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ABSTRACT

Industrial activities depend upon tasks involving manual material handling; these
expose workers to considerable risk of injuries causing low back pain and musculo-
skeletal disorders. A potential solution for this problem presents the use of wearable
robots known as exoskeletons. Such devices require system adaptation in diverse sce-
narios to produce the proper assistive modulation forces for the user. A novel solution
is allowing the user access capabilities to certain areas of the exoskeleton controller.
The user command interface is a wearable adaptable setup system device for occupa-
tional exoskeletons. This device commands the interactions between the user and the
exoskeleton to achieve easy adjustments in the system. In this paper we present the
design and evaluation of a human-machine interface called the User Command Inter-
face, a wearable device to access the different domains of the exoskeleton control
system. Experiments were conducted and results showed that the interface is simple,
intuitive and highly consistent.
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INTRODUCTION

Many industrial tasks such as manual material handling (MMH) sometimes
are performed in inappropriate body postures, even with the use of additio-
nal tools (Ebrahimi, 2017). This could lead to work-related musculoskeletal
disorders (MSD) such as serious shoulder and back injuries, which affect a
considerable portion of the working population (Bosch et al., 2016). These
considerations, in combination with an ongoing technological change, sug-
gest the need for new solutions to support workers against MSD (Spada et al.,
2017). A solution to mitigate MSD during MMH working tasks could be
the upper body occupational exoskeletons as an example. An exoskeleton
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is a wearable device attached in parallel to the human body. These exo-
skeletons include upper limb and back supports to reduce the load in the
spinal cord and the shoulders. The principle of an exoskeleton is typically
to add mechanical power to the human body, therefore, reducing the biome-
chanical load and the risk of MSDs (Huysamen et al., 2018). Exoskeletons
could be grouped according to their actuation type in passive and active. The
passive type generally implements mechanical or pneumatic springs that redi-
stribute stored potential energy in a body region. Active exoskeletons have a
more complex architecture since these use electromechanical actuation gene-
rated by electric motors. Thus, the active exoskeletons use electromechanical
systems and power sources to produce modulated assistive force in a region
of the body (Kuber et al., 2022). Active exoskeletons are likely to be more
effective and versatile since there is a modulation of the proper assistive forces
(Toxiri et al., 2018). This creates a challenge for exoskeleton designers and
users.

To conquer this challenge, a Human-Machine Interface (HMI) is intro-
duced to provide easy access and adjustments to the user during a MMH
task. A HMI utilizes intelligent control to enhance an interface architecture
when the user interacts with a device (Agah & Tanie, 1996). According to
Chao (2009), an HMI interaction occurs in diverse modes such as: a) data
interaction, b) image interaction, c) voice interaction, and d) intelligent
interaction.

The Command User Interface (UCI) is an electromechanical device to
afford an adaptable setup system considering the variability between tasks
and users for occupational exoskeletons. The main objective is to pro-
vide the user secure access to some exoskeleton domains and perform
easy adjustments. In this paper we present the design and evaluation of a
human-machine interface developed to interact with XoLab’s occupational
exoskeletons in collaboration with INAIL (Italian Worker’s Compensation
Authority).

This paper presents the design and evaluation of the UCI. In the next
section (Methodology) is described the UCI’s system definition and the eva-
luation metrics for its assessment. After (Experimental Evaluation), presents
the test participants and the experiment design for the UCI alone and with
an exoskeleton. Then, Results and Discussion are presented. Finally the
Conclusions.

METHODOLOGY

To assess the UCI we performed functionality, experience, and usability tests.
We divided the experiment according to the type of interactions (interface-
only and interface-exoskeleton interaction) between the user, the interface,
and the exoskeletons. The interface-only interaction evaluates the navigation
intuitiveness of the graphical layer and the functionality of user data-base
management. On the other hand, the interface-exoskeleton interaction asses-
ses the rapid parameter configuration during lifting tasks related to real
scenarios.
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System Description

The interface is an electro-mechanical device attached to the exoskeleton.
The main objective is to control who has access to the exoskeleton and how
some domains could be modified without affecting the safety of the user and
performance of the exoskeleton. The UCI was developed to interact with the
active occupational wearable robots: XoTrunk (Poliero et al., 2021), and
Shoulder-sideWINDER (Park et al., 2021) as seen in Figure 1.

