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Abstract  The motion performance evaluation of human walking with an exoskeleton is an important guide for
exoskeleton hardware iteration and control strategy optimization. Compared to the conventional experimental-based
evaluation, that based on the dynamic simulation of the musculoskeletal-exoskeletal coupled system avoids the immense
time and labor expense of platform establishing, experimenting and data processing. Moreover, further taking the human
neuromuscular dynamics into account, the forward dynamic simulation of the coupled musculoskeletal-exoskeletal
system can also generate physiological and biomechanical information such as muscle activation, muscle force, and joint
torque that are unmeasurable during the experiment. This enables the muscle-level evaluation of human kinematics
wearing the exoskeleton under various environments. Based on a comprehensive neuro-musculoskeletal-exoskeletal
coupled dynamic simulation framework that integrates the human neuromusculoskeletal dynamics, foot-ground contact,
and human-exoskeleton interaction, this study focuses on the human-exoskeleton coupled system and researched the
kinematics of the system walking on the horizontal and uphill (5.71 °, 10%) treadmill at 0.8 m/s. The neuromuscular
reflex parameters in the model are decided using the covariance matrix adaptation evolution strategy with the stepwise,
multi-objective optimization, with multidimensional criteria considered, including the system motion, muscle
expenditure, foot-ground reaction forces, etc., and then efficient system dynamic simulation can be accomplished without
experiment data input. Results showed that the proposed framework can not only generate a full range of physiological
and biomechanical signals including muscle activation, muscle force, joint torque, and joint angle, but also reflex and
explain the adaptive change of muscle activation patterns to the walking environment variation. We further conducted
experiments where the subject wore the exoskeleton walking under the same conditions, and compared the muscle
activation with the measured sSEMG signals. Results demonstrated that the muscle activities and their changing tendency
concerning the ground slope in simulation and experiment maintained high consistency; The RMS values of activation of
hamstrings, gluteus maximus, iliopsoas, and soleus when walking uphill increased significantly compared to those when
walking horizontally, while that of rectus femoris and tibialis anterior reduced comparatively. The results above
confirmed the effectiveness and accuracy of the proposed simulation framework in capturing qualitative variance of
muscle activation patterns induced by terrain variation without experimental input. The study provides a new approach to
conducting walking simulation and performance evaluation of the human-exoskeleton coupled system under multiple
scenarios, and offers a theoretical reference and a simulation method for future research on hardware design and control
strategy optimization of the exoskeleton.

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

model, muscle activation
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Fig. 4 Simulation results of the model walking on flat ground
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(a) Muscle activations, normalized to the gait cycle
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Fig.5 Muscle activations and their RMS values of walking on flat and
uphill ground, simulation results
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Fig. 6 Photos of experiment while the subject wears the exoskeleton,
inertial measurement sensors and SEMG electrodes
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(a) Muscle activities in simulations and experiments, normalized to the gait cycle
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Fig. 7 Muscle activities and their RMS values of walking on flat and uphill ground, comparison between simulation and experiment results
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Table 1 Correlation coefficients of the normalized muscle

activities between the simulation and experiment results

FEM HAM GAS SOL TA

Flat ground 0.792 0.451 0936 0.878 0.333

Uphill ground (5.71°, 10%) 0740 0.543  0.894 0.870 0.243
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Table A1 Optimization results of the parameters in the neuromuscular reflex model in walking on flat ground
Symbol Value Symbol Value Symbol Value
KM 1.087 KGLU 0.119 JHam 0.475
KA 0.741 KOV 1.116 qP® -0.105
K5Ok 1.283 KM 2555 v 0.644
KGAS 1.218 KL 0.732 gl ~0.406
KpeM 1.673 K 0.456 CFEM 0.431
KjEM 0.385 KL 0.804 CHAM ~0.058
KHAM 2.084 K 0.301 CGLU 0.528
KM 0.844 KLl 2971 ciu 0.028
KHAM 0.094 I 0.800 cH 0.088
K;}LU 1.915 7(1)“ 0.414
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Table A2 Optimization results of the parameters in the neuromuscular reflex model in walking uphill
Symbol Value Symbol Value Symbol Value
KA 0.806 KffLU 0.721 T‘(;‘AM 0.519
K™ 0.121 KGLU 0.794 P -0.194
KoL 1.643 Kl 2.832 qv® 0.142
KGAS 1118 K 0.633 gnee -0.375
KM 1.624 K 0.309 CFEM 0.402
KpM 0.363 Kt 1.464 CcHAM -0.246
KlAM 2.037 K 0.245 coL 0.331
KM 0.385 K 1.923 ci 0.043
KHam 0.604 I 0.797 cH 0.95
KSHU 0.738 m 0.000
Mz A3 TESHIAARKERAN
Table A3  Peak forces of the muscle in walking simulation
Muscle abbreviation Peak force/N Muscle abbreviation Peak force/N
FEM 4530 HAM 2594
GLU 1944 ILI 2342
GAS 2241 SOL 3549
TIB 1759
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