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ABSTRACT

Orthopedic surgeons are frequently exposed to awkward and sustained body postures
and repetitive or forceful movements during surgical procedures. These demands
may contribute to the development of work-related musculoskeletal disorders
(WRMSD), particularly in the lower limbs. Such conditions may negatively affect the
surgeon’s motor skills and quality of life. Consequently, there is a pressing need for
solutions that mitigate physical strain without interfering with surgical performance
or concentration. Lower limb exoskeletons have emerged as promising assistive
solutions, designed to reduce muscular and joint loading through mechanical or
torque-based support. While their effectiveness has been investigated in industrial
settings, their application in surgical environments remains limited and insufficiently
tailored to surgeon’s needs. This study identifies and prioritizes user-centered design
requirements for a lower limb exoskeleton intended for orthopedic surgeons operating
in standing postures. A mixed-methods approach was employed, integrating a
literature review, consultation with an exoskeleton distributor, and direct input from
orthopedic surgeons at a Portuguese hospital. Requirements were prioritized using
the Mudge diagram and classified using the Kano model, with Satisfaction and
Dissatisfaction Coefficients calculated to determine their relative impact. Internal
consistency was verified through Cronbach’s alpha. Results indicate that stability,
freedom of movement, and long-term comfort are the most critical design priorities.
The findings provide a structured, human-centered framework for the development
of a lower limb exoskeleton, contributing to lower limb WRMSD prevention while
ensuring clinical acceptability.
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INTRODUCTION

Orthopedic surgery practice is physically and cognitively demanding.
Surgeons frequently adopt awkward or sustained body postures and perform
repetitive or forceful movements (Lester et al., 2012; Swank et al., 2022).
The cumulative effects of these work-related demands, combined with
insufficient recovery time, can contribute to the development of work-related
musculoskeletal disorders (WRMSD) (Lunde et al., 2014).

Lower limb WRMSD are particularly concerning because the affected
body regions play a central role in maintaining balance and postural stability
during surgery. These disorders may negatively affect motor skills, endurance,
and surgical precision (Swank et al., 2022; Yakkanti et al., 2023). Therefore,
identifying solutions that mitigate physical strain in lower limbs without
compromising surgical performance and focus is a key challenge within
orthopedic surgery practice.

Lower limb exoskeletons represent a promising assistive solution. These
devices reduce biomechanical loading via passive mechanical support or
active torque assistance (Bar et al., 2021). Although applications in industrial
contexts demonstrate benefits in reducing muscle fatigue and improving
endurance, applications in surgical contexts remain largely unexplored
(Santos et al., 2023). Existing devices, such as the Archelis exoskeleton
described by Kawahira and colleagues, show potential in reducing back strain
during laparoscopic procedures but do not specifically address the physical
demands placed on the lower limbs during surgery (Kawahira et al., 2018).

This gap underscores the need to develop a lower limb exoskeleton that is
safe, comfortable, and effective in reducing exposure to Physical risk factors
related to lower limb WRMSD that orthopedic surgeons may face during
surgery. Beyond this, user acceptance is critical for successful implementation.
Accordingly, this study aims to identify and prioritize user-centered design
requirements for a lower limb exoskeleton designed specifically for orthopedic
surgeons operating in standing positions.

MATERIALS AND METHODS

The methodology of the study involved three stages: (1) development of
questionnaires; (2) application of the questionnaires; (3) data analysis;
(4) conclusions retrieved from the data analysis.

Development of the questionnaires

The design requirements to include in the questionnaires were derived from:
a systematic literature review (Santos et al., 2023); consultation with a
distributor of the “Chairless Chair” exoskeleton to understand technological
capabilities and constraints; meetings with an orthopedic team from a
renowned Portuguese hospital. Sixteen requirements were identified:

Ensure user stability;
Allow freedom of movement;
- Easy to put on and take off;
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«  Reduce user fatigue;
Easy to use and learn;
Lightweight;
«  Without electromagnetic components;
« Easy maintenance;
«  Comfortable for long periods of use;
«  Robustness;
Noiseless;
Portable;
«  Made from sustainable materials;
«  Easy to disinfect;
« Adjustable fit for user’s anthropometry;
«  Reduce or distribute pressure of the exoskeleton on the user’s body.

Two structured questionnaires were developed to assess these requirements,
as attached in Appendix 1:

« The Mudge diagram enables pairwise comparison of the requirements’
relative importance using a 4-point importance scale (Ibusuki &
Kaminski, 2007; Nickel et al., 2010).

