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Introduction
Exoskeletons are robots that provide assistance for a variety of tasks and have been widely 

used in military and medical fields to address problems such as musculoskeletal disorders, 
injury from accidents, and mobility impairment [1-4]. Mobility impairment is a significant 
challenge in medical rehabilitation, and it can be caused by conditions such as stroke, 
arthritis, brain and spinal cord injuries [5]. There is a growing number of people globally who 
are experiencing mobility challenges as a result of workplace injuries, and one way to aid in 
recovery and early return to work is through physical therapy and the use of exoskeletons 
to provide support and assist in healing. These injuries due to accidents and the resultant 
mobility impairment make workers to be absent from work over an extended period, thus 
leading to a high loss of man-hours and a reduction in companies’ productivity. To assist in 
early return to work and a safe recovery process while performing their duties, workers were 
provided with exoskeleton devices for assistance. This study served as a pilot study sought to 
explore the challenge of restricted mobility faced by injured workers attempting to return to 
full duty. Specifically, we aimed to investigate and quantify the amount of support provided by 
exoskeleton devices for workers with restricted trunk mobility due to workplace accidents. 
To achieve this, we used passive exoskeleton devices to determine compressive loads and 
moments on the spine during simple tasks such as bending, squatting and lifting of simple 
loads. We conducted biomechanical modeling with OpenSim and Matlab software to measure 
the level of support provided by the exoskeleton and the results were promising [6].

Methodology
Recruitment

As a pilot study, two male adults (mean±std, age: 25±5 years, mass: 80±10kg, height: 
1.78±0.03m) were recruited for this study via flyers, emails, and word of mouth. The study 
protocol was approved by the University Institutional Review Board.
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Abstract

Extended absence from work due to non-fatal injuries and musculoskeletal disorders negatively impacts 
a company’s productivity. Exoskeleton devices provide a means to reduce this absence from work by 
assisting recovering workers to timely and safely return to work. This study investigated and quantified 
the amount of support and L5/S1 joint load reduction provided by wearing the exoskeleton device while 
performing simple bending, squatting, and lifting tasks in the workplace. The preliminary results showed 
the potential of the exoskeleton device in spinal load reduction during tasks.
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Exoskeleton

Figure 1(A) depicts a subject wearing the HyetoneTM passive 
lower-extremity exoskeleton suit used in this study. The device 
improves productivity and reduces loads and moments on the 
lower back during bending and lifting activities. The device’s mass 
and spring mechanism stores energy when the trunk is flexed and 
uses it to return the trunk to a neutral standing position. The straps 
and paddings at the waist, thigh, and chest counteract loads on the 
lower back while in use.

Standardized tasks

In this study, three tasks were performed. The subject completed 
tasks involving bending, squatting, and lifting a 5.2kg load while 
wearing a mechanism that simulated restricted trunk mobility, 
similar to an injured worker. Figure 1(B) displays the mechanism 
used to constrain trunk movement, consisting of two long straps 
and a shorter strap with a blunt knob at the center. This mechanism 
limited the angle to which the trunk could bend during each task 
scenario to either 40 degrees or 70 degrees.

Figure 1: Subject wearing the exoskeleton device (A) and subject wearing the strap mechanism for trunk mobility 
restriction (B).

Data collection protocol

The study used a 12-camera Optitrack motion capture 
system (NaturalPoint, Inc., OR) to track the 3D coordinates of the 
subject’s motion during tasks, with 57 reflective markers placed on 
designated joint locations. The subject’s motion data were captured 
and processed with Motive 3.0 software choosing Biomech (57) 
marker sets. The ground reaction forces were measured with a 
Bertec force plate and filtered with a second-order Butterworth 
filter with a 10Hz cut-off frequency [7]. Both marker position and 
force data were exported to Matlab (MathWorks, MT) and OpenSim 
(SimTK, CA) software for biomechanical modeling.

Biomechanical modeling

A modified Beaucage-Gauvreau et al. [8] model built upon the 
OpenSim modeling system was used in this study. It consists of 30 
segments, 29 degrees of freedom, and 238 Hill-type musculotendon 
actuators. The trunk consists of eight rigid body segments and six 
spherical joints located at intervertebral joints (T12/L1, L1/L2, 
L2/L3, L3/L4, L4/L5, and L5/S1). This model was used for both 
conditions in which subjects performed the tasks with and without 
wearing the exoskeleton device. In this study, the OpenSim modeling 
system was used to determine the compressive load at the L5/S1 
joint for workers with restricted trunk mobility during bending, 
squatting, and lifting tasks with and without an exoskeleton device 
involved scaling, inverse kinematics, static optimization, and joint 

reaction analysis. The OpenSim model was scaled with the motion 
data, and inverse kinematics was used to determine the joint angles. 
Then, the static optimization tool estimated muscle forces, which 
were used together with the ground reaction forces to compute the 
compressive load at the L5/S1 joint with the OpenSim joint load 
analysis tool.

Result and Discussion
This study presented results of peak compressive loads on the 

L5/S1 joint for the subject during bending with trunk mobility 
restrictions (Figure 2) and squatting and lifting 5.2kg (Figure 
3) with and without wearing the exoskeleton device. The plots 
indicate that compressive force increases with bending angle, with 
maximum values when trunk mobility is unrestricted (see Figure 
2). Wearing the exoskeleton during bending, squatting, and lifting 
tasks resulted in lower compressive forces on the L5/S1 joints 
compared to not wearing the device (see Figure 2 & 3). These 
preliminary results are consistent with previous studies [7,9] that 
suggest exoskeletons can potentially reduce compressive loads on 
the spine during bending, squatting, lifting, and walking tasks. Also, 
in another study by Baltrusch et al. [10], it was determined that the 
use of an exoskeleton improved workers’ performance in assembly 
tasks that involve forward bending. Their findings agreed with our 
results that less compressive load is recorded at the L5/S1 joint 
during the bending task when a subject is wearing the exoskeleton 
device.
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Figure 2: L5/S1 Compressive force (bending).

Figure 3: L5/S1 Compressive force (squat and 5.2kg Lifted).

Conclusion
This pilot investigation has demonstrated the potential of 

exoskeleton devices in L5/S1 joint load reduction and the ability 
to assist injured workers in returning to work timely and safely 
and with improvement in recovery. The ongoing part of the study 
will recruit more subjects to validate the preliminary results and 
account for gender in the model result by including female subjects.
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