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Advances and Key Techniques of Soft Wearable

Lower Limb Power-assisted Robots
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Abstract Soft wearable lower limb power-assisted robots have broad application prospects in the fields of rehabilitation,
the elderly and the disabled, daily livings and other aspects of life, with the advantages of light weight, small volume,
strong wearable feature, and human-machine compatibility. In order to promote the research and development of the soft
wearable robots in China and summarize the research progress in those fields at home and abroad, the components, driving
principle and kinematic information of various power assisted systems are discussed and the transfer law of the assistance
force/moment and their power-assisted effect are analyzed. Moreover, key techniques such as the safety and reliability,
gait detection, driving methods and control strategies, and power-assisted evaluation are analyzed in detail. On the basis
of the above analysis, the future development, methods and challenges are presented, which has certain guidances for the
related research works.
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Table 1 Single joint power-assisted robot
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Fig.1 Orthosis for walking assistance
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Table 2 Multi-joint coordinated power-assisted robot
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Fig.9 Bio-inspired active soft orthotic
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Fig. 14 Gait-assisted robot

K 14

AL RN R SR i W BE R S MEA R, AT
oy PR e 12 8 L K A S S 1 /R A i A
e AR GTHI L I AL B A

2) "W s EOR AR RBT B, SRR &
GidRaity R, T, HEAR Sz RGN
it bt NP BT LR PR A R S R B g %
THERS FfL X ST RY I BE, FEIEAT B ) R G A R it
W, 7575 &AL 22 5 10 B AL S B R
7. B RGO EAE T IR A S5k T, BRI
FE D3 H A W B 1 R G 2P ST TG, [ I B R AR
RGN 2 21— B oM. R, B TiiBh )y f%
A RMIAG AT 1 98 B, WA 5 R v S A
i B4y B2 JER T s 7Rk, R B PR R T L 4 A T
EE 2 NPT, DARAER) IR B v ) ) R GeA A
A BB R PR A, xSRBS B ) R G
MHLB SR RA L b

2.2 EHEBRMEA

K AEAT E SR P FRE L SMERE, RECH
B RATIZ SN, e A 1 i 26 R Bl g K42
PG 22 5 By 0 /R R R . R B L
A, PG BRI BOR B BT A% s
1) RN AR S A5 P A% R ) S A B B AR T
EMG R ILHEA.

FET R & I 0 1 AR, 83T A%
TR IR AR P, A I A2 8 N HLAE FH 7 R 4 T S
PER 1, FRBUR s shap s B2 527580 Sk [52]
K — P B (Carbon black, CB)/fEfE (Silicone
rubber, SR) & & BT R RTE R ML 20 %
R, RN E T RIS, 7E 2 A H ) PO AP X
T, MR R E 10, g5 SRR ZINR R g &
TR HIR ] OB, Bk 7% R SRR e 1.

TP AL I 1 S AR 457 A R 22 A5

VAL AR AT BT TR A% YT, S BRI B
HUEVE S EXS NPT BURE SN NS N S vri oo LRIt NN
OB E A BPO 1500 SOk [54]) 5 4 AL K
%"%ﬁﬁﬂﬁﬁtﬁfﬂﬁﬁﬁﬁﬁfmﬁnéﬁ)ﬁﬂEI’JJ%UEE& ]
o Esr 3R (R ARSI RI) B, SRAR L. i Sk
KR, SRR 5t s sl e RGEM L,
REAN 1°, ARSI L.

