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ABSTRACT

During orthopedic surgeries, surgeons have to operate for long hours in a standing
position, performing repetitive and/or forceful movements, and operating in sustai-
ned awkward postures, which raises the risk of work-related musculoskeletal disorders
(WRMSD). Therefore, it is essential to find solutions that allow to reduce the exposure
to risk factors while providing comfort, without affecting concentration during work.
Lower limb exoskeletons can be considered an innovative assistance solution that
helps workers perform their tasks by supporting the musculoskeletal system. Lower
limb exoskeletons are wearable augmentative devices that work in concert with the
user’'s movements to provide physical assistance through torques or structural sup-
port. The exoskeleton moves with the user and is generally classified as an active or
passive system, adding strength to the wearer. Therefore, these devices can be an
opportunity to reduce muscular, joint, ligament, and bone stress at work, and poten-
tially prevent WRMSD by physically assisting surgeons. Thus, surgical environments
need to be improved to reduce the surgeon’s physical burden and enhance the quality
of surgery. On that account, the main goals of this paper are: 1) to provide an overview
of the risk factors related to the development of lower limb WRMSD, which are pre-
sented in orthopedic surgeries; 2) to explain how adopting lower limb exoskeletons
might reduce the load experienced in the lower limbs; 3) identify current roles of exi-
sting lower limb exoskeletons; and 4) identify user needs and solutions requirements
for future lower limb exoskeleton to be implemented in orthopedic surgery rooms.

Keywords: Wearable devices, Lower limbs, Orthopedic surgery, Work-related musculoskeletal
disorders

INTRODUCTION

Work-related musculoskeletal disorders (WRMSD) are increasingly being
reported and studied in various occupations worldwide. WRMSD entails
a wide range of inflammatory and degenerative conditions which affect
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muscles, tendons, ligaments, joints, peripheral nerves, and related blood
vessels. These conditions are related or aggravated by occupational risk
factors such as repetition, force or awkward posture as well as individual
and psychosocial risk factors (Punnett and Wegman, 2004; Nunes, 2007,
2009).

Orthopedic surgery practice is highly demanding, mentally and physically.
The high rate of lower limb WRMSD documented in those who work in ope-
rating rooms reflects the exposure to occupational hazards during orthopedic
surgery (Al-Mohrej et al. 2020; Swank et al. 2022).

A cross-sectional study among 140 orthopedic surgeons reported that
85.4% of surgeons that answered the Nordic Musculoskeletal Questionnaire
suffered from musculoskeletal pain, whereby 49.5% reported low back pain,
33.3% pain in the knee, 18.8 % foot/ankle pain, and 4.2% of responders
experienced hip and thigh pain (Aljohani, 2020). Another study involving
235 orthopedic surgeons with an average of 20 years of practice also reported
lower limb repetitive WRMSD and symptoms. In this study, 32.3 % of sur-
geons reported low back pain, 8.9 % reported lumbar radiculopathy, 10.2 %
reported sciatica, and 10.6 % reported plantar fasciitis (Swank et al. 2022).
Besides the effects on the individuals, WRMSD can impact on the overall
healthcare sector because of lost workdays, inability to execute some or all
procedures, and early retirement (Swank et al. 2022). These have an impact
on the capacity of the healthcare sector to provide care, as well as adverse
economic impact.

Hence, researchers have been focused on arranging the surgical operating
room environment to reduce the surgeon’s physical burden, including the
use of lower limb exoskeletons (Kawahira et al. 2018). Lower limb exo-
skeletons are wearable augmentative devices designed to lessen muscular,
joint, ligament, and bone stress at work by physically assisting the indi-
viduals wearing such devices; thus, contributing to prevent WRMSD (Bar
et al. 2021). However, to guarantee acceptance and utilization of the lower
limb exoskeletons by orthopedic surgeons, the device must not only be safe,
comfortable and useful but, just as importantly, must be desirable to the
end user. For this reason, it is advisable to adopt a user-centered design
approach. This approach follows an iterative development process in which
designers focus on understanding and specifying the context of use and the
user’s needs and requirements to produce solutions that meet these criteria
(ISO/IEC, 2019).

