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Drive of the Powered Exoskeleton and Driving Compensation with the
Human-Machine Coupling Interaction While Squatting

ZHANG Mingkui, CHENG Wenming, LI Huaixian
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Abstract: For the existing problem that the powered exoskeleton can’t squat smoothly due to unclear characteristics of the
joint drive, the joint drive of the powered exoskeleton while squatting and its compensation with the human-machine coupling
interaction are investigated to enhance squatting reliability and human-machine interactivity. The kinematic equations of all
joints are obtained through a somatic data acquisition experiment and nonlinear data-fitting. A human-machine coupling
dynamic model during squatting is established, and the driving features of all joints are analyzed. It is found that the driving
features and their volatility at knee joint are significantly greater than those at ankle and hip joints, there is a strong coupling
between the driving torque and the angular acceleration at knee joint, and the system centrobaric displacement has significant
influence on the drive at knee joint only in the first half phase of squatting. These analyses on the joint driving features show
that the double-acting linear hydraulic cylinder can be used to drive the knee joint, and the human-machine interaction force
can compensate the partial driving torque at ankle joint and the whole driving torque at hip joint.
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Fig.1 Data acquisition experiment of human body during

squatting
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Tab.1 Data acquisition time
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Fig.2 Kinematic model of human body during squatting
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(Human-machine coupling dynamic mod-
el of the powered exoskeleton)
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Fig.3 Human-machine coupling dynamic model of the

powered exoskeleton during squatting
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4 XTIEEH4FESD 4T (Analysis on the joint
driving features)
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Tab.3 Peak driving power of each joint (mean + sd, W)

BRI S [iES
El 13284355 234.68+139.02 4.96+2.54
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E3  1322+279 23201+68.79 2.98+2.93
E4  1396+590 299.79 £96.80 3.82+2.10
PE 1328+£3.71 249.03+£101.88 3.364+2.13

HIBETT UL, RO T5 ARSI AR TR, T ERSG T
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Fig.4 Driving torque standard deviation of each joint
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Fig.5 Driving power standard deviation of each joint
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Fig.6 Standard deviation of the driving torque and driving
power for the knee joint in the first half and the second half
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Tab.4 Coupling correlation coefficients of the driving torque
and angular acceleration for the knee joint

Pearson FHK REL r
" i i v rv I
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E2 0.936 0916 0911 0.883* 0.870* 0.875*
E3 0976 0.905* 0.880 0.821* 0.895** 0.868**
E4 0.850* 0.855* 0.831 0.777* 0.857** 0.819**
* FHRMETE 0.01 ) 2% (2D
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A, A e EERT HA SCTT (R BIXEh R R Sy N T B AT i
FEBLLE.
44 FRGELTBXBXTIEFHER R
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SFFAE R 28 &, | T BROGTT A o1 A3
FRAEEDN, A AR 2 M R ST (AR AiE. O 18
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Fig.7 Influence of the center of gravity changes on the driving

torque of the knee joint
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Fig.8 Influence of the center of gravity changes on the driving

power of the knee joint
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analysis of the hydraulic driving for the
knee joint)
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Fig.9 Double-acting linear hydraulic cylinder for the knee joint
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n(d} —d3) {17
Tou = Pslfz -O,D
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Fig.10 Peak driving torque of the knee joint
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#M2 (Driving compensation of the ankle

and hip joints for the human-machine cou-

pling interaction)
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JIRK, 25538 M WA WIS, 1ER IR,
WA EEIRES. HER S alE, Mk =020, K
HAER ) Fy W1 (28.92N) K F, #4918 (18.10 N)
BN, HEAER ) Fss WE{H (—8.87 ND. F 341
(=5.55N). fEM I Ms; WfH (—12.78 N-m) J%
My $MH (=5.06 N-m) #HE/N, BHbnl 0L, AHLAS
A 1EF 1 ReE X R CTT A IR B AT 5 4 A ME.

() Bk =0, ky=1, BIGREFH AAMEIRT
(AR IR S S AE RS, AHLAEE1E 0 AR A1 i an
B 13 Fiow, KBESAER 71 By FsE/ER T F
0, 1M RA Mg B4, XFRPL M ANAES1EH
NEBEXRTHIRSAEE—ERREG R R, HANLE
EAE T BEAE 6 DG R SR B AT A M.
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Tab.5 Peak and mean values of the human-machine coupling interaction force

k=01 k=02 k=03 k=04 k=05 k=06 k=07 k=08 k=09 k=10
Fy IgfH 14.46 28.92 43.38 57.84 72.30 86.76 101.23 11569  130.15  144.61
Fy ¥ME 9.05 18.10 27.16 36.21 4526 54.32 63.37 72.42 81.48 90.53
Fo W —4.43 —887  —1331 —17.75 —22.18 —26.62 —31.06 —3550 —39.94 —44.37
Fa¥fi  -277 -555  —833  —11.11 —1389 —16.66 —1944 —2222 —-2500 —27.78
Mg VE(H —12.05 —1278  —13.51 —1425 —1498 —1571 1645 —17.18 —17.92 —18.65
Mg 3 —4.60 —5.06 -5.52 —5.99 —6.45 -6.92 —7.38 ~7.85 —8.31 —8.78
. 0 B ] /s . 1 7 %5 (Conclusion)
150 : CHTREE T AR T B J1 4B B B N X5 SR 4 T %
mﬁiz\ AHUEGAER T IIRENFME, LR
T (1) TR IR ) B BN AR AIE S G 38k 2 1 78 R T R R
% SopIIz TR, PR ATR B, R OTIRB AL i
P O EzZz-=-cZC i KT HE B i BT MR35 b
0 S AT AR B (R 2
s (2) TERGER AT B, AWLEE OB 2 (A
(a) Ko x SR, BRI B BK S )R 0N, T B
i 6l /s ANINZRSEIG RGN RGN G B, HOEN
0 0.2 0.4 0.6 0.8 1

1 1 1

ky 1 132465 0.1

(b)
12 AHURS &R 715 BROCH RO 1T B # M= R 5
KA

Fig.12 The relation between the driving compensation
coefficient of the ankle and hip joints and the human-machine

coupling interaction force

i /s

Fa, Fs3, Mg3 /N

K13 AU S E R ST IR A M2 R B R R
Fig.13 The relation between the driving compensation
coefficient of the hip joint and the human-machine coupling

interaction force

FR AT IR SN J 55 I SR B Th 2 #5578

(3) R I I SR Bl 2% N XUAE FH R 3K Bl 2%, il
JEN 6.9 MPa, WRBEEA 22% Fiti.

(4) SR BRAL M AN A1 1 5 EEOCT
MERENAFAER & R R, TEANBRBRZHVEEN, %
AT DAXSIX 2 AN AT IR B HME.

(5) HE AN G AER 1 58O KRB 17
E—EMRAERR, HAVFEAER 77 R80T #i0¢
TR AT AR A M.

RFAGTFLAT I AN G 3 15, H it
FNMEZ BAEH T % 885 AHURR S 1 1 & 2
REJT, FHONBRSCHT T T Bh F1 R Eh s
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