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Abstract. The analysis of human factors is assuming an increasing importance in
product and process design and the lack of common references for their
assessment in industrial practices had driven to define a reference model to analyse
the so-called User eXperience (UX) to support human-centred product-process
design. Indeed, the recent advances in ubiquitous computing, wearable
technologies and low-cost connected devices offer a huge amount of new tools for
UX monitoring, but the main open issue is selecting the most proper devices for
the specific application area and properly interpreting the collected information
content in respect with the industrial design goals. The research investigates how
to analyse the human behaviours of “users” (i.e., workers) by a reference model to
assess the perceived experience and a set of proper technologies for UX
investigation for industrial scopes. In particular, the model has been defined for the
automotive sector. The paper defines a set of evaluation metrics and a structured
protocol analysis to objectify and measure the UX with the final aim to support the
requirements definition in product-process design. The model has been defined to
fit different cases: vehicle drivers at work, workers in the manufacturing line, and
service operators.
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Introduction

The Fourth Industrial Revolution is starting to transform the modern companies, but
also the way people interact with products and processes due to the change in product
smartness as well as the work environments [1] through 2025 and beyond. This
technological trend pushes towards the evolution of design, manufacture, operation,
and service of products and production systems [2]. Most researches focused on the
description of the technological solutions from different points of view (i.e., smart
products and connectivity issues, smart machines, IoT applications for industry, cyber-
physical systems, embedded technologies to enable product-related services, methods
of data acquisition and elaboration, as well as software interface) [3]. Advanced digital
and industrial technologies will help people to interact with products and machines, to
work better and more efficiently, and return to or be incorporated into the modern
manufacturing workforce. Meanwhile, technical developments and interaction
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technologies among components, machines and people will make the production
systems more lean, integrated, agile, traceable, and adaptable [4]. As a consequence,
manufacturing enterprises, and in particular “smart factories”, will need to consider the
socio-technical aspects and to include the assessment of the human interaction into
their evaluation. Therefore, the socio-technical transformation towards the smart
factory will need new design reference models according to this new “human-centric”
perspective focused on the assessment of the so-called User eXperience (UX) [5].

The present research investigates how to analyse the perceived human experience by a
reference model for the UX analysis and a technological set-up suitable for industrial
scopes.

1. The reference model for UX analysis
1.1. Importance of UX analysis in industrial contexts

Human factors have been recognized as a fundamental aspect in industrial engineering,
so that ergonomics is always more often considered in industrial products and systems
design. The analysis of human factors is focused on the analysis of the effectiveness
and the efficiency with which activities and tasks are carried out, related to both
physical and cognitive workload [6]. As far as industrial operations, in different
contexts it has been demonstrated that human factors highly affect the global efficiency
of industrial processes [7-8]. Indeed, low attention to human factors brings to unnatural
positions and dangerous actions executed by workers during their jobs, with
consequent lower performances, higher production time, greater absence from work,
and a general increase of Musculoskeletal Disorders (MSDs) with a consequence
impact on national economies, in Europe as well as in other countries [9].

The term User eXperience (UX) indicates the compendium of reactions and
feelings as the combination of physical efforts and stresses with the subjective
perceptions (e.g., predispositions, expectations, needs, motivation, mood), which affect
human factors and are generated during the interaction between humans and an external
system, like a product, a machine or an environment [10]. Such experience depends on
the characteristics of the designed system (i.e., complexity, purpose, usability,
functionality, etc.), the context of use, and the human factors.

