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Abstract: Passive upper-extremity exoskeletons may decrease the risk of 
developing work-related musculoskeletal disorders. This study examined how 
shoulder muscle forces and biomechanical loads in the glenohumeral and  
L4-L5 joint changed as different support torque (1.1 Nm–11.2 Nm) and angle 
settings (60°–120°) of an exoskeleton were simulated during an overhead 
manual material handling task. Full-body kinematics of 15 grocery workers, 
who lifted a bread case (7.9 kg) onto shopping shelves (145.5 cm), were 
captured on site. The kinematic data were used to drive a detailed  
human-exoskeleton model based on inverse dynamics. Generally, simulations 
with maximum torque combined with a peak angle setting between 75°–105° 
reduced L4-L5 compression and anteroposterior shear forces, glenohumeral 
contact forces and shoulder flexor muscle forces. The exoskeleton therefore, 
seemed effective for reducing physical exposure during overhead handling. 
However, maximum torque with the lowest angle setting, 60°, increased 
musculoskeletal loading, suggesting that not adjusting the exoskeleton properly 
could be detrimental. 

Keywords: musculoskeletal modelling; musculoskeletal diseases; exoskeleton 
device; lifting; manual material handling; MMH; computer simulation; 
biomechanics. 
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1 Introduction 

Manual material handling (MMH) refers to the process of moving an item manually by 
lifting, lowering or carrying them. This process is very common within many 
occupational settings, as for instance, construction, transportation and retail  
(Heran-Le Roy et al., 1999). Previous studies have reported strong evidence for the 
association between work-related musculoskeletal disorders (WMSDs) and MMH tasks 
(Mayer et al., 2012). In addition, repetitive motions, awkward postures, and/or high 
forces in the shoulders and back are well-documented risk factors for developing 
WMSDs (Griffith et al., 2012; van Rijn et al., 2010). Grocery work is an occupation with 
a high prevalence of WMSDs, with shoulder and lower back disorders accounting for 
approximately 40% (Anton and Weeks, 2016). 

Occupational exoskeletons are emerging as ergonomic tools to assist various 
workplaces and provide opportunities for improved working conditions, production 
capabilities and injury prevention (Butler, 2016). Exoskeletons are defined as wearable 
mechanical structures that enhance the physical capacity of a person. Passive 
exoskeletons comprise springs designed to aid different body joints by storing and 
releasing energy, while an active exoskeleton comprises actuators that adds mechanical 
energy to the system (de Looze et al., 2016). 
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A variety of passive upper-extremity exoskeletons (PUEXO) are commercially 
available. Laboratory studies have been fairly consistent in demonstrating reduced 
shoulder flexor muscle activity during shoulder and overhead drilling (Kim et al., 2018a; 
Van Engelhoven et al., 2019), overhead tool manipulation (Alabdulkarim et al., 2019; 
Huysamen et al., 2018; Rashedi et al., 2014), and MMH tasks (Theurel et al., 2018) 
independent of exoskeleton design. Field testing found similar benefits during cab 
assembly, frame welding and parts painting (Gillette and Stephenson, 2019, 2018), and 
worker endurance and productivity were positively affected during boat sanding 
operations (Moyon et al., 2018) and car assembly (Spada et al., 2018) with a PUEXO. 

Even though studies point towards a beneficial effect, firms should act with caution, 
as negative consequences might also be present. For example, altered kinematics has 
been observed using two different PUEXO, the PAEXO (Maurice et al., 2020) and the 
EXHAUSS Stronger® (Theurel et al., 2018), and these changes could result in 
detrimental humerus and scapula movements (Grieve and Dickerson, 2008). Besides 
altered kinematics, adjusting the output on the ShoulderX exoskeleton resulted in 
interference with shoulder antagonist and agonist muscle synergy (Van Engelhoven et al., 
2019). Apart from shoulder muscle activities, the erector spinae and internal oblique 
muscles were observed to be heavily recruited as a consequence of carrying the 
additional mass from the Steadicam Fawcett Exovest compared to a control condition 
(Weston et al., 2018). Moreover, undesired load transfer was also found for the 
aforementioned exoskeleton with increased peak and mean spinal compression and 
anteroposterior shear forces at the L4-L5 joint (Weston et al., 2018). In contrast, reduced 
spinal loading was found during heavy and light-weighted drilling, while increased lateral 
shear was observed during a wiring task with the EksoVest (Kim et al., 2018b). It is 
obvious that the effects of a PUEXO are highly dependent on the exoskeleton design. 
Therefore, researchers should focus on determining how to fit an exoskeleton to specific 
tasks. Finding an optimal solution for specific tasks may act as a catalyst for the product 
developer to improve the human exoskeleton interaction (Wolf and Wartzack, 2018). 

As PUEXO are most often implemented to alleviate the loading on the muscles and 
joints, a potential approach to task-specific design could be to investigate how internal 
body quantities in the shoulder and lower back can be minimised by applying different 
support settings. Internal loads, such as muscle and joint reaction forces (JRFs), are 
difficult to measure in vivo and require extensive invasive procedures (Bergmann et al., 
2007; Wilke et al., 2001, 1999). However, musculoskeletal models can be used to 
estimate muscle and JRFs based on measurements of kinematics and external forces 
(Larsen et al., 2020). Furthermore, advancements in inertial measurement unit  
(IMU)-based motion capture systems has enabled the acquisition of this kinematic input 
data outside a laboratory environment. Larsen et al. (2020) demonstrated how using this 
technology in tandem with musculoskeletal modelling could be a useful tool to estimate 
loadings during MMH tasks with reasonable accuracy. 