BT EMG #2180 LA B 8 1 B 5 7E R
LR LR AR R, R S A B ) A K
JULPA B A 955 Bl A B, X B AR 5 JIL PR 2 A B i 4
SR ARG 0 R 9 1 AN [ 2 S A A A IR R
T 5657 Sk [47) A AEATE AR IRCT UL
KALEE (EMG) {55, #I0 N XUA 16,
T S W 5 AR AT SE I )z B ;&Hﬂ”ﬁﬂﬁ
BTN B THILA e R, DATE G 2 14 I )
X By 0 TN Y 7 /A

2.3 REhA R RITHIREE

9Kl Ty 2 R s ] SRS L ) By 7 2 ) 4 1"]
vt e T N5, W SR o blgs ARy Bh g vEEE
PR VR B I bLgs NSRS T B
N EALIRSI AT TR IR SR, HAA L, DReR
MAT PVC BRI, 03E 3 B, AL 1%
il SR E 2 N BT IE S SRR S .

3 ARSI AP sk

Table 3 The advantages and disadvantages of each drive

IRBNAA e B

1) e Re R 1) B3 T2

2) m;kljutldﬂti"“%ﬂ 2) BB M
MPLEKE  3) RAMZLAEER:, fhE 3) HEE BTN, Bl
R 5o tesmal BUK
PREES

1) JriAe. Z5Hfar e 1) XEVAREE

)
)
)
)
)

2) mYR /BRI 2) AEAKRLIE
AUREKE 3) A k;a:llﬁri 3) B H4s, MEDARERREH]
4) KM, JET5 % 4) AR FEERR, HEE S

Y A5 5]

ERMEI g ARG, R B &
AT 5 [E R 2E Y Soft exosuit0—2Y | FE i k2
FR T 2R SR MR I SR R HOASHS T HL RS A T A2
AR IR 4, R R R N R, AR R
JtstaE, R FRAL. $E 2 S A AR R T L. Soft
exosuit?0=2 R AR AR A vk, 2R
P25 AERAEXT AL B 1B T A L, N 22 4R A
ﬁﬂbﬁ?é%ﬁi?ﬂé?ﬁﬁih@ T 2t 7 A% SR D
B 1, PAREBY Ve N RUBHE S, FIWr 2 A5 R B i



34 OB R IE NI IPLEs A A SR IR B AR 435

W SR/ T 7. 2 LB IRET R ET N
BT IR T O, R R S A R e 2= (AR
SRR A ) PR A i, B FLE B, SE P2 P
PPl S

SRR 7 AR A AT, S — RV
g, SRS N T B 0 ME, B
MT IR 5. R A RIS E2 4 H A
X241 Power assist wear?? | | AsHr g K221
FrE B LR AP R FAR U B K2 A S
BiLae A7 25 Hir Power assist wear?? (K]
AT AR IR A S A AR, 38 5 8 e R IK B e
TR ) KA R, SR BT M55 0946 o7
V5, TE AT B R AR B, VR AT il I B )
5, SRS HT R T SHER, LB B
JIUIRE. HASHBIHLEE AT SR T ULEAE S
W7, B ENLRAE S E AR AG S, &
JOAD Pt ) JUL PR PSR SR BB e AT A B 1],
24 FE R B 2 S E S, 2 SRR N LA
R 2, NTHLAHES, S8R Bl 1 375 Bl
1. HAAEIN2E B3 Wl i e AT 58 Bh 1 IR R
HET ES 06 72, % R R R %k
Pt 2w d, AR SEI, HRIET E R
AR I R AR, ST SEEL PVC %
JRCBR Bl BT IS A /I T, X O T SR By g /.

2.4 Bhfitteei

Bhiblgs N5 s 2 (R S , JE R AAE
TRl—25MmN. N -l - R AR S B A RE R 1Y
B AL, AP B F5EAH B ME, SR8 AML—
AL PR A i R FE AT AR s K b
TAERRSEIE S, Gl R AR . LA
TG 12805 K B8l 12 RS, X LA A K Fe bR
AR, R TPAL B I RO E . LB
B I RGBT . TP S, @ —&
SEREEREPEM IR B, R s 2 M B T PLgs A B
Ttk A EEE L.

