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ABSTRACT

Work-related musculoskeletal disorders remain a major occupational health challenge,
particularly in industries requiring manual material handling. Despite existing
ergonomic solutions, the prevalence of musculoskeletal disorders remains high
because of physical strain, repetitive motions, and poor workplace ergonomics.
Occupational exoskeletons, particularly back-support exoskeletons, have emerged
as a promising solution to reduce lumbar spine loading and mitigate the risk of
musculoskeletal disorders. Active exoskeletons offer enhanced adaptability through
human–machine interfaces, enabling users to configure assistive functions, such as
calibration, user profiles, and control strategies. This study evaluates the usability
of a newly designed calibration function within the User Command Interface Round,
which is a minimally adaptable setup system for the XoTrunk exoskeleton. Calibration
is a critical step prior to initiating manual material handling tasks because it ensures
optimal performance and user-specific adjustments. A comparative user study was
conducted with 10 participants to assess the efficiency and user experience of the
proposed simplified interface compared to the original version. Results indicate that
the redesigned interface improves the ease of use and setup efficiency, potentially
enhancing the adoption of occupational exoskeletons in the workplace. By optimising
human–machine interfaces design, this research contributes to the goal of improving
exoskeleton usability and acceptance in physically demanding industries.
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INTRODUCTION

Research on ergonomics for work-related musculoskeletal disorders (MSDs)
remains a significant challenge for affected individuals, businesses, and
society. As the most costly category of occupational health issues, MSDs
affect more than one in three European workers, making them the most
common work-related illness across all industries. Occupational MSDs can
result from mechanical (physical) exposure and psychosocial factors in the
workplace. However, determining whether these work-related factors are the
actual cause of pain can be challenging because there may be non-work-
related conditions, such as ageing process (Winkel et al., 2008).
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A common occupational task in various industries is manual materials
handling (MMH), which refers to the process of manually moving, lifting,
lowering, pushing, pulling, or carrying materials, goods, or products.
Nevertheless, it also poses a risk of injuries and MSDs due to different
factors, such as the physical strain involved, repetitive motion (which can lead
to fatigue), poor ergonomics (workplaces may not be designed to facilitate
safe practices), and environmental factors, such as uneven floors, cluttered
workspaces, slippery surfaces, or poor lighting (Yang et al., 2020).

A promising approach to address MSDs in the workplace is the use of
an occupational back-support exoskeleton. This is a wearable technology
designed to reduce lumbar spine physical strain during lifting tasks. Research
has demonstrated that these wearable devices can decrease back-muscle
activity by up to 40%, effectively reducing spinal loading during MMH tasks
(Poliero et al., 2021). An exoskeleton is an electromechanical wearable device
that operates in parallel with the body and can function through passive or
active actuation to enhance limb capabilities (Anam et al., 2012).

The industries with the greatest interest in robotic exoskeleton
technologies include construction, manufacturing, demolition, logistics, and
shipbuilding, where physically demanding tasks, repetitive motions, and
heavy lifting are common. Beyond these industries, sectors such as health and
social care, as well as agriculture, are increasingly exploring exoskeletons
to reduce occupational injuries and enhance worker performance (Bogue,
2018).

According to the actuation principle, an active exoskeleton (with sensors,
controller and actuators) can be more versatile in terms of configuration than
a passive exoskeleton (Poliero et al., 2021). A specific characteristic of active
exoskeletons is the possibility of modifying the control strategy to provide
appropriate assistive forces according to the task (Lazzaroni et al., 2020).
This control strategy is modulated through a human–machine interface
(HMI), which is the cornerstone of user interaction and the basis of cognition
to modify and adjust parameters in a system (Gong et al., 2009). In an
active occupational exoskeleton, more functions can be adjusted, such as
calibration, user information (weight and height), and control gains.

This study presents the usability assessment of the motor calibration
function in the novel User Command Interface Round (UCI-R), a minimally
adaptable setup system for occupational exoskeletons. Calibration is the first
step to set up the exoskeleton XoTrunk before starting the MMH task. The
first version of this HMI was presented byMoreno et al. (2022), this interface
presented four functions: a) motor calibration, b) user profile management,
c) control strategy configuration, and d) signal monitoring. A user study was
conducted with 10 participants by comparing the original user interface with
a newly designed, minimised version. The experiment assessed improvements
in user experience and efficiency between the two interfaces.