Therefore, we wanted to design a method to evaluate the effects on musculoskeletal 
loading associated with using an exoskeleton based on inertial motion capture data 
obtained in the field. To do this, a human-exoskeletal model was created, comprising 
both the exoskeleton (commercially available ShoulderX_v3 www.suitx.com) and the 
human body. Using the human-exoskeleton model, a parameter simulation study was 
performed, where exoskeleton torque amplitude and torque angle setting (i.e., the angles 
where torque is provided) from the ShoulderX (Van Engelhoven and Kazerooni, 2019) 
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were manipulated to identify the optimal solution for reducing musculoskeletal loading 
during a MMH task. 

2 Methods 

2.1 Subjects 

A total of 15 healthy adults (7 men and 8 women, age: 26.3 ± 8.0 years, height: 174.0  
± 7.7 cm, weight: 74.1 ± 13.3 kg, experience: 7.6 ± 5.5 years), full-time employees at two 
supermarket stores were included in this study. All subjects provided written informed 
consent before data collection commenced. The study followed the guidelines of The 
North Denmark Region Committee on Health Research Ethics. 

2.2 Experimental data 

This study was a part of a larger project aimed at determining the biomechanical loads, 
muscular demands and working postures during MMH in the Danish supermarket sector 
(Skals et al., 2021b, 2021a). From this dataset, a two-handed lifting task, where a box of 
rye bread (7.9 kg) was lifted from a starting position of 15 cm above ground level to a 
shelf height of approximately 145.5 cm (Figure 1), was chosen for the exoskeleton 
evaluation. This MMH task was selected as it was deemed relevant for PUEXO work in 
terms of working height, which required arm elevation at or above shoulder height. 
During the task, subjects had bilateral peak and mean shoulder flexion angels of 104.8°  
± 12.1° and 63.2° ± 11.5° with abduction angles of 65.4° ± 9° and 40.3° ± 6.7°, 
respectively. Further details on the joint kinematics can be found in an online database 
(Skals et al., 2020). 

Figure 1 The MMH task that was selected for the evaluation (see online version for colours) 

 

Each subject performed a total of four trials from which full-body kinematic data were 
captured with an IMU-based motion capture system, the Xsens MVN Awinda wireless 
motion tracker (Xsens Technologies BV, Enschede, The Netherlands), sampling at  
60 Hz. The time series for each trial spanned from the initiation of the lift until the instant 
the box was placed on the shelf. IMU sensors were attached to the subjects on seventeen 
body segments: head, sternum, shoulders, upper arms, lower arms, hands, pelvis, thighs, 
shanks and each foot, according to the user manual. The data from the IMUs were used to 
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drive a 23-segment kinematic model, which was later used as kinematic input to the 
musculoskeletal model (see Subsection 2.5). 

2.3 Exoskeleton 

The commercially available ShoulderX_V3 (SuitX, USA) PUEXO, weighing 3.2 kg, was 
used in the study. The exoskeleton has adjustable torso height, shoulder width, and arm 
length, to accommodate user anthropometrics (Figure 2). 

Figure 2 Illustration of the wearable assistive device (ShoulderX_v3) components  
(see online version for colours) 

 

The concept of the ShoulderX is to apply force to the operator’s upper arm to unload the 
shoulder complex and spine by redistributing a fraction of the external load through the 
exoskeleton structure to the larger muscle groups at the hips and torso (Van Engelhoven 
and Kazerooni, 2019). The exoskeleton consists of a spring proximal to each 
glenohumeral joint, providing a passive support when arm elevation occurs. The 
exoskeleton includes settings to control the support by allowing changes to the arm 
elevation angles at which the torque occurs and the torque amplitudes themselves  
(Table 1). When the subject is standing in a neutral posture with the arms positioned 
alongside the body, it corresponds to an elevation angle of 0° in the revolute joint of the 
exoskeleton arm. 
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Table 1 A summary of torque angle (TA) and torque amplitude settings (TAS) used to adjust 
the torque profile 

 
Torque angle setting [°]  Torque amplitude setting [Nm] 

60 75 90 105 120  1 2 3 4 5 
Torque engagement –10 5 20 35 50  1.1 1.4 1.6 1.9 2.2 
Torque peak 60 75 90 105 120  5.5 6.8 8.2 9.7 11.2 
Torque disengagement 100 115 130 145 160  3.2 3.8 4.3 4.9 5.5 

Notes: A 0° angle corresponding to the arms placed in a neutral position alongside the 
body. Note that italic text emphasises the different settings that were used on the 
exoskeleton. 

The exoskeleton has adjustment options within the upper and lower boundaries of these 
settings, where each combination results in a specific torque profile. For example, setting 
‘90°, 3’ results in the output shown in Figure 3(a). Thus, a profile of the torque output 
can be created for each combination of settings (Figure 3). 

Figure 3 (a) Single torque profile response as a function of elevation angle at the discrete setting 
‘90°, 3’ (b) Torque profile response to three different discrete torque amplitude settings 
as a function of elevation angle at ‘90°, 5’ (blue), ‘90°, 3’ (black), and ‘90°, 1’ (red)  
(c) Torque profile response to three different discrete torque angle settings as a function 
of elevation angle ‘60°, 3’ (green), ‘90°, 3’ (black), and ‘120°, 3’ (magenta)  
(see online version for colours) 

 

2.4 Building the model 

Full-body kinematic data were processed and used to drive a detailed computer model  
co-simulating the human, exoskeleton and box using inverse dynamics. The model was 
composed of a musculoskeletal human body (i.e., bones, joints, and muscles), a box 
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representing the carried goods, and an exoskeleton model (i.e., mechanical components, 
joints, and passive elastic elements). These models were connected to form a single 
mechanical system. The detailed human-exoskeletal model was built in the AnyBody 
Modelling System v.7.2 (AMS) (AnyBody Technology A/S, Aalborg, Denmark). An 
overview of the process is depicted in Figure 4. We briefly describe this model in  
Figure 4, but otherwise focus on describing the model additions for the present study. 

