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XU Xuejie!*, LUO Bin'*, CHEN Hualing"*

(1. School of Mechanical Engineering, Xi’an Jiaotong University, Xi’an 710049, China; 2. State Key Laboratory

for Strength and Vibration of Mechanical Structures, Xi’an Jiaotong University, Xi’an 710049, China)

Abstract: For the disadvantages of light-driven materials used in soft robots, such as simple
structure, complex forming process, and poor performance stability, we apply the additive
manufacturing technology to the manufacture of light-driven materials and structures, and
develop a method for the additive manufacturing process of polydimethylsiloxane (PDMS) and
carbon nanotube (CNT) double-layer composites. The process testing shows that when the
injection pump flow is 0. 05 mL/min, the head moving speed is 30 mm/s and the print head
diameter is 0. 3 mm, the printed PDMS plane has the better flatness; when the injection pump
flow is 0.4 mL/min, the nozzle moving speed is 33 mm/s and the diameter of the head is 0. 4
mm, the printed CNT single-track forming track is more continuous and uniform, and the printed
plane is flat; and as the printed PDMS layer thickness or the CNT layer thickness increase, the
response speed of the optical drive in the two-layer structure gradually lowers. Via the additive
manufacturing technology, a soft robot hand is printed. It can simulate pinching, grasping, and
gripping of human hands under light, demonstrating the feasibility of the additive manufacturing

process for light-driven materials.

Wk H# . 2018-01-10,  AEHMA: HEAQ93—), B LA BRERGEGES . L. 8% . MEAaFm, ZEE&EWH.
E R H R F 3 4 T RB ST RI%5 Wi H (916481100,
[P0 £ BRI T] . 2018-04-27 W 4% HY B AE : http: // kns. enki. net/kems/detail/61. 1069, T. 20180427, 1808. 002. html



%84l

RSN 55 OCIRBRR RS 3 3 T 2R 5T 55

Keywords: additive manufacturing; soft robot; light-driven; printing process

PLAS NAERHE A R 1 i B iR 2 o 4 6 B 2t
. AR GEHLREEAS thy I P A58 e 3 i 5 sl Rl 3% 4 T
I BAT 33 SIS Al B0 s AELAR GERILAR G R 254
T 566 7 T A7 BRI - 491 U0 PR S5 0 0 A 0 2 A A
7 () w4 02 2%l 1 N 1 32 3 32 BIAR K 290
e F I JLAF SR B LG AR 4R L SR T
AR R .

55 8 WA ILBRCAS ] PR BIL A N A 1 ol 2
GRS ER o T2 BER FHEA R G 1 W LA A
FHAE 2% 19 v 8l B 8l 26 UK Bl IR BIL A% N 1 3K
SR I O IR LA KAl ~7 B R 25 7 5K Al AR AR 4
Ha AR L AT BEA T — SE (R iz 0 X S g g
Xt /10 A S5 A R B AT 3 >4 ) W A L O B A
AT BE T3 (9 BB RO O BORR RERE R, S 1R SR
B B LA EL S BROBOR RE AR AT AR T R AR WA
PELF DR DR AR AR AL EL AT S AT 8 8
S5z 3 58 AR E Sl AE . T BR AR T A%
GEHLBR Y — LE SR R URTAS 2

B AR A% G800 0 T IR R R B0 Tk AR M R T
BRBERH I T . FRG . L BT B B A R
T LA AR TUB RSP R B g 2k
i A X T AR LR Z T
0 BB A R B — HL I TR B A SR 2 L R
FURE il 1 50 fR7 B AR AR 4540 . 3D 3T ENE AR 19 %
J& Sy A BIL AR N B DR A Al ) A T AT
AENT L H H AT AT 3D T ELH AR AT B4 B AR AR
BB T2 R an AF O T AR 3 B = o [ AR AT o 250
HAFTRADGE

TE B REAFRE B FC R T v T O B 3l i
REFT BN N H AT E 284 19I5, i,
Hu Ying i i 5 U MY T 200 % 7 —F el 356
YR B B9 45 IF P BT — B AR L IR R AT LLBE AT
SBKE B B AR HLEE N . Liu Ying 4 A G# o 76
PHL A AR ICAZ R A WA Ll S O AR TE
PR 9 38 8 235K SR e F 0O 2 BEH AR 5 T a8 4 ¢
HEHOGRR DX, T LR BB A T I s .
LW SEER I SR T T . TR RO A 2%  XE DL AR
b HLOKEh PR REA R 22 S BOR .