Therefore, the main goal of this article are:

1) provide an overview of the risk factors related to the development of
lower limb WRMSD, affecting orthopedic surgeons, in order to under-
stand the needs and challenges of developing and using lower limb
exoskeletons;

2) explain how the adoption of lower limb exoskeletons may reduce the
load exerted in the lower limbs;

3) identify current roles of existing lower limb exoskeletons; and

4) identify user needs and solutions requirements for future lower limb
exoskeletons to be used by orthopedic surgeons.
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PHYSICAL EFFORT DURING ORTHOPEDIC SURGERY

Orthopedic surgery is generally a physically demanding surgical activity that
exposes the surgeon to prolonged standing, and operating in awkward and
sustained body postures (Swank et al. 2022).

Regarding the underlying mechanism for the development of WRMSD,
blood pooling in the lower limbs is one of the most frequently cited
mechanisms for the negative associations seen with prolonged standing.
Epidemiological studies support that prolonged standing can increase
hydrostatic venous pressure (Kroeger et al. 2004; Tichsen et al. 2005).
Furthermore, previous work suggested that standing for most of the day
causes static muscle contraction, especially in the legs and back, which com-
promises the function of the calf muscle (Krijnen et al. 1998). The diminished
calf muscle function may contribute to venous stasis and increased lower limb
volume (Seo et al. 1996; Tuchsen et al. 2005; Antle et al. 2013).

Halim and colleagues also noted that prolonged standing and the lack of
variation in movement in an upright position may lead to lower back and leg
discomfort, which can be linked to muscle fatigue (Halim et al. 2012).

Thus, many studies on occupations requiring a standing position have
reported the importance of the duration of standing, working posture,
muscle effort, and holding time conditions in the development of lower limb
WRMSD (Meijsen and Knibbe, 2007; Mohseni-Bandpei et al. 2011; Halim
and Omar, 2012; Aitchison et al. 2016; Awosan et al. 2017). Workers who
perform tasks in standing positions are substantially more likely to experience
discomfort and muscular fatigue due to the aforementioned risk factors.

Ideally, the WRMSD risk factors should be eliminated or mitigated
through the adoption of intervention strategies, such as using lower limb exo-
skeletons. These wearable devices can support the user by reducing muscular,
joint, ligament, and bone stress at work, and potentially prevent the occur-
rence of WRMSD. The design of these devices needs to provide comfort,
prevent muscular fatigue due to the work posture, without affecting the work
focus. Therefore, some rules need to be taken into account when it comes
to body postures while working, such as: alternating between sitting and
standing; and avoiding awkward body postures.

THE USE OF LOWER LIMB EXOSKELETONS TO ASSIST
ORTHOPEDIC SURGEONS

Lower limb exoskeletons are wearable mechatronic or mechanical equipment
designed as augmentation tools that combine with the user’s motions to offer
structural support or physical help. Examples of activities benefiting from this
augmentation capability involve military, industrial, and medical applications
(Bar et al. 2021; Santos et al. 2022).

In general, lower limb exoskeletons are classified into active, passive, or
hybrid, depending on the use of a power supply to support its functionalities.
Thus, active lower limb exoskeletons use actuators (mechanical drive com-
ponents) to alter internal or external forces acting on the body in order to
sustain or increase the user’s strength. These devices can support wearers in
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tasks involving, for instance, manual handling of heavy workloads (Wei et al.
2020).

On the other hand, passive lower limb exoskeletons can still sustain human
movements and reduce discomfort and fatigue by using the restoring forces
of springs, dampers, or other materials. These lower limb exoskeletons, such
as chairless chairs, can reduce repeated stress resulting from long standing
periods or the adoption of awkward postures (Luger et al. 2019).

Lastly, hybrid devices combine two or more technologies to power the
exoskeleton, e.g., electrical actuators and mechanical systems.

Concerning the applications of these lower limb exoskeletons to assist
surgeons, Kawahira and colleagues designed a chairless chair type of pas-
sive lower-body exoskeleton, named Archelis, to reduce the burden on the
lower back (namely at the iliopsoas muscle)of surgeons performing laparo-
scopic surgery in a standing position. The results of the assessment in clinical
environment show that muscle activity reduces in the surgery while wearing
Archelis (Kawahira et al. 2018). Still, until now, a lower limb exoskeleton
was not designed to fill out the needs and to reduce the lower limb’s burden
associated with prolonged standing specific to orthopedic surgery.