Figure 4 Flowchart showing the steps from experimental data collection to the development of 
the human-exoskeleton model in the AMS and the setup of the computational parameter 
variation with simulations of the different torque profiles for the manual material 
handling task (see online version for colours) 
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2.5 Musculoskeletal model 

The musculoskeletal model was based on the BVH_XSENS model template from the 
AnyBody Managed Model Repository (AMMR) v.2.2.3, which includes a method for 
predicting ground reaction forces and moments (Karatsidis et al., 2019). The generic 
human musculoskeletal model was comprised of a lower extremity model (Carbone et al., 
2015), thoracolumbar and cervical spine models (de Zee et al., 2007; Han et al., 2012; 
Hansen et al., 2006), and a shoulder and arm model (Van der Helm et al., 1992; Veeger  
et al., 1997, 1991). Further details can be found in the AMMR documentation (Lund  
et al., 2021). 

2.5.1 Model scaling and kinematic analysis 
The recorded motion capture data were exported from the Xsens MVN Analyze software 
and imported as a stick figure model into the AMS. Hereafter, the musculoskeletal model 
was scaled based on the joint-to-joint distances from the stick figure model using a linear 
scaling law. The Xsens stick figure contains 72 DOF, whereas the musculoskeletal model 
in the AMS contains 44 DOF. Due to this incompatibility, a virtual marker tracking 
method was used (Karatsidis et al., 2019), where virtual markers were attached to both 
the stick figure and musculoskeletal model and the least-square difference between these 
were minimised to resolve the musculoskeletal model kinematics (Andersen et al., 2009). 

2.5.2 Exoskeleton and box models 
A 3D computer-aided design (CAD) model of the handled merchandise was created in 
SolidWorks v. 2017.5.0 (Dassault Systems, Vélizy-Villacoublay Cedex, France) and 
subsequently imported into the AMS. The geometry, mass and inertial properties were 
taken from measurements during data collection and a cuboid with the material properties 
of the merchandise was modelled and placed inside a shell with the properties of 
cardboard. Likewise, a 3D CAD model of the ShoulderX exoskeleton was created using 
SolidWorks v. 2019.0. The digital exoskeleton was adjusted to each subject according to 
the settings recommended in the fitting guidelines (i.e., torso height, shoulder width and 
arm length), using measured anthropometrics from the collected data. The  
subject-specific exoskeleton model that was imported into the AMS had 10 DOF. The hip 
brace had six DOF and each arm had two revolute joints, thus four DOF in total. The 
revolute joint that followed the motion in the transversal plane were located superior to 
the glenohumeral joint centre, a few centimetres above the acromion (cf. Figure 5). The 
last revolute joint followed the motion in both the sagittal and frontal plane depending on 
the position of the revolute joint in the transversal plane. This joint is positioned on the 
lateral side of the glenohumeral joint, and the assistive torque was provided in this joint. 

2.5.3 Kinematic analysis of the box and exoskeleton 

To form the human-exoskeletal model, the exoskeleton and box had to be kinematically 
connected to the musculoskeletal model. Here, the exoskeleton and box were 
superimposed onto the kinematics derived from the initial analysis of the MMH task and 
constrained based on reference nodes and coordinate systems created on both the 
exoskeleton, box and human models. This process was separated into two different 
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kinematic analyses: one solving the musculoskeletal model with hand-box interaction and 
subsequently one solving the human-exoskeleton interaction. The kinematic analysis was 
separated to avoid artificially induced differences between the musculoskeletal model 
tracking the experimental data and the over-determinate connection to the exoskeleton. 
Firstly, the movement of the musculoskeletal model were determined by tracking the 
stick figure data and, subsequently, the exoskeleton was attached to the musculoskeletal 
model to ensure that the musculoskeletal kinematics remained unchanged. For both 
analyses, we used a combination of soft and hard constraints and applied the nonlinear 
least-squares optimisation algorithm to minimise the least-square errors on the soft 
constraints while satisfying the hard constraints (Andersen et al., 2009). 

Figure 5 Node representation of the nodes on the box (red), exoskeleton (blue) and 
musculoskeletal model (green) (see online version for colours) 

 

Notes: Yellow nodes and coordinate systems represents the two revolute joints on the 
exoskeleton. Note that the corresponding coordinate systems for the box, 
exoskeleton and musculoskeletal model were omitted for clarity. 

For the hand-box interaction, soft constraints between a point in the middle of the hand 
and on the handle of the box were created. Additionally, to prevent rotation of the box in 
the sagittal plane, a reference node was placed at the right proximal and distal corner of 
the box to ensure that the two notes always remained the same distance above the ground 
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(Figure 5). This constraint was created to control the box rotation along its longitudinal 
axis, as this DOF was not determined by the constraints with the hands. The box was still 
allowed to rotate in the frontal and transversal plane according to the motion of the hands. 
This constraint was justified based on video observations of the participants that showed 
little rotation of the box in the sagittal plane. 

For the human-exoskeleton interaction, reference nodes were placed at the sacrum 
and at the hip brace of the exoskeleton, where hard constraints were created in all 
translational directions and around the vertical axis with soft constraints around the 
transverse and sagittal rotational axis. A reference node was implemented proximal to C7 
and on the exoskeleton frame by the shoulder width adjustment and connected by a hard 
constraint to track forward and backward bending. Lastly, reference nodes were placed 
bilaterally above the elbow joint on the humerus and at the support point of the 
exoskeleton arm brace. Hard constraints were created in the mediolateral and 
anteroposterior directions, while soft constraints were defined for the rotational directions 
to allow the humerus to rotate inside the arm brace (Figure 5). 