N TR R X — (] AR SO 3D T B AR i
TOLMK BN & bR AT B I 76 F 58 06 4K 3 b1 BT
BT 20 B A b B8 O B Bl AR 5 R AT AT ED X
D3I Sy AR 245 48 1 P BE R A 03K BT S A L 4%

http: // zkxb. xjtu. edu. cn

INGETRTE IS =2
1 JEIRBh A G BRE 2 L 3R Bl D B

A SCHT I SE ) G UK B 5 A AR h R T
ke (PDMS) i1 BLRE B 44 K A (CNTO A4l 19 BUZ 25
¥y, Horh PDMS 2 —F AL~ P BE AR A 1O 4 2% ik
RIS BAT i 1 B K AR A (325 pm/(moe C)) L E
—45~200 C {14l B2 V8 B N H AT B 9 A S 1

a1 o A Rk S BLOE IR B AR T i D
HJE T PDMS By Ik R BULF L CNT KA
RO 2 T EL B 29 KA B RE X PR R U
LLANERY MRS T CNT JZ AR S8 40 KR i #4850 76 I
Wi 5 al IR T b % 5 45 PDMS 2. X XUZ 45
P Wt R 5 - PDMS A K B2 I i, ONT e A 4
/NI SRR B S5 R 1 CONT JZT7 1) S R 25 il >
LT IR ZXUZ G54 2R R IR AR

PDMS CNT -
—) —)
i W) 1D e i

e

1T BUZ S5 OEIR ) s 3

2 3D ATEN B e B FT EN IR MONC 5

S UK B A1 R E R A T2 — i i i B
WORE CEL A T . R, BB A R
FTER , T LT & REA% SC IV AT EP 1 3% 2% 7E iR %
F#T RGN T2 A RS DR IE ST B T A 5 A
TR BE M IX 28 T2 25 S 405 MR I B L O A8 M R
B PEBESE A LR, NI T BT R G LT .
2.1 3DITENRGRIAMK

APBAFF KW 3D HE W& WA 2, 22l 4
oAk O FBMLEE R S, E bR O
(Slider) X 4T EP 5 A 3 47 U0 | s B AL L Geode {5
BE:Q - Fa A% BIOTMEILRSZE L BT
BLAHE A KEH38 2l s O W IR BT 1 R 40 38 i T R
e A % O L 20 WSk B o B @ R
G, 38 o iR B S R EAT A AR R T B
PR [ 4L




56 [ . ]

852 48

e

=4zt g

PR VS EE
K2 3DHEARGHNA

BEHImEk AR

2.2 FTEDR R A ES F

ARSI bl ) PDMS 3 0k A 95 [ i T
ANFEAE PR SYLGARD 184, 1 A 4 43 Csilicone
elastomer liquid base) fil B #H 43 (silicon elastomer
curing agent) 4 i, 44 A Fl B L)L 10: 1/ i & Lk
oA IR A AR SR RN S IR AR TR A WA I B 2%
[ 1 180 B A s AR . BRORE Bl 9 K A T EDRORL R B
o [ B 2 B nUER A LA 5 28 ) A 77 g NMP Bk 49 K
BEHORE, b i 0 K A SR 43 BOCR 0. 2500 B9 K
ERE N 5~30 nm,