The UCI’s architecture is mainly formed by an embedded systemwith three
sensor inputs: 1) a fingerprint sensor for user access recognition, 2) an enco-
der for the crown wheel navigation system, and 3) two push-buttons for item
selection (these have the same function, and are duplicated for usability pur-
poses). The output part of the system is the visual interface, which is an
800×480 pixels resolution colour screen. Inside the embedded system run
two-application layers: a) a low-level layer executing actions just for input
sensors, and b) a high-level layer acting as a visual engine for the output part
of the interface. As depicted on Figure 1, the high-level layer uses a table
design rule system, this is a file containing all the information of the visual
element layout to be displayed on screen. Once the table design rule is deco-
ded by the visual engine, it drops a visual item according to the hierarchical
visual architecture.

Figure 2 shows the hierarchical visual architecture, it is composed bymenu,
sub-menus, cards, decks, and prompt information messages. The minimal
information element in the UCI is a card, this displays information regarding
the status of the exoskeleton or user parameters. A deck is a group of cards
stacked together to show aligned information. Menus and sub-menus are the
navigation tree of the UCI, these lead to cards and decks. Finally, the prompt
information messages display is an element to present instructions defined as
low, mid, or high on a critical scale.

There are twenty actions you can perform using the device, seven of them
directly affect the exoskeleton’s operation. Some examples of the actions you
can do are: (i) accessing the exoskeleton general system using fingerprint
unlock, (ii) calibration (iii) adjusting parameters, (iv) monitoring the exo-
skeleton’s signals, and (v) displaying instructions as safety rules or tutorials.

Figure 1: User command interface system architecture.
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Figure 2: UCI hierarchical visual architecture. a) UCI device displaying a menu, b) sub-
menu, c) card element, d) deck element, and e) prompt information message.

The state of the art, cases of study, and the GDPR argument of the UCI can be
consulted inMoreno Franco et al., 2022. Lastly, it is important to remark that
the academic contribution of this work is the generic and flexible interface
device that supports active occupational exoskeletons.

Evaluation Metrics

The User Pain Points (UPP) questionnaire is a set of 10-negative items eva-
luated by the user when interacting with the interface. The objective is to
assess the experience of the user interface. The options in the questionnaire
are: (a) I agree or (b) I disagree.

System Usability Scale (SUS) is a 10-item questionnaire with five response
options in the Linkert scale format. This tool gives a global view of subje-
ctive assessments of usability. To see the standard items in the SUS please
consult: (Brooke, 1996).

EXPERIMENTAL EVALUATION

The experiment assesses the functionality, experience, and usability of the
User Command Interface. It is divided according to the type of interaction:
a) UCI-Only interaction, and b) UCI-Exoskeleton interaction.

Participants

A group of 52 persons participated in the experiments in different sessions,
they are divided in two categories: a) UCI-Only focus group, and b) heal-
thy people with no history of low back pain (LBP) and shoulder pain. Test
participants with LBP can not be part of any of the lifting tasks, they just
participated in the UCI-Only interaction. 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). Additionally,
55% of the participants wore glasses for their daily activities.
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Experiment Design

In the UCI-Only interaction activity, the user has to accomplish five goals
using a GOM model (John & Kieras, 1996). The first goal is to successfully
log-in as an administrator, then the participant has to add ten-new user to the
UCI’s database (in Moreno Franco et al., 2022 is defined the user’s characte-
ristics details for this action). After, the participant must find the monitor
signals for XoTrunk exoskeleton, and verify that the fingerprint sensor light
works properly. Finally, the user should erase the UCI’s database. At the end,
the participants answered UPP and SUS surveys.