«  The Kano model evaluates user satisfaction with the presence and absence
of each requirement using a five-point scale (Mikuli¢ & Prebezac, 2011).

APPLICATION OF THE QUESTIONNAIRES

Six orthopedic surgeons completed the Mudge diagram questionnaire
(5 male, 1 female; mean age = 31.3 + 3.5 years). Seven surgeons completed
the Kano questionnaire (6 male, 1 female; mean age = 31.0 + 3.3 years).
Questionnaires were distributed via email, with in-person clarification when
needed.

Data Analysis

For the Mudge Diagram, paired-comparison scores were aggregated to
produce weighted priority rankings. Descriptive statistics, namely mean and
standard deviation (SD), summarized the central tendencies and variability
of the responses.

Kano data were analyzed using a standard evaluation matrix, as shown
in Table 1. Each requirement was classified into one of the following
categories (Matzler & Hinterhuber, 1998): Must-be (M)- essential features;
absence causes dissatisfaction; One-dimensional (O)- satisfaction increases
proportionally with performance; Attractive (A)- unexpected features that
enhance satisfaction; Indifferent (I); Reverse (R); or Questionable (Q) where
applicable.
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Table 1: The evaluation of the Kano model quality attributes. Legend: M-must-be
needs; A-attractive needs; O-performance or one-dimensional needs; l-indifferent;
Q-questionable; R-reverse.

. Dysfunctional
Requirements — - - —
1.Likeit 2.Mustbe 3.Neutral 4.Live with 5. Dislike
Functional 1. Like it Q A A A (¢)
2. Must be R I I I M
3. Neutral R I I I M
4. Live with R I I I M
5.Dislike R R R R Q

To combine the responses from surgeons, the frequency of responses
within each Kano category was calculated. In ambiguous cases, where a
requirement received similar response frequencies across multiple categories,
a hierarchical rule (M > O > A > I) determined the predominant category.
This rule prioritizes the requirements that most influence perceived quality
from the surgeon’s point of view.

To quantitatively evaluate the impact of each requirement, satisfaction
coefficient (SC) and dissatisfaction coefficient (DC) were calculated using the
following formulas:

A+O DC = M+O
= = 1 2
5S¢ A+O+I+M ) (A"'O"'I"'M)"('I) 2

where:

- A: denotes attractive requirement;

- O: denotes one-dimensional requirement;
- M: denotes must-be requirement;

- I: denotes indifferent requirement.

The difference between these coefficients, known as the Total Satisfaction
Index (TSI), was used to rank the requirements according to their impact on
satisfaction, with negative TSI values indicating that non-fulfillment causes
dissatisfaction and positive values indicating satisfaction. In addition, higher
values have more influence on the satisfaction rate.

To ensure the reliability and internal consistency of the questionnaire data,
Cronbach’s alpha was computed, with values of 0.65 or higher considered
acceptable (Cortina, 1993; Hashim & Dawal, 2012; Wasserman & Bracken,
2003). This statistical measure verifies whether the analyzed data exhibits
sufficient coherence and compatibility, thereby ensuring its trustworthiness
and reliability.

RESULTS

The Mudge diagram results, presented in Table 2, provide valuable insights
into the relative importance of the requirements for the development of
a lower limb exoskeleton. User stability emerged as the most important
requirement, with a mean relative weight of 13.31% and moderate variability
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among participants. Closely following was freedom of movement, with a
mean of 12.68% and relatively low variability, indicating strong consensus.
Comfort during extended use was also highly ranked, with a mean of 10.13%.
Together, these findings demonstrate that surgeons view postural stability,
dynamic mobility, and sustained comfort as foundational requirements of a
lower limb exoskeleton.

Requirements of moderate priority included fatigue reduction, features
related to anatomical adjustability and pressure distribution, ease of putting
on and taking off, and lightweight construction. These attributes were
considered beneficial for enhancing usability and personalization but were
secondary to the core functional triad of stability, mobility, and comfort.
Lower-priority attributes, which received mean ratings below 3%, included
ease of disinfection and maintenance, sustainability of materials, robustness,
and absence of electromagnetic components. Although relevant, these were
viewed as less critical to immediate surgical performance.

Table 2: Relative importance of the requirements ranked by surgeons.

