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Text S2
Control strategies in active exoskeletons
Toxiri et al. (2018) investigated the influence of different control strategies of the active exoskeleton Robo-Mate on the muscle activity of the MES when lifting. Besides the strategy based on trunk inclination (Huysamen et al., 2018), they implemented an EMG-based control strategy and a third strategy, a generalized combination of the first two ones. For the EMG-based strategy, the muscle activity of the forearm was measured by an EMG armband, based on the idea that the activity in the forearm muscles increases when grabbing and lifting a heavy object and then concomitantly a correspondingly higher level of support is required. As in the study by Huysamen et al. (2018), the subjects had to complete a lifting and lowering task with 7.5 kg as well as with 15 kg, using the different control strategies, without instructions on lifting technique or lifting speed. Toxiri et al. (2018) observed a reduction in the average activation profile as well as in the peak activation under all three strategies and for both loads. The peak activation was significantly reduced, ranging from 28% to 35%, compared to without exoskeleton. Shortly after, Koopman et al. (2019) published an article where additionally to the three control strategies different lifting techniques were used (free, squat and stoop lifting). They observed an average lumbar EMG reduction of approx. 13% MVC (averaged over all control strategies and lifting techniques) regarding back muscle peak activity when lifting a 15 kg heavy box. The observed reductions in muscle activity compared to lifting without exoskeleton were statistically significant, regardless of the control strategy or lifting technique used. Specifically, for the stoop technique (due to the similarity to our study), the peak activity was reduced from 68% MVC (without exoskeleton) to 57% MVC (exoskeleton with the inclination-based control strategy), 60% MVC (exoskeleton with EMG-based control strategy) and 58% MVC (exoskeleton with hybrid control strategy). Across the three different control strategies, this corresponds to a reduction of approx. 10% MVC, and hence, a relative reduction compared to stoop-lifting without exoskeleton of approx. 14%. In a recent study conducted by Poliero et al. (2020), using the so-called XoTrunk exoskeleton, which was derived from the Robo-Mate active trunk prototype (Di Natali et al., 2021; Toxiri et al., 2018), a constant torque strategy was implemented, in this case to support when carrying weights. Interestingly, the number of subjects who show a benefit from exoskeleton use increased as the carried weight increased. Even though their experimental results do not reveal a clear polarity of the data, there is a trend showing that MES activity is slightly reduced when carrying medium (8.2 kg) and higher weights (16.2 kg), whereas it seems that there is a slight increase in activity when carrying very low weight (1.2 kg). They assume that this might be due to adopted abdominal and back-extensor co-contraction, stiffening the upper body to counteract the constant extension torque of the exoskeleton and to regain stability when carrying very light weight. Since there are even further control strategies, e.g., based on the movement kinematics, as implemented by Lazzaroni et al. (2019) or in the case of the used exoskeleton Cray X and all strategies seem to have certain advantages and disadvantages, further research is needed here. At the same time, however, this shows how versatile active exoskeletons are, just by the possibility of controlling their actuators via the control system.   
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