




 

  

 

 



 

  

 

Sommario 

Le tecnologie assistive, come ad esempio le stampelle, sono fondamentali per 
le persone con difficoltà di mobilità, promuovendo la loro indipendenza e 
benessere. Imparare ad utilizzare efficacemente i dispositivi per il supporto della 
camminata richiede tempo e la riabilitazione si basa spesso su valutazioni 
�V�R�J�J�H�W�W�L�Y�H���G�D���S�D�U�W�H���G�H�L���W�H�U�D�S�L�V�W�L�����1�H�O�O�¶�R�W�W�L�F�D���G�L���I�R�U�Q�L�U�H���Y�D�O�X�W�D�]�L�R�Q�L���R�J�J�H�W�W�L�Y�H�����G�L�Y�H�U�V�H��
tecnologie assistive sono state equipaggiate da sensori per il monitoraggio delle 
�S�U�H�V�W�D�]�L�R�Q�L�� �G�H�O�O�¶�X�W�L�O�L�]�]�D�W�R�U�H�� �Gurante la deambulazione. Negli ultimi anni, 
l'integrazione della realtà aumentata nelle procedure cliniche ha suscitato un forte 
interesse. Questo studio presenta un approccio per combinare la realtà aumentata e 
le stampelle strumentate per fornire al personale clinico un nuovo strumento per 
migliore la valutazione della camminata assistita. Per garantire l'efficacia del 
sistema, i terapisti in qualità di utenti finali, sono stati coinvolti attivamente alla 
progettazione e al perfezionamento dell'interfaccia in realtà aumentata mediante 
riunioni, interviste, attività di brainstorming e sessioni collaborative. L'interfaccia 
è stata ottimizzata in base ai suggerimenti dei terapisti e alle attuali capacità 
tecnologiche presenti sul mercato. Le stampelle strumentate sono state migliorate 
per aumentare l'affidabilità delle misurazioni di forza adottando una nuova 
configurazione a ponte intero di estensimetri e dimezzandone l'incertezza. Una 
telecamera di profondità è stata fissata sulle stampelle per rilevare le fasi della 
deambulazione del paziente senza richiedere sistemi di analisi del movimento 
aggiuntivi. Inoltre, è stato convalidato uno stimatore del carico applicato sulle 
�J�D�P�E�H�� �G�D�O�O�¶�X�W�L�O�L�]�]�D�W�R�U�H�� �G�H�O�O�H�� �V�W�D�P�S�H�O�O�H�� �E�D�V�D�W�R�� �V�X�O�O�H�� �P�L�V�X�U�D�]�L�R�Q�L�� �G�H�O�O�H�� �V�W�D�P�S�H�O�O�H��
stesse���� �/�D�� �V�W�L�P�D���� �F�K�H�� �D�Q�F�K�¶�H�V�V�D�� �S�X�z�� �H�V�V�H�U�H�� �R�W�W�H�Q�X�W�D�� �L�Q�� �W�H�P�S�R�� �U�H�D�O�H���� �I�R�U�Q�L�V�F�H��
informazioni aggiuntive da fornire al terapista durante la valutazione del paziente. 
Per valutare l'usabilità dell'interfaccia basata sulla realtà aumentata, è stata condotta 
una campagna di test in un contesto reale coinvolgendo terapisti e pazienti, e 
confrontando due condizioni di lavoro: la modalità "display" con ologrammi 
posizionati su uno schermo virtuale sempre frontale al terapista e la modalità "in-
place" con ologrammi posizionati vicino al paziente. I risultati suggeriscono una 
risposta positiva in termini di qualità delle informazioni e dell'interfaccia. Gli utenti 
hanno reputato la soluzione utile per compiere la loro attività ed il carico 
cognitivo/fisico non viene fortemente influenzato. Inoltre, lo studio esamina anche 
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�L�� �S�R�W�H�Q�]�L�D�O�L�� �H�I�I�H�W�W�L�� �F�R�O�O�D�W�H�U�D�O�L�� �G�R�Y�X�W�L�� �D�O�O�¶�X�W�L�O�L�]�]�R�� �G�L�� �W�H�F�Q�R�O�R�J�L�H�� �L�P�P�H�U�V�L�Y�H���� �'�D�O��
tracciamento oculare del terapista sono state riscontrate due strategie distinte 
ponendo un maggiore interesse sui carichi delle stampelle oppure sul carico 
applicato sulle gambe. Si è riscontrato che il comportamento dei terapisti è 
influenzato da fattori soggettivi, tra cui le condizioni di salute e sicurezza dei 
pazienti. Complessivamente, la ricerca sottolinea l'importanza di un approccio 
orientato all'utente nello sviluppo e nell'implementazione della tecnologia per la 
valutazione della deambulazione nella riabilitazione. I risultati dello studio 
contribuiscono al miglioramento del processo di riabilitazione, rendendolo più 
coinvolgente, efficace e personalizzato in base alle esigenze e agli obiettivi 
individuali del paziente. 



 

  

 

Abstract 

Assistive technologies, such as crutches, are vital for individuals with mobility 
challenges, promoting independence and well-being. Learning to use crutches 
effectively is often time-consuming, with rehabilitation relying on subjective 
therapist evaluations. To address this, instrumented assistive devices have been 
developed to objectively assess and improve walking performance, reducing the 
reliance on subjective assessments. In recent years, the integration of augmented 
reality (AR) into clinical procedures has gained interest. This study presents a user-
focused approach to combine AR technology and instrumented crutches for 
improved gait assessment. To ensure the system's effectiveness, therapists, as end-
users, actively participated in designing and refining of the AR interface through 
meetings, interviews, and collaborative sessions. The interface was optimized based 
on therapists' input and the capabilities of AR technology. The instrumented 
crutches were upgraded to enhance the reliability of force measurements, adopting 
a new full-bridge configuration of strain gauges, halving the uncertainty. A depth 
camera was integrated into the crutches to detect the patient's gait phases without 
requiring additional motion capture systems. Moreover, a weight-bearing estimator 
based on the crutches' measurements was validated, augmenting the information 
provided during crutch-assisted gait. To assess the usability of the AR interface, a 
test campaign was conducted in a real-world setting, comparing the "display mode" 
with holograms on a virtual screen to the "in-place mode" with holograms 
positioned near the patient. Results indicate a positive response in terms of 
information and interface quality, as well as perceived system usefulness among 
users and the required workload. The study also examines potential side effects such 
as sickness when using immersive technologies. The study identifies two distinct 
gaze strategies employed by therapists when using the AR interface. One focuses 
on the left and right crutches' loads, while the other emphasizes the patient's legs' 
weight-bearing. The therapists' behaviour was found to be influenced by subjective 
factors, including therapist preferences, patient health conditions, and safety. 
Overall, the research underscores the significance of a user-oriented approach in 
the development of AR technology for gait assessment in rehabilitation. The study's 
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findings contribute to the ongoing efforts to enhance the rehabilitation process, 
making it more engaging, effective, and tailored to individual needs and goals.
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Chapter 1 

Introduction 

The human physiological walking is a complex pattern of movements, which 
requires the simultaneous activity of different body systems. Neurological injuries 
�D�Q�G�� �G�L�V�H�D�V�H�V�� �R�I�W�H�Q�� �U�H�V�X�O�W�� �L�Q�� �S�K�\�V�L�F�D�O�� �L�P�S�D�L�U�P�H�Q�W�V�� �W�K�D�W�� �L�Q�W�H�U�I�H�U�H�� �Z�L�W�K�� �D�� �S�H�U�V�R�Q�¶�V��
ability to walk. Common neurological causes of immobility in the adult population 
include stroke, spinal cord injury and other progressive neurological diseases such 
�D�V���3�D�U�N�L�Q�V�R�Q�¶�V��[1]. The World Health Organization (WHO) estimates that globally, 
the prevalence of Parkinson disease has doubled in the past 25 years with global 
estimates in 2019 showing over 8.5 million individuals living with Parkinson [2]. 
Not only neurological disease can reduce walking ability but also anxiety and fear 
of falling, especially in the elderly [3], or orthopaedic impairment and amputation 
[4]. Prevalence of gait disorders increases with age, and almost 60% of elderlies 
above the 80 years old manifest gait problem, often due neurological pathologies 
and associated with higher risk of falling [5]. The loss of physical mobility reduces 
the desire to participate in activities or prevents the possibility [6], facilitates the 
mood of depression, causes cognitive dysfunction, and compromises the quality of 
life [5].  

According to the WHO, an assistive device is any hardware or software 
produced or designed to help people with disabilities maintain or rehabilitate their 
functionality and independence, with the aim of promoting their well-being. 
Assistive technologies for mobility are all the tools and devices that allow people 
with mobility difficulties to mobilize freely in indoor or outdoor environments [7]. 
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Assistive devices such as canes, crutches and walkers can help to maintain balance, 
reduce pain, and improve mobility, confidence and autonomy [8], [9], [10].  

Crutches are among the most used devices for assisting walking. They help 
users maintain an upright posture, remain active and improve their independence, 
bringing long-term health benefits [11]. Special attention is required during 
rehabilitation both by the patient and the therapist to not introduce incorrect habits 
and to avoid falls and injury during the walking with crutches [12]. Learning how 
to use crutches correctly is a time-consuming process. From the patient's 
perspective, rehabilitation of walking with crutches can present several challenges. 
Firstly, there may be physical difficulties related to the use of crutches, such as 
maintaining balance, coordinating movements, and distributing weight effectively. 
Patients may experience discomfort or fatigue in their upper body due to the 
increased reliance on their arms and shoulders for support. Additionally, adapting 
to the altered gait pattern required with crutches can be challenging. Depending on 
the injury or disability there are many walking patterns, such as two, three or four-
step walking sequences [13]. Patients may struggle with maintaining a steady and 
coordinated walking rhythm, resulting in a slower and more cautious pace [3], [13]. 
They may also face difficulties navigating uneven or challenging terrains, which 
can further impact their confidence and mobility. Furthermore, psychological 
factors can come into play during crutch-assisted walking rehabilitation. Patients 
may experience frustration, decreased self-esteem, or a sense of dependency due to 
their temporary reliance on crutches. These emotional challenges can affect 
motivation and overall engagement in the rehabilitation process.  

There are several strategies that healthcare professionals can employ to assist 
patients in crutch-assisted rehabilitation: providing comprehensive instruction on 
the proper use of crutches, including techniques for weight distribution, balance, 
and safe walking patterns [14], [15], [16]; designing tailored exercise programs to 
improve strength, balance, and coordination; addressing the emotional aspects by 
providing counselling, encouragement, and motivation [17]; implementing a step-
by-step approach to gradually increase the patient's walking distances, speed, and 
complexity of movements. Since the access to assistive technology is as low as 3% 
in some countries [18], the World Health Organization (WHO) has also developed 
an online platform called Training in Assistive Production [19] to improve access 
to assistive technologies and build competencies.  
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In the field of rehabilitation, many researchers have developed systems to 

analyse and enhance walking: instrumented assistive devices, biofeedback, 
robotics, VR, AR, games and much more. The design and development of assistive 
devices is a highly active field related, but not limited, to robotics, electrical 
engineering, mechanical engineering, mathematical modelling and analysis, 
control, vision systems, neural networks, artificial intelligence, and data analysis 
[7]. Instrumented assistive devices are advanced technological tools that are 
designed to aid individuals in their rehabilitation process, and it is a highly active 
field related, but not limited, to robotics, electrical engineering, mechanical 
engineering, mathematical modelling and analysis, control, vision systems, neural 
networks, artificial intelligence, and data analysis [7]. Commonly used 
instrumented assistive devices include parallel bars [20], walkers [21], [22], [23], 
crutches [24], [25], [26], [27], [28], [29], [30], [31], and canes [32], [33]. These 
devices are typically equipped with sensors that capture parameters such as step 
length, step width, walking speed, ground reaction forces and orientation. By 
measuring these variables, healthcare professionals can obtain quantitative data 
about a patient's walking patterns and biomechanical characteristics. The collected 
data from instrumented assistive devices helps in the assessment of a patient's 
functional abilities and gait abnormalities. The objective measurements obtained 
through these devices provide a more accurate representation of a person's 
movement patterns, enabling healthcare professionals to identify specific areas of 
difficulty or asymmetry, and an effective evaluation of interventions by comparing 
pre- and post-rehabilitation measurements. This information is crucial for making 
evidence-based decisions regarding the modification of treatment plans and 
adjusting rehabilitation strategies as needed. Furthermore, instrumented assistive 
devices facilitate the personalization of rehabilitation programs. By analysing the 
objective data obtained through these devices, healthcare professionals can tailor 
treatment plans to address specific weaknesses or imbalances in a patient's gait. 
This personalized approach ensures that the rehabilitation process is targeted and 
optimized for each individual, leading to improved outcomes and a more efficient 
recovery. 