Besides, while lower limb exoskeletons, which focus on reducing lower
limb effort, are used in the industrial sector, there are no findings of their
application in the healthcare sector. However, several articles have identi-
fied common risk factors for developing lower limb WRMSD in surgical and
industrial settings (Alageel and Tanzer, 2020). For this reason, this article will
discuss some exoskeletons already developed for the industry that might also
be helpful to assist orthopedic physicians. Table 1 presents the description of
some lower limb exoskeletons designed to support standing work and sta-
tic postures in industrial tasks, and the benefits and hazards reported by the
study authors.

As shown in Table 1, there are some studies focused on wearable chairs
(Zhu et al. 2018; Li et al. 2019; Luger et al. 2019; Pillai, Van Engelhoven
and Kazerooni, 2020; Du et al. 2021; Wang et al. 2021; Tu et al. 2022).
Wearable exoskeleton chairs have segments and joints that match those of
the person using them. The exoskeleton chair can be carried along and may
provide a comfortable seat. Devices, such as Chairless chair, LegX, and the
lower limb exoskeleton developed by Zhu and colleagues, are unpowered
rigid support exoskeletons that can increase the maximum load capacity by
distributing the load to the ground through a rigid frame so that the wearer is
only directly subjected to a weak load force. Regarding the advantages, these
unpowered devices are more lightweight than active exoskeletons because
they do not require external power sources, and the users can use them for
as long as they choose without worrying about battery charge. These devices
do, however, have some drawbacks. One disadvantage is that these devices
can only offer the possibility to manually alter the squatting postures to three
fixed height levels, which has a significant negative impact on the worker’s
efficiency, as workers cannot freely adjust the degree of squatting of the exo-
skeleton according to their needs (Zhu et al. 2018; Luger et al. 2019; Pillai,
Van Engelhoven and Kazerooni, 2020). For instance, when workers need dif-
ferent heights than the ones provided by these exoskeletons, this is a major
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drawback. Another problem highlighted in unpowered devices, like Chairless
chair and LegX, is user’s stability, as the weight has been grounded through
the wearer’s foot.

To overcome the issue of fixed sitting heights, Tu and colleagues proposed
E-LEG, a powered wearable chair with two design elements that make the
device smarter and more adjustable (Tu et al. 2022): one is an active tuning
mechanism, a squat height adjustment mechanism, made out of a pawl con-
nected to a pushpull electromagnet, allowing the exoskeleton joint to lock at
a variable height; the other is composed of an inertial sensor and a pressure
sensor on the exoskeleton’s bottom that may be used to control the exoskele-
ton using a finite state machine and automatically determine the user’s current
posture.

To overcome the issue of user’s stability, Wijegunawardana and colleagues
proposed ChairX, a device to improve stability for the wearer by adding a
supportive limb, which assists with two sitting postures (Li et al. 2019; Wije-
gunawardana et al. 2019): forward-inclined leg and backward-inclined leg.
It provides sitting assistance for forward-inclined leg postures for a knee fle-
xion of 0° to 60° and backward-inclined leg postures for a knee flexion of 0°
to 45°. The ChairX enables the user to change the seated height and adopt
various crouched postures. The supportive limb aids in extending the range
of motion, improving stability and comfort, and enhancing work quality.

The studies reported in Table 1 demonstrate that although these devices
have different mechanisms, they reduce lower limb muscle effort and the load
experienced by the lower limbs during prolonged standing or squatting tasks.
Therefore, these devices can be adapted to surgery to relieve the stress and
strain induced in the lower limb musculoskeletal system.

DISCUSSION

The results presented in the previous section show that lower limb exoske-
letons might be a suitable solution to reduce muscle effort and the risk of
developing lower limb WRMSD.

As shown in Table 1, all the devices can effectively reduce lower limb
muscle activity, especially of the muscles related to squatting activities and
prolonged standing work. Reducing the calf muscle’s activity is a criti-
cal aspect for orthopedic surgeons because static standing tasks impair the
function of the calf muscles. Also, the fact that the user can change between
different squatting heights without increasing the lower limb’s muscle effort
is crucial to avoid prolonged static postures during orthopedic surgeries. Fur-
thermore, some hybrid devices have already overcome the limitations of the
passive devices identified, such as the restrictions related to the sitting height
levels, which limit users’ options, and the problems related to users’ stability.