In the industrial context, traditional approaches for the analysis of the human
factors are based on the assessment of ergonomic and cognitive performances by
observing the users or operators at work and collecting data about their actions, mainly
by interviews and video-recorded analysis. In industry, analyses are traditionally
focused on posture assessment of physical exposures according to objective methods,
such as rapid upper limb assessment (RULA), rapid entire body assessment (REBA),
Ovako working posture analysis system (OWAS), or workplace ergonomic risk
assessment (WERA) and others [11], while psychophysiological methods, based on
monitoring of the human biometrical data like electromyography (EMG), electro-
dermal measures, electroencephalography (EEG) or heart rate are not used in industrial
contexts. More recently, higher attention to cognitive ergonomics is paid, also thanks to
the ISO regulations [12]. Although numerous studies demonstrated the importance of
the physical and cognitive stress and their interference, as well as their effects on the
human response (with the concept of “strain”) [13-14], their analysis in product-
process design is still limited. Main researches about cognitive aspects focused
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traditionally on product design and human-product interaction [15], but they do not
explore the new potentialities of smart factories. Indeed, the new enabling technologies
offered by IoT and smart systems can support the development of human-product-
process symbiosis systems based on real-time data sharing and deep collaboration
between the humans and the surrounding environment. This could create a new
framework for UX analysis for workers, based on synergistic interactions between
humans and machines with the combination of digital and physical worlds. Only
recently a structured protocols to assess UX about integrated product-services have
been recently proposed an interesting approach [16], but without any integration within
smart factory environments.

1.2. The UX analysis reference model for product-process design

The research approach is based on the Norman’s model of perception. According to
such model, when any human being interacts with an object, a machine or a system,
two kind of responses are generally generated: behavioural and cognitive, and
information and meanings flow from the user/worker to the product/system in different
ways. Such responses automatically occur when a task is accomplished, independently
from its type and nature, depending on objective constraints (e.g., posture, duration,
task nature, loads, environmental conditions) and subjective conditions (e.g., skills,
cultural background, abilities, age, gender). Indeed, anytime a human being performs
an action, his/her body and his/her brain generate behaviours and cognitive feedbacks,
which respectively affect his/her physical and cognitive workload contributing to the
ergonomic performance as well as the cognitive stress. This process characterizes both
product interaction and interaction with machines, interfaces and complex systems as
generally happens in workplaces. Furthermore, workplaces response is more delicate
since it is usually characterized by strong time compression, long execution of tasks,
repetitive actions, merged with stressful conditions.

The reference model defined starts from the analysis of the UX generation process
and is synthetized in Figure 1. The UX is generated by the exploration of the product-
process-system entities, that can be real or virtual, and the stimuli perceived by the
“user” by the sensorial and motor channels. As a result, the perceived UX is due to the
combination of the physical postures assumed, the executed actions, the mental
workload, the subjective impressions, and the perceived usability. According to the
Norman’s model, three levels of response are generated: behavioural, cognitive and
affective. The behavioural response generates the physical workload that is determined
by operational comfort, related to physical stress and muscular fatigue, and sematic
understanding related to the task comprehension. The cognitive response can be
divided into descriptive, associative and intuitive, and refers to the mental stress as
combination of numerous causes (e.g., feedback of actions, association, mental
mapping, usability, coherence of stimulation, work overload and pressure). Finally, the
affective response is linked to the emotional and sensorial perception (e.g.,
environmental stressors, psychological stressors, life stress, fatigue and sleep
disruption). The theoretical bases of such model refer to several models elaborated in
literature about human factors analysis and cognitive psychology [17]. The UX
analysis is possible thanks to the monitoring of the human response thought different
devices, wearable and environmental, able to provide a real-time assessment of the user
/ worker experience. Two main issues have to be faced at this point: the data collection
and the interpretation of the collected data. As far as data collection, a proper UX
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monitoring set-up has to be chosen according to the product-process nature, the most
significant human factors to control, and the company objectives. About data
interpretation, a proper protocol analysis has to be defined in order to relate the
measured data with a set of assessment metrics. Also in this case, the protocol has to be
specific for the company and the scopes of the investigation, but it can be independent
from the specific task, the specific worker and the occurring external conditions. The
reference model considers also a set of metrics that allows to measure the UX and to
relate those metrics with a set of monitoring tools, properly selected according to the
investigated area: posture, occlusion, mental load, interaction, and emotions. Their
measurement is detailed in the following protocol.