However, observational gait analysis is usually assessed during the therapy and 
�W�K�H�� �W�K�H�U�D�S�L�V�W�¶�V�� �H�[�S�H�U�L�H�Q�F�H�� �D�Q�G�� �S�H�U�F�H�S�W�L�R�Q�� �D�U�H�� �W�K�H�U�H�I�R�U�H�� �I�X�Q�G�D�P�H�Q�W�D�O�� �G�X�U�L�Q�J�� �W�K�H��
rehabilitation process and influence the results [34], [35]. Most therapists feel 
confident about their ability to assess gait and usually prefer observational to 
instrumented gait assessments, mostly because gait assessment tools used in clinical 
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practice lacked information concerning their validity and repeatability [36]. 
Moreover, the information provided by the instrumented device is not often directly 
comparable with the common parameters evaluated during observational gait 
assessments [37].  

In recent years, there has been a growing interest in utilizing immersive 
technologies such as AR, virtual reality (VR), and mixed reality (MR) in various 
fields, including healthcare and rehabilitation. AR refers to the integration of digital 
information or virtual objects into the real-world environment, augmenting the 
user's perception of reality. VR immerses the user in a completely virtual 
environment, typically using a head-mounted display, while MR combines 
elements of both AR and VR. Immersive technologies hold great potential for 
transforming the way rehabilitation is delivered, enhancing patient engagement, 
improving outcomes, and providing a more effective and enjoyable rehabilitation 
experience. By creating realistic and interactive virtual environments, patients can 
be transported to different settings, scenarios, or activities that are specifically 
designed to target their rehabilitation goals. Moreover, the ability to track and 
analyse real-time data during rehabilitation sessions is a significant advantage of 
immersive technologies. Sensors and tracking devices integrated into AR, VR, and 
MR systems can capture and measure various parameters, such as joint movements, 
range of motion, and force exertion. This objective data can be used to monitor 
progress, provide immediate feedback, and adjust treatment plans accordingly. 

The applications of AR, VR, and MR in rehabilitation are diverse and cover 
various domains. For example, in physical therapy, these technologies can be 
utilized to simulate real-life activities and exercises, providing patients with a safe 
and controlled environment to practice functional movements [38], [39], [40], [41]. 
In cognitive rehabilitation, immersive technologies can be employed to enhance 
cognitive training through interactive tasks and simulations that target attention, 
memory, and problem-solving skills [42], [43], [44]. Additionally, immersive 
technologies can be utilized in phobia and pain management, providing distraction 
techniques and immersive experiences [45], [46].  
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Figure 1: AUSILIA project [47]: example of information in AR from the 
�W�K�H�U�D�S�L�V�W�¶�V���S�R�L�Q�W���R�I���Y�L�H�Z���R�Q���W�K�H�����D�����S�D�W�L�H�Q�W�¶�V���O�R�Z�H�U���D�Q�G�����E�����X�S�S�H�U���E�R�G�\�� 

To our knowledge, only a few works have been conducted on using immersive 
technologies to support the therapist during observational assessment of the patient. 
The AUSILIA project [47], [48], [49], [50] has developed an advanced demotics 
environment that captures an individual's movements and actions, their interactions 
with the surroundings (such as forces, contact pressure maps, and motion 
parameters related to object manipulation), as well as their physiological parameters 
(such as heart rate, blood pressure, respiratory rate, and sweating) while engaging 
in self-selected activities of daily living. This data is then presented to clinicians 
through immersive AR, as in Figure 1, and this system offers a clearer 
understanding of the individual's performance and provides an additional 
quantitative means for assessment and classification.  

According to the current literature, most instrumented assistive devices 
primarily focus on monitoring, and if feedback is provided, it is typically intended 
for the patient alone [24], [51], [52]. However, the study conducted by Chamorro-
Moriana et al. [26] takes a different approach by displaying real-time data from 
instrumented crutches on a PC or through a projector, allowing the information to 
be viewed by both the patient and the physiotherapist. Despite the therapist having 
access to the information, the use of a fixed monitor or projection prevents the 
simultaneous observation of both the loads and the patient's movements. 

The integration of AR with crutches rehabilitation has been explored in the 
study conducted by Peres et al. [53]. In their work, a wearable projector is used to 
display the desired walking pattern to be performed by the patient. The device 
provides timed cues to patients with Parkinson's disease, and it has shown 
effectiveness in improving their cadence and rhythm. It is important to note that this 
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approach facilitates data visualization for patients, but it should not be considered 
as a biofeedback or monitoring solution since it does not provide any objective 
measurements [54].



 

  

 

Chapter 2 

Gait Analysis 

This chapter describes the activities related to gait analysis using assistive 
devices. The focus is primarily on the development of an upgraded version of 
instrumented crutches, which were part of the EUROBENCH project aimed at 
benchmarking exoskeletons. The upgraded crutches offer improved reliability in 
force measurement, and they are equipped with depth cameras to assess the patient's 
gait phases. This solution enables the analysis of forces involved in different gait 
phases without the need for motion capture devices. Additionally, a synchronizer 
has been developed to simplify data synchronization in gait laboratories and ensure 
compatibility with existing motion capture and other technologies available on the 
market. The chapter also discusses the validation of an estimator for assessing 
weight-bearing in the legs and reaction forces in the shoulders. Furthermore, field 
tests with the instrumented crutches and exoskeletons are described, followed by 
the introduction of an instrumented walker.  

 

5.1 The BULLET project 

The Eurobench project is a European initiative aimed at creating a 
benchmarking framework for robotic systems, with a specific focus on bipedal 
robotics. The motivation behind this initiative is the increasing relevance of human-
centred robots, such as prostheses, exoskeletons, and humanoids, in various market 
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Most wearable robots for locomotion require the usage of crutches changing 

the gait patterns and the internal forces and moments acting on the articulations of 
�W�K�H�� �H�[�R�V�N�H�O�H�W�R�Q�� �S�L�O�R�W���� �0�H�D�V�X�U�L�Q�J�� �D�U�W�L�F�X�O�D�W�L�R�Q�V�¶�� �U�H�D�F�W�L�R�Q�V�� �L�V�� �F�U�L�W�L�F�D�O�� �W�R�� �F�R�U�U�H�F�W�O�\��
compare robotic solutions since repetitive overloading could lead to pain and 
chronic pathologies. While performing the benchmarking scenarios we require: 


· a biomechanical model of the pilot and exoskeleton. 

· mass and inertial data of both. 

· kinematic data. 

· force data, both at the feet and on the crutches. 

All these information could be obtained by three different systems, as 
represented in Figure 2, integrated into the benchmark environment: 


· instrumented crutches, equipped with a wireless system able to measure the 
load applied by the user on each crutch, the crutch orientation, and the gait 
phases. 


· a volume scanning system, based on depth cameras, to measure the body 
�V�H�J�P�H�Q�W�V�¶���F�H�Q�W�U�H���R�I���P�D�V�V�����L�Q�H�U�W�L�D���D�Q�G���P�D�V�V���X�V�L�Q�J���W�K�H���Y�R�O�X�P�H�W�U�L�F���L�Q�I�R�U�P�D�W�L�R�Q��
acquired. 


· a biomechanical model, to compute inverse dynamic analysis using the 
�P�H�D�V�X�U�H�G�� �G�D�W�D���� �D�Q�G�� �W�K�H�� �X�Q�F�H�U�W�D�L�Q�W�\�� �D�V�V�R�F�L�D�W�H�G�� �Z�L�W�K�� �W�K�H�� �M�R�L�Q�W�V�¶�� �U�H�D�F�W�L�R�Q��
forces. 

 

5.2 Instrumented Crutches �± A New Version 

5.2.1 Framework 

The Eurobench project imposed some data format and exchange requirements 
to simplify the integration and communication between devices with several 
origins. The Robot Operating System (ROS) protocol [55] has been selected to 
propagate information on the network in a standardized manner, and since it is one 
of the most used protocols in the robotic field, it also enhances the distribution of 
the developed solutions. Thus, the instrumented crutches, an upgraded version of 
the previously developed crutches [29], [30], [31], [56], must satisfy the following 
requirements: 
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· Measure the axial force. 

· Measure the acceleration and orientation. 

· Measure the gait phases. 

· Be implemented in ROS to send data in the Eurobench network. 

The board selected is the Raspberry Pi 3 B+ because it allows integration with 
ROS libraries, as well as provides digital I/O and allows management via the USB 
port of the camera recordings used for the gait phase detection. A shield was 
designed to equip the raspberry with an IMU to measure the crutch orientation and 
a load cell amplifier, as shown in Figure 3, to acquire the voltage of a Wheatstone 
bridge of strain gauges.  

  

Figure 3: Acquisition board of the instrumented crutches. 

The IMU selected is the LSM9DS1 with 9DoF and it supports the I2C 
communication protocol. The choice for the load cell amplifier falls on the 24-bit 
ADC HX711 which offers high resolution, signal pre-amplification and filtering. 
The HX711 measures the voltage from the strain gauges with a sampling rate of up 
�W�R���������+�]���W�K�D�W���L�W�¶�V���H�Q�R�X�J�K���L�I���F�R�P�S�D�U�H�G���Z�L�W�K���W�K�H���G�\�Q�D�P�L�F���R�I���W�K�H���F�U�X�W�F�K���I�R�U�F�H�V���G�X�H���W�R��
human usage.  

The acquisition board is supplied by a 10Ah power bank, and each crutch can 
be controlled remotely via Wi-Fi. All the data are directly sent to the computer 
connected to the same network via ROS, apart from the depth images that are pre-
saved onboard and sent offline. The user interface shown in Figure 4 allows the 
instrumented crutches to connect and launch all the equipped devices, or part of 
them. The acquisition from the loadcell involves a phase of zeroing the force offset 
usually performed by asking to lift the crutches from the floor. The computer saves 
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data following the Eurobench data format, which stipulates that pre-processed data 
must adhere to the following contextualized pattern:  

�O�Q�>�F�A�?�P�4�:�4�?�K�J�@�4�;�4�N�Q�J�4�<�4�>�P�U�L�A�?�ä �?�O�R 


· Z = Run number. A set of runs consists of repeating the same actions (and 
recording) in the same conditions (for enabling statistics for instance). 


· Y = Condition number. A setting is changed. It can be a configuration of 
the testbed or environmental settings or an indication to the user. For each 
condition, we can have a set of runs. 


· X = Subject number. Each subject undergoes the same execution, which 
may involve multiple conditions. Additionally, each condition can have 
several repetitions or runs. 

Even other information as crutch height and patient height and weight can be 
set and saved in an information file of the test.  

 

Figure 4�����,�Q�V�W�U�X�P�H�Q�W�H�G���F�U�X�W�F�K�H�V�¶���X�V�H�U���L�Q�W�H�U�I�D�F�H�� 

Using the Eurobench protocol, receiving the current test numbers, the crutches 
acquisitions could be controlled from another device by just sending a specific start 
and stop command through the ROS network. The date and time synchronization 
are performed via NTP after every boot and the data are aligned in time with other 
devices. 
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5.2.2 Force measurements 

The University of Brescia has previously developed a version of instrumented 
crutches that allow measuring the axial and shear forces exerted by the user during 
assisted walking [29], [30], [31], [56]. Each crutch is equipped with 12 strain gauges 
connected in Wheatstone Bridge configurations to form three full bridges, as shown 
in Figure 5. The calibration was performed by applying a known load in a static 
condition, but despite we can assume the walk is a quasi-static process, the bending 
of the crutch in contact with the ground is not negligible and it worsens the load 
measurement. Furthermore, the strain gauges are manually placed on the crutch rod 
and misalignments could lead to higher uncertainty since some general assumptions 
are no longer completely respected.  