3 JCEKSHA R ITED T2 M5

ANTR) BT EDBA 6} o 76 A [R] A 3 5 2 0 o 5 Sk
Fesh il B R L 4T EN A5 2] () £k T8 Rk A& 22 M 1 A X
Sl . H T B B A 1 M e X A 4 O 1 Y o
AL E P PEAE A SC T 2 B 5% B B g AL 0 B
JEE 0 B B R 3 1 3% S VAR R VP AT ER PR RE 1Y
Be kR, TR PDMS A — & 1085 . 4
X T CNT HOBRPE, 24T BN 2t Bk i, B A7 3L 4f
() 75 S M RN 50 ONT ORI 25 5 H I G o ok %
ERERIN G . DAL B T B A A B Y B AR A
i B PDMS #W B2 AT BN 1 RE 19 P74 45 A, LA BRLTE
T A 1) % VAR O B CNT JORHT BN P RE Y
WA HE AR
3.1 PDMSERWITEITE

&l 3 Sy [ 52 sk FLAR d=0. 3 mm B}, 43 HI7E AR
[Fi] A 5 S 7% 3 3 8 R0 B 2 O o AT O T L AR B0
PDMS 5 Wi 538 B 70 #0300 1) 6

i & 3 AT UL, PDMS 5 W i & 5 PR 0l Y o
HEARFL LR, WELEI.TE 0.03~0.07 mL/
min {15 B B9 3 5F 2 P i L 24 ~ 36 mm/s 3 B A E sk
BEhd g T, i1 T PDMS BA — & B9 55 5, 6 008
B TR ) 3k R e AR 2 BRI 22 RSN R B . (H
ANHERE G L AR 358 R 14 3 S 5 U A R /N Kk S )

http: // zkxb. xjtu. edu. cn

240 N . A L )
0.02 0.03 0.04 0.05 0.06 0.07

Q/mL * min-1
B3 Sk A8 gl E A i 5 R R BE R YOG R

2338 L PDMS 35 WY HE B B 1 B . 52 W) i
TG BE o AH o A XT38 /0N 09 3 S A2 A £ 0 R ORC ) Mg
KB R S PDMS [9 B8 B8 8 5030 19 98 BE A
Y5 ELZ T RR BT . AR S0 IS Kk B SR FH T A
HiRE Q=0.05 mL/min. B L B s # F v, = 30
mm/s B, fTER i PDMS - [ A7 85 4 1) 1 3% 2
I, 5 22 PDMS W4T B ¥ 4% B IL T 2 2806817 .
3.2 CONT ZEHTEISHMIEE

BT CNT OB 3 P 3 . AN [F] 1 31 B0 2 85
XF CNT HIH Jb 2 503 1) 3% 22 P A 3 59 7 5% e 4R
Ko ML, AT T IE 2S5 . ¥R 5% 1 99 28 I &
Q FTENWE L F B B o) Wik H AR d X 3 DS EXT
CNT B3 J 58 B0l 3% 2 Ve R 35 S Pk 0 5% e, 78 %
T AZEWIE LA R LAAE 5256 (Y Bl B 23 00 45 1 5
i QWL E M v Wik HAR d & 3K
Tk 1R,

F 1 ONT R R A St e B &

IK S HL Q/mL *» min"! v /mmes! d/mm
1 0.1 27 0.4
2 0.4 30 0.5
3 0.7 33 0.7

N T ITAER M AR T LSR5 T LAY 14 42
R S P oAb FHEZR A 1~5 R RoR 1 AR
TRANESE B A AR A 19 AR A s 2 AU B
S A W B 3 AR R 2 H R 2 AU Y
AR L) 4 fURL R LE (R LA A
5)35 FoRE B E L HE 2] .

A FE OL ) CNT HHE Al R 3050 160G 7 W BB
RV R ANE 4 s IEAS SRR SR WK 2L R 36 IE
ST B 22 0 AT WL 3.

NFE 3 S5 AT AT LR 598 . T A A
AL SE X T CNTT SR} R B 0 300 f) 342 5 1 R 8% 2 1
RO . b AR IE S 45 R T 2 R

R

J

N

K

\

s




%84l

RSN 55 OCIRBRR RS 3 3 T 2R 5T o7

JitE oy 0.4 mL/min Wik #3033 mm/s | M
S HARH 0. 4 mm WFLITEDH A9 CNT B35 A 2 L 3
BN S MY 2] ATENH ) CNT - 11 85 0 -

IJ'