AT AZ AR E AT 2 (7] Oy A1 COy AT
i, AT E SRR P AR, PRAGEB) JI8CR,
MR h BB 1 42 F Soft exosuit®) &, 1§
TSRS AN T BAH LR EMG 0, £
WAL TG ShRR BE, PPAG LB 180, et [ & 4R
F AW FT I Z2E T IR A7 A0 L | AR & o
BE K 2p B S DL AT 45, MR R R 4%
KTz EE WA, AlES) MIEETE
W32 3l 2 A5 B, X oW s Bl g & f B 45 Kl
A, PAPEM X B SR8, a0 H AR T
FL g A TR LR B 7 IREPT . B AR S IN K2 i e o
AT B FIREOSY S S Ah, JRE] R A A% s A5

VR TR B 7 KATHRBY 01 /4, 5 IR AT B A Bl
J1RAT A LR A 1/ FERT L, AVEH B D R ST
FERE, G0 H A SRR Y B IR BT
SR T 24 Bef) Myosuit 16 2.

3 HRIB

MER Y Bl ) BRI 22 571 iy ) Bl 7 B4 T
S S N DAL R YN a S TN
HRHBORIEAT T 50 M

1) Zr gl Bl s SMB A AE AL S L XE DA
It BRI TR B AL A HE PAGR 5 — B A it
L BRI AR, S BB LR AR A S ANAT
N TR AR (17, IR AE) 15
FiB 1 /AL s FR T, AN B M AT R SO 1, o
W T NI, B AR AL, B
IR A HE B 0/, X IR B g A AT
—ERY BT AMEE. PAZEME R T B R B AR, SRS
FIC I RIEART By 1 S E s, A BRI AR SR
FIARRIR AR, SRR, BBV, H T R 458
SR, RO AR R IR 5z sh i . ARYETF
Bl AR, 5 o s T BB L N ok
PR I B Z AT R B 0 B, [k T 2 Al
TIWLEs N R GEALR . WKEh I B A2 325, i
T B R GRS /R MU S B I RCR, X
FAT T B I R GRS AL

2) PG T I B i blgs N2 S i AHLAE
HARYGE, A NV AL S BUAH B 77 /R i e AL
KA 2B, FEEM RGN AW 22 5K
P 7 THD0 e 22 PR A ] SRR AT 1A, SRR
SRR RE 2 AR T 20 A I AR 8, T A 254 I )
HEE e AT SRR R A 4 0 0 BT SR ML A, BT
JIE AR T IEANBEA LG A% It ) S A B 3
ARET EMG 520 LS S22 S5 BN Y
TR 98BN 5 3 A ) SR X SR AL A B
JIERE T A AR, AR Ty 2 S ALK Eh
ZRLRWA R eI A SN SV sl U S S SE S A
SHPEESPR. BIRCR e RSB 5
RO R R, H 0 PR 7 e o
MACINEFRE . WLAIEYE . 1232 Ksh Jr 2 e &,
Ea AT AR AR AR A AT 0L, I PABE A ZE i B
FEMBITERE.

3) ZFREENE T IR B s blEs N7 A 2 TR
i ST a) PR I RGN TR
JEH %, R FRAEM RO RIPEERT, S0 T B &
U, (B J7 R G RE LR IR A, #2843 A7 452
TAEMEPARERT; b) di T AR WL ABAE S R BEALIE B,
AR RBAF S HAT R a1, AT 3 BRI 2 0 E 1
iz sl B A BORRI PR A ) Rtk B pLEs A



436

H g

E N

46 &

TEANEE B SCHEVE L, 2P 30 i N IR B R 2 3
FET7, SCEET RSB 5 08 52 M0 [ 55 A . 14 20

s

d) 5 B E A R £ I 2R, AR

AR mz s IR RBOR; e) REABLSE SR 5 kBl
Jiblgs NSRS R 25 55 RE A3 i 2 i iz s |
R RRIRPEANET X, $2 v T HE E3h 2 S sl
SRR, UG S I IR