Requirements Mean SD

Ensure user stability 13.31% 5.19%
Allow freedom of movement 12.68% 2.63%
Comfortable for long periods of use 10.13% 3.20%
Reduce user fatigue 8.36%  3.05%
Adjustable fit for user’s anthropometry 8.35%  3.29%
Reduce or distribute the pressure of the exoskeleton on the user’s body 8.05%  2.47%
Easy to put on and take off 7.33%  3.86%
Lightweight 720%  3.07%
Easy to use and learn 6.60%  2.85%
Noiseless 447%  4.29%
Portable 325%  1.77%
Easy to disinfect 2.55%  2.95%
Easy maintenance 235%  0.69%
Robustness 223%  2.45%
Made from sustainable materials 1.72%  1.82%
Without electromagnetic components 1.40% 1.34%

The Kano model results, presented in Table 3, provided further insight
into the structure of user expectations. User stability, freedom of movement,
pressure distribution, adjustable fit, and long-term comfort were classified
primarily as must-be requirements. Their absence would generate strong
dissatisfaction, even if their presence does not necessarily increase satisfaction
beyond neutrality. This interpretation is supported by negative TSI values,
particularly for stability, which had the most pronounced dissatisfaction
impact (TSI = —0.71). Pressure distribution also demonstrated substantial
dissatisfaction potential (TSI = -0.57).
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In contrast, features such as ease of donning and doffing, easy to use and
learn, lightweight design, portability, and ease of disinfection were classified
as one-dimensional attributes, indicating a proportional relationship between
performance and satisfaction. Improvements in these features would directly
enhance user experience, but their absence would not provoke dissatisfaction
to the same degree as must-be attributes.

Attractive attributes included fatigue reduction, noiseless operation, and
the use of sustainable materials. These features were not explicitly expected
by surgeons but generated positive satisfaction when present. Notably,
sustainable materials and long-term comfort both achieved a positive TSI of
0.57, suggesting that these design requirements can meaningfully enhance
acceptance when incorporated effectively. Cronbach’s alpha values of 0.80
for the functional form and 0.66 for the dysfunctional form confirmed
acceptable internal consistency of the data.

Table 3: Classifications based on the Kano model and the TSI index per requirement.

Requirements Category TSI
Ensure user stability M -0.71
Allow freedom of movement M -0.29
Easy to put on and take off ¢ -0.14
Reduce user fatigue A 0.14
Easy to use and learn O 0.00
Lightweight O 0.14
Without electromagnetic components I 0.00
Easy maintenance I 0.29
Comfortable for long periods of use M 0.57
Robustness I 0.17
Noiseless A 0.29
Portable 0] -0.14
Made from sustainable materials A 0.57
Easy to disinfect (0] 0.14
Adjustable fit for user’s anthropometry M -0.29
Reduce or distribute the pressure of the exoskeleton on the user’s body M -0.57

DISCUSSION

The integrated analysis of Mudge and Kano results reveals three central
themes that should guide the development of a lower limb exoskeleton for
orthopedic surgeons: the necessity of balancing stability and mobility, the
centrality of comfort and anthropometric adaptability, and the hierarchical
structure of user expectations.

Stability was identified as the most indispensable requirement, with the
highest dissatisfaction when unmet. Surgeons perceive it as fundamental not
only to personal safety but also to maintaining surgical precision. However,
the nearly equivalent priority assigned to freedom of movement highlights
a critical design requirement. Excessive rigidity may enhance static support
but compromise dynamic agility, while overly compliant systems may fail
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to provide adequate postural assistance. This balance reflects a broader
challenge in exoskeleton design: achieving sufficient mechanical support
without impairing natural movement patterns.

Previous studies regarding lower limb exoskeletons reinforce this trade-
off. Passive systems incorporating gravity-balancing or compliant elements
have been shown to preserve joint mobility while maintaining postural
control, suggesting advantages for tasks requiring prolonged standing
postures (Agrawal et al., 2007; Naf et al., 2018). Active human-in-the-loop
systems further demonstrate that adaptive torque assistance can enable stable
locomotion and smooth transitions between human and machine control (Li
et al., 2021). Conversely, certain pneumatic-powered or overly rigid knee
designs have been observed to restrict joint flexion, produce stiffer landing
mechanics, or impair dynamic reactive balance (Nagai et al., 2025; Ringhof
et al., 2019). Additional findings indicate that excessive mechanical stiffness
may increase fall risk during unexpected perturbations (Steinhilber et al.,
2020). Together, these findings suggest that an optimal exoskeleton should
integrate hybrid mechanical structures or adaptive torque control capable of
stabilizing without impeding coordinated movement.