2.5.4 Kinetics – prediction of external forces 
To simulate the different torque profiles that the PUEXO can provide, a 2nd order 
polynomial fit was implemented into the AMS to replicate the torque profiles of the 
exoskeleton (Van Engelhoven and Kazerooni, 2019) as a function of the angles that were 
captured in the exoskeleton arms from the kinematic analysis. Thus, the discrete values 
from Table 1 were used to calculate the continuous values of the supportive torque that 
was provided during the task (Figure 3). Control conditions were implemented to ensure 
that the torque was only provided within the engagement and disengagement angles. 

Unidirectional contact elements were implemented to model the force transmission 
between the ground, exoskeleton, box and musculoskeletal model. Rather than 
conventional force plate measurements, the ground reaction forces and moments 
(GRF&M) were predicted. This method has shown similar accuracy to that of force plates 
during various activities (Fluit et al., 2014; Karatsidis et al., 2019; Skals et al., 2017). The 
method utilises 25 dynamic contact elements distributed under each foot of the 
musculoskeletal model. Each dynamic contact element consists of five uniaxial force 
actuators, which can generate a normal force in addition to positive and negative static 
friction forces in the anteroposterior- and mediolateral directions (Fluit et al., 2014). 
These forces are constrained by a nonlinear strength function, which ensures that forces 
can only be generated when the nodes are close to the ground and almost stationary 
(Skals et al., 2017). Between the hands and box as well as the humerus and exoskeleton 
arm brace, 24 unidirectional contact elements were inserted and made part of the muscle 
recruitment problem (see below). These contact elements were implemented to resolve 
the indeterminacy of the closed chains created by the interaction with the exoskeleton and 
box and were modelled with very high strength (400,000 N). The high strength was 
chosen to ensure that the contact elements, even when generating forces, would 
contribute minimally to the objective function and enable the model to recruit these 
forces if they were beneficial to reduce the muscular load. The contact elements between 
the hands and box allowed for force transfer in all directions, with force components 
subdivided into positive and negative directions, resulting in 12 unidirectional force 
actuators for each hand-box interaction (six related to forces and six related to moments). 
With respect to the human-exoskeleton contact elements, some assumptions regarding 
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their interaction were made. For the contact between the humerus and exoskeleton arm 
brace, only translational uniaxial reaction forces were generated in the sagittal and 
mediolateral direction, thus disregarding potential friction forces along the longitudinal 
axis to the arm. In a real-life scenario, some friction forces would be expected. In total, 
this resulted in four force actuators for each humerus and exoskeleton arm brace contact 
element. Three reaction forces and three reaction moments were introduced between the 
sacrum and exoskeleton hip brace. 

In addition to the contact elements, small residual forces and torques with a strength 
of 10 N and 10 Nm were applied to the pelvis. The actuation of the contact elements was 
solved as part of the muscle recruitment along with the muscle and residual forces 
[equation (1)]. 

2.6 Muscle recruitment 

The AMS is based on an inverse dynamics approach, where motion and applied forces 
are input and used to compute the unknown forces (e.g., joint torques, joint reaction and 
muscle forces) based on the dynamic equilibrium equations and assumptions about how 
the central nervous system solves the muscle recruitment problem. From the information 
of inertial properties, mass, orientation, location, size and connections of the human 
model, the box, and the exoskeleton, an inverse dynamics analysis was performed 
fundamentally based on the Newton-Euler equations (Damsgaard et al., 2006). However, 
because the musculoskeletal system contains many more actuators (i.e., muscles) than 
DOF and because of the formed closed chains, these equilibrium equations are 
indeterminate. Therefore, computing the muscle recruitment response and hereby, 
determining the unknown forces, without knowing the specific recruitment pattern from 
the central nervous system is impossible. To overcome this issue, an optimisation 
problem was setup to minimise muscle forces, while fulfilling the equilibrium equations 
and ensuring that the muscles can only pull (Damsgaard et al., 2006). In practice, this 
means that the forces between the exoskeleton and human, box and hands, and feet and 
ground were incorporated as part of the muscle recruitment optimisation problem: 

( )
(M) (K) (R)

3 3 3(M) (K) (R)
(M) (K) (R)

(M) (K) (R)1 1 1f
minimise f , f , f

n n ni i i
i i i

i i i

f f fG
N N N= = =

     
= + +     

     
    (1) 

( ) ( ) ( ) ( )5 12 4K C H En n n n= + +  (2) 

( ) ( ) ( ) ( )T T T TK C H E
i i i if f f f =    (3) 

Subject to =Cf d  (4) 

(M) (M)0 , 1, , ,if i n≤ =   (5) 

(K) (K)0 , 1, , ,if i n≤ =   (6) 