 

Figure 5: Instrumented crutches of [29]. a) Crutch constitutional elements and 
forces; b) Image of the strain gauge positions; c) View of mounting solution. 
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In order to quantify the uncertainty an instrumented crutch has been tested 

walking on force platforms, while the crutch pose is recorded by marker-based 
optical tracker, as in Figure 6. The reference value of the axial load is computed as 
�W�K�H�� �I�R�U�F�H�� �F�R�P�S�R�Q�H�Q�W�� �D�O�R�Q�J�� �W�K�H�� �F�U�X�W�F�K�¶�V�� �D�[�L�V���� �W�K�D�W�� �S�D�V�V�H�V�� �W�K�U�R�X�J�K�� �W�K�H�� �P�H�G�L�X�P��
position of the markers on the tip and the medium position of the marker on the 
back of the handle. The calibration and test procedure has been conducted in two 
conditions, shown in Figure 6: pushing on the handle with the crutch perpendicular 
to the force plate (Perpendicular Calibration); and pushing on the crutch handle 
while walking (Walking Test). In each condition, the loading/unloading cycle is 
repeated at least 10 times. The error obtained from the linear regression in the 
Perpendicular Calibration, shown in Figure 7, is 7 N while for the Walking Test is 
14 N. With the full-bridge configuration described in [29], the force is typically 
overestimated during the first half of the crutch stance phase and underestimated in 
the second half, as displayed in Figure 8. It is plausible, therefore, that the contact 
point of the crutch tip with the ground due to the inclination of the crutch is an 
influencing factor in the measurement. 

 

a) b) c) 

Figure 6: Instrumented crutches calibration setup: a) View from the optical 
�W�U�D�F�N�H�U�¶�V���D�Q�D�O�\�V�L�V���V�R�I�W�Z�D�U�H�����E�����F�D�O�L�E�U�D�W�L�R�Q���R�Q���W�K�H���I�R�U�F�H���S�O�D�W�I�R�U�P���Z�L�W�K���W�K�H���F�U�X�W�F�K���L�Q��
the vertical pose; c) test on the force platform walking with crutches. 
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a) b) 

Figure 7: Comparison between linear regressions. a) Load applied along the 
�F�U�X�W�F�K�¶�V���D�[�L�V���L�Q���W�K�H���Y�H�U�W�L�F�D�O���S�R�V�L�W�L�R�Q�����E�����/�R�D�G���D�S�S�O�L�H�G���R�Q���W�K�H���F�U�X�W�F�K���Z�K�L�O�H���Z�D�O�N�L�Q�J�� 

a) 

 

b) 

 
Figure 8: Comparison between the reference force and the estimated value. a) 

�/�R�D�G���D�S�S�O�L�H�G���D�O�R�Q�J���W�K�H���F�U�X�W�F�K�¶�V���D�[�L�V���L�Q���W�K�H���Y�H�U�W�L�F�D�O���S�R�V�L�W�L�R�Q�����E�����/�R�D�G���D�S�S�O�L�H�G���R�Q���W�K�H��
crutch while walking. 
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the previous equation can be written as: 
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The axial load component affects all the strain gauges with �Ý�Ç deformation if 
they are vertically aligned and 
F�å�Ý�Ç when horizontally aligned. Assuming then that 
a bending moment �/ �Ù is applied on the rod (also including the shear forces), it 

causes a deformation 
E�Ý�Æ�Ù on one face and -�Ý�Æ�Ù on the opposite side. The 

temperature variation causes an apparent deformation �Ý�ç on all strain gauges. 
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Substituting Eq. 5 into Eq. 4 we obtain: 
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o Eq. 6 

Since the strain gauges are manually placed, the deformation �Ý�Ç will change 
according to the angular displacement [58], and the �Ý�Æ�Ù difference between the 

opposite faces will depend on the alignment matching. Placing the 6 biaxial strain 
gauge rosettes at 60° allows to mitigate the misalignment effects. Moreover, the 
previous analysis assumes that all gages in a bridge are perfectly matched and have 
the same gage factor. All the strain gauges are from the same lot as recommended 
by manufacturers, but gauge factor variability is still expected. Repeating the tests 
with the described full-bridge configuration in both the Perpendicular Calibration 
and Walking Test, the obtained errors are respectively 3 and 7 N, as shown in Figure 
10. From Figure 11b it can be observed that the overestimates in the first half of the 
stance phase and the underestimates in the second half are still present, but with 
lower magnitude with respect to the previous approach in Figure 8b.  

a) b) 

Figure 10: Comparison between linear regressions of the last version of 
�L�Q�V�W�U�X�P�H�Q�W�H�G���F�U�X�W�F�K�H�V�����D�����/�R�D�G���D�S�S�O�L�H�G���D�O�R�Q�J���W�K�H���F�U�X�W�F�K�¶�V���D�[�L�V���L�Q���W�K�H���Y�H�U�W�L�F�D�O��
position; b) Load applied on the crutch while walking. 
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a) 

 

b) 

 
Figure 11: Comparison between the reference force and the estimated value 

acquired by the last version of instrumented crutches. a) Load applied along the 
�F�U�X�W�F�K�¶�V���D�[�L�V���L�Q���W�K�H���Y�H�U�W�L�F�D�O���S�R�V�L�W�L�R�Q�����E�����/�R�D�G���D�S�S�O�L�H�G���R�Q���W�K�H���F�U�X�W�F�K���Z�K�L�O�H���Z�D�O�N�L�Q�J�� 

5.2.3 Step phases detection 

In gait analysis, measuring and analysing data related to these specific phases 
of the stride can provide detailed information about the biomechanics of walking. 
Displaying data relative to the phase of the stride rather than in time allows for 
consideration of the cyclic and rhythmic nature of human walking. This can help 
identify and analyse any anomalies or irregularities in the stride phase [59], and it 
can enable better comparability across different subjects normalizing individual 
differences. Finally, it can be useful for evaluating and monitoring specific 
pathologies or conditions related to walking [59]. 

Most of the prototypes of instrumented crutches available in the literature [13], 
[28], [29], require external motion capture devices to perform a gait analysis and to 
report the load applied on the crutches with respect to the gait cycle. Motion capture 
systems that utilize markers necessitate a controlled laboratory setting with 
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least three times, and the subjects must load a partial of their body weight on the 
crutches. To get the step phase references a set of four external IMUs are used 
during the tests. Two IMUs are placed on the shoes and another two are fixed on 
the crutches as shown in Figure 16. With an approach like the one used in [61], the 
gait events are identified from the angular velocity �ñ�í along the z-axis in Figure 16. 
Another two IMUs are fixed on the crutches to allow data synchronization 
�F�R�P�S�D�U�L�Q�J���W�K�H���D�F�F�H�O�H�U�D�W�L�R�Q�V���Z�L�W�K���W�K�H���V�L�J�Q�D�O�V���U�H�F�R�U�G�H�G���E�\���W�K�H���L�Q�V�W�U�X�P�H�Q�W�H�G���F�U�X�W�F�K�H�V�¶��
IMUs. 

The k-fold cross-validation is used for training and validation of the algorithm 
[62]. The dataset is divided in 5 folds and each fold is composed of different 
�V�X�E�M�H�F�W�V�¶�� �G�D�W�D���� �7�K�H�� �U�H�V�X�O�W�V�� �U�H�S�R�U�W�H�G�� �D�V�� �D�F�F�X�U�D�F�\���� �)��-score, True Positive Ratio 
(TPR) and True Negative Ratio (TNR) are shown in Table 1. The global confusion 
matrix is shown in Figure 17. 

Table 1: Statistical results of the trained classification model. 
 

ACCURACY F1-SCORE TPR TNR 
FOLD 1 93% 95% 96% 89% 
FOLD 2 86% 89% 87% 83% 
FOLD 3 90% 93% 91% 88% 
FOLD 4 87% 91% 91% 79% 
FOLD 5 85% 90% 89% 78% 

GLOBAL 88% 92% 91% 83% 
 

Considering the overall performance of the model, it achieved an accuracy of 88%, 
indicating a reasonable level of overall correctness in classification. The accuracy 
is comparable to the previous method [60] in which was 87% with 14% of 
unclassifiable samples. The F1-score was 92%, indicating a good balance between 
precision and recall. The TPR was 91%, indicating a good ability to identify the 
stance phase, while the TNR was 83%, indicating a moderate ability to identify 
swing phase. Performances drop for the swing phase prediction, but it is expected 
because both the crutch (and camera) and foot are moving during the swing phase 
worsening the camera framing and the quality of images captured. 
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Figure 17: Test confusion matrix of the gait phase predictions. 

The robustness has been improved reaching a measurement independent from 
the foot distance, but the database should be expanded, also including subjects with 
walking disorders and different gait patterns to cover more rehabilitation 
approaches. The instrumented crutches with gait detection can also be used for 
outdoor environments without requiring extra instrumentation. Table 2 reports an 
intra-subject comparison among the predictions and the reference results computing 
the root mean squared error (RMSE). The load applied on the crutches of the same 
subset can be shown with respect to the gait cycle, as in Figure 18. For example, 
since the 2-point walking pattern, it is expected that the load on the right crutch will 
be increased during stance on the left side. 

Table 2: Intra-subject comparison of gait parameters. 

Foot side 
Stance time (ms) Swing time (ms) 

mean RMSE mean RMSE 

left 1164 87 544 61 

right 1167 78 541 44 
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to be conducted. The practical requirements of the synchronization concern the 
correlation in the time domain of the operations and involve (i) the detection of the 
time delay among independent signals, (ii) the compensation for the delay, and (iii) 
the implementation of a protocol to guarantee the accurate synchronized operations 
[63].  

Time delay evaluation can be realized by clock timestamps or by common 
input/output triggering signals at the synchronized elements. Classic protocols and 
synchronization solutions generally require specific hardware and communication 
modules for their implementation [64], [65], [66], [67]. These requirements and 
implementation are often not justified or affordable in a typical research 
measurement setup. A common way to synchronize the acquisition of different 
systems is through a common signal path or triggers [68]. In biomechanics, a 
predefined human motion can be recognized by more systems, defining a clear 
moment in the timeline of the different devices. However, this technique requires 
more post-processing efforts and more data to be acquired [69]. Trigger signals can 
synchronize the start/stop of the acquisition of different systems [68], but still, some 
systems might not be equipped to support the handling of trigger signals. The 
adoption of a synchronized timestamp from the different devices represents one of 
the preferred solutions to synchronize different signals that can be acquired at a 
different sampling rate, reducing the efforts needed in the post-processing 
synchronization of the data recorded. One of the most used technologies is the GPS 
(Global Positioning System) [70]. Although GPS was developed as a navigation 
solution, several applications can rely on its technology for clock synchronization. 
However, GPS remains an expensive solution outside of its main application fields. 
Other more accessible technologies for machine synchronization are the Network 
Time Protocol (NTP) [71] and the Precision Time Protocol (PTP) [72]. While PTP 
(defined in IEEE 1588 [71]), can provide higher accuracy synchronization (in order 
�R�I�� ���V����[72], NTP results in a less expensive implementation and is now the 
established Internet standard protocol used to organize and maintain the clock 
�V�\�Q�F�K�U�R�Q�L�]�D�W�L�R�Q���R�I���D���3�&���W�R���D���U�H�I�H�U�H�Q�F�H���W�L�P�H�����7�K�H���V�H�Q�V�R�U�¶�V���V�R�I�W�Z�D�U�H���P�L�J�K�W���Q�R�W���R�I�W�H�Q��
include the possibility to add an absolute time reference in the data sent, rather they 
can provide timing information relative to the data that start the acquisition. From 
this point of view, NTP can represent a suitable tool for the synchronization of 
different PCs and acquisition units but a shared time reference in all the sensing 
units can still be missing.  
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A strong tool for developing early-stage robot applications is the ROS [55]. A 

ROS application is composed of several independent programs called nodes, each 
of which communicates with other nodes using a topic-based Publish/Subscribe 
design pattern [73]. An already developed acquisition software can be adapted to 
support ROS communication and publish the received data that will be shared with 
all the systems under the network. Each message published is completed with the 
related machine timestamp in EPOCH format, allowing an easy synchronization of 
all the messages published in the network. However, this ROS integration can be 
�S�U�R�E�O�H�P�D�W�L�F���Z�L�W�K���V�R�P�H���V�S�H�F�L�I�L�F���L�Q�V�W�U�X�P�H�Q�W�D�W�L�R�Q�����&�R�P�P�H�U�F�L�D�O���V�\�V�W�H�P�V���R�I�W�H�Q���G�R�Q�¶�W��
allow the user to access their online data, hampering their inclusion in a ROS-based 
network. Systems that still rely on external trigger signals for their data acquisition 
shall be somehow able to synchronize their records with those compatible with 
ROS. 

The work published in [74], and further detailed, proposes a simple and low-
cost solution for the synchronization of data in a ROS network and from analogic 
trigger-based systems. This solution wants to overcome and simplify the 
synchronization protocols that are normally employed in biomechanics laboratories 
offering a bridge to and from devices that fall outside a ROS network. 