Comfort during extended use also emerged as a central determinant of
acceptance. Long surgical procedures require materials and structural designs
that minimize localized pressure and allow for dynamic adjustments during
use. Modular interfaces, distributed padding systems, and adaptive load-
sharing mechanisms may enhance personalization and reduce discomfort
over time.

The Kano classification clarifies that stability, mobility, comfort,
adjustability, and pressure distribution function as threshold requirements.
Their absence undermines acceptance, whereas their presence merely
establishes adequacy. In contrast, one-dimensional attributes such as
lightweight construction and ease of use contribute incrementally to
satisfaction, while attractive features differentiate high-quality designs. The
positive TSI index for sustainable materials suggests a growing awareness
among orthopedic surgeons regarding environmental responsibility in
technology.

The combination of the Mudge diagram and Kano model proved valuable
in translating surgeon’s perceptions into structured, quantifiable priorities
within an assistive technology framework. The study provides a structured
map that can guide manufacturers in aligning mechanical design with surgeon
expectations. Nevertheless, the study is limited by its small, single-institution
sample. Although sufficient for exploratory analysis, broader validation
across institutions and surgical specialties is necessary. Future research
should include prototype testing in simulated operating environments and
longitudinal studies to assess adaptation, trust, and performance outcomes.

CONCLUSION

This study provides a structured framework for developing a lower limb
exoskeleton tailored for orthopedic surgeons. The findings identify stability,
freedom of movement, and long-term comfort as fundamental design
requirements, while highlighting pressure distribution and anthropometric
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adjustability as critical determinants of user acceptance. Usability-related
attributes, such as lightweight construction and intuitive operation, contribute
proportionally to user satisfaction, whereas features such as noiseless
performance and sustainable materials serve as differentiating factors that
further enhance the overall experience.

By integrating systematic prioritization with satisfaction modeling, the
study provides actionable guidance for subsequent prototype development.
Effective exoskeleton systems for orthopedic surgeons must balance
biomechanical support and dynamic mobility, ensuring sustained postural
assistance without compromising surgical precision or workflow integration.
Through such a human-centered design approach, lower limb exoskeletons
may contribute meaningfully to lower limb WRMSD prevention while
preserving operative performance in the context of orthopedic surgery.
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APPENDIX 1

Mudge Diagram: Complete the comparison matrix using the provided scale.

A[BICIDIE[F|GH[IJLIM[N[O[P]Q Designation Requirements
Ensure user stability.
Allow freedom of movement.

Easy to put on and take off.

Reduce user fatigue.

Easy to use and learn. e s e
Lightweight, Scale for quantifying importance:

Without electromagnetic components. 1 Equally important

Easy maintenance. 2 | Moderately more important
Comfortable for long periods of use. 3 More important

Robustness. 4 | Much more important

Noiseless.
Portable.
Made from sustainable materials.

Easy to disinfect.

Adjustable fit for user’s
anthropometry.

Reduce or distribute the pressure of the
exoskeleton on the user’s body.
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Figure 1.1: Mudge diagram.
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Kano Model: Select the option that describes your preference.

Table 1.1: Kano model.

How do you feel if the exoskeleton: I like it It must be Neutral I can live with it I dislike it

ensure user stability during use?
creates instability during use?
allows freedom of movement?
restricts freedom of movement?
is easy to put on and take off?
is not easy to put on and take off?
reduce user fatigue?

does not reduce user fatigue?

is easy to use and learn?

is not easy to use and learn?

is lightweight?

is not lightweight?

does not have electromagnetic
components?

has some electromagnetic
components?

requires minimal maintenance?
requires periodic maintenance?

is comfortable for long periods of
use?

causes discomfort when used for
long periods?

is robust?

is not robust?

is noiseless during use?
produces noise during use?
is portable?

is not easy to transport?

is made from sustainable
materials?

is not made from sustainable
materials?

is easy to disinfect?
is not easy to disinfect?

is adjustable to fit the
anthropometry of each user?

does not fit perfectly to the
anthropometry of each user?

(Continued)
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Table 1.1: Continued.

How do you feel if the exoskeleton: I like it It must be Neutral I can live with it I dislike it

reduce or distribute the pressure of
the exoskeleton on the user’s body?

does not reduce or distribute the
pressure of the exoskeleton on the
user’s body?