(R) (R)0 , 1, , .if i n≤ =   (7) 

where G is the objective function, representing the criterion of muscle recruitment from 
the central nervous system as a function of all unknown forces f, i.e., muscle forces, f(M), 
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contact element forces, f(K), and residual forces f(R). n(M) is the  number of muscles, (M) ,if  

the force of the ith muscle, (M)
iN  is the strength of the ith muscle. n(K) is the total number 

of contact elements for the predicted GRFs, 5n(C), hand and box, 12n(H), and exoskeleton 
and humerus, 4n(E). (K)

if  is a vector that contains the ith GRF, (C) ,if  ith force between 

hand and box, (H) ,if  and ith force between exoskeleton and humerus, (E) .if  (K)
iN  is the 

strength of the ith contact element. n(R) is the number of residual forces and moments on 
the pelvis, (R)

if  is the ith residual force and (R)
iN  is the strength of the residual force. The 

objective function G is subjected to Cf = d, where C is the coefficient matrix for the 
dynamic equilibrium equations, while the vector f includes the unknown muscle, joint 
reaction, contact and residual forces, and d contains all known applied loads and inertia 
forces [equation (4)]. The non-negativity constraints state that all contact forces can only 
be positive [equations (5)–(7)]. Please notice that the JRFs within the anatomical joints of 
the human and the joints within the exoskeleton are not included in the objective function 
but are only in the equilibrium equations (4). The contact element forces, f(K), relate only 
to the contacts between the human and the external elements, i.e., the box, exoskeleton 
and ground. 

2.7 Parameter variation and computation 

Due to the purpose of finding the optimal exoskeleton setting that minimised spinal and 
shoulder joint reaction and muscular forces during grocery stocking, a parameter study 
was performed by varying the torque angle and amplitude settings of the exoskeleton 
(Table 1). Additionally, simulations of the MMH task were performed without the 
exoskeleton and with the exoskeleton equipped, but not activated. All these combinations 
led to a total of 27 configurations × 1 task × 4 trials × 15 subjects being simulated in 
AMS resulting in 1.620 simulations. 

2.8 Data analysis 

Dependent measures consisted of peak and impulse muscular, 3D spine and shoulder 
forces. Muscle forces were estimated for the shoulder agonists muscles, including the 
anterior deltoid (AD), middle deltoid (MD), and upper trapezius (UT). Similarly, the 
posterior deltoid (PD), latissimus dorsi (LD), and teres major (TMA) were included as 
antagonist muscles. Supraspinatus (SS), infraspinatus (IS), teres minor (TMI), and 
subscapularis (SC) were included to represent stabilising forces to the rotator cuff. In 
AMS, every muscle is subdivided into several parts, wrapping around specific joints. For 
simplification, the muscle part with the highest peak force was included for further 
analysis. For the spine, L4–L5 superoinferior compression 4- 5( ),L L

compF  anteroposterior 
shear 4- 5( ),L L

APF  and mediolateral shear 4- 5( )L L
MLF  forces were extracted. For the shoulder, 

glenohumeral contact force (GHCF) as well as glenohumeral superoinferior (RSI) and 
anteroposterior shear (RAP) ratio to compression (RCOMP) impulse and peak force were 
estimated (Klemt et al., 2018). All peak forces were normalised to percentage of body 
weight (%BW) and impulse to %BW per second (%BW × s). For every dependent 
variable, a 3D fine grid was created plotting the dependent measurement with the torque 
angle and amplitude setting of the exoskeleton. 
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3 Results 

Generally, simulations with the exoskeleton equipped with no active torque increased the 
JRFs overall when compared to no exoskeleton. L4-L5 compression and shear peak 
forces as well as compression impulse were decreased as the exoskeleton was simulated 
in an active setting (Figure 6). The JRFs were uniformly decreasing with the additional 
torque, but changing the angles appeared to both reduce and increase reaction forces. An 
optimum between the simulated variables were observed at setting ‘90°, 5’. Mediolateral 
shear forces were omitted as these were considered negligible (<2%BW). 

Figure 6 L4–L5 impulse and peak values of, (a) compression (b) anteroposterior shear forces 
normalised to body weight as a function of variations in the torque amplitude settings 
(TAS) and torque angle settings (TA) (see online version for colours) 

 

Notes: TAS of 0, 1, 2, 3, 4 and 5 corresponded to a peak torque of 0, 5.5, 6.8, 8.2, 9.7, 
11.2 Nm, respectively, while TA of 60, 75, 90, 105, 120 corresponded to the peak 
angles in degrees with torque engaging at 70 degrees below peak and disengaging 
at 40 degrees above peak. ‘No’ indicates performing the task without the 
exoskeleton. 

The GHCFs had a more complicated pattern than the L4–L5 JRFs. Here, simulations with 
peak torque at 60° resulted in additional impulse and peak forces independently of torque 
output [Figure 7(a)]. Whenever the simulations were performed with peak torques at and 
above 75°, the GHCFs would decrease below that of working without an exoskeleton. 
The highest reductions of GHCFs were obtained once the exoskeleton was simulated at 
setting ‘105°, 5’ for both the impulse and peak values. The anteroposterior shear to 
compression ratio in the glenohumeral joint was reduced whenever the exoskeleton was 
simulated with an active torque profile. The exoskeleton was most beneficial when 
operating with torque profiles at ‘90°, 5’ and ‘75°, 5’ with absolute changes of 0.10 and 
0.07 when ratios were computed from the impulse and peak values, respectively  
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[Figure 7(b)]. The ratio of superoinferior shear impulse to compression impulse showed 
reductions. However, the ratio of superoinferior peak shear to peak compression 
increased: for example, at setting ‘60°, 5’ the ratio had a relative change of 35% and went 
from 0.23 to 0.34 [Figure 7(c)]. 

Figure 7 Glenohumeral impulse and peak values for the, (a) contact force (b) anteroposterior 
ratio (c) superoinferior ratio normalised to body weight as a function of variations in the 
torque amplitude settings (TAS) and torque angle settings (TA) (see online version  
for colours) 

 

Notes: TAS of 0, 1, 2, 3, 4 and 5 corresponded to a peak torque of 0, 5.5, 6.8, 8.2, 9.7, 
11.2 Nm, respectively, while TA of 60, 75, 90, 105, 120 corresponded to the peak 
angles in degrees with torque engaging at 70 degrees below peak and disengaging 
at 40 degrees above peak. ‘No’ indicates performing the task without the 
exoskeleton. 