"' ‘.
|

=

()2 1 (b) £ 2 2 (M 3

(DA 4 (e)4:#1 5
B4 ANFLZESHCT B RE BEn ek

k2 ERXRFEHBER

T HE Q/mL+min! v /mmes ! d/mm ZH
1 0.1 27 0.4 1
2 0.1 30 0.5 1
3 0.1 33 0.7 2
4 0.4 27 0.5 4
5 0.4 30 0.7 4
6 0.4 33 0.4 5
7 0.7 27 0.7 3
8 0.7 30 0.4 4
9 0.7 33 0.5 3

k3 HMENHE
5 e 25 1 B e &b
Q vy d
K, 4 8 10
K, 13 9 8
K; 10 10 8
k1 1.3 2.7 3.3
ky 4.3 3.0 2.7
ks 3.3 3.3 2.7
R 3.0 0.6 0.6

K RBEACEECHR i B Qoo od XN LA Z sk =K, /35
# 2% R=maxk; —mink; ,

http: // zkxb. xjtu. edu. cn

3.3 RIRZIHBAITENR R
WHT PR 63K 3 4 kHE B PDMS fil CNT &
A B IZ 02 G R 0 T L A L A BT il AR
TZ2FeAE B T, WA S Fros, SeTE B B 4T BN P
B LATEN—JZ PDMS, % J5 B 4TEl—J2 CNT, s 8
JCUK B 5 G A R ATER
I CNT JZ

'Y e

(a)4TEP PDMS J2 (b)4TEI CNT J2
KIS RS E & ATE R B

S ST, B SEATED T — A AR IR B B T 45
F s 2R R SR 70 mm X 8 mm, Hid PDMS J2 B fiF
4 100 pm,CNT JZJEJE K 50 pm,

S T IR M B K IR Bh A RE AR 2 1 —
Ui [ 22 R 5 632 002 S5 K e I £E A 6 B ARk
SERR IR RS — A i R S5 4 FE A0 AN R
T RERS P R I 2RO IS SRB IR R ) IR IR
K6 e T SORBEATELLAMT O BE R A K i 2 21 b
JEHR R RN R AR R SRR AR TE 240
HE7 s PIRERS S il B 4 3607 (% A B . i L mg o 2 i
JEF P, MHIOLIE  RRIUZ S FEATE 10 s
PRS0 JE A TR IR

8% . PDMS 2R & DL e CNT 2 J5 1 %t
SR WL &5 1 63K st B M RE A AR SE . A T
TFF 5 2% JE 6T w7 A i 79 5 i) LA 3R AT 4 i) R B
G CNT J2 8. ok 48 PDMS J2 (% & BE, DL M [& 52
PDMS 22 248 CNT 29 8B i Sk 78 241 40 i

-
—-h.

0s 3s ;- 7s 10s
Bl 6 FORBUZE A L0 ANE T By o 45 P




o8 [ER S

PN

e

852 48

TRUZ S i 360° Fr i N[, 5286 45 R A 7
K 8 Fi 7R

40 60 8

100 120 140 160 180 200 220
B /um
B 7 Z~[E PDMS J2 5T i o7 i) ]

I E] /s
=

N A N 0
T T

20 30

40 50 60 70 80 20 100 110
BB /um

8 AN[A) CNT JZ 5T fy mie Jiz i (1]

TYGLE R R Y CNT 28 A . B %
PDMS 2 J& J (4 38 in o 2% S 52 A5 45 ¥ 78 21 40 ' i
T B S B AR 2 PDMS 2R BE RS ,CNT 2
JEL B B Tt U 52 A 25 R AR O BT I e 7 B
SBEZ N . AT e XUZ B A G R — R 1R
JE B XF S R 3 b S e R, T ER A PDMIS/CNT
MUZ A 4R 100 pm JEH) PDMS 21 50 pm
JEf CNT )2,