5.3.1 Materials and Methods 

A Raspberry Pi 3 B+ mounting Raspbian GNU/Linux 9 with ROS kinetic distro 
is used as a trigger box (TB). A ROS node in the Raspberry handles the 
synchronization as follows: 


· A PC or any other device in the ROS network can publish a ROS 
standard message of type Int8MultiArray (std_msgs/Int8MultiArray) in 
a ROS topic (/enable).  


· The first element of the message array represents the ROS trigger, 
�Z�K�L�F�K�� �L�V�� �V�H�W�� �W�R�� �³���´�� �Z�K�H�Q�� �H�Q�D�E�O�H�G���� �Z�K�L�O�H�� �W�K�H�� �I�R�O�O�R�Z�L�Q�J�� �Y�D�O�X�H�V�� �D�U�H�� �W�K�H��
addresses (IDs) of the ROS devices intended to be triggered by the 
message.  

The TB has a unique ID set in the ROS node and subscribes to the topic /enable. 
When the TB reads an active ROS trigger value in the first array location and finds 
its unique ID included in one of the following array locations, a trigger is declared, 
and a digital output (GPIO) is set to HIGH (3.3V) for a predefined amount of time. 
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As soon as the GPIO is set to HIGH, a ROS standard message of type Header 
(std_msgs/Header) is published by the TB in a ROS topic /enable_ack. This Header 
message includes a timestamp in EPOCH format and an additional field where the 
ID of the publisher is declared. 

 

Figure 19: The ROS topic /enable with the relative ROS message. The first 
element can be 0 or 1 depending on the ROS trigger activation status. The IDs of the 
device intended to be triggered are added in the following locations. 

 

Figure 20: trigger-box functioning principle. The trigger-box reads the topic 
/enable and if a trigger is declared including the trigger-box ID, an analogic trigger 
is sent through a digital output while a timestamp is published in the topic 
/enable_ack. In this example, the TB has ID 31. 

The published timestamp can be saved from any device subscribing to the topic 
/enable_ack, collecting a time reference in which the analogic trigger signal has 
been sent from the TB. To make the collected timestamps consistent among all the 
devices and the data shared in the ROS network, the TB and the devices in the 
network are synchronized through NTP to the same source. 

For the validation test of the proposed solution, the following components are 
used: 


· Raspberry Pi 3 B+ used as TB and connected as in Figure 21. 

· 1 NI CompactRIO (cRIO) 9022 
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· 1 NI Analog Input module 9215   

· 1 Modem/Router NETGEAR N750 

· 1.5m ethernet cable Cat.5 

· 1 Computer mounting Ubuntu 18.04 

 

Figure 21: Connection and interaction of the components. Blue arrows 
represent the ROS-world communications while red arrows represent the analogic 
trigger transmissions. 

Each TB is represented as a ROS node: 


· Node /starter: Executed in the first TB, publishes the start message on the 
topic /enable �F�R�P�S�R�V�H�G���E�\���D���³���´���W�R���V�W�D�U�W���W�K�H���5�2�6���W�U�L�J�J�H�U���I�R�O�O�R�Z�H�G���E�\���W�K�H��
device IDs of the other TBs. When the message is published, a physical 
trigger is sent to the cRIO, and a timestamp is published on the topic 
/enable_ack. 


· Node /sync_1: Executed in the second TB, subscribes the topic /enable and 
�Z�K�H�Q���D���³���´���W�R�J�H�W�K�H�U���Z�L�W�K���L�W�V���X�Q�L�T�X�H���,�'���L�V���I�R�X�Q�G�����D���S�K�\�V�L�F�D�O���W�U�L�J�J�H�U���L�V���V�H�Q�W���W�R��
the cRIO, and a timestamp is published on the topic /enable_ack. 


· Node /sync_2: Same as /sync_1 executed in the third TB. 

The ROS master runs on a PC that saves all the timestamps published on the 
topic /enable_ack while the cRIO saves the timestamps in which the physical 
triggers are acquired. 

All the devices, including the 3 TBs, the cRIO, and the master PC are 
synchronized through NTP to the same server (server 1.it.pool.ntp.org). All the 
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systems are connected through ethernet to the network. The network ping packet 
request-response rate was 2 ms. Download and Upload velocities were 900.20 
Mbps and 420.74 Mbps respectively performed with a speed test. With the setup 
proposed in Figure 19, the test is conducted as follows: 

�‡ The TB /starter publishes a ROS trigger at 2Hz while the cRIO acquires any 
trigger signal in input at 50kHz. The TBs update their clock through NTP every 3 
minutes while the cRIO performs an update every 30 seconds.  

�‡ All the system runs for 39 hours while all the timestamps in the topic 
/enable_ack are saved in the master PC and the cRIO saves the timestamps for any 
physical trigger acquired. Globally, 70000 samples are recorded. 

The time values considered in the protocol are: 

Table 3: Time values considered in the protocol. 

�P�æ�ç�Ô�å�ç�Ø�å 
time in which the cRIO has received the physical trigger from the 

TB /starter. 

�P�æ�ì�á�Ö�- 
time in which the cRIO has received the physical trigger from the 

TB /sync_1. 

�P�æ�ì�á�Ö�.  
time in which the cRIO has received the physical trigger from the 

TB /sync_2. 

�6�æ�ç�Ô�å�ç�Ø�å 
timestamp published from the TB /starter on the topic 

/enable_ack. 

�6�æ�ì�á�Ö�- 
timestamp published from the TB /sync_1 on the topic 

/enable_ack 

�6�æ�ì�á�Ö�.  
timestamp published from the TB /sync_2 on the topic 

/enable_ack. 

We hypothesize that the time elapsed between the publication of the ROS 
trigger from the TB /starter on the /enable topic and the GPIO rising from the same 
device is negligible. Under this assumption, the metrics in Table 4 are considered 
for the system evaluation. 
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Table 4: Metrics to evaluate the synchronization performance. 

�?�4�+�1�å�Ø�Ö�â�å�×�Ø�×���×�Ø�ß�Ô�ì���� 
L �� 
k�P�æ�ì�á�Ö�.
�� �� �P�æ�ì�á�Ö�-


o 

The delay recorded between the 

two analogic signals sent from 

/sync_1 and /sync_2 to the cRIO. 

�6�$�ã�è�Õ�ß�Ü�æ�Û�Ø�×���×�Ø�ß�Ô�ì�� 
L �� 
k�6�æ�ì�á�Ö�.
�� �� �6�æ�ì�á�Ö�-


o 

The delay recorded between the 

two timestamps published by 

/sync_1 and /sync_2 on the topic 

/enable_ack. 

�L�Q�>�H�E�O�D�A�@���A�N�N�K�N


L ���6�$�ã�è�Õ�ß�Ü�æ�Û�Ø�×���×�Ø�ß�Ô�ì���� �?�4�+�1�å�Ø�Ö�â�å�×�Ø�×���×�Ø�ß�Ô�ì 

The difference between the 

timestamps published by the 2 

/sync and the difference between 

the 2 trigger signals sent to the 

cRIO.  

5.3.2 Results 

Figure 22 collects the distribution of the metrics �?�4�+�1�å�Ø�Ö�â�å�×�Ø�×���×�Ø�ß�Ô�ì�� and 

�6�$�ã�è�Õ�ß�Ü�æ�Û�Ø�×���×�Ø�ß�Ô�ì. The mean �?�4�+�1�å�Ø�Ö�â�å�×�Ø�×���×�Ø�ß�Ô�ì��is 0.07 ms with a standard 

deviation of 0.30 ms. Similarly, mean �6�$�ã�è�Õ�ß�Ü�æ�Û�Ø�×���×�Ø�ß�Ô�ì is 0.1 ms but its standard 

deviation differs in order of magnitude measuring 3.5 ms. The �?�4�+�1�å�Ø�Ö�â�å�×�Ø�×���×�Ø�ß�Ô�ì 

is used as a true reference for scaling the �6�$�ã�è�Õ�ß�Ü�æ�Û�Ø�×���×�Ø�ß�Ô�ì and informing the real 
error introduced by the system. By removing the cRIO delay from the TB delay we 
can obtain the real delay introduced by the system. Figure 23 shows the 
�L�Q�>�H�E�O�D�A�@���A�N�N�K�N distribution with an RMS of 3.5 ms.  
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Figure 22: cRIO (blue) and TB (orange) recorded delay. The vertical axis is the 
relative frequency on 70000 recorded samples. 

 

Figure 23: System delay of published times. The vertical axis is the relative 
frequency on 70000 recorded samples. 
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5.3.3 Discussion 

We proposed a simple and cheap solution for synchronization between ROS 
and analogic trigger-based devices. The solution can be implemented with a 
Raspberry, is easy to program, and adapts to the application. We think that 
flexibility represents one of the main advantages of the proposed solution. 

The ROS node in the Raspberry can be easily modified to work with both 
triggers input and output. Furthermore, timing can be managed in the script by 
controlling the duration and delay of the signals. From this point of view, this 
solution can match the simplicity, limited cost, and flexibility required in 
biomechanical tests, where different devices might require customized input/output 
signals. The proposed solution supports multi-publishers and subscribers to the 
same topic by addressing each device with a unique ID. One device can indeed 
trigger a portion of the devices subscribing to the ROS topic and record the same 
relative portion of the published timestamp by triggering and looking at the desired 
device IDs.  

The analogic trigger signals from the TBs (sync_1 and sync_2) were recorded 
at the same instant by the cRIO system. The two signals acquired by the cRIO came 
from two identical devices and the time dispersion depends on the cRIO time 
resolution. The cRIO delay can be considered as the real delay between the 
considered signals. This is important for considering the cRIO recording as our true 
value in this validation. Both mean values from the data in Figure 22 are negligible 
with respect to their standard deviation. The standard deviation was a fraction of 
ms in the case of the recorded analogic trigger, while between the ROS timestamps, 
it was 10 times bigger. Nevertheless, as for the published error, 3.5 ms is a 
promising result considering the application this solution was meant for. 
Biomechanics scenarios involve human motions with frequencies in the order of a 
few Hertz while data are typically recorded at a sample rate from 50 to 200Hz. For 
these reasons, we can consider the recorded delays widely suitable for a 
biomechanics test.  

The presented system allows easy synchronization from the ROS world with 
devices that are suited to be synchronized through analogical triggers. However, no 
solutions are presented for devices that cannot handle any input/output trigger. This 
solution relies on a ROS network together with its limitations in matter reliability 
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and data safety. The performance of the network influences the overall performance 
of the system.  

The presented results widely achieve the needed requirements. However, this 
validation is performed with a specific test for several hours, under controlled and 
predefined conditions. A reliable network and proper NTP synchronization are key 
factors for the achievement of the desired performance. All the presented results are 
considered the best outcome for the system proposed. Still, our results have a wide 
tolerance considering the proposed application, entrusting the system validity even 
in view of performance degradations. 

 

5.4 Partial weight-bearing and shoulder loads estimator 

Gait laboratories are not always available and accessible because of their cost, 
required space and personnel competence. Estimators for the Partial Weight-
Bearing (PWB) and the shoulder loads are then validated in [75] minimizing the 
required instrumentation and increasing ease of use and accessibility.  

Incremental weight-bearing is common during post-surgery gait rehabilitation 
to minimize implant failures and enhance the healing of the soft tissue. The PWB 
method involves gradually increasing the weight load on the limb over time, a 
process that is tailored to each patient based on the severity of their injury and the 
clinician's discretion [76], [77]. Walking aids, such as crutches, can help reduce 
instability and they are typically prescribed to support weight-bearing on the 
affected weak lower extremity [78]. During rehabilitation, physiotherapists 
typically offer prompt feedback to patients on their posture, load, and step sequence, 
based on their perception and experience. Consequently, the outcome is contingent 
on the therapist's proficiency, and the patient's progress is assessed subjectively by 
the therapist [34]. Multiple studies have indicated that patients generally fail to 
comply adequately with lower extremity PWB protocols [79], [80], [81].  In [81], 
none of the patients were able to follow the prescribed reduction of 30% of their 
body weight (BW), and one-third of them were not aware of their inability to follow 
the instructions. Another study highlighted that none of the participants managed 
the prescribed load on the operated limb, especially patients who were 60 years old 
or older [82].  
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It is necessary to monitor not only consequences on the affected limb but also 

secondary symptoms involving the upper extremities, which can be stressed during 
daily activities if crutches are involved [83], [84], [85]. In [86], shoulder force 
magnitudes up to 170 %BW were measured during crutch-assisted walking with 
partial or complete unloading of the lower limb. Moreover, the number of 
repetitions during long-lasting crutch use could lead to shoulder problems as a long-
term consequence. 