MEASURES
&
METRICS COLLECTING DATA

HUMAN RESPONSE METHODS

POSTURAL COMFORT

POSTURE
PRODUCT / PROCESS > SEAT COMFORT DIGITAL HUMAN MODELS.
(real & virtual)
VISBILITY HEURISTIC EVALUATION
OCCLUSION
ACCESSIBILITY BIOSENSOR
A
EASE OF USE EYE-TRACKING
PRODUCT / PROCESS
FEATURES MENTAL LOAD MENTAL WORKLOAD PRESSURE MAPPING SYSTEM
INFORMATION AVAILABILITY
INTERVIEWS
USER FEEDBACK
INTERACTION
EXPERIENCE INTERACTION SUPPORT 5
BY HUMAN uman
SENSES response
EMOTIONS  SATISFACTION Measurements

Design
requirements/
guidelines UX analysis

Figure 1. The proposed reference model for UX analysis

Posture assessment is carried out by two assessment metrics:

Postural comfort: it measures the level of comfort perceived by the user as a
consequence of the positions assumed and the task executed. It is assessed by
analysing human body measures on digital or physical manikins;

Seat comfort: it is applied when tasks require to be seated and measures the
comfort perceived by the user as a consequence of the seated positions
assumed and the task executed. It is assessed by proper objective methods;

Occlusion assessment is carried out by two assessment metrics:

Visibility: it evaluates how the working space is clearly visible to the user and
It is calculated by considering the amplitude of the view cone and analysing
the number of obstructions;

Accessibility: it measures whether and how devices and objects involved in
task execution are easily accessible from the user, considering the specific
body part that should use or manipulate them;

Mental load assessment is carried out by three assessment metrics:

Ease of use: it expresses the effort required to perform a specified task.
According to human-machine interaction theories, ease of use is improved by
absence of ambiguity, action-driven suggestions offered by the design itself,
and limited number of steps required for task execution;
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e Mental workload: it measures the cognitive stress that the user perceived
during task execution. It can be inferred considering fatigue and distraction
signals (e.g. gazing, scratching the head, looking around) and monotony
signals (i.e. yawning, gaping, decrease of attention and responsiveness);

o Information availability: it considers if the information and data necessary to
the user for task execution are easily available when needed;

Interaction assessment is carried out by three assessment metrics:

e  Feedback: it considers if the environment (product-process-system) offers
feedback to the user actions (i.e., visual, acoustic, haptic) to make the user
aware about the occurring events;

e [Interaction support:. it measures the ability of the system to drive the user
actions according to the right operational sequence, which is usually related to
properties such as logical constraints and natural mapping. It is measured by
considering the ration between the worker’s time for task completion in
relation to the experts’ time, and considering the number of affordances;

Emotions assessment is carried out by three assessment metrics:

e  Satisfaction: it indicates the sense of satisfaction and the subjective aesthetic

impression perceived during task execution.

2. The experimental set-up
2.1. The protocol analysis for UX

A protocol analysis is formalized to measure the UX through a set of evaluation
metrics in order to support requirements definition in product-process design. The
protocol is described in Table 1. It details, for each evaluation metrics as presented in
the model in the previous paragraph, the adopted measures and the different methods
used for collecting data, both traditional (e.g., heuristic evaluation and direct interview)
and technological (i.e., digital simulations, eye-tracker, biometrical parameters
measurements).

Table 1. The UX analysis protocol

Analysis Metrics Measures Collecting data methods Assessment rules
Posture Postural Joint Angles (deg): - Postural analysis (DHM*) General:
comfort - Hip, knee, ankle, back, - Heuristic evaluation (1-10) NIOSH 91
shoulder, elbow according to SAE scale UNI EN 1005
- Head flexion & rotation - Interview (1-5) Dreyfuss / OWAS
- Stooping - Biosensors** Garg equations
- Max upper arm flexion - Energy expenditure RULA
& elevation Specific:
Distance from objects ISO 4254
(cm) ISO/TR 3778
Weight of objects (kg) SAE J1814 (cabin)
SAE J817 (service)
Seat comfort Seat dimensions (cm) _ Seat dimensions General:
Seat shape (surface) ISO 3411
Vibration (Hz) - Pressure sensors ISO 23205
Pressure maps (N/mm?) Dreyfuss
Specific:
ISO 4253
SAE J899