10

11

References

Dollar A M, Herr H. Lower extremity exoskeletons and ac-
tive orthoses: challenges and state-of-the-art. IEEE Trans-
actions on Robotics, 2008, 24(1): 144—158

Hu Jin, Hou Zeng-Guang, Chen Yi-Xiong, Zhang Feng,
Wang Wei-Qun. Lower limb rehabilitation robots and in-
teractive control methods. Acta Automatica Sinica, 2014,
40(11): 2377-2390

(A3, by, BRILME, SKig, ETRE FRREN A L H
il k. AEibaER, 2014, 40(11): 2377—2390)

Sankai Y. HAL: hybrid assistive limb based on cybernics.
In: Proceedings of the Robotics Research. Springer Tracts
in Advanced Robotics, vol. 66. Berlin, Heidelberg, Germany:
Springer, 2010. 25—34

Kawamoto H, Hayashi T, Sakurai T, Eguchi K, Sankai Y.
Development of single leg version of HAL for hemiplegia. In:
Proceedings of the Annual International Conference of the
IEEE Engineering in Medicine and Biology Society. Min-
neapolis, USA: IEEE, 2009. 5038—5043

Hocoma. Lokomat [Online], available: http://www.hocoma.
com, July 24, 2014.

Freivogel S, Mehrholz J, Husak-Sotomayor T, Schmalohr D.
Gait training with the newly developed “LokoHelp”-system
is feasible for non-ambulatory patients after stroke, spinal
cord and brain injury. A feasibility study. Brain Injury, 2008,
22(7-8): 625—632

LiJ F, Zhang Z Q, Tao C J, Ji R. Structure design of lower
limb exoskeletons for gait training. Chinese Journal of Me-
chanical Engineering, 2015, 28(5): 878—887

Li Jian-Feng, Xu Cheng-Hui, Tao Chun-Jing, Ji Run, Li Shi-
Cai, Zhang Zhao-Jing. A parallel ankle rehabilitation mech-
anism and its performance analysis based on 3-UPS/RRR.
Acta Automatica Sinica, 2016, 42(12): 1794—1807
(%, 1RAUE, WA, R, FHA, KEM BT 3
UPS/RRR {1 F 1 B 5 15 RS AU 2 HAERE 40 BT B Bk 24 41,
2016, 42(12): 1794—1807)

Zhang Lei-Yu, Li Jian-Feng, Liu Jun-Hui, Hou Zeng-Guang,
Peng Liang, Wang Wei-Qun. Design and human-machine
compatibility analysis of Co-Exos for upper-limb rehabilita-
tion. Journal of Mechanical Engineering, 2018, 54(5): 19—
28

(SKTERY, 2808, XM, ), 2, EUR. BN et
T AU, U CAR# 4R, 2018, 54(5): 19-28)

Aliman N, Ramli R, Haris S M. Design and development
of lower limb exoskeletons: a survey. Robotics and Au-
tonomous Systems, 2017, 95: 102—116

Schiele A, Van Der Helm F C T. Influence of attachment
pressure and kinematic configuration on pHRI with wear-
able robots. Applied Bionics and Biomechanics, 2009, 6(2):
157—173

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Schiele A. Ergonomics of exoskeletons: objective perfor-
mance metrics. In: Proceedings of the 3rd Joint EuroHaptics
Conference and Symposium on Haptic Interfaces for Virtual
Environment and Teleoperator Systems. Salt Lake City, UT,
USA: IEEE, 2009. 103—108

Viteckova S, Kutilek P, Jirina M. Wearable lower limb
robotics: a review. Biocybernetics and Biomedical Engineer-
ing, 2013, 33(2): 96—105

Pons J L. Rehabilitation exoskeletal robotics. IEEE Engi-
neering in Medicine and Biology Magazine, 2010, 29(3): 57
—63