To verify compliance with the rehabilitation goals, force platforms and motion 
capture systems are commonly used to extract kinematics and kinetics information 
of the gait also when performed with walking aids. Even if gait laboratories could 
perform highly accurate measurements [87], some limitations must be considered 
in clinical applications: they are expensive to set up and operate [88]; patients may 
need to travel to a specialized gait laboratory, and this can be challenging for 
individuals who have limited mobility; the controlled environment of the laboratory 
�P�D�\���E�H���D���U�R�X�J�K���V�L�P�X�O�D�W�L�R�Q���R�I���D���S�D�W�L�H�Q�W�¶�V���U�H�D�O-life walking patterns; and the test takes 
place over a relatively short period of time [89]. Moreover, information related to 
the reaction forces of the shoulders is not usually available in real-time since it 
requires post-process analysis of the acquired data.  

Recently, numerous wearable technologies have emerged with the objective of 
facilitating gait analysis in non-laboratory settings. Several instrumented insoles are 
employed to gather data during daily activities, and while many of these devices 
allow for real-time data acquisition, they generally require preliminary calibration 
to ensure accurate measurement of forces [24], [26], [88], [90], [91]. Several 
research groups have created instrumented crutches because they allow the 
�H�V�W�L�P�D�W�L�R�Q�� �R�I�� �W�K�H�� �S�D�W�L�H�Q�W�¶�V�� �S�H�U�I�R�U�P�D�Q�F�H�� �G�X�U�L�Q�J�� �Z�D�O�N�L�Q�J�� �D�Q�G�� �S�U�R�Y�L�G�H�� �I�H�H�G�E�D�F�N�� �W�R��
improve rehabilitation [24], [26], [28], [29], [30], [31], [92]. In [26], [28] vibratory 
and audio feedback was added to inform the user of overloading or underloading, 
and in [93], patients showed higher compliance to the rehabilitation goals when 
audio feedback was provided.  

In [75], it provides a preliminary methodological validation of an estimator of 
�W�K�H���3�:�%���R�I���W�K�H���O�R�Z�H�U���O�L�P�E�V���D�Q�G���W�K�H���V�K�R�X�O�G�H�U���M�R�L�Q�W�¶�V���U�H�D�F�W�L�R�Q���I�R�U�F�H�V���G�X�U�L�Q�J���D���Z�D�O�N��
with instrumented crutches. The estimate is provided by a pair of instrumented 
crutches to measure the ground reaction forces along their principal axis, and the 
forces are acquired and processed in real-time, which is suitable for collecting data 
or providing feedback. The system is validated on six healthy subjects, and since 
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In addition to the instrumented crutches, the experimental configuration 

comprised two force plates from BTS Bioengineering, which were utilized to gauge 
the ground reaction force of each foot. Furthermore, a marker-based motion capture 
system from Vicon Motion Systems, comprising eight cameras, was deployed to 
capture the subject's kinematics. The sampling frequencies were different for the 
three systems: the force plates acquired data at 1 kHz, the motion-capture system 
acquired data at 100 Hz, and the crutches acquired data at 60 Hz, so a resampling 
procedure was required before starting data processing. The Vicon Full Body Plug-
In Gait model was used, as shown in Figure 23, for the placement of the markers 
�R�Q���W�K�H���V�X�E�M�H�F�W�¶�V���E�R�G�\��[95]. 

Table 5: Summary of instrumentations and methods in the experimental setup. 

Instrumentation Details 

Instrumented crutches 


· Range: 0�.600 N 

· Uncertainty: 6 N ( P = 95%) 

· Crutch mass: 1 kg 

· Sampling frequency: 60 Hz 

· Data sharing protocol: ROS 

· Time synchronization: NTP server 

Optoelectronic motion capture 
system (Vicon Motion Systems 
Ltd, UK) 


· Cameras: 8 

· Volume: 6 × 3 × 3 m 

· Marker protocol: full body VICON plug-in gait (39 

markers) 

· Markers on each foot 

· Markers on each crutch 

· Sampling frequency: 100 Hz 

LockLab Control Box (Vicon 
Motion Systems Ltd, UK) 


· Time synchronization: generates trigger output  

BTS force platforms (BTS S.p.A., 
Garbagnate Milanese, Italy) 


· Dimensions: 0.8 × 0.6m 

· Range: 2 kN 

· Sampling frequency: 1 kHz 

· Time synchronization: receives start/stop trigger 

from LockLab 

Crutches Trigger box 


· Available I/O channels: 3 

· Data sharing protocol: ROS 

· Crutch time synchronization: NTP server 

· System time synchronization receives a start/stop 

trigger from LockLab 

�7�K�H���W�U�L�J�J�H�U���E�R�[���S�U�H�Y�L�R�X�V�O�\���G�H�W�D�L�O�H�G���L�Q���W�K�H���V�H�F�W�L�R�Q���³5.3 Synchronizer�´���Z�D�V���X�V�H�G��
for data synchronization between the motion capture system, the force platforms, 
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and the instrumented crutches [74]. The internal clock of the trigger box was 
synchronized with the same NTP server as that used for the instrumented crutches, 
and when it received a starting trigger from the mocap system, it published its 
timestamp through the ROS network. The published timestamp was then associated 
with the first sample of the motion capture system and the force plates. The crutches 
were already synchronized with the NTP server, and they saved their timestamp 
labels. Please note that this configuration was required for validation only; when 
the instrumented crutches are not used simultaneously with other devices, they can 
be controlled independently using the user interface of Figure 4. 

  

a) b) 

Figure 25: a) Instrumented crutches and marker placement; b) subject walking 
with instrumented crutches during validation. Red dots highlight the visible 
markers from the frontal point of view. 

The experimental protocol aimed to acquire data useful for validating the 
proposed PWB and shoulder reaction estimators. Since the effect of the gait 
dynamics was somehow neglected in the model that determined the PWB from 
�F�U�X�W�F�K�H�V�¶�� �I�R�U�F�H�V���� �W�K�H�� �S�U�R�W�R�F�R�O�� �L�Qcluded three different pacing conditions during 
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�Z�D�O�N�L�Q�J���� �Q�R�U�P�D�O�� �R�U�� �W�K�H�� �V�X�E�M�H�F�W�¶�V�� �S�U�H�I�H�U�U�H�G�� �U�K�\�W�K�P�� �D�Q�G�� �V�O�R�Z�� �D�Q�G�� �I�D�V�W�� �F�D�G�H�Q�F�H��
rhythms. These different conditions enabled the verification of the dynamic effects 
of the proposed approach. A metronome helped the subjects follow a cadence of 50 
or 90 steps/min, with the goal of covering reasonable boundaries of a walking 
cadence with crutches [15], [96]. Subjects were asked to walk using the 2-point 
contralateral pattern and then the tests were repeated with the 3-point partial weight-
bearing (3-point PWB) walking pattern [13]. Walking patterns are shown in Figure 
26. 

 

Figure 26: Walking patterns with crutches [13]. 

Finally, in order to achieve weight-bearing values on the lower limbs that are 
consistent with those typically prescribed by clinicians, the subjects were required 
to load 20% or 40% of their BW onto the crutch. In this way, during the 2-point 
contralateral pattern, the PWB should range between 60�±80 %BW, and during the 
3-point PWB pattern, it should range between 20�±60 %BW. In order to verify 
subject repeatability, at least three trials were conducted for every condition. Prior 
to the tests, the subjects underwent a training session lasting approximately 10 
minutes to familiarize themselves with walking patterns, cadences, and crutch 
loads. 

The experimental protocol was applied to 6 subjects, 5 male and 1 female with 
a weight of 78 ± 12 kg, a height of 1.77 ± 0.03 m, and an age of 38 ± 12 years old 
(mean ± STD). Since at this stage, we were interested in the validation of the 
proposed approach and not in clinical validation, we performed the tests on healthy 
subjects only. The study was conducted in accordance with the Declaration of 
Helsinki, and informed consent was obtained from all subjects involved. 
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5.4.2 The partial weight bearing estimator 

Since during assisted walking, the external forces applied to the subject are the 
ground reaction forces on the feet and the crutches, the authors believed that the 
�O�R�D�G���V�X�S�S�R�U�W�H�G���E�\���W�K�H���X�V�H�U�¶�V���O�R�Z�H�U���O�L�P�E�V���F�R�X�O�G���E�H���H�V�W�L�P�D�W�H�G���E�\���V�X�E�W�U�D�F�W�L�Q�J���W�K�H���O�H�I�W��
crutch �I�R�U�F�H�����/�&�)�����D�Q�G���W�K�H���U�L�J�K�W���F�U�X�W�F�K���I�R�U�F�H�����5�&�)�����I�U�R�P���W�K�H���W�R�W�D�O���V�X�E�M�H�F�W���E�R�G�\�¶�V��
�Z�H�L�J�K�W�����%�:�������Z�K�L�F�K���L�V���W�K�H���V�X�P���R�I���W�K�H���L�Q�V�W�U�X�P�H�Q�W�H�G���F�U�X�W�F�K�H�V�¶���Z�H�L�J�K�W���D�Q�G���W�K�H���X�V�H�U�¶�V��
weight. The load is then normalized and expressed as a percentage of the total 
�V�X�E�M�H�F�W�¶�V���Z�H�L�J�K�W�� 

�2�9�$ 
L
�6�9 
F �.�%�( 
F �4�%�(

�$�9
 Eq. 7 

The Guide to the Expression of Uncertainty in Measurement is applied to the 
PWB estimate with all the parameters used in the analytical formula of the 
�P�H�D�V�X�U�D�Q�G���� �D�O�R�Q�J�� �Z�L�W�K�� �W�K�H�L�U�� �D�V�V�R�F�L�D�W�H�G�� �X�Q�F�H�U�W�D�L�Q�W�L�H�V���� �7�K�H�� �I�R�O�O�R�Z�L�Q�J�� �S�D�U�D�P�H�W�H�U�V�¶��
uncertainties are used: 


· The subject's body mass: since the crutches could be used in clinics or 
domestic environments where body mass is measured with domestic scales, 
the associated uncertainty is obtained from [94] that analysed the mean and 
standard deviation of domestic scales. The standard uncertainty is equal to 
1.1 kg. 


· The crutch load: the crutches are calibrated using force plates and the 
standard uncertainty obtained is 7 N. 


· The crutch mass: each instrumented crutch weighs 0.95 kg. A standard 
uncertainty of 0.05 kg is considered due to manufacturing differences. 

The standard uncertainty is calculated by combining all the individual sources 
of uncertainty using the law of propagation of uncertainty once all the parameters 
and their associated uncertainties are identified. The uncertainty propagation is then 
repeate�G���I�R�U���V�R�P�H���R�I���W�K�H���S�R�V�V�L�E�O�H���F�R�P�E�L�Q�D�W�L�R�Q�V���R�I���W�K�H���V�X�E�M�H�F�W�¶�V���E�R�G�\���P�D�V�V��������������������
�D�Q�G�� �������� �N�J���� �D�Q�G�� �W�K�H�� �F�U�X�W�F�K�H�V�¶�� �O�R�D�G�V�� ������������ ������������ ������������ ������������ �D�Q�G�� ���������� ���%�:������ �$�V��
shown in Figure 27 lower values of PWB have higher standard uncertainty and it 
�D�O�V�R���G�H�S�H�Q�G�V���R�Q���W�K�H���V�X�E�M�H�F�W�¶�V���E�R�G�\���P�D�V�V�����:�K�H�Q���W�K�H���O�R�D�G���R�Q���W�K�H���F�U�X�W�F�K�H�V���L�V���O�R�Z�H�U����
which means higher PWB values, the contribution of the crutch load uncertainty 
increases up to 50% for both crutches measurements. 
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Of course, the inertia contribution in dynamic conditions could worsen the 

results since is neglected in the PWB estimator, so a specific testing protocol was 
�S�U�R�S�R�V�H�G���W�R���Y�H�U�L�I�\���W�K�L�V���S�R�L�Q�W�����Y�D�U�\�L�Q�J���W�K�H���X�V�H�U�¶�V���Z�D�O�N�L�Q�J���S�D�F�H���D�Q�G���W�K�H���F�U�X�W�F�K���O�R�D�G�V�� 

a) 

 

b) 

 
Figure 27: a) Uncertainty of the PWB estimate with respect to the PWB value. 

