[bookmark: _Hlk188817050]Supplementary material
1. Series elastic actuator (SEA) experimental setup and performance evaluation




As depicted in Figure 1(a), an experimental platform is developed to perform a benchtop test of the SEA. The platform is composed of a SEA mounted on a breadboard, and its output is connected to a torque sensor (NJL-101-50Nm, LONGLV) through a coupling. The opposing end of the torque sensor is fixed to the breadboard through an additional coupling, serving to measure the output torque of the actuator. The deflection of the spiral spring  in the SEA is obtained by measuring the joint position  and the motor position  using the encoders embedded in the SEA, where  is the transmission ratio of the harmonic drive.


Figure 1.  (a) Experimental setup for the SEA, (b) torque-deflection relationship of the SEA.

1.1. Stiffness calibration
The torque-deflection relationship of the SEA is measured as shown in Figure 1(b). The blue line represents the measured data, and the red line is the linear fitting results. It is observed that the spring exhibits linear stiffness behavior, with a stiffness value of approximately 671 Nm/rad. The curve fitting can achieve an R-squared (R2) value of 0.999, and the root mean square error (RMSE) between the fitted results and the measured data is 0.165 Nm.

1.2. Torque trajectories tracking
To evaluate the torque tracking performance of the SEA, a sine-tracking experiment is conducted. The desired torque is defined as sinusoidal trajectories with an amplitude of 5 Nm and frequencies of 0.5 Hz, 1 Hz, and 2 Hz, as illustrated in Figure 2(a). The torque tracking RMSE at a frequency of 0.5 Hz is 0.018 Nm, becomes 0.040 Nm at a frequency of 1 Hz and 0.136 Nm at a frequency of 2 Hz. 

1.3. Bandwidth test
[bookmark: _Hlk188818779]To evaluate the dynamics performance of the SEA, the bandwidth test experiment is conducted by exciting the system with a chirp signal. A chirp torque signal with an amplitude of 4 Nm was applied. The frequency of the signal is increased linearly from an initial 0.05 Hz at a rate of 0.5 Hz/s. The desired and measured torque were transformed into the frequency domain using a fast Fourier transform to generate a Bode plot, as depicted in Figure 2(b). Taking the amplitude ratio of -3 dB and the phase margin of 30°, the torque bandwidth of the SEA is approximately 32.7 Hz.


Figure 2.  (a)Torque control results of the SEA for tracking 0.5 Hz, 1 Hz, and 2 Hz sinusoidal trajectories, (b) Bode diagram of chirp response result for the SEA.
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