Browning R C, Modica J R, Kram R, Goswami A. The ef-
fects of adding mass to the legs on the energetics and biome-
chanics of walking. Medicine and Science in Sports and Ex-
ercise, 2007, 39(3): 515—525

Asbeck A T, De Rossi S M M, Galiana I, Ding Y, Walsh
C J. Stronger, smarter, softer: next-generation wearable
robots. IEEE Robotics and Automation Magazine, 2014,
21(4): 22-33

Frost D M, Abdoli-E M, Stevenson J M. PLAD (personal
lift assistive device) stiffness affects the lumbar flexion/ext-
ension moment and the posterior chain EMG during sym-
metrical lifting tasks. Journal of Electromyography and Ki-
nesiology, 2009, 19(6): E403—E412

Imamura Y, Tanaka T, Suzuki Y, Takizawa K, Yamanaka
M. Analysis of trunk stabilization effect by passive power-
assist device. Journal of Robotics and Mechatronics, 2014,
26(6): 791-798

Li Xiang-Pan, Han Jian-Hai, Guo Bing-Jing, Zhang Yan-
Bin, Zhao Fei-Fei, Noritsugu T. Development of wearable
power assist robot for low back support using soft pneumatic
actuators. Acta Automatica Sinica, 2016, 42(12): 1849—
1858

(e, whEng, FoksE, KW, BIETE, MRy, TR
USRSl A5 ] o RS By pLEs ABESE. B 3l eaE R, 2016,
42(12): 1849—1858)

Asbeck A T, De Rossi S M M, Holt K G, Walsh C J. A bio-
logically inspired soft exosuit for walking assistance. The In-
ternational Journal of Robotics Research, 2015, 34(6): 744—
762

Panizzolo F A, Galiana I, Asbeck A T, Christopher S, Kai
S, Kenneth G H, et al. A biologically-inspired multi-joint
soft exosuit that can reduce the energy cost of loaded walk-
ing. Journal of Neuroengineering and Rehabilitation, 2016,
13(1): 43

Sasaki D, Noritsugu T, Takaiwa M. Development of pneu-
matic lower limb power assist wear driven with wearable air
supply system. In: Proceedings of the 2013 IEEE/RSJ In-
ternational Conference on Intelligent Robots and Systems.
Tokyo, Japan: IEEE, 2013. 4440—4445

Majidi C. Soft robotics: a perspective: current trends and
prospects for the future. Soft Robotics, 2014, 1(1): 5—11

Schiele A, Van der Helm F C T. Kinematic design to improve
ergonomics in human machine interaction. IEEE Transac-
tions on Neural Systems and Rehabilitation Engineering,
2006, 14(4): 456—469

Farris D J, Sawicki G S. The mechanics and energetics of hu-
man walking and running: a joint level perspective. Journal
of the Royal Society Interface, 2012, 9(66): 110—118



31

OB RGN T B TIHLas N K IR S R BB A

437

26

27

28

29

30

31

32

33

34

35

36

37

Jin S H, Iwamoto N, Hashimoto K, Yamamoto M. Exper-
imental evaluation of energy efficiency for a soft wearable
robotic suit. IEEE Transactions on Neural Systems and Re-
habilitation Engineering, 2017, 25(8): 1192—1201

John S W, Murakami K, Komatsu M, Adachi S. Cross-wire
assist suit concept, for mobile and lightweight multiple de-
gree of freedom hip assistance. In: Proceedings of the In-
ternational Conference on Rehabilitation Robotics. London,
UK: IEEE, 2017. 387—393

Mooney L M, Rouse E J, Herr H M. Autonomous exoskele-
ton reduces metabolic cost of walking. In: Proceedings of
the 36th Annual International Conference of the IEEE Engi-
neering in Medicine and Biology Society. Chicago, IL, USA:
IEEE, 2014. 3065—3068