�E�����8�Q�F�H�U�W�D�L�Q�W�\���3�H�U�F�H�Q�W�D�J�H���&�R�Q�W�U�L�E�X�W�L�R�Q���R�I���W�K�H���V�X�E�M�H�F�W�¶�V���E�R�G�\���P�D�V�V���D�Q�G���W�K�H���F�U�X�W�F�K��
force measurement. 

The reference values are obtained from the sum of the left platform force (LPF) 
�D�Q�G���W�K�H���U�L�J�K�W���S�O�D�W�I�R�U�P���I�R�U�F�H�����5�3�)�������Q�R�U�P�D�O�L�]�H�G���E�\���W�K�H���W�R�W�D�O���V�X�E�M�H�F�W�¶�V���Z�H�L�J�K�W�� 

�2�9�$
ã 
L
�.�2�( 
E �4�2�(

�$�9
 Eq. 8 

The difference between the two values is considered the error: 
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L �2�9�$ 
F �2�9�$
ã  Eq. 9 

 

 

a) 

 

 

 

b) 

 

 

 

c) 

 

 

 

d) 

 

Figure 28: a) The gait event at the start of the interval for the validation of the 
PWB. The single support phase of the right leg started from this event until the next 
�O�H�I�W���I�R�R�W�¶�V���K�H�H�O��contact. b) The double leg support phase with all external forces 
measured by instrumented crutches and force plates. c) The gait event at the end of 
�W�K�H���L�Q�W�H�U�Y�D�O���I�R�U���W�K�H���Y�D�O�L�G�D�W�L�R�Q���R�I���W�K�H���3�:�%�����7�K�H���O�H�I�W���O�H�J�¶�V���V�L�Q�J�O�H���V�X�S�S�R�U�W���S�K�D�V�H���Z�D�V��
between the last toe-off and the next heel contact of the right foot. d) Comparison 
between the PWB estimated by the instrumented crutches and the reference value 
�I�U�R�P���W�K�H���I�R�U�F�H���S�O�D�W�H�V�����V�K�R�Z�Q���L�Q���W�K�H���U�L�J�K�W���O�H�J�¶�V���J�D�L�W���F�\�F�O�H�����7�K�H���E�O�D�Q�N���E�D�F�N�J�U�R�X�Q�G���L�V��
due to the interval with unknown external forces applied to the foot still resting on 
the floor. 
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Table 6 reports the analysis of variance (ANOVA) results of the PWB error. 

The walking pattern was not statistically significant while all the other parameters 
(cadence, crutch load, subject, and support status) were statistically significant. The 
support status of the legs has the highest F value, followed by the cadence. Figure 
29 shows the boxplots of the PWB error for all the parameters divided by the gait 
support since it had the highest F-value. 

�7�K�H���3�:�%�¶�V���U�H�I�H�U�H�Q�F�H�����H�V�W�L�P�D�W�H�����D�Q�G���H�U�U�R�U���D�U�H���V�K�R�Z�Q���Z�L�W�K���U�H�V�S�H�F�W���W�R���W�K�H���W�L�P�H���L�Q��
Figure 30 and with respect to the gait cycle in Figure 31. The data are compared 
between the gait pattern and the cadence in Figure 30 and the crutch load in Figure 
31; moreover, the double-leg support is shown in the background. 

Table 6�����7�K�H���$�1�2�9�$���R�I���W�K�H���3�:�%�¶�V���H�U�U�R�U�� 

Parameter Sum of Squares Degrees of Freedom Mean Squares F p-Value 
Cadence 1346 1 1346 46 <0.05 

Crutch load 361 1 361 12 <0.05 
Pattern 37 1 37 1 0.26 
Subject 1336 5 267 9 <0.05 
Support 10,177 1 10,177 348 <0.05 

Error 7471 256 29   
Total 20,961 265    

 

 

Figure 29�����%�R�[�S�O�R�W�V���R�I���W�K�H���3�:�%�¶�V���H�U�U�R�U���� 
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The presented approach estimated the PWB from the measurement of a pair of 

instrumented crutches. The ANOVA results of Table 6 show that the error was 
�V�W�U�R�Q�J�O�\�� �L�Q�I�O�X�H�Q�F�H�G���E�\�� �W�K�H���F�D�G�H�Q�F�H���D�Q�G���W�K�H���O�H�J�V�¶���V�X�S�S�R�U�W���� �$���K�L�J�K�H�U���Z�D�O�N�L�Q�J���S�D�F�H��
produced a higher inertia contribution, and the double-leg support also included the 
toe-off and heel contact events, which generated higher accelerations than the 
midstance phases. This confirmed that higher dynamic conditions worsen the PWB 
estimation. The highest error is observed during double-support walking at a speed 
of 90 steps/min. When the cadence was about 90 steps/min the error reached 11 
%BW, which is more than twice the 5 %BW of error reached walking at 50 
steps/min. This means that real-time values are more reliable with lower cadence 
and speed, as could happen during the first rehabilitation days. Typical values of 
cadence for assisted walking with crutches are 73.2 ± 8.5 steps/min [15], [96]. If 
the relation between cadence and the PWB error is determined and the gait phases 
are detected (so cadence and legs support status), the PWB estimation can be 
corrected by removing the known trend, but it requires a deeper investigation not 
achievable with the cadences analysed in this work. However, several devices can 
be used to assess gait phases, but they may have limitations. IMUs or instrumented 
insoles require the patient to wear the device and sometimes require calibration. 
Fixed RGB or infrared cameras must be installed in some motion capture systems, 
which limits their use to specific locations. These devices also require a post-
processing stage sometimes and cannot provide real-time feedback. While our 
instrumented crutches may provide gait phase detection, as previously detailed in 
�V�H�F�W�L�R�Q�� �³5.2.3 Step phases detection�´���� �W�K�H�� �S�U�R�F�H�V�V�� �V�W�L�O�O�� �Q�H�H�G�V�� �W�R�� �L�P�S�U�R�Y�H�� �W�K�H��
reliability and elaborate data in real-time [60], [92]. 

5.4.3 The shoulder loads estimator  

Shoulder reaction reference values were obtained by the biomechanical model 
outcomes described in detail in [85]. The model is based on an inverse kinetics 
analysis of the upper limbs. It was originally created to analyse torques in the 
sagittal plane, and then it was extended to the other planes, including coupled three-
dimensional effects. The inputs required are �W�K�H�� �V�X�E�M�H�F�W�¶�V�� �D�Q�W�K�U�R�S�R�P�H�W�U�\���� �W�K�H��
�N�L�Q�H�P�D�W�L�F�V���R�I���W�K�H���F�U�X�W�F�K�H�V���D�Q�G���W�K�H���V�X�E�M�H�F�W�¶�V���X�S�S�H�U���O�L�P�E�V�����D�Q�G���W�K�H���I�R�U�F�H���P�H�D�V�X�U�H�G���R�Q��
the crutches. The model considers the hand rigidly connected to the crutch, so the 
upper limb is described by three rigid segments: the crutch plus the hand, forearm, 
and arm. The torque and the internal forces are computed at the proximal end of the 
�V�K�R�X�O�G�H�U�� �R�U�� �D�U�P���� �7�K�H�� �E�L�R�P�H�F�K�D�Q�L�F�D�O�� �P�R�G�H�O�¶�V�� �P�D�L�Q�� �J�R�D�O�� �Z�D�V�� �W�R�� �R�E�W�D�L�Q�� �D�Q�� �R�Q�O�L�Q�H��
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estimation of the overall shoulder torque; for this reason, a purely mechanical model 
was considered; this model considers the overall torque required in the articulation 
to realize the measured movement, and it does not include the forces produced by 
active muscles on the articulation. 

As previously described in the introduction, the purpose of the shoulder loads 
and torque regression model is to obtain their estimates without measuring upper 
limb kinematics. In such a way, the biomechanical model is not required, and an 
online, rough indication of shoulder loads and torque can be directly given to the 
patient and to the physician. Since the biomechanical model does not need the 
ground reaction forces on the feet, any gait cycle is valid to create the regression 
dataset to compute the shoulder values. 

The wide dataset was then divided into identification and validation datasets. 
For this separation, we considered that, in accordance with the test protocol, each 
condition was repeated at least three times, so one trial was randomly assigned to 
the validation dataset, while the remaining trials were assigned to the identification 
dataset. With this procedure, we maintain a balanced representation of the 
population and conditions between the datasets with good numerosity: 2/3 for the 
identification and 1/3 for the validation. The model estimated the peaks and the root 
mean square (RMS) of the shoulder torques and forces, calculated by the 
biomechanical model in every stance phase of the crutches. Each subject performed 
at least two stance phases of the crutch on both sides in every trial. 

Since the purpose is to give an online indication to the therapist or the patient, 
the time histories of the loads at the shoulders are not required, while peak and root 
mean square values are certainly more informative. The corresponding values were 
computed for each crutch cycle and the force is normalized by the subject's weight 
while the torque is normalized by the subject's weight times the subject's height.   

In the first regression attempt, we considered forces in the sagittal plane 
(anterior-posterior and vertical directions) and the torque exerted along an axis 
perpendicular to this plane (mediolateral). These directions were the most 
significant in a previous study [85], as they include the force in the vertical direction 
and the torque needed to manoeuvre the crutches during the gait cycle. To simplify 
the model and focus only on relevant predictors, we investigated the correlation 
between possible influencing factors a�Q�G�� �V�K�R�X�O�G�H�U�V�¶�� �I�R�U�F�H�V�� �D�Q�G�� �W�R�U�T�X�H�V�� �E�H�I�R�U�H��
proceeding with the regression. We considered the overall set of available 



 

Gait Analysis 47 

 
parameters, including the most evident crutch force, anthropometric parameters, 
kinematic parameters, stance time, and walking pattern. Then, we included all 
possible couple interactions. For both shoulder forces and torques, we classified 
possible predictors in decreasing order of correlation with a clear discrimination at 
a certain correlation level, enabling a clear selection of the most significative 
parameters for our purposes. 

According to the procedure described, we ordered the possible predictors, 
including their interaction, according to their Pearson correlation coefficient with 
shoulder forces and torque, and we obtained a clear separation for parameters above 
0.65 for the torque and 0.90 for the force. We considered a regression model 
including such parameters and their interactions with the possibility of considering 
a second-order model. The parameters above the Pearson correlation index 
thresholds (0.65 for torques and 0.90 for forces) are shown in Table 7. 

Table 7: Pearson correlation coefficients between the shoulder load and torque 
and some of the parameters investigated. The * (multiplication) operator yields the 
product of its operands. 

Parameters 
Correlation with 

Shoulder Vertical Force 

Correlation with 
Shoulder Mediolateral 

Torque 

RMS Peaks RMS Peaks 
Crutch force RMS 1.00 0.96 0.74 0.74 

Crutch force RMS * height 1.00 0.96 0.73 0.73 
Crutch force RMS * height2 0.99 0.95 0.71 0.71 

Crutch force peak 0.93 0.98 0.68 0.74 
Crutch force peak * height 0.93 0.98 0.67 0.73 
Crutch force peak * height2 0.93 0.98 0.66 0.71 

Crutch force RMS * BMI 0.86 0.86 0.54 0.56 
Crutch force RMS * body 

mass 
0.86 0.86 0.52 0.54 

Crutch force peak * BMI 0.80 0.87 0.49 0.56 
�ó  �ó  �ó  �ó  �ó  

Moreover, in order to maintain a clear physical correspondence of the model, 
we considered the same predictors set for both force and torque, so we assume that 
this parameter set is significant for the general shoulder load. 



 

48 Gait Analysis 

 
Figure 32 and Figure 33 show the regressions of the shoulder joint force and 

torque. Table 8 and Table 9 display the RMSE values for the shoulder joint force 
and torque. 

 

Figure 32: Regression of the shoulder joint force RMS and peaks. The force is 
�V�K�R�Z�Q���D�V���D���S�H�U�F�H�Q�W�D�J�H���R�I���W�K�H���V�X�E�M�H�F�W�¶�V���%�:�� 

 

Figure 33: Regression of the shoulder joint torque. The torque is shown as a 
percentage of the BW times the height (H) of the subject. 
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Table 8: RMSE and R2 values of the shoulder joint force. 

Shoulder Joint Force RMSE (%BW) R2 Dataset 

RMS 
0.45 1.00 Identification 
0.42 1.00 Validation 

Peak 
1.5 0.97 Identification 
1.4 0.98 Validation 

Table 9: RMSE and R2 values of the shoulder joint torque. 

