields of health care, education, service, rescue,
exploration, detection, and wearable devices owing to their inherent high flexibility, good compliance, excellent adaptability, and safe
interactivity. Soft pneumatic robots are a well-known type of soft robot with characteristics such as light weight, high performance,
pollution-free operation, and strong environmental adaptability. In recent decades, the development of soft pneumatic robots is closely
related to the application of new materials, novel designs, and new manufacturing processes. In this study, the literature review and
main advances in soft pneumatic robots’ design and fabrication technology are reviewed. In addition, the trends of
multifunctionalization, modularization, and the bionic design of soft pneumatic robots are analyzed and discussed. Furthermore,
the problems and challenges associated with soft pneumatic robots’ system reliability, air supply, and motion control are analyzed.
Finally, the future development outlook and significance of soft pneumatic robots are summarized.
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