Kawamura T, Takanaka K, Nakamura T, Osumi H. Develop-
ment of an orthosis for walking assistance using pneumatic
artificial muscle: a quantitative assessment of the effect of
assistance. In: Proceedings of the 13th IEEE International
Conference on Rehabilitation Robotics. Seattle, WA, USA:
IEEE, 2013. 1-6

Li Y, Hashimoto M. Design and prototyping of a novel
lightweight walking assist wear using PVC gel soft actua-
tors. Sensors and Actuators A: Physical, 2016, 239: 26—44

Li Y, Hashimoto M. PVC gel soft actuator-based wearable
assist wear for hip joint support during walking. Smart Ma-
terials and Structures, 2017, 26(12): 125003

Asbeck A T, Kai S, Walsh C J. Soft exosuit for hip assis-
tance. Robotics and Autonomous Systems, 2015, 73: 102—
110

John S W, Komatsu M, Murakami K, Ozawa J, Yamamoto
M. Soft hip walking assist experimental system featuring
variable compliance control. In: Proceedings of the 2017
IEEE International Conference on Consumer Electronics.
Las Vegas, NV, USA: IEEE, 2017. 400—401

Li Jian-Feng, Huang Xiang-Qiang, Tao Chun-Jing, Wang
Sa, Ji Run. Configuration synthesis and structure design of
knee rehabilitation exoskeleton. Journal of Harbin Engineer-
ing University, 2017, 38(4): 625—632

(S5, BRI, FAAE, T, . XIS R LR A
HEH T, RRETRRSE2R, 2017, 38(4): 625—632)

Park D, In H, Lee H, Lee S, Koo I, Kang B B, et al. Prelimi-
nary study for a soft wearable knee extensor to assist physi-
cally weak people. In: Proceedings of the 11th International
Conference on Ubiquitous Robots and Ambient Intelligence.
Kuala Lumpur, Malaysia: IEEE, 2014. 136—137

Sasaki D, Noritsugu T, Takaiwa M. Development of pneu-
matic lower limb power assist wear without exoskeleton. In:
Proceedings of the 2012 IEEE/RSJ International Confer-
ence on Intelligent Robots and Systems. Algarve, Portugal:
IEEE, 2012. 1239—1244

Mohri S, Inose H, Yokoyama K, Yamada Y, Kikutani I,
Nakamura T. Development of endoskeleton type knee aux-
iliary power assist suit using pneumatic artificial muscles.
In: Proceedings of the 2016 IEEE International Conference
on Advanced Intelligent Mechatronics. Alberta, Canada:
IEEE, 2016. 107—112

38

39

40

41

42

43

44

45

46

47

48

49

Mohri S, Inose H, Arakawa H, Yokoyama K, Yamada Y,
Kikutani I, et al. Development of non-rotating joint drive
type gastrocnemius-reinforcing power assist suit for squat
lifting. In: Proceedings of the 2017 IEEE International Con-
ference on Advanced Intelligent Mechatronics. Munich, Ger-
many: IEEE, 2017. 851—-856

Zhang Xian. Development of Soft Pneumatic Wearable
Power Assist Suit [Master thesis], Dalian University of Tech-
nology, China, 2015.

(3K 58, BT FEABB RO K (W22 008 5], RIERT
K2, i, 2015.)

Bian Hui, Liu Yan-Hui, Liang Zhi-Cheng, Zhao Tie-Shi. A
novel 2-RRR/UPRR robot mechanism for ankle rehabilita-
tion and its kinematics. Robot, 2010, 32(1): 6—12

(U, KIHHE, G, BT I 2-RRR/UPRR. B3 AL
L2 ABLH ELEZI2E. LA, 2010, 32(1): 6-12)

Park J, Park H, Kim J. Performance estimation of the lower
limb exoskeleton for plantarflexion using surface electromyo-
graphy (sEMG) signals. Journal of Biomechanical Science
and Engineering, 2017, 12(2): 16-00595