Shoulder Joint 
Torque 

RMSE (%BW*H) R2 Dataset 

RMS 
0.34 0.61 Identification 
0.32 0.68 Validation 

Peak 
0.55 0.61 Identification 
0.52 0.69 Validation 

The shoulder regression model involved the RMS and the peak values for 
�F�U�X�W�F�K���I�R�U�F�H���D�Q�G���W�K�H�L�U���L�Q�W�H�U�D�F�W�L�R�Q���Z�L�W�K���W�K�H���V�X�E�M�H�F�W�¶�V���K�H�L�J�K�W���D�Q�G���V�T�X�D�U�H�G���K�H�L�J�K�W�����D�V��
reported in Table 7. The regression was good regarding shoulder force (R2 about 
1), while it was more critical for torques (R2 about 0.6). The residuals for the RMS 
and peak force regression models followed a normal distribution, as shown in the 
normal probability plots in Figure 34, so the random behaviour of the residuals was 
confirmed. 

 

Figure 34: Normal probability plots of regression residuals of the identification 
subset for RMS and peak shoulder force. 
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Regarding torque, the R2 was lower, and residuals were less normal. A possible 

justification relies on the equations describing the inverse dynamics: they are based 
on some anthropometric parameters determined with the help of statistical tables 
based on specific population samples. Precise evaluation of the effect of 
anthropometric parameters uncertainties on the inverse dynamics results 
uncertainty is complex due to non-linearities in the model equations, a large number 
of possible influence factors, and the recursive relation that moves the results from 
a distal to a proximal element. A previous investigation [97] applying the 
simplification principles described in [98] evidenced that anthropometric 
parameters may heavily affect the inverse kinetics analysis and, in our case, the 
reference shoulder torque and force. In the force case, equations included only 
segment masses and their centre of mass acceleration. Torque computation also 
�U�H�T�X�L�U�H�V�� �W�K�H�� �V�H�J�P�H�Q�W�¶�V�� �L�Q�H�U�W�L�D�O�� �S�U�R�S�H�U�W�L�H�V���� �Z�K�L�F�K�� �J�H�Q�H�U�D�O�O�\�� �V�X�I�I�H�U�� �I�U�R�P�� �D�� �O�D�U�J�H�U��
uncertainty. Moreover, the correlation analysis excluded anthropometric 
parameters such as mass and height from the regression due to their poor 
correlation. The prediction error for torque as a function of the BMI anthropometric 
parameter can be checked with the box plots in Figure 35, in which no explicit 
dependency is shown, so the model validity was confirmed, and the reason for the 
lower torque prediction performance is not clear yet. Of course, a more complex 
regression model including a larger set of factors improves the correlation at the 
expense of introducing a large set of quantities in the description. Since our 
intention here was to give a rough but immediate and easily obtainable estimation 
to the patient and the clinician to improve gait management, we prioritized model 
simplicity. To this end, the regression proposed seems to be sufficiently accurate. 
Shoulder forces were estimated with an RMS error of about 1.5 %BW, while for 
torques, the RMS error was about 0.5% of the product BW times height on a scale 
ranging up to 4.0 %BW*H, i.e., about 12% of the full scale of the values recorded. 
Such values are sufficient for a rough indication to the end user and the therapist. 
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a) 

 

b) 

 

c) 

 

d) 

 

Figure 35: Shoulder torque RMSE boxplots for (a) walking pattern; (b) the 
inverse of stance time; (c) crutch angle range of motion; (d) BMI. 
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5.4.4 Conclusions 

The presented approach estimated the PWB using instrumented crutches, and 
the results showed that the error was strongly influenced by walking cadence and 
leg support. Higher walking speeds and double-leg support result in higher errors 
in the PWB estimation. The real-time PWB values were more reliable with lower 
cadence and speed, which were typical values for assisted walking with crutches, 
and the RMSE was not influenced by crutch load. In the three-point PWB gait 
pattern, PWB estimation during the unaff�H�F�W�H�G���O�L�P�E�¶�V���V�L�Q�J�O�H���V�X�S�S�R�U�W���Z�D�V���V�D�W�X�U�D�W�H�G��
at 100 %BW, but this is not useful for rehabilitation purposes. The study also 
developed a regression model for estimating shoulder force and torque during 
crutch-assisted gait. The model is based on RMS and peak values of crutch force 
�D�Q�G�� �F�R�Q�V�L�G�H�U�V�� �W�K�H�� �V�X�E�M�H�F�W�¶�V�� �K�H�L�J�K�W�� �D�Q�G�� �V�T�X�D�U�H�G�� �K�H�L�J�K�W���� �7�K�H�� �U�H�J�U�H�V�V�L�R�Q�� �P�R�G�H�O��
provided good estimates for shoulder force (R2 about 1) but was less accurate for 
torque (R2 about 0.6). The less normal distribution of the torque residuals was 
possibly due to uncertainties in the anthropometric parameters used in the inverse 
dynamic equations, and a more complex regression model would improve the 
correlation. 

The inclusion of a larger sample size and a more balanced gender distribution 
could have provided more generalizable results. Nevertheless, this preliminary 
study provided promising results that demonstrate the validity and effectiveness of 
the load estimator system. Additionally, future studies should consider testing the 
system under different walking conditions, such as different ranges of speeds, 
inclines, and terrain types to further validate its accuracy and effectiveness. 
Furthermore, the estimator should also be checked with different impairments since 
the deviations in the gait could alter the predictions. 

 

5.5 Tests on field 

In collaboration with the Domus Hospital (Brescia, Italy) and ExoAtlet 
(Luxemburg) the walking loads applied on the crutches have been analysed in tests 
involving two exoskeletons. 
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Figure 39: Boxplots of the crutch force peaks of the tests with the ReWalk.  

 

Figure 40: Standard deviation of the crutch force peaks of the tests with the 
ReWalk. 
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  The walker height is kept at 1 meter from the floor, and 25 masses are used 
to sweep across the range on each of the 19 positions of Figure 47. A total of 475 
combinations are collected in random order. A multivariate multiple linear 
regression is applied, and the results are summarized in Table 10. Figure 48 shows 
the linear regressions and the residuals with respect to the reference. 

Table 10: Multivariate multiple linear regression results. 

 �(�ì  �6�ë �6�í 

Range 0:300 N -50:100 Nm -150:150 Nm 

�4�6 0.99 0.99 0.99 

RMSE 8.2 N 3.0 Nm 3.3 Nm 

 

The coefficient of determination (R2) for all three output parameters is 0.99, 
indicating a strong correlation between the input strains and the output forces and 
torques. The root mean square error (RMSE) for �(�ì  is 8.2 N, indicating the average 

deviation between the predicted and actual values of �(�ì  is approximately 8.2 N. 
Similarly, RMSE values show an average deviation between the predicted and 
actual values of 3.0 Nm for �6�ë and 3.3 Nm for �6�í. These results demonstrate a high 
level of accuracy in the regression model, as evidenced by the high R2 values and 
relatively low RMSE values for all three output parameters. 
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Figure 48: Multivariate multiple linear regression.



 

  

 

Chapter 3 

Augmented Reality Feedback 

Therapists play a vital role in guiding and monitoring the rehabilitation process, 
ensuring optimal outcomes for patients. In recent years, the emergence of AR 
technologies has opened up new possibilities for enhancing the effectiveness and 
engagement of rehabilitation interventions. This chapter presents the development 
and evaluation of an AR interface designed to support therapists in monitoring 
walking rehabilitation using instrumented crutches. By overlaying digital 
information in the real world, AR can provide therapists with real-time feedback, 
visualizations, and guidance during rehabilitation sessions. Instrumented crutches 
offer a valuable tool for objective assessment and monitoring of gait performance. 
However, the effective integration of force measurement data with an AR interface 
tailored to the needs of therapists and patients remains an open challenge. The 
design process employed a participatory design approach, ensuring that the 
development of the AR interface incorporates the perspectives and insights of the 
end-users �± therapists and patients. Through collaborative design sessions and 
iterative feedback loops, the interface design was shaped to align with their 
requirements and preferences. This involved interviews, observations, discussions, 
and prototyping to identify the specific requirements for an AR interface. This 
approach aimed to enhance usability, user acceptance, and overall effectiveness of 
the AR system in supporting the rehabilitation process. A comprehensive test 
campaign was conducted involving both therapists and patients aimed to gauge the 
interface's impact on therapists' ability to monitor and guide rehabilitation sessions 
effectively. Objective measures, such as usability, workload, and attention metrics, 
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were collected along with interviews. The results provide valuable insights for 
future development and implementation in clinical settings. 

 

6.1 Participatory codesign 

Participatory co-design is an approach that involves end-users, stakeholders, 
and experts in the design and development process of a product or application [102] 
which fosters collaboration, empathy, and shared decision-making. It ensures that 
the final application reflects the collective expertise and insights. By involving 
therapists in the design process, the application is more likely to meet the specific 
needs of therapy sessions, enhance the therapeutic experience, and ultimately 
improve patient outcomes. The participatory co-design process starts with an initial 
exploration phase, where therapists and designers collaborate to understand the 
requirements, objectives, and challenges of using AR in crutch-assisted gait 
therapy. During this phase, therapists provide insights into the specific needs of 
their patients, the therapeutic techniques they usually employ, and the potential 
benefits and limitations of incorporating AR technology. 

The first meeting was held online with a total of 12 experts, including some 
�U�H�S�U�H�V�H�Q�W�D�W�L�Y�H�V���R�I���W�K�H���'�H�S�D�U�W�P�H�Q�W���R�I���5�H�K�D�E�L�O�L�W�D�W�L�R�Q���R�I���W�K�H���5�¯�J�D���6�W�U�D�G�L�¼�ã���8�Q�L�Y�H�U�V�L�W�\��
�D�Q�G���W�K�H���/�D�W�Y�L�D�Q���1�D�W�L�R�Q�D�O���5�H�K�D�E�L�O�L�W�D�W�L�R�Q���&�H�Q�W�U�H���³�9�D�L�Y�D�U�L�´�����1�5�&���9�D�L�Y�D�U�L�������)�L�U�V�W�O�\����
the therapists explained the conventional method to a patient who needs to learn the 
correct technique for walking with crutches. During this process, therapists closely 
observe and assess several key parameters to guide and correct the patient's walking 
technique [103]. These parameters include: 

1. Crutch positioning and support: Therapists pay close attention to how the 
patient holds and positions the crutches. They check the height of the 
crutches, the handgrip placement, and the patient's arm and hand 
positioning. Adjustments are made to ensure proper support and stability 
during walking. 

2. Weight-bearing: Therapists assess how much weight the patient is placing 
on their affected or injured limb while using crutches. They provide 
guidance to ensure proper weight distribution, which helps prevent further 
injury and promotes stability. 
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3. Posture and alignment: Therapists observe the patient's overall posture and 

alignment while using crutches. They check if the patient's body is properly 
aligned, with the head, shoulders, hips, and feet in a straight line. 
Corrections are made to maintain a balanced posture, reducing strain on the 
body. 

4. Step length and rhythm: Therapists monitor the patient's step length and 
rhythm to ensure a smooth and coordinated walking pattern. They guide the 
patient to take steps of appropriate length, promoting a natural gait. 

Secondly, we explained the principles of the instrumented crutches previously 
�G�H�V�F�U�L�E�H�G���L�Q���W�K�H���V�H�F�W�L�R�Q���³5.2 Instrumented Crutches �± A New Version�´���Z�L�W�K���W�K�H�L�U��
advantages and limitations. We also showed the available AR glasses, the Microsoft 
HoloLens 2 in Figure 49, with their main characteristics and technological 
advantages that could be useful for the design.  

 

Figure 49: The Microsoft HoloLens 2 glasses for AR. 