The simulations clearly indicated that agonist muscle impulse was reduced as additional 
torque was added to the upper arms. Peak forces showed the same tendency once the 
angle was adjusted at and above 75° (Figure 8). Agonist muscles showed absolute 
reductions ranging from 4–7.3%BW × s and 4–6.2%BW for impulse and peak, 
respectively, when comparing the best setting ‘105°, 5’ with no exoskeleton. These 
absolute reductions corresponded to a percentage reduction ranging between 31%–46% 
for impulse and 23–32% for peak. On the other hand, antagonist muscles showed a 
reversed tendency. LD and TMA muscle forces were uniformly increasing with 
additional torque, while decreasing the angles resulted in higher forces for both impulse 
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and peak values at setting ‘60°, 5’ [Figures 9(b)–9(c)]. Thus, performing the MMH task 
without the exoskeleton seemed to be preferable to reduce antagonist muscle forces. 
However, PD showed the same tendency as for the agonist muscles. 

Figure 8 Shoulder agonist muscle forces with impulse and peak values for, (a) anterior deltoid 
(b) middle deltoid (c) upper trapezius normalised to body weight as a function of 
variations in the 28 torque amplitude settings (TAS) and torque angle settings (TA)  
(see online version for colours) 

 

Notes: TAS of 0, 1, 2, 3, 4 and 5 corresponded to a peak torque of 0, 5.5, 6.8, 8.2, 9.7, 
11.2 Nm, respectively, while TA of 60, 75, 90, 105, 120 corresponded to the peak 
angles in degrees with torque engaging at 70 degrees below peak and disengaging 
at 40 degrees above peak. ‘No’ indicates performing the task without the 
exoskeleton. 

Overall, rotator cuff muscle forces increased when subjects were simulated with the 
exoskeleton (Figure 10), especially infraspinatus, with up to 32% and 23.5% relative 
changes for impulse and peak, respectively, compared with no exoskeleton  
[Figure 10(a)]. Independent of rotator cuff muscle the highest forces were observed at 
exoskeleton setting ‘60°, 5’. At this setting rotator cuff muscles increased and had a 
relative average change of 24.3% for impulse and 47% for peak values compared to not 
wearing an exoskeleton during the task (please note supraspinatus was excluded as it was 
hardly activated). Thus, the optimal solution to reduce rotator cuff muscle forces was to 
perform the MMH without an exoskeleton. 
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Figure 9 Shoulder antagonist muscle forces with impulse and peak values for, (a) posterior 
deltoid (b), latissimus dorsi (c) teres major normalised to body weight as a function of 
variations in the torque amplitude settings (TAS) and torque angle settings (TA)  
(see online version for colours) 

 

Notes: TAS of 0, 1, 2, 3, 4 and 5 corresponded to a peak torque of 0, 5.5, 6.8, 8.2, 9.7, 
11.2 Nm, respectively, while TA of 60, 75, 90, 105, 120 corresponded to the peak 
angles in degrees with torque engaging at 70 degrees below peak and disengaging 
at 40 degrees above peak. ‘No’ indicates performing the task without the 
exoskeleton. 

4 Discussion 

We evaluated the musculoskeletal loading associated with using an exoskeleton for 
assistance when performing a MMH task in two grocery stores. In doing so, a detailed 
human-exoskeletal model based on inverse dynamics was developed and driven using 
kinematic data from an IMU-based motion capture system. We ran a computational 
parameter study on the human-exoskeletal model to identify how variations of the 
support torque amplitude and angle settings of the exoskeleton affected joint reaction and 
muscle forces. Simulations of these various settings revealed that working with the 
PUEXO could have both positive and negative effects on musculoskeletal loading. 
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Especially settings with maximum torque combined with a peak support angle between 
75–105° were found to be beneficial for reducing musculoskeletal load. Contrarily, 
maximum torque combined with a peak support angle of 60° exposed the 
musculoskeletal system to additional loading beyond what was experienced without the 
exoskeleton. Thus, adjusting the settings correctly is imperative for the protective effects 
of the device. 

Figure 10 Rotator cuff muscle forces with impulse and peak values for, (a) infraspinatus (b) teres 
minor (c) subscapularis normalised to body weight as a function of variations in the 
torque amplitude settings (TAS) and torque angle settings (TA) (see online version  
for colours) 

 

Notes: TAS of 0, 1, 2, 3, 4 and 5 corresponded to a peak torque of 0, 5.5, 6.8, 8.2, 9.7, 
11.2 Nm, respectively, while TA of 60, 75, 90, 105, 120 corresponded to the peak 
angles in degrees with torque engaging at 70 degrees below peak and disengaging 
at 40 degrees above peak. ‘No’ indicates performing the task without the 
exoskeleton. 

Generally, the idea behind occupational exoskeletons is to redirect forces from sensitive 
to sturdier joints (Theurel and Desbrosses, 2019). From our results, it was clear that the 
ShoulderX device was capable of shifting the loads, as evidenced by reduced spinal and 
shoulder forces. The instance of peak joint loading during the lifting cycle was either at 
pick up or when placing the box on the shelf, which was similar to performing the task 
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without the exoskeleton (Skals et al., 2021a). The JRFs were commonly uniformly 
decreasing with additional torque, but changing the angles exhibited a nonlinear 
behaviour with both reduced and increased loadings (cf. Figures 6–8). For the spine, 
notable reductions were observed when the angle was changed from 60° to 75°, while the 
effect seemingly plateaued in the range of 75–105° before additional loads were observed 
when changed from 105° to 120°. The shoulder forces showed similar tendencies, but an 
angle of 60° increased the loading beyond what was experienced without the exoskeleton. 
Therefore, using the exoskeleton at the upper and lower boundaries (i.e., 120 and 60°) 
were less protective compared to angles between (75–105°) for the investigated MMH 
task. Thus, it is important that the torque provided by the exoskeleton match the torque 
provided by the muscles during the movement to ensure a protective effect of the device. 