Mooney L M, Herr H M. Biomechanical walking mecha-
nisms underlying the metabolic reduction caused by an au-
tonomous exoskeleton. Journal of NeuroEngineering and Re-
habilitation, 2016, 13: 4

Park Y L, Chen B R, Young D, Stirling L, Wood R J, Gold-
field E, et al. Bio-inspired active soft orthotic device for an-
kle foot pathologies. In: Proceedings of the 2011 IEEE/RSJ
International Conference on Intelligent Robots and Systems.
San Francisco, USA: IEEE, 2011. 4488—-4495

Wehner M, Park Y L, Walsh C, Nagpal R, Wood R J,
Moore T, et al. Experimental characterization of compo-
nents for active soft orthotics. In: Proceedings of the 4th
IEEE RAS/EMBS International Conference on Biomedical
Robotics and Biomechatronics. Roma, Italy: IEEE, 2012.
1586—1592

Low F Z, Yeow R C H, Yap H K, Lim J H. Study on the
use of soft ankle-foot exoskeleton for alternative mechani-
cal prophylaxis of deep vein thrombosis. In: Proceedings of
the 2015 IEEE International Conference on Rehabilitation
Robotics. Singapore, Singapore: IEEE, 2015. 589—593

Schmidt K, Duarte J E, Grimmer M, Sancho-Puchades A,
Wei H Q, Easthope C S, et al. The myosuit: bi-articular
anti-gravity exosuit that reduces hip extensor activity in
sitting transfers. Frontiers in Neurorobotics, 2017, 11: 57

Hashimoto Y, Nakanishi Y, Saga N, Nagase J Y, Satoh T.
Development of gait assistive device using pneumatic artifi-
cial muscle. In: Proceedings of the Joint 8th International
Conference on Soft Computing and Intelligent Systems and
17th International Symposium on Advanced Intelligent Sys-
tems. Sapporo, Japan: IEEE, 2016. 710—713

Wehner M, Quinlivan B, Aubin P M, Martinez-Villalpando
E, Baumann M, Stirling L, et al. A lightweight soft exosuit
for gait assistance. In: Proceedings of the 2013 IEEE In-
ternational Conference on Robotics and Automation. Karl-
sruhe, Germany: IEEE, 2013. 3362—3369

Bartenbach V, Schmidt K, Naef M, Wyss D, Riener R. Con-
cept of a soft exosuit for the support of leg function in reha-
bilitation. In: Proceedings of the 2015 IEEE International
Conference on Rehabilitation Robotics. Singapore, Singa-
pore: IEEE, 2015. 125—130



438 H 3l 1k

46 &

50 Sasaki D, Takaiwa M. Development of pneumatic power as-
sist wear to reduce physical burden. In: Proceedings of the
2014 IEEE/SICE International Symposium on System Inte-
gration. Tokyo, Japan: IEEE, 2015. 626—631

51 Li J F, Li S C, Zhang L Y, Tao C J, Ji R. Position solu-
tion and kinematic interference analysis of a novel parallel
hip-assistive mechanism. Mechanism and Machine Theory,
2018, 120: 265—287

52 Guo X H, Huang Y, Cai X, Liu C X, Liu P. Capacitive
wearable tactile sensor based on smart textile substrate with
carbon black/silicone rubber composite dielectric. Measure-
ment Science and Technology, 2016, 27(4): 045105

53 Shu L, Hua T, Wang Y Y, Li Q, Feng D D, Tao X M. In-shoe
plantar pressure measurement and analysis system based on
fabric pressure sensing array. IEEE Transactions on Infor-
mation Technology in Biomedicine, 2010, 14(3): 767—775

54 Mueller J K P, Evans B M, Ericson M N, Farquhar E, Lind
R, Kelley K, et al. A mobile motion analysis system using
inertial sensors for analysis of lower limb prosthetics. In:
Proceedings of the Future of Instrumentation International
Workshop. Oak Ridge, TN, USA: IEEE, 2011. 59—62

