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Abstract

Feedback-control models have been widely used to simulate human postural control. Building on
musculoskeletal modeling and control, this study improves a three-path feedback controller to pre-
dict human postural responses under varying sensorimotor delays and perturbation amplitudes.
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Using a modified two-dimensional gait10dof18musc model, we simulated perturbed balance at
feedback delays of 100, 150, and 200 ms and amplitudes of 0 mm~80 mm. The results show that
longer delays lead to higher peak muscle activations; as perturbation amplitude increases, the
ranges of motion at the ankle and knee increase, whereas those of the pelvis and hip decrease; and
several key muscles exhibit significant between-delay differences in peak activation. Moreover, rel-
ative to the original controller, the improved controller maintains smaller CoM-CoP deviations over
a broader range of delays and amplitudes and markedly reduces the co-contraction index for four
principal antagonist pairs. These findings indicate that the improved controller achieves greater
robustness across delays and perturbations and is more effective in perturbation tracking and pos-
tural stabilization.
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Table 1. Contact coefficients for the model’s contact forces
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Figure 1. (a) Overview of the musculoskeletal model used in the simulations, comprising nine muscles (each labeled); the
platform is controller-driven and can impose sinusoidal perturbations of varying amplitudes; (b) Frontal view of the adapted
human musculoskeletal model; (c) Lateral view of the adapted human musculoskeletal model
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Table 2. Muscle-specific delays employed in the controller
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Table 3. Muscle co-contraction pairs
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Figure 2. Time-normalized joint angles of the pelvis, hip, knee, and ankle over the cycle during an anteroposterior (AP) horizontal
sinusoidal perturbation (amplitude > 10 mm), compared across three delay conditions (100 ms, 150 ms, and 200 ms)
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Figure 3. Time-normalized muscle activations over the cycle during an anteroposterior (AP) horizontal sinusoidal perturbation
(amplitude > 10 mm), compared across three feedback-delay conditions (100 ms, 150 ms, and 200 ms)
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Figure 5. Horizontal displacement between the center of mass (CoM) and the center of pressure (CoP) during anterior-posterior
(AP) sinusoidal perturbations (amplitude > 20 mm), under a 100 ms feedback delay
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Figure 6. COM-COP horizontal displacement difference during anterior-posterior sinusoidal perturbations (amplitudes > 10
mm) under feedback delays of 100, 150, and 200 ms. The x-axis denotes cycle progress (%), and the y-axis shows the COM-
COP difference (m)
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Figure 7. Single-cycle CoP-CoM difference across feedback delays and perturbation amplitudes. RMS denotes the root-mean-
square of the CoP-CoM difference within the cycle; RMS1 corresponds to the original controller, and RMS2 to the improved
controller
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