METHODOLOGY

To systematically evaluate user interaction with the interface, we applied the
GOMS (Goals, Operators, Methods, and Selection rules) model, which is
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a well-established cognitive modelling technique in HCI (Ramkumar et al.,
2017). In this study, the GOMSwas used to compare user actions between the
two interface versions with a focus on task flow related to motor calibration.
The analysis aimed to estimate the cognitive load, execution time, and
operational complexity, providing quantitative and qualitative insights into
user experience. The goal of this study was exoskeleton calibration; the
operators are interactive cards from the exoskeleton calibration section of the
User Command Interface (UCI) and the UCI-R visual interface. The methods
are the sequence functions to be performed (to achieve motor calibration)
in both interfaces, and the calibration action has a specific rule, which is to
remain still during the calibration.

System Description

TheWearable Robots, Exoskeletons and Exosuits Laboratory (XoLab) of the
Advanced Robotics Department (ADVR) is an interdisciplinary team at the
Istituto Italiano di Tecnologia (IIT). Our group focuses on the research and
development of wearable devices for occupational applications, such as the
back-support exoskeleton XoTrunk (Poliero et al., 2022) and the upper-limb
exoskeleton Shoulder-SideWINDER (Park et al., 2022). Both exoskeletons
are active exoskeletons according to their actuation type, and their primary
function in wearable active devices is to calibrate the actuators before they
start to operate.

As mentioned, the XoTrunk is an active back-support exoskeleton that
weighs 6 kg, and it was designed to assist with MMH tasks by reducing
strain on the lower back and hips (see Fig. 1-a). The system features a rigid
aluminium frame worn like a backpack, with three passive hip-to-thigh
joints and two DC brushless motors that provide up to 30 Nm of assistive
torque in the sagittal plane (Natali et al., 2020). The control system uses an
accelerometer from an inertial measurement unit (IMU) on the user’s sternum
to detect movement and modulate force assistance. Motor calibration is
important because it captures the bias value of the torque sensor. This value
is part of a constructed inverse rotation matrix Rbn at the time of calibration;
thus, the gravity direction in the sagittal plane x is registered, affecting
directly to the exoskeleton’s torque output (Lazzaroni et al., 2020). During
calibration, the user must stand still.

The first HMI designed to interact with the XoTrunk exoskeleton was
the UCI. The proposed system enhances the functionality of occupational
exoskeletons by providing a user-friendly control system that allows users
to interact with and customise exoskeleton settings, including secure
identification, signal monitoring, user management, and control strategy
adjustments. Designed with security and usability in mind, it includes a
navigation wheel and buttons for efficient user input, and it has a display
with a resolution of 800×480 pixels and a colour screen (see Fig 1-b).

The proposed UCI-R is a minimised version of the UCI with buttons for
interface navigation and a colour display resolution of 480×480 pixels (see
Fig 1-c). Both interfaces feature intuitive navigation elements, such as menus,
submenus, cards, and decks. The graphic-user interface (GUI) follows a set
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of visual guidelines proposed by Google Material (Yang et al., 2021), and the
visual engine is mounted in the Processing framework (Reas and Fry, 2014).
When in use, either the UCI or the UCI-R is attached to the exoskeleton, and
the user wears the device during operation.

Figure 1: User-exoskeleton interaction: XoTrunk and the UCI/UCI-R. (a) Occupational
exoskeleton XoTrunk. (b) User command interface motor calibration sequence.
(c) User command interface-round motor calibration sequence.

Evaluation Metrics

The standardised evaluation metrics chosen in this study were selected
from the user-centred evaluation for wearable robotics devices (WRD), a
user research platform provided by the Interactive Usability Toolbox (IUT)
(Meyer et al., 2023). The scale of Cronbach’s alpha coefficient of reliability
is defined in Tavakol and Dennick (2011). Two assessment metrics were
selected:

1) The After-Scenario Questionnaire (ASQ) is a psychometric 3-item
instrument with a 7-option Likert scale designed to assess user
satisfaction immediately after participants complete specific tasks (or
scenarios) in scenario-based usability studies (Lewis, 1991).

2) The Single Usability Metric (SUM) is a 3-item standardised and
summated usability metric using a 5-option Likert scale developed to
encapsulate into a single score the primary dimensions of usability, such
as effectiveness, efficiency, and satisfaction.

EXPERIMENTAL EVALUATION

The experiment assessed the usability of the motor calibration function of
the UCI and the UCI-R in attributes such as effectiveness, efficiency, ease of
task, time on task, documentation organization, and satisfaction.