For the lumbar spine, tolerance limits of 3,400 N for compression and 1,000 N for 
shear has been suggested for infrequent lifting (Gallagher and Marras, 2012; Waters et 
al., 1993). If loads on the spinal column exceed the tolerance limits, the likelihood of 
mechanical damage to the spinal structures is expected to increase (Marras, 2012). For 
the average subject simulated (74.1 kg), the compression and shear forces would peak at 
367%BW (≈2,670 N) and 67%BW (≈490 N) without wearing an exoskeleton, where the 
most effective exoskeleton setting would reduce this to 354%BW (≈2,575 N) and 
62%BW (≈450 N). In both cases, the forces would not exceed the defined tolerance 
limits. However, it is important to address that being within these limits is not necessarily 
concomitant with no biomechanical risk, as fatigue failure of the tissues are the prevailing 
cause of damage (Gallagher and Marras, 2012). Contrary to our findings, increased spinal 
loads (Weston et al., 2018), paraspinal muscle activity and perceived discomfort (Rashedi 
et al., 2014) were observed with a non-anthropomorphic PUEXO with a mechanical arm. 
Discrepancies may have been a result of the additional mass and a larger torque about the 
lower back caused by the mechanical arm operating along an axis separate from the 
operator’s upper extremities. The ShoulderX has an anthropomorphic frame 
configuration and this type of design may indirectly assist users in maintaining better 
trunk posture and spinal stability, as suggested with a similar PUEXO (Kim et al., 
2018a). Lastly, a secondary analysis of back kinetics indicated that while performing the 
MMH task, the forces in the erector spinae muscles were reduced. For example, the peak 
forces in the erector spinae longissimus thoracic and multifidi were reduced with up to 
13% and 5%, respectively, when comparing unassisted lifting with the exoskeleton 
setting ‘90°, 5’. It is conceivable that the reduced muscle forces in the back may be 
reflected in the L4-L5 compression and shear JRFs as the overall effort of the 
musculoskeletal system was alleviated by the assistance provided by the exoskeleton. 

The GHCF when handling the box without the exoskeleton was on average 
209%BW, while using the exoskeleton at the most ineffective and effective setting 
resulted in GHCFs of 246%BW and 184%BW, respectively. In comparison, a previous 
study showed average GHCFs of 180%BW and 240%BW for two-handed lifting of a  
5 kg box to shoulder height and a lateral movement of a 10 kg suitcase (Anglin et al., 
2000), respectively. Their results corresponded well with our estimations of GHCFs 
when lifting a 7.9 kg rye bread box without assistance. Nevertheless, GHCFs were almost 
three times higher than common daily activities (Bergmann et al., 2007; Klemt et al., 
2018), suggesting that the MMH task was a relatively strenuous activity. Investigating 
only GHCFs may lead to information loss, as the ratio between shear force to 
compression may help determine the risk for shoulder injuries (Klemt et al., 2018). 
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Compression forces keep the humeral head within the glenoid socket, while shear forces 
contribute to destabilisation by translating the humeral head towards the glenoid rim 
(Klemt et al., 2018). The musculoskeletal model in the AMS works in a similar way with 
the humeral head constrained inside the glenoid. However, the model does not allow for 
shoulder dislocation, thus giving no direct measurement of instability in terms of 
displacement within the glenoid. Instead, the model calculates the glenohumeral JRFs 
necessary to keep the humeral head from dislocating, where a reduced compression force 
and increased shear force are indicative of instability (Vidt et al., 2018). Our results 
suggested that reducing glenohumeral joint luxation was complicated, as different torque 
profiles led to varying results [cf. Figures 7(b) and 7(c)]. Thus, choosing a setting that 
reduced both shoulder and spinal loading was challenging, as no optimal solution was 
found. Nevertheless, our results suggest it is more likely that the total demand of the 
shoulder and spinal complex were reduced with the exoskeleton evidenced by our results. 
However, to elucidate dislocation risks further, JRFs relative to the edge of the glenoid 
could be investigated, as has been done for the hip previously (Mellon et al., 2013), but 
this was beyond the scope of this study. 