SAEJ1163
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Analysis Metrics Measures Collecting data methods Assessment rules
Occlusion Visibility View cones (deg.) - View cone (DHM) General:
- Reach zone (DHM) 79/1073/EEC
- Heuristic evaluation (1-10) UNIEN 547
Accessibility Distance between the - Interview (1-5) ISO 4252
user and reached zones - Eye-tracking ISO 4254
(cm) - Biosensors* Specific:
Steps dimensions (cm) ISO 5721
Door dimensions (cm) SAE J817 (service)
Mental load Easy of use Requests of support (no.) - Eye-tracking General:
Errors (no.) - Heuristic evaluation (1-10) UNI EN ISO 9241
Movements’ sequence - Interview (1-5) UNI EN ISO 10075
(no.) - Biosensors* UNIEN 894
Mental Fatigue / distraction ISO 3767
workload signals'(no.) 'e.g., gazing, scratching the head,  1SO7000
Monotony signals*((no.) £ooking around
Information Time spent to complete ¢-g yawning, gaping, decrease
e X . of attention and responsiveness
availability the task in relation to
expert users (s)
Interaction  Feedback Time for task completion - Eye-tracking General:
in relation to expert users - Heuristic evaluation (1-10) UNIEN 894
(s) - Interview (1-5) Specific:
Interaction Errors frequency (no.) - Biosensors* SAE J817 (service)
support Affordances (no.) - Pressure sensors Bio-measures
correlation
Emotions Satisfaction Subjective impression - Interview (1-5) General:
(no.) - Biosensors* UNI EN ISO 10075
Specific:

SAE J817 (service)
Bio-measures
correlation

* DHM = Digital Human Modelling tools
** The considered parameters are: hearth rate, respiratory rate, real posture data, activity rate, and temperature

Indeed, new technology to monitor the UX has been introduced to bring the gap
created by traditional techniques and/or to combine the results obtained by difference
sources in order to have more robust results. The last column contains the assessment
rule adopted in the study. Even though the reference model is general and could be
applied to different context of application, the protocol has been more specifically
defined for the automotive sector. It can be adapted to agricultural vehicles, race
vehicle, construction vehicles, special vehicles, or urban cars, according to the specific
rules considered as reference standards.

2.2. The experimental set-up

The protocol can be put into practice thanks to a proper technological set-up that
include the simulation and analysis tools identified in the experimental protocol. For
the present study, the following tools has been adopted:

- Siemens Tecnomatix Jack for digital modelling of the environment and simulation via
digital human models;

- VICON motion tracking system, made up of 8 infrared cameras and ad-hoc rigid
bodies made up by rapid prototyping;

- Tobii Glasses 2 as eye-tracking device;

- Aditech Bioharness 3 as biosensor;
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- Xsensor X3 wireless mattress system as pressure sensor.
2.3. The industrial case studies

The protocol has been applied to a set of industrial case studies in the automotive sector,
in particular in the agricultural vehicles. In more details, the industrial cases focused on
analysing the UX to support tractors’ integrated product-process design on three
different areas: product design of the cabin, product design of the technical spaces for
maintenance inspections), and the design of the manufacturing line, in particular
assembly phases. As a consequence, three types of workers as “users” are monitored:
vehicle drivers at work, assembly workers in the manufacturing line, and service
operators. Examples of UX analysis on the industrial cases are presented in Figure 2.
Experimental sessions were carried out on real environments, where users were
monitored by the above-mentioned technologies and video recorded. On the basis of
available 3D CAD models, motion capture tracking and video recording, the tasks were
simulated also in digital environment to carry out further assessment on digital mock-
ups. Data from real and virtual simulations can be properly combined and correlated.

g

Figure 2. Case study about service operator: real user observation (A), digitalisation (B), and correlation with
user monitoring parameters from eye-tracking and biometric data (C)

3. Conclusions

The paper presents a reference model for UX analysis for the automotive sector,
consisting of a protocol analysis and an experimental set up. The set-up merges
traditional monitoring techniques with digital modelling tools and biometric measuring
devices (i.e., eye-tracker, biometrical parameters monitoring, pressure maps). The
model has been applied to a set of industrial case studies on agricultural vehicles,
focusing on vehicle driving, serviceability, and assembly tasks in the assembly line. It
demonstrates the model applicability in industrial context and its validity to include
human assessment into the design process. Future works will be focused on the
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correlation of the collecting data to provide structured guidelines for integrated
product-process design.
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