4 FETOLIS AR L By 3D FTED

FE_ERSCT MBI kL 3D IT B T2 4k 52 14 3
fifl b A SCR W R E T AR ARLAR A PR

ASCBAT T — AWK A AL RS T O
R T BT R A i AL AR TR R R
AR N FHERE R 12, BARPLAR T 454 tn 5] 9a
7 A MRFAR AP AT  RIHE 5 B 48 W 307 M K .
N AARBLAS T it I 21 4056 JR % Bt A 7T LA S B
AL T 5 TP A2l 26T A T892 3h
PE OIS T8 LR E UK . 45 B LA T
AR AN TR] ¥ 73 23 i) e o o't BT R 2L S BB A T 45 1Y
BHEE LA TIENE G5,

9 Ha S T ED O B A0 4R IR 2 B B PL AR
T AEBADCIRBITEOLT BB AR T PR 451
AR . 9 P bie.d BoREHILLAME 5 IR AEA

http: // zkxb. xjtu. edu. cn

B9 LRSI ARPLE T

[F] 9 B~ P45 L BE A8 20 1) 45 1 2% A 45 19 B s
By . 17 EL I i 5 L0 KT S T4 A B R AT LA )
TR IR R I AR . B9 e f s F I U8 1R 4
15 2 REEE 3 MRFHE F . GERS [R] i 2 ) Z2AR T 55 19
elaliz g, a4 H 6 IRALE A [ iz AL AR
FHEA L REGE B  AT 1 HAR S AR B

RS FUCGIEW] TR H 3D AT AR AT EDE IR
B4 RL 58 4l DLSE LU B 28 H AR R W Tz T
SR

5 45 i

AR S A 0 GBS A A T ED T2 K SR B 5
W5 & RT3 EL T 45 R

(DR AEH iR & Q=0. 05 mL/min Bk
B E v, =30 mm/s FTEIRI Sk H L d =0.3 mm
i AT ENfY PDMS - T A 5 4 19 7 8 52 5 24 4T Ep 2
BOBE TE S A i i Q= 0. 4 mL/min, W53k 78 3 i
v, =33 mm/s.WiLBEHBE d=0.4 mm B, T EJ i
CNT B pg A Bl 850 3 22 f 1 2], TEI R CNT
VTR R P

(2)PDMS JZJE 5 CNT 2B X} % 8K 3 £ 8 19
WK P REA HE . SIS RAEY] L B PDMS
2SR B a2 CNT 2 5 B Ay 88 i, B2 &5 7
(18 DI 3K 3l M 7 3 R TS 2% 28 ¥ /)N

OFMHES 3D T EIE AR AT EN A9 SR AA HL A%
T A IR T B 08 L 1N T 58 WA 8] 19 3 4 9B
A UEWIASCHE Y 3D AT B OG 3K 3h B4 8} 9 4T EP T
AT

S Z k-
[1] TRIVEDI D. RAHN C. KIER W. et al. Soft robot-

ics: biological inspiration, state of the art, and future




%84l

RSN 55 OCIRBRR RS 3 3 T 2R 5T 29

[2]

[3]

[4]

(5]

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

research [J].
2008, 5(3): 99-117.
WANG L, IIDA F. Deformation in soft-matter robot-

Applied Bionics and Biomechanics,

ics: a categorization and quantitative characterization
[]]. IEEE Robotics & Automation Magazine, 2015,
22(3): 125-139.

JONES B A, WALKER I D. Kinematics for multisec-
tion continuum robots [ J]. IEEE Transactions on Ro-
botics, 2006, 22(1): 43-55.

PFEIFER R, LUNGARELLA M, IIDA F. The chal-
lenges ahead for bio-inspired ‘soft” robotics [J]. Com-
munications of the ACM, 2012, 55(11): 76-87.
JONES B A, WALKER I D. Practical kinematics for
real-time implementation of continuum robots []J].
IEEE Transactions on Robotics, 2006, 22(6). 1087-
1099.

TRIMMER B A, ISSBERNER ] I. Kinematics of soft-
bodied, legged locomotion in Manduca sexta larvae
[J7. Biological Bulletin, 2007, 212(2): 130-142.

GE Q, SAKHAEI A H, LEE H, et al. Multimaterial
4D printing with tailorable shape memory polymers
[J]. Science Report, 2016, 6: 31110.

