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Abstract  The ankle joint provides the largest joint torque during human lower limb motions. Therefore, ankle
exoskeletons have received major attention in the research of lower limb augmented exoskeletons. Walking of a human
equipped with an exoskeleton is a typical dynamics problem, while the research on human-exoskeleton coupling
dynamics is still at an early stage. Concentrated on the cable-driven ankle exoskeleton, this paper developed a human-
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machine coupled dynamic model considering foot-ground interaction forces, human joint torques, and exoskeleton
torques, by integrating the robot forward kinematics method and the Lagrange's equation, where the foot-ground
interaction force was described by the Kelvin-Voigt model together with the Coulomb’s dry friction model, the human
joint torque was generated by the PD control with the particle swarm optimization, and the assistive exoskeleton torque
was determined by an upper-level controller in accordance with the human gait cycle. Through model-based dynamic
simulations, this paper systematically analyzed the effect of the ankle exoskeleton assistance on human walking from
the perspectives of the angle, torque, power, and work of the human ankle. It was demonstrated that when walking at a
speed between 2.0 km/h and 6.5 km/h, human wearing the exoskeleton can achieve at least a 24.84% reduction in
average ankle torque and at least a 24.69% reduction in ankle work. Musculoskeletal modeling and predictive
simulations based on the SCONE were also performed in this paper. The simulation results showed that at a speed of
3.6km/h, wearing the exoskeleton can effectively reduce the peak level of soleus activation and the RMS value of the
EMG signal by 6.21%, thereby validating the effect of the ankle exoskeleton assistance from a physiological
perspective. Based on the results of this paper, the dynamic modeling and analysis method of human-exoskeleton
coupled systems is further improved. The assistance mechanism of the ankle exoskeleton for walking is confirmed and
interpreted from the perspectives of dynamics and physiology. This research also provides a theoretical basis for future

experimental studies of lower-limb exoskeletons.

Key words lower-extremity powered exoskeleton, dynamic modeling, human-machine dynamics, musculoskeletal

model, muscle activation
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(a) The ankle exoskeleton system
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Fig. 1 Human-ankle exoskeleton coupled system and the kinematic

model of the human lower extremity
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(b) Kinematic model of the human lower extremity

B 1 NG AMEHOR & RE AN N Bz sl A B (48)
Fig. 1 Human-ankle exoskeleton coupled system and the kinematic
model of the human lower extremity (continued)
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Table 1 DH parameters of the human body segments
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2 0 0 0 Oleft_hip
3 0 beft_thigh 0 Oet_knee
4 0 Det_shank 0 Oleft_ankle
5 0 0 0 Oright_hip
6 0 Lright_thigh 0 Oright_knee
7 0 Lright_shank 0 Bright_ankle

N DH 280 1 fros. Hrp, i= 1,2, 7 K0
G T, AL a WY Xoo B0, N Zio 83 Z; 18R
B EMHLA ai AGEX B, NZiy iR B Z; (FFR
B A EE a; RS Z il X B8 B X R
KA 0 NBezZ; B, Xy EHE 21X AR IX L,
ZI5E 01 = Ovodys 02 = Oleft_hip> 03 = Oiefi_knees 04 = Oiefi_ankles
05 = Oright hip> 96 = Oright knees 07 = Oright_ankle -

45 DH 28038 7T LLRAFARE—MA T A X T2
AABR ZR AW I FF IR R LLIRT 2 451

COSOhody —Sinbhogy 0 Xo
W | SinBpody  €cOSOhoay O Yo
=1y 0 1 0 M
0 0 0 1

Forhr, Xo Yo RAERNT (BUALKR AR {0} 1 I 1) £E
SEARBR R WO IALE.
12 - EHRE

& 55 HbTHI R A2 HL ) 32 B R b TR S A FH o DA 2
PR D)W oy A T R B, AR SOBBEAE NARAT AE
3 R R, A R R 2 9 5 T A oA Bz A
HIEERE ).