For the last activity (UCI-Exoskeleton interaction), the test participants
must carry out five lifting tasks wearing the XoTrunk exoskeleton and inte-
racting with the UCI. The lifting task is described in Lazzaroni et al., 2022.
Each task has a different parameter configuration to be adjusted by the user:
a) transparency, b) max. Torque of 10 Nm, c) max. Torque of 20 Nm, d) max.
Torque of 30 Nm, e) max. Torque of 40 Nm; an additional task with-
out lifting involves loading a preset configuration saved in the UCI. Time
was recorded before performing each task. In this particular activity only
participants without LBP were allowed to execute the experiment.

RESULTS AND DISCUSSION

Table 1 presents the results of UPP from (n= 52) in the interaction: UCI-Only.
Pain point (5) had the highest score and pain point (2) the lowest score of the
survey. Since the interface of the UCI has a rigid navigation system (there is
one path to follow and perform the action), it is remarkable that not all the
actions have a navigation button to go to the desired action. The maximum
number of levels to reach a card/deck is four (from the main menu).

Table 1. User pain points (UPP) results: interface experience assessment.

Pain point Acceptance (I agree)

(1) It is difficult to navigate through the menu interface 12.28%
(2) The information of the actions is poor and not
understandable

0.0%

(3) The information to perform an action is not enough 7.01%
(4) Not all actions have easily access through the menu 22.8%
(5) Not all the actions have navigation buttons to go
where I want

26.31%

(6) Prompted information is not enough to make sure
that the action has been performed correctly

19.29%

(7) Introducing data such as assets configuration,
saving users, configuration sessions is confusing or
hard to achieve

5.26%

(8) The actions are slow to execute 7.01%
(9) I do not trust the interface, I do fear to damage the
exoskeleton

1.75%

(10) I am worried about user information being stored
in the device

1.75
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Also as part of the UCI-Only interaction, Table 2 shows the results of (SUS)
from (n = 44). The average score was 82.1. The highest mean is in item (6),
and the lowest mean in item (4).

Figure 3 shows the timing results before performing the lifting tasks
(n = 15). As seen, the 50th percentile is similar in all the activities. The obje-
ctive is to understand if the time between tasks is different or not. A few
portion of the participants took more time to configure the parameters using
the UCI device. Each participant modified the exoskeleton’s parameters such
as maximum torque and the controller’s gain in advance of the lifting task
using the UCI device. After the adjustment, the parameters are sent to the
exoskeleton and this one is configured with the new set values.

Table 2. System usability scale (SUS) results.

Item Mean SD

(1) I think I would like to use this system 3.045 0.938
(2) I found the system unnecessarily complex 3,431 0.728
(3) I thought the system was easy to use 3.227 0.803
(4) I think I will need the support of a technical person
to be able to use this system

2.931 1.301

(5) I found the various functions in this system were
well integrated

3.295 0.904

(6) I thought there was too much inconsistency in this
system

3.727 0.499

(7) I would imagine that most people would learn to
use this system very quickly

3.136 0.795

(8) I found the system very cumbersome to use 3.295 0.978
(9) I felt very confident using the system 3.318 0.707
(10) I needed to learn a lot of things before I could get
going with this system

3.431 0.818

Figure 3: UCI-exoskeleton interaction activity. Performing time of parameter adju-
stment on each lifting task (activities i to v) and load preset configuration (activity vi).
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CONCLUSION

The UCI interface allows simple access to the exoskeleton’s adjustments and
user database management. XoLab’s exoskeletons benefit from the interface
in terms of usability and operability for the easy parameter change process
during the tasks. The UPP survey presents a low level of acceptance in each
pain item for the user interface, this shows that the user had a positive
experience when interacting with the UCI device. Similar to the previous,
the SUS survey shows that the test participants find the UCI useful but still
some actions need to be improved. After the evaluation, the UCI device pre-
sents an intuitive and robust solution for occupational exoskeleton when
the user requires rapid parameter modifications while interacting with the
exoskeleton.
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