55 Hu X Y, Yao C, Soh G S. Performance evaluation of lower
limb ambulatory measurement using reduced inertial mea-
surement units and 3R gait model. In: Proceedings of
the 14th IEEE International Conference on Rehabilitation
Robotics. Singapore, Singapore: IEEE, 2015. 549—554

56 Triloka J, Senanayake S M N A, Lai D. Neural computing
for walking gait pattern identification based on multi-sensor
data fusion of lower limb muscles. Neural Computing and
Applications, 2017, 28(S1): 65—77

57 Meng M, Luo Z Z, She Q S, Ma Y L. Automatic recog-
nition of gait mode from EMG signals of lower limb. In:
Proceedings of the 2nd International Conference on Indus-
trial Mechatronics and Automation. Wuhan, China: IEEE,
2010. 282—-285

58 Quinlivan B T, Lee S, Malcolm P, Rossi D M, Grimmer M,
Siviy C, et al. Assistance magnitude versus metabolic cost
reductions for a tethered multiarticular soft exosuit. Science
Robotics, 2017, 2(2): eaah4416

FalsE  dent T RAEHU TR S
ML ROR 2 B 2. 1999 4E3RALTA S
I NN V[N TR L e X VA e 71
Jr i A bLgs N, TR 5 2 A B i
$#AR. E-mail: lijianfeng@bjut.edu.cn

(LI Jian-Feng Professor at the Col-
lege of Mechanical Engineering and Ap-
plied Electronics Technology, Beijing
University of Technology. He received his Ph.D. degree
from the Robotics Institute, Beihang University in 1999.

His research interest covers robot, parallel mechanism, and
wearable exoskeleton technology.)

FEE U T RFENU LA 5
R ROR B BE A, 2016 4R k4
B8 /S S NS NG o o e VA 6 3
WFFE T TR 2 SO B B R 5 AN E 1
A. E-mail: enter1026@163.com

(LI Guo-Tong Ph.D. candidate at
the College of Mechanical Engineer-
ing and Applied Electronics Technol-
ogy, Beijing University of Technology. He received his bach-
elor degree from the College of Mechanical and Electrical
Engineering, Beijing Union University in 2016. His research
interest covers wearable exoskeleton technology and exter-
nal fixation technology.)

SRER AEnt Tl RN T AR 5
HL PR AR BE VR, 2016 4R 3RIL s
PN 21R Y NI/N . S =g VA ot 2 S
Tr 1 RALEE N, HEERHLIG 5 5 3o s
PR, ARSCHAFEH .

E-mail: zhangleiyul988@126.com

< (ZHANG Lei-Yu Lecturer at the
College of Mechanical Engineering and
Applied Electronics Technology, Beijing University of Tech-
nology. He received his Ph.D. degree from the Robotics
Institute, Beihang University in 2016. His research interest
covers robot, parallel mechanism, and wearable exoskeleton
technology. Corresponding author of this paper.)

BHEF Az B R 2L ST
P Lo A R T 0 R Eh AL
ar N, IEE RGN FIZ B .

E-mail: ydsfl6@buaa.edu.cn

(YANG Dong-Sheng Ph.D. candi-
date at the Institute of Robotics, Bei-
hang University. His research interest
covers mobile robot, environment per-
ception, and motion control.)

EB/E AT RFHUR LR R
LT RRE B AT TS 4R 2017 4R35
NS S e o e o e o = e 2 0]
EWILPSER RINEE (SN

E-mail: whd@emails.bjut.edu.cn
(WANG Hai-Dong Master student
at the College of Mechanical Engineer-

€«

ogy, Beijing University of Technology.

ing and Applied Electronics Technol-
He received his
bachelor degree from the Transportation Institute, Inner
Mongolia University in 2017. His main research interest is
wearable exoskeleton technology.)