T 52 /T B Kelvin-Voigt B S HA R

Fdjn = max ((denédj + Cdjné‘dj) s O) 2)

K, P F7s HTHDR BRI 3R, J7 1 FLHu
i b TRbRd H e R, 2R AT AR 22 B < H
h 8 ¢, 2P BRI AR, “n” 2R RAEJ); Ko
BRI, Cojn A BEAMBEE, 645 77~ PHIER 21 B2
5 4 T ) ) 422 AR L

AT A2 0P 3 R PR AL 0 P A P 0



3500 i 2

Eitd 2022 45 54 &

Hig e

2arctan (C Vj)

Fgjr = — HF gjn (3)

SR, P JORBERE), 7 THKF 7 5 00, T
BB ZEATI, TR DA BB ZR, <
BEBR S0 C R, HOR B T LRI v, 22
AR MRS M T )
13 ABSMERIBATINFRE

FRAE ] 1(b) 7 BB Bl 2E AR, N AR AR5 TR AR
WA L 7 AN Al e (= 1,2, D R, Ak
(1) 1) i3z ) R EL OB AR F Xo, Yo AN H HIFE IR,
I, AR SRR I N AR ) AR5 9 AN H R BE. 7
KRG, 2 18 F 48 R A0 B T L /N T NS
Ji AN B AR G 1 TR T LA RS SRS S R )
FHELAE FH A 11 4k ok o pmg BRAR D 7. &1 1(b) RIS 2 3t
[Flgh T ANAR—SMTHERN G B ) Y. S G L N
EIE )% I TRk B H 5 72, v DAHE S LA
MW Yy

HApA ML, NAATE AR LAT & — 0 p X T3
AR R ZR AV TR o ] G 3ok 55 AR 4 B 2 s

Vrp=\T'rp “4)

B, Ve, J o pAESEARBR R R IO B G, YT D944
PRARAG) (= 1,2,---,7) HIA TR AR bR R (0 A7 2 AR 0
W, frp i p FERTT AR R (i} I DR B AN AR K47

F /4
Tright_ankle

@/A Might foord
TF""“ ‘ ttn

Fiye Fy Fie

K2 NAR-SE R & 8l ) i

Fig. 2 Dynamics model of the human-exoskeleton system
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Table 2 Lengths and weights of human segments

Parameters Values/m Parameters Values/kg
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Fig. 3 Division of gait stages
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Table 3 Parameters of the PSO Algorithm
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D 14 w 1
m 100 cy 2
n 50 c 2
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BT R I3 % B8 20 S

Iy 7 7
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AL E Py, RIS (22) Rt (23) SEHARARL T 4L
BREE, JETFAA N — 58, RIS A AT i)
W SIPEFITE 2, Bl AR B G 0, 45 2% R HCks



12 W

AR A RO ANE BR ANLEE & 80 12 5 B e A by 3503

ARSI 2 foe/IME.
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DI S AT [ e it 2, I i i 23 00 2 R
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71 (peak_time) = peak _torque (25)
71 (peak_time —start time) =0 (26)
75 (peak_time) = peak_torque 27)
To(peak time +fall time) =0 (28)

[ I, 2SR i 2675428 R peak _time AL (1R} A6 AHSE H.
N, P IEAE P (1R 0 0, B

71 (peak_time) =0 (29)
71 (peak_time —start time) =0 (30)
5 (peak time) =0 31
5 (peak_time + fall_time) =0 (32)
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Fig. 5 Assistive torque curve of the ankle exoskeleton
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Texo 1 = a1 +b112 +c1t+d, (33)

Texo 2 = a2t3 + b2t2 +cot+dy (34)
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Table 4 Parameters of the assistance curve

Parameters Values Parameters Values
aj —0.0025 ay —0.0373
b 0.1978 by 5.8800
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Fig. 6 Comparison of the actual torque with the desired torque of the
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Fig. 7 A comparison of human ankle angles for the cases with and
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Fig. 9 A comparison of the human ankle power for the cases with and
without exoskeleton
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Table 5 Evaluation of exoskeleton assistance effect under

different walking speed

Work reduction

Walking speed/ Average peak torque reduction

(kmh™) left right left  right
1 2.0 40.76% 40.68% 37.47% 31.85%
2 2.5 48.29% 33.92% 42.29% 32.78%
3 3.5 43.74% 30.51% 37.00% 34.55%
4 4.5 37.41% 30.17% 33.72% 28.87%
5 5.5 36.96% 24.84% 33.70% 24.69%
6 6.5 31.89% 31.11% 30.01% 28.96%
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Fig. 10 Musculoskeletal dynamic model of the human-exoskeleton
coupled system in SCONE
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Table 6 Weights of the objective function in SCONE

Weights Values
v 100
e 0.1
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ool " --- pure walking
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(a) Iteration results of the objective function in SCONE optimization

0 200 800

0.3

—— exoskeleton on
- -- pure walking

activation

gait cycle/%

(b) Eb H LGS &

(b) Activation of soleus

11 SCONE Tiill fij 245
Fig. 11 Simulation results of SCONE
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