Participants

A group of 10 subjects participated in the experiments; among the
participants, 3 were females and 7 were males. The experiment was
conducted in accordance with the Declaration of Helsinki and was approved
by the Ethics Committee of Liguria (protocol no.: CER Liguria 001/2019).
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Experiment Deign

The experiment was conducted to compare the usability attributes of the UCI
(Activity 1) and miniimalistic version of the UCI-R (Activity 2). In this study,
the exoskeleton was not used because we were interested in ensuring that the
participant’s attention was focused on the interfaces. Both interfaces were
designed in a simulator on a PC. First, in Activity 1, the participant interacted
with the UCI simulator and was asked to perform a motor calibration
sequence consisting of seven steps (from the main menu window) until the
participant obtained a final result, either successful calibration or failure.
At the time of calibration, the participant can select between successful and
failed tasks. It was requested to first perform a successful task and then a
failure. In Activity 2, the user interacts with the UCI-R novel interface in
the simulator. In this version, the participant does not perform a sequence
for this action; instead, the interface conducts the user to a process that
always starts with the motor calibration action. Once the user pressed the
start calibration button, the first displayed result was considered successful.
Then, the simulator displays the start calibration button once again for a
second trial, where the final result is a task failure. Once complete, the UCI-R
interface displays the initial screen with no actions, indicating the end of the
activity. At the end of each activity, the participant answered the ASQ and
SUM questionnaires.

RESULTS AND DISCUSSION

Results of ten participants evaluation of the two user interfaces (UCI and
UCI-R) in two activities are presented in the After-Scenario Questionnaire
and Single Usability Metric sections.

After-Scenario Questionnaire

The internal consistency of the survey data was evaluated using Cronbach’s
alpha, which resulted in a coefficient of α = 0.694. As shown in Fig. 2,
participants reported in Activity 1 (UCI interface) a score for task ease with
a mean value of 3.0 ± 1.699, for task time a mean value of 3.1 ± 1.663, and
for time documentation, a mean value of 2.5 ± 1.715. Scores reported by
participants in Activity 2 (UCI-R interface) indicated task ease with a mean
value of 1.2 ± 0.421, task time with a mean value of 1.2 ± 0.421, and time
documentation with a mean value of 1.6 ± 0.843.

The After-Scenario Questionnaire score scale uses 1 as the highest
value (strongly agree) and 7 as the lowest (strongly disagree); in this
case, lower ASQ scores represent better grading. The ASQ scores
demonstrated significantly greater user satisfaction during Activity 2
(UCI-R interface). The mean scores for task ease (1.2), task time (1.2), and
task documentation (1.6) were substantially lower than those of Activity
1 (UCI interface), indicating that eliminating unnecessary navigation along
the interface improved perceived usability across the exoskeleton calibration
process.
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Figure 2: After scenario questionnaire scores. Evaluation of Activity 1 (UCI interface)
and Activity 2 (UCI-R interface) task ease, task time, and task documentation attributes.

Single Usability Metric

The internal reliability of the scale was confirmed using Cronbach’s alpha
of α = 0.701. As shown in Fig. 3, participants reported in Activity 1 (UCI
interface) a score for task ease with a mean value of 3.5 ± 1.080, for
satisfaction with a mean value of 3.5 ± 1.080, and for time on task, a mean
value of 3.5 ± 1.354. Scores reported by participants in Activity 2 (UCI-R
interface) indicated task ease with a mean value of 5.0 ± 0.0, satisfaction
with a mean value of 4.9 ± 0.316, and time on task with a mean value of
5.0 ± 0.0.

Figure 3: Single usability metric scores. Evaluation of Activity 1 (UCI interface) and
Activity 2 (UCI-R interface) in terms of task ease, satisfaction, and time on task
attributes.
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Participants reported significantly higher usability scores for Activity 2
than for Activity 1, suggesting that direct access to the calibration
feature enhances user experience by improving task ease, satisfaction, and
completion efficiency.

CONCLUSION

Calibration is a critical procedure for active occupational exoskeletons, such
as XoTrunk. In order to achieve this step, an HMI device is required to
interact with the exoskeleton. In this study, a usability comparison of two user
interfaces was evaluated. Participants reported in Activity 1 (UCI interface)
according to their scores a moderate to low satisfaction across the interface;
users felt the activity was not particularly easy, took more time, and found a
lack of supported information. Participants also experienced more friction,
either in navigating, time taken, or clarity; making the UCI interface possibly
less intuitive, even if task success was still achievable. For Activity 2 (UCI-R
interface) scores, participants indicated significantly better usability, the task
felt easier to complete, faster or with less effort, and they felt more satisfied,
implying a simpler workflow that reduced both cognitive and interaction
load.
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