
Supplementary Materials 
A: An overview of back support exoskeletons and 
exosuits 
 

Table A1: An non-exhaustive overview of the controllers used for active back support devices 

Exoskeleton/Exosuit High-level Control Strategy used References 

AWN-12 Model Y 

Motion-based: sensors on the 
waist detect movement. Support 

during lifting, gravity 
compensation during lowering 
and no support during walking. 

(Toxiri et al., 2019) 

CRAY X – 4th gen 

Speed-dependent control. 2 
working modes (static, agile) and 
possibility for basic parameters’ 

setting. 

(Govaerts et al., 2024; 
Schwartz et al., 2022; 

Walter et al., 2023) 

Robo-Mate MK2-b 

Torque proportional to trunk 
angle and load detection based 

on EMG bracelet around the 
forearm. 

(Koopman et al., 2019; 
Toxiri, Calanca, et al., 

2018; Toxiri, Koopman, 
et al., 2018) 

APO Control based on adaptive 
dynamic movement primitives. 

(Chen et al., 2019; 
Giovacchini et al., 2015; 

Lanotte et al., 2021) 
 
 

HAL lumbar support 

Two subsystems working in 
parallel: cybernetic voluntary 

control (CVC), EMGs for 
intention detection, cybernetic 

autonomous control (CAC), 
gravity compensation. 

(Hiromasa Hara & 
Yoshiyuki Sankai, 2010; 

Miura et al., 2018) 
 
 

LAD 

Finite state machine on trunk 
inclination and pelvis joint angle. 
3 states: standing, lowering, and 

lifting. 

(Lee & Kim, 2019) 

ExoBack v1 

Motion-based. Different 
pre-defined modalities available 

and possibility for basic 
parameters’ setting. 

 
(Schwartz et al., 2022) 

H-Wex v2 

Inclination-based. Virtual spring 
mode and gravity compensation, 

with possibility for basic 
parameters’ setting 

(Hyun et al., 2020; Ko et 
al., 2018) 

WPAD 
 

A displacement sensor is 
triggered by the leg movement to (Yin et al., 2019) 



open solenoid valves and 
contract the pneumatic muscles. 

Custom exoskeleton 
1 

Motion-base: finite state 
machine on encoders torque and 
angles. 3 states: lifting, lowering 
and no load. Sensorized gloves 

to detect external objects. 

(Zhang & Huang, 2018) 

AB-Wear III Artificial muscles are directly 
activated by the user via a button. (Yamanaka et al., 2021) 

Hip Active 
Exoskeleton 

Motion-based. It includes a finite 
state machine with 6 states: 

semi-squat, upright, right front 
and back swing, left front and 

back swing. 

(Wei et al., 2020) 

Portable Pneumatic 
Exoskeleton 

Motion-based on measured hip 
angles and information from load 
cells in series with the cylinders’ 

rods. 

(Heo et al., 2020) 

 

  



B: Electromyograms-musculotendon unit mapping 
TABLE B1: MEASURED ELECTROMYOGRAMS (EMG) AND MODEL MUSCLE-TENDON UNIT MAPPING 

Muscle group in adapted lifting-
full body model 

Measured EMG 

Rectus abdominis, external and 
internal obliques 

Rectus abdominis 

Iliocostalis pars lumborum Iliocostalis 
Longissimus thoracis pars 

lumborum 
Longissimus thoracis 
pars lumborum and 

multifidus 
Longissimus thoracis pars 

thoracis and iliocostalis pars 
thoracis 

Longissimus thoracis 
pars thoracis 

 

 

Table B1 shows the muscle-tendon unit groups in the adapted lifting full-body model and 
the associated experimentally measured bipolar EMGs. Muscle-tendon units belonging 
to latissimus dorsi, quadratus lumborum and psoas major muscle groups were not driven 
by EMGs, therefore, solely contributing with the passive musculotendon force 
component. 

  



C: Subject-specific human-exosuit work loops 
Fig. C1 depicts human-exosuit work loops for each participant, NMBC, TIBC and weight 
conditions.  