YANG Y, CHEN Y, WEI W, et al. 3D printing of
shape memory polymer for functional part fabrication
[J1. Int J Adv Manuf Technol, 2016, 84(9): 2079-
2095.

LENG J S, LAN X, LIU Y J, et al. Electrically con-
ductive shape-memory polymer filled with Ni powder
chains [J]. Applied Physical Letters, 2008, 92(1):
879.

GE Q. SAKHAEI A H, LEE H. et al. Active origa-
mi by 4D printing [J]. Smart Materials and Struc-
tures, 2014, 23. 094007.

CLARE A T, CHALKER P R, DAVIES S, et al. Se-
lective laser melting of high aspect ratio 3D nickel-tita-
nium structures two way trained for MEMS applica-
tions [J]. Int JMech Mater Des, 2008, 4(2): 181-
187.

BAUGHMAN R H. Conducting polymer artificial
muscles [J]. Synthetic Metals, 1996, 78 (3). 339-
353.

GAFFORD J, DING Ye, HARRIS A, et al. Shape
deposition manufacturing of a soft, atraumatic, de-
ployable surgical grasperl [J]. Journal of Mechanisms
and Robotics, 2015, 7(2): 021006.

XIA Younan. WHITESIDES G M. Soft lithography
[J]. Angewandte Chemie International Edition, 1998,
37(5): 550-575.

http: // zkxb. xjtu

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

. edu. cn

HOMBERG B S, KATZSCHMANN RK, DOGAR M
R, et al. Haptic identification of objects using a modu-
lar soft robotic gripper [ C]// IEEE/RS] International
Conference on Intelligent Robots and Systems. Piscat-
away, NJ, USA. IEEE, 2015 1698-1705.

PRIERS . Bk, KT A 4D FTED: B He b k5 45 i
M B R B W S R R [T, P % sg il ok R
2018, 52(2). 1-12.

CHEN Hualing, LUO Bin, ZHU Zicai, et al. 4D
printing: progress in additive manufacturing technolo-
gy of smart materials and structure[J]. Journal of
Xi’an Jiaotong University, 2018, 52(2): 1-12.

SR, EERE, SE . BT IEC KR FDM 3D 4T
AT wse )], PURSWIE, 2017, 45(23): 78-
81.

ZHANG Fan, TAN Yuegang, MA Guofeng. Re-
search of FDM 3D printing technology method based
on orthogonal experiment[ J]. Machine Tool & Hy-
draulics, 2017, 45(23). 78-81.

Bk, KRFA. BRIER, & BFRENETFREY
G )mE G MR B R R RE [T, VY % 3g il K A
#4, 2017, 51(8): 122-127.

LUO Bin, ZHU Zicai, CHEN Hualing, et al. A pack-
aging technology and drive stability of ionic polymer-
metal composite materials based on ionic liquid type
electrolyte layer[J]. Journal of Xi’an Jiaotong Univer-
sity, 2017, 51(8). 122-127.

HU Ying, LIU Jiagin, CHANG Longfei, et al. Elec-
trically and sunlight-driven actuator with versatile bio-
mimetic motions based on rolled carbon nanotube bi-
layer composite [EB/OL]. [2018-01-05]. http: // on-
linelibrary. wiley. com/doi/10. 1002/adfm. 201704388/
full.

LIU Ying, MATTHEW M, MICHAEL ], et al. Self-
folding of polymer sheets using local light absorption
[J]. Soft Matter, 2012, 8(6): 1764-1769.

LI Qingwei, LIU Changhong, LIN Yuanhua. et al.
Large-strain, multiform movements from designable
electrothermal actuators based on large highly aniso-
tropic carbon nanotube sheets [J]. ASC Nano, 2015,
9(1). 409-418.

VR, XMESE, FIEA, 5. 4D FTER-% 68 A4 R 3
Pl ARLT]. HLAR TR A, 2014, 43(5): 1-9.
LI Dichen, LIU Jiayu, WANG Yanjie, et al. 4D print-
ing-additive manufacturing technology of smart materi-
als[JJ]. Mechanical &. Electrical Engineering Technol-
ogy. 2014, 43(5); 1-9.

(tg HFX)