Increasing the torque amplitude at appropriate angles was associated with reduced 
shoulder muscle forces in UT, AD, MD and PD with relative changes up to 45% for both 
impulse and peak forces, compared with no exoskeleton (Figure 8). Previous research 
have shown similar relative changes for the peak and median muscle activities of the 
same muscles using the ShoulderX device (Van Engelhoven et al., 2019) and a similar 
PUEXO (Alabdulkarim et al., 2019; Gillette and Stephenson, 2019; Kim et al., 2018a). In 
contrast, LD and TMA exhibited a reverse change resulting in higher muscle forces when 
wearing the exoskeleton. This is in accordance with previous results showing the same 
tendency for the extensor muscle activity with the same device for a small percentage of 
their subjects (Van Engelhoven et al., 2019). Besides superficial muscles, deeper muscles 
in the rotator cuff were investigated. Rotator cuff muscles stabilise the glenohumeral joint 
by compressing the humeral head into the glenoid, where interference may alter the loads 
on the joint (Parsons et al., 2002). As GHCF changed with different torque profiles, the 
musculoskeletal model had to respond appropriately by recruiting muscles to maintain 
shoulder stability and prevent shoulder dislocation. This is especially apparent at setting 
‘60°, 5’, where the highest GHCFs were observed. Thus, it is possible that IS and TMI 
were recruited to maintain shoulder stability [cf. Figure 7(a) with Figures 9(b) and 9(c)]. 
As GHCFs dropped below the forces observed when performing the MMH without an 
exoskeleton, rotator cuff forces also decreased. However, the rotator cuff forces were still 
higher then performing the task without the exoskeleton, potentially due to the reduced 
forces observed in the larger shoulder muscles (i.e., deltoideus and UT). Drawing such a 
conclusion seems reasonable since external rotation of the humerus is the primary 
function of the IS and TMI, i.e., to help stabilise the humeral head and prevent it from 
sliding out of the glenoid (Terry and Chopp, 2000). In addition, the increased activation 
could be due to the imposed forces of the exoskeleton arms, which produces undesirable 
forces in the anterior or lateral directions. Instead of assisting the lift at lower angles, it 
pushes the humeral head in an anterior direction away from the glenoid. Thus, IS and 
TMI muscle forces must be recruited to stabilise the shoulder, during medial rotation, to 
prevent anterior dislocation of the humerus. 

In general, matching an optimal torque profile to the task is essential for correct 
exoskeleton use, but as shown, the effects on musculoskeletal loading changes with 
various settings, sometimes increasing the loads. Thus, choosing the ideal setting that 
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would accommodate both the spinal and shoulder complex can be a challenging process. 
Nevertheless, our findings suggest that a PUEXO could potentially be used to reduce 
musculoskeletal loading and hereby, decrease the risks of WMSDs. However, the scope 
of exoskeletons expands beyond worker safety and well-being, as it also encompasses 
productivity optimisation (McFarland and Fischer, 2019; Spada et al., 2018) with an 
economically-driven incentive. As demonstrated in previous research, worker endurance 
and productivity can be positively affected during various tasks at manufacturing firms 
with an exoskeleton (Moyon et al., 2018; Spada et al., 2019, 2018). If the use of an 
exoskeleton effectively reduces task demands, while simultaneously increasing the 
workers’ endurance and productivity, it might incentivise companies to increase the 
frequency of the task and hereby, potentially eliminate the beneficial effects of the 
exoskeleton. This is an important aspect to consider when implementing exoskeletons in 
industrial settings. 

4.1 Limitations 

The present study has several limitations that should be noted. Musculoskeletal models 
based on inverse dynamics are derived from kinematics and measured or estimated 
external forces. IMU-based motion capture systems are less accurate than optical motion 
capture systems (Larsen et al., 2020), which was particularly apparent for the most distal 
segments in the present study, particularly the hand position. Additionally, inaccuracies 
might occur during the virtual marker tracking, as this method attempts to find a 
compromise between both kinematic models (Andersen et al., 2009). Additionally, the 
kinematics of the PUEXO and box was predicted entirely from the movements of the 
musculoskeletal model. Measuring the motion with the subjects wearing the PUEXO 
would improve the quality of the model, as studies suggest that wearing an exoskeleton 
could interfere with natural movement (Maurice et al., 2020; Theurel et al., 2018). 
However, the performed parameter study on the variation of exoskeleton settings would 
have been very comprehensive to conduct experimentally and could have risked 
excessively fatiguing the subjects. In addition to the limitations related to the motion 
capture procedures, we did also not attempt to evaluate the simulation results using 
experimental data, such as electromyographic (EMG) measurements. By incorporating 
EMG, we could have measured the activities of the surface musculature and evaluated 
whether the simulation results showed similar activation patterns. However, this would 
have necessitated repeating these measurements for each torque/angle setting, hereby 
removing the advantageous of performing a simulation-based parameter study. 
Furthermore, performing all these additional lifts would have increased the influence of 
muscular fatigue, which would inhibit this evaluation to some extent. 

Correct modelling of the contact elements (human-box, human-exoskeleton, and 
human-ground) plays a crucial role in the force transmission between the human body 
and external objects. Even though the humerus was allowed to slide within the 
exoskeleton arm brace during the kinematic analysis, these uniaxial reaction forces, 
resulting in friction forces, were omitted. Implementing the generated friction forces 
would enhance the model and enable a more realistic simulation of the interaction 
between the segments. Moreover, reaction moments were assumed to be small and 
without any impact as the exoskeleton arm mechanism supposedly allowed for free 
rotation. Disregarding these forces, and any other possible points of force transfer, 
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compromises the accuracy of the simulated estimations to some extent and could be 
implemented to enhance the model’s estimations. 

5 Conclusions 

In summary, a state-of-the-art musculoskeletal model was developed to analyse how 
different exoskeleton torque profiles altered the dynamic loading of the spine and 
shoulders during an overhead MMH task using IMU-based kinematic data obtained at 
two supermarkets. Generally, 3D spine and shoulder JRFs were reduced when the 
exoskeleton was adjusted to the supposedly best settings compared to lifting without the 
exoskeleton. Shoulder agonist muscle forces were also reduced with the exoskeleton, but 
additional demands were observed for the shoulder antagonists and rotator cuff muscles. 
Selecting the optimal exoskeleton setting that minimise the overall musculoskeletal load 
was challenging as both positive and negative effects were observed. Thus, our findings 
suggest that workplaces should act cautiously when implementing exoskeletons, as 
inappropriate use could lead to an increased risk of WMSDs. However, our findings 
suggest that a carefully planned implementation strategy could reduce musculoskeletal 
loading and possibly reduce the risk to the workers. 
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