 

 
Figure C1. Subject-specific (for n = 10 participants) human-exosuit work loops during assisted box-lifting tasks, for 

neuromechanical model-based (NMBC) and trunk inclination-based (TIBC) controllers. Cable forces (summation of 
left and right cable and normalized to body weight) are plotted versus trunk inclination for 5 (light blue) and 15 kg 

(dark blue) conditions. P1 to P10 indicate the participant number. 

 



D: Peak EMG during the complete cycle 
Biomechanical metrics such as peak muscle activity and peak compressive forces are 
commonly studied to estimate the influence of cumulative damage over time (Gallagher 
et al., 2017). Here, we complement the results in the main text with comparison of 
differences in peak muscle activity across the three conditions (NOEXO, NMBC, and 
TIBC), as well as the two weights lifted (5 kg and 15 kg). Repeated-measures ANOVA 
with post-hoc correction was performed to estimate the significant differences across 
these conditions.  

 

 

Figure D1: Peak EMG values (averaged across the complete lifting cycle and participants) for iliocostalis (IL), 
longissimus thoracis pars lumborum (LTpL) and pars thoracis (LTpT), for NOEXO, neuromechanical model-based 
control (NMBC) and trunk inclination-based control (TIBC) conditions. The bars consist of blocks which depict the 
summation of left and right muscles. Numerical values indicate overall percentage of EMG reduction with respect to 
NOEXO condition. Statistically significant differences are denoted by * (p<0.05). 

Figure D1 shows the differences in peak muscle activity summed across the left and right 
side. We see that TIBC significantly reduced muscle activity compared to NOEXO 
condition for both weights lifted. For 5 kg condition, the TIBC reduced muscle activity 
compared to the NMBC condition. For 15 kg condition, the NMBC reduced muscle 
activity compared to NOEXO.  

 

 

 

  



E: Peak EMG during parts of the lifting cycle  
Here, we present the differences in peak muscle activity for the different phases of the 
lifting cycle. This includes the erect stance (40% to 60% of the cycle), lifting phase (25% 
to 40% and 75% to 100% of the cycle) and the lowering phases (1% to 25% and 60% to 
75% of the cycle).  

 
Figure E1: Erect Stance: Peak EMG values for iliocostalis (IL), longissimus thoracis pars lumborum (LTpL) and pars 
thoracis (LTpT), for NOEXO, neuromechanical model-based control (NMBC) and trunk inclination-based control (TIBC) 
conditions. The bars consist of blocks which depict the summation of left and right muscles. Numerical values indicate 
overall percentage of EMG reduction with respect to NOEXO condition. Statistically significant differences are denoted 
by * (p<0.05). 

 
Figure E2: Lifting Phase: Peak EMG values for iliocostalis (IL), longissimus thoracis pars lumborum (LTpL) and pars 
thoracis (LTpT), for NOEXO, neuromechanical model-based control (NMBC) and trunk inclination-based control (TIBC) 
conditions. The bars consist of blocks which depict the summation of left and right muscles. Numerical values indicate 
overall percentage of EMG reduction with respect to NOEXO condition. Statistically significant differences are denoted 
by * (p<0.05). 



 
Figure E3: Lowering Phase: Peak EMG values for iliocostalis (IL), longissimus thoracis pars lumborum (LTpL) and pars 
thoracis (LTpT), for NOEXO, neuromechanical model-based control (NMBC) and trunk inclination-based control (TIBC) 
conditions. The bars consist of blocks which depict the summation of left and right muscles. Numerical values indicate 
overall percentage of EMG reduction with respect to NOEXO condition. Statistically significant differences are denoted 
by * (p<0.05). 

 

Figure E1 shows that during erect stance, significant differences were found for peak 
muscle activity between NOEXO and both NMBC as well as TIBC. This was true for both 
weights lifted. Similarly, for both weight conditions, the NMBC reduced the peak activity 
more than TIBC. Figure E2 shows the differences in peak muscle activity only during the 
lifting phase of the tasks. Significant reductions were found by TIBC for both 5 and 15 kg. 
Finally, Figure E3 shows that during the lowering phase, both NMBC and TIBC showed 
reductions in muscle activity compared to the NOEXO condition. This was true for both 
weight conditions.  