Nevertheless, some gaps still need to be filled to adapt these lower limb
devices to user needs. These device gaps include: adaptability — most devices
were specifically designed for industrial workers, who perform more dynamic
tasks than orthopedic surgeons; adjustability — devices should be adjustable
to individual users’ anthropometry; stability — devices should ensure users’
stability without restricting squatting heights, or other activities that do not



118 Santos et al.

involve squatting; and weight — devices should be lightweight. Also, to make
the device more adapted to orthopedic surgeons’ needs, it should focus on
reducing muscle activity of soleus and plantaris muscles, as these muscles are
involved in movements observed during orthopedic surgery, such as plantar
flexion during extended periods.

Concerning the fact that the device should be adapted to each person’s
anthropometry, future designs of lower limb exoskeletons should have an
adjustable attachment to suit the user’s size and joints and consider the anth-
ropometry of both men and women. For instance, the device should consider
that women generally have larger hips and thighs, so adjustable hip joints
should be included and avoid rigid structures (Han, Liu and Zhang, 2021).

Furthermore, to be widely used, comfort and stability are essential aspects
to be considered in the design. When the exoskeleton redistributes forces
to the user’s body like in the case of Chairless chair and LegX, comfort
remains challenging. In order to overcome this issue, some studies highlight
the importance of reducing or distributing the pressure of the exoskeleton
on the human body to increase comfort and user acceptance (De Rossi et al.
2011). To avoid any pain or potential injuries, researchers should also pay
close attention to the pressure points and points of contact between the user
and the exoskeleton. In order to reduce the pressure from the device, Yu
and colleagues propose a design with a larger moment arm of a soft lower
limb exoskeleton to mitigate high-pressure concentration on the knee by
distributing the pressure along the length of the thigh and shank (Yu et al.
2019).

Regarding mechanical aspects, lower limb devices that meet the needs of
surgeons must be kinematically compatible to enable not just squatting tasks,
but also other motions typically performed during orthopedic surgeries, such
as twisting, forward-leaning, lateral leaning, and plantar flexion; therefore,
rigid structures should be avoided in exoskeleton design as they are more
likely to limit the range of motion (Meng et al. 2022). However, it is crucial
to consider that softer materials have a limited ability to redistribute forces
on the user’s body since they lack a rigid frame. For instance, plastic com-
ponents can be used instead of metal structures, which might make twisting
motions easier. Furthermore, instead of being task-specific, the design of the
exoskeleton should introduce programming to control its degrees of freedom
so that the device can fit a more extensive range of tasks without compromi-
sing user’s stability or overloading muscles that are not involved in the task
(Souza et al. 2016).

Additionally, to promote surgeon’s acceptance, it is essential to guarantee
that the device is lightweight, which is more likely in passive devices as they
do not have motors. However, considering the need to provide a device that
does not constrict the surgeon’s tasks, it might be relevant to integrate sensors
that enable, for instance, a stepless sitting posture so that surgeons can choose
the position most adapted to the patient being operated on. Furthermore,
considering the asepsis requirements in surgical rooms, the components of
exoskeletons, including any actuator, should be removable to enable easy
disinfection.
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In summary, taking into account the identified user needs and the review
of available exoskeletons, it is important to consider some requirements
when designing a lower limb exoskeleton for orthopedic surgeons. The device

should be:

. Adaptable to user needs;

« Adjustable to user’s anthropometry;

. Lightweight;

. Easy to put on and take off;

« Not restrictive of upper body motions (e.g., twisting and bending);
« Built using sustainable and easy to disinfect materials.

CONCLUSION

In orthopedic surgery, the use of lower limb exoskeletons has the potential
to significantly reduce muscle effort and the risk of developing lower limb
WRMSD. Also, improving the working conditions for surgeons will effecti-
vely enhance the quality of surgery and benefit patients. Previous publications
have also endorsed the use of lower limb exoskeletons to facilitate human
tasks in various contexts, such as the industrial environment. However, the
user needs and the requirements for the development of exoskeletons for
industrial context differ from those required by surgeons.

This paper highlighted some of the physical risk factors contributing to
the occurrence of WRMSD in orthopedic surgeons; analyzed the pros and
cons of several existent lower limb exoskeletons; and identified user needs
and solutions requirements to consider in the development of a lower limb
exoskeleton adapted to be used by orthopedic surgeons.

In summary, lower limb exoskeletons adapted to orthopedic surgeons
needs can contribute to reducing load during surgery and reducing the risk
of developing lower limb WRMSD.
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