  



F: Peak L5/S1 Moments, and Compressive Forces 
during parts of the lifting cycle  
Here, we present the differences in peak lumbosacral moments and compressive forces 
for the different phases of the lifting cycle. This includes the erect stance (40% to 60% of 
the cycle), lifting phase (25% to 40% and 75% to 100% of the cycle) and the lowering 
phases (1% to 25% and 60% to 75% of the cycle). 

 
Figure F1: Erect Stance: Peak L5/S1 flexion joint moments and compression forces for 5 and 15kg weight conditions, 
and NOEXO, neuromechanical model-based control (NMBC) and trunk inclination-based control (TIBC) conditions. 
Numerical values indicate overall moment or compression force reduction with respect to NOEXO condition. 
Statistically significant differences are denoted by * (p<0.05). 



 
Figure F2: Lifting Phase: Peak L5/S1 flexion joint moments and compression forces for 5 and 15kg weight conditions, 
and NOEXO, neuromechanical model-based control (NMBC) and trunk inclination-based control (TIBC) conditions. 
Numerical values indicate overall moment or compression force reduction with respect to NOEXO condition. 
Statistically significant differences are denoted by * (p<0.05). 

 

 
Figure F3: Lowering Phase: Peak L5/S1 flexion joint moments and compression forces for 5 and 15kg weight conditions, 
and NOEXO, neuromechanical model-based control (NMBC) and trunk inclination-based control (TIBC) conditions. 
Numerical values indicate overall moment or compression force reduction with respect to NOEXO condition. 
Statistically significant differences are denoted by * (p<0.05). 



Figure F1 shows the differences in peak moments and compressive forces only during 
the erect stance. We see that NMBC reduces the peak moments as well as compressive 
forces compared to NOEXO condition for 15 kg weight. The TIBC only reduced the peak 
compressive forces when carrying the 15 kg weight. Figure F2 shows the differences 
during the lifting phase. Only peak compressive forces were reduced by the TIBC 
compared to the NOEXO condition, irrespective of the weight carried. Finally, figure F3 
shows the differences during the lowering phase. Only TIBC showed significant 
reductions in peak moments when lifting 5 kg compared to the NOEXO condition.  

 

 

  



G: Mean L5/S1 Moments, and Compressive Forces 
during parts of the lifting cycle  
Here, we present the differences in mean lumbosacral moments and compressive forces 
for the different phases of the lifting cycle. This includes the erect stance (40% to 60% of 
the cycle), lifting phase (25% to 40% and 75% to 100% of the cycle) and the lowering 
phases (1% to 25% and 60% to 75% of the cycle). 

 
Figure G1: Erect Stance: Mean L5/S1 flexion joint moments and compression forces for 5 and 15kg weight conditions, 
and NOEXO, neuromechanical model-based control (NMBC) and trunk inclination-based control (TIBC) conditions. 
Numerical values indicate overall moment or compression force reduction with respect to NOEXO condition. 
Statistically significant differences are denoted by * (p<0.05). 

 

 



 
Figure G2: Lifting Phase: Mean L5/S1 flexion joint moments and compression forces for 5 and 15kg weight conditions, 
and NOEXO, neuromechanical model-based control (NMBC) and trunk inclination-based control (TIBC) conditions. 
Numerical values indicate overall moment or compression force reduction with respect to NOEXO condition. 
Statistically significant differences are denoted by * (p<0.05). 

 
Figure G3: Lowering Phase: Mean L5/S1 flexion joint moments and compression forces for 5 and 15kg weight 
conditions, and NOEXO, neuromechanical model-based control (NMBC) and trunk inclination-based control (TIBC) 
conditions. Numerical values indicate overall moment or compression force reduction with respect to NOEXO 
condition. Statistically significant differences are denoted by * (p<0.05). 



Figure G1 shows the differences in mean moments and compressive forces only during 
the erect stance. We see that irrespective of the weight carried, NMBC reduced both the 
mean moments and compressive forces compared to the NOEXO as well as TIBC. Figure 
G2 shows the differences during the lifting phase. Only mean compressive forces were 
reduced by the both NMBC and TIBC compared to NOEXO conditions when lifting 5 kg. 
Finally, figure G3 shows the differences during the lowering phase. Reductions were seen 
only for the 5 kg weights. NMBC reduced both mean moments and compressive forces, 
whereas, TIBC reduced the mean moments during the lowering phase.  
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