The HoloLens 2 provides a wide field of view allowing users to see and interact 
with holographic contents; an accurate tracking technology enabling the glasses to 
maintain stable holographic overlays aligned with the real-world environment; hand 
and gesture tracking capabilities enabling intuitive interaction with holographic 
elements, such as grabbing and manipulating virtual objects. Everything with a 
lightweight design with a balanced centre of gravity, adjustable headband, and flip-
up visor, making it more comfortable for extended use and easy transition between 
augmented and real-world views. Moreover, data can be shared in real-time 
between the AR glasses and the instrumented crutches. 
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the PWB estimator [75] �G�H�W�D�L�O�H�G�� �L�Q�� �W�K�H�� �V�H�F�W�L�R�Q�� �³5.4 Partial weight-bearing and 
shoulder loads estimator�´�����Z�K�L�F�K���R�Q�O�\���U�H�T�X�L�U�H�V���W�K�H���D�O�U�H�D�G�\���Q�H�F�H�V�V�D�U�\���L�Q�V�W�U�X�P�H�Q�W�H�G��
�F�U�X�W�F�K�H�V���� �D�Q�G�� �D�� �G�R�P�H�V�W�L�F�� �V�F�D�O�H�� �W�R�� �P�H�D�V�X�U�H�� �W�K�H�� �S�D�W�L�H�Q�W�¶�V�� �E�R�G�\�� �P�D�V�V���� �7�K�H�� �3�:�%��
measurements are less accurate than the outcomes from force plates or instrumented 
insoles, but the simplicity of use and the reduced assessment time it was prioritized.  

Placing the holograms near the patient can potentially reduce the mental 
workload required by the therapist. This is particularly relevant when considering 
the existence of multitasking overload, as suggested in existing literature [104].  
While there is currently no research specifically investigating the therapist's 
workload during observational gait assessment, it can be argued that such 
assessments involve the utilization of multiple cognitive resources, including 
visual, auditory, cognitive, and responsive processes. The visual process comprises 
both searching for and observing the patient. When the AR feedback holograms are 
located far from the patient, the therapist needs to consistently engage in the 
searching task to locate the patient's position. By placing the holograms close to the 
patient, the need for frequent searching is reduced, while still maintaining the 
essential observation phase. This adjustment has the potential to alleviate cognitive 
demands.  

  

a) b) 

Figure 51: a) Human body tracking; b) QR code to track. 

In trying to place the holograms close to the patient, several approaches were 
�H�[�D�P�L�Q�H�G���W�R���W�U�D�F�N���W�K�H���S�D�W�L�H�Q�W�¶�V���S�R�V�H�����$�F�F�H�V�V�L�Q�J���W�K�H���I�U�R�Q�W�D�O���Z�H�E�F�D�P���R�I���W�K�H���+�R�O�R�/�H�Q�V��
2 it is possible to run a human body skeletonization on the RGB images [105], as 
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in Figure 51a, but it lags and requires a lot of processing power critically limiting 
the battery life. Another approach is to track a QR code marker placed on the back 
of the patient as in Figure 51b, but the tracking performance gets worse if the 
patient-therapist distance increases (>3 m). 

 

Figure 52: User interface demo with loads represented as arrows. 

The first demo developed is shown in Figure 52 and it includes the arrow 
representation of the load associated with its value in Newton in the lower label. 
�7�K�H�� �D�U�U�R�Z�V�� �D�U�H�� �S�O�D�F�H�G�� �R�Q�� �W�K�H�� �I�O�R�R�U�� �V�X�U�I�D�F�H���� �D�Q�G�� �W�K�H�\�� �R�Q�O�\�� �I�R�O�O�R�Z�� �W�K�H�� �W�K�H�U�D�S�L�V�W�¶�V��
position since a reliable solution for patient tracking has not been found yet. 
Another meeting was held in person at the NRC Vaivari (Riga) since it was 
critically important that therapists familiarize themselves with the AR glasses and 
try the demo. Twelve therapists, specialized in gait rehabilitation, were involved 
and everyone tested the application and provided their opinion. Comments are 
summarized in Table 11 divided into topics. 
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Table 11: Comments of the therapists after the first demonstration. 

 (Topic 1) Quantity to be displayed 

1. ���—�’�•�1�˜�•�1�–�Ž�Š�œ�ž�›�Ž�1�˜�•�1�•�‘�Ž�1�•�˜�Š�•�œ�1�Š�œ�1���–�������1�Š�—�•�1�—�˜�•�1�������ï 

2. ���—�’�•�1�˜�•�1�–�Ž�Š�œ�ž�›�Ž�1�˜�•�1�•�‘�Ž�1�•�˜�Š�•�œ�1�Š�œ�1���”�•���1�Š�—�•�1�—�˜�•�1�������ï 

3. PWB estimation for each foot separately. 

4. Show the last maximum of the load.  

 (Topic 2) Labels aspect 

1. Too many digits. 

2. The font size should be bigger. 

 (Topic 3) Placement of holograms in the space 

1. �
�˜�•�˜�•�›�Š�–�œ�1�œ�‘�˜�ž�•�•�1�–�˜�Ÿ�Ž�1� �’�•�‘�1�•�‘�Ž�1�•�‘�Ž�›�Š�™�’�œ�•���œ�1�‘�Ž�Š�•�ï 

2. Holograms should follow the patient and be aligned with the crutches. 

3. Holograms along the crutches. 

4. �
�˜�•�˜�•�›�Š�–�œ�1�Š�›�Ž�1�™�•�Š�Œ�Ž�•�1�Š�Œ�Œ�˜�›�•�’�—�•�1�•�˜�1�•�‘�Ž�1�™�Š�•�’�Ž�—�•���œ�1�œ�’�•�Ž�ï�1 

 (Topic 4) Others 

1. 
Difficult to directly compare left and right crutch loads based on their arrow 

height.  

2. 
���‘�Ž�1 �™�Š�•�’�Ž�—�•�1 �œ�‘�˜�ž�•�•�1 �ž�œ�Ž�1 �•�‘�Ž�1 �Š�™�™�•�’�Œ�Š�•�’�˜�—�1 �•�˜�1 �ž�—�•�Ž�›�œ�•�Š�—�•�1 �‘�˜� �1 �–�ž�Œ�‘�1 ���–�������1 �’�œ�1

applied. 

3. Not only with crutches but also quadripodes and walkers. 

4. Sounds to improve gait rhythm.  
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a) 

 

b) 

 
Figure 54: a) In-place mode; b) Display mode. 

To solve the patient tracking, another HoloLens 2 is worn by the patient and 
used as a tracking device to get his/her pose in real-time. The absolute position of 
�W�K�H���S�D�W�L�H�Q�W���L�Q���W�K�H���W�K�H�U�D�S�L�V�W�¶�V���U�H�I�H�U�H�Q�F�H���L�V���D�V�V�H�V�V�H�G���E�\���V�K�D�U�L�Q�J���W�K�H���S�D�W�L�H�Q�W���S�R�V�H���Z�L�W�K��
respect to a QR code, tracked as in Figure 54. The patient pose is then used to place 
the holograms in the in-place modality, but it is also used in both modalities to 
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�Y�L�V�X�D�O�L�]�H�� �W�K�H�� �F�U�X�W�F�K�H�V�¶�� �O�R�D�G���E�D�U�V�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �S�D�W�L�H�Q�W���V�L�G�H�� �Z�L�W�K�� �U�H�V�S�H�F�W�� �W�R�� �W�K�H��
�W�K�H�U�D�S�L�V�W�¶�V���Y�L�H�Z�����D�V���L�Q��Figure 55. 

 

Figure 55: Loads' bars position according to the patient's orientation from the 
�W�K�H�U�D�S�L�V�W�¶�V���S�R�L�Q�W���R�I���Y�L�H�Z�� 

A selection menu appears if the user looks at his/her left-hand palm as in Figure 
56. The user can choose the working modality between the display mode or the in-
place mode. 

 

Figure 56: Working mode selection menu. 
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6.3 Usability and attention tests 

The preliminary results obtained using AR in rehabilitation show 
improvements in many parameters even better than the results with traditional 
therapies [41], [53], [109], [110], [111]. AR has important relevance in promoting 
interactions between patients and therapies, and bringing benefits to the effect of 
rehabilitation, but should be verified the engagement of the users to avoid cognitive 
overloads or distractions from the main task. Even the usability of the AR solutions 
should be investigated to continuously improve the technologies and simplify their 
use, leading to a wider spread of innovative rehabilitation techniques. Another key 
evaluation when AR or VR are involved is on symptoms of visually induced motion 
sickness (VIMS) [112]. Although VIMS symptoms are less inclined to compare 
with AR glasses, it should be investigated during development to reduce the 
influence of sickness on the usability results [113], [114].  

To face all the previous arguments a specific test protocol has been defined for 
their assessment in the AR application developed during the co-design phase. 

6.3.1 Test protocol 

To ensure the reliability and generalizability of the evaluation results, the 
attention testing and usability assessments are conducted in real-life conditions. 
Therapists and patients perform the tasks and exercises of actual rehabilitation 
scenarios, closely resembling the challenges faced during routine therapy sessions. 
This realistic setup allows for a comprehensive understanding of the application's 
performance and suitability for clinical use. Table 12 lists the inclusion and 
exclusion criteria for both therapists and patients participating in the study. 
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Table 12�����7�K�H�U�D�S�L�V�W�V���D�Q�G���S�D�W�L�H�Q�W�V�¶���L�Q�F�O�X�V�L�R�Q���D�Q�G���H�[�F�O�X�V�L�R�Q���F�U�L�W�H�U�L�D�� 

Subject Inclusion criteria Exclusion criteria 


· Both 


· Age: between 18-85 

years old. 


· Gender: any. 


· Must be able to follow 

instructions and 

demonstrate learning 

skills. 


· Skin problems (for example, 

sores) that prevent the use of 

tools. 


· Cognitive or behavioural 

impairment affecting 

understanding or execution of the 

experiment. 


· Severe disorders of the visionary 

system. 


· Severe disorders of the auditory 

system. 


· Non-willingness to provide 

informed consent. 


· Therapist  


· Suffering from pre-existing 

medical conditions that may be 

exacerbated using the AR headset. 


· Patient 
· Height: 1.40-2.00 m 


· Any medical problem that 

prevents the full load or 

intolerance to exercise with the 

forearm crutches (e.g., 

orthopaedic disorders, pain, 

spasticity...). 


· Ability to walk correctly and 

independently without external 

support. 


· Persistent orthostatic hypotension. 
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Based on the test condition, the HoloLens 2 glasses perform the following 

tasks: 
1. Holograms projection: virtual objects are displayed through the glasses 

lens to be visible to the user. Holograms representing bars are used to 
visualize the load information to the user as in Figure 53. A selection menu, 
as in Figure 56, appears if the user looks at his/her left-hand palm and the 
therapist can choose the working modality between the display mode or the 
in-place mode. 

2. QR-tracking: the webcam is enabled and QR markers are tracked. Only the 
marker with a specific code is processed and shared in a ROS topic. 

3. Pose-tracking: the glasses share their pose through a ROS topic. 
4. Eye-tracking: the user gaze is recorded, and the objects hit by the gaze are 

saved in log files.  
5. Audio recording: �W�K�H���D�X�G�L�R���L�V���U�H�F�R�U�G�H�G���E�\���W�K�H���G�H�Y�L�F�H�¶�V���P�L�F�U�R�S�K�R�Q�H���� 
6. Video recording: the webcam stream is saved, and holograms are displayed 

�L�Q���W�K�H���U�H�F�R�U�G���L�I���Y�L�V�L�E�O�H���D�Q�G���V�W�D�\���L�Q���W�K�H���X�V�H�U�¶�V���I�L�H�O�G���R�I���Y�L�H�Z�� 

During the test, the AR glasses mix the tasks described previously. QR-
tracking, audio, and video recording are always enabled in every condition. The 
�S�D�W�L�H�Q�W�¶�V���J�O�D�V�V�H�V���G�R���Q�R�W���G�L�V�S�O�D�\���D�Q�\�W�K�L�Q�J�����E�X�W���R�Q�O�\���W�K�H���S�R�V�H-tracking is enabled. The 
gaze tracking is always enabled for the the�U�D�S�L�V�W�¶�V�� �J�O�D�V�V�H�V�� �D�Q�G�� �D�Q�� �R�U�D�Q�J�H�� �G�R�W�� �L�V��
captured in the video recording to know how the therapist distributes his/her 
attention. The instrumented crutches are always enabled and share forces through 
the ROS network. The coordinator's computer records the force data during the test. 

The working modalities available for the therapist are: 

· transparent mode: nothing is displayed to the user. 

· in-place mode: feedback holograms are placed on the patient's side, as in 

Figure 54a.  

· display mode: holograms are projected in a virtual monitor which follows 

�W�K�H���W�K�H�U�D�S�L�V�W�¶�V���K�H�D�G���P�R�Y�H�P�H�Q�W�V�����D�V���L�Q��Figure 54b.  

The following questionnaires are included in the test protocol, along with their 
respective meanings: 

�” The Visual Activities Questionnaire (VAQ): for assessing visual 
characteristics in colour discrimination, glare disability, light/dark adaption, 
acuity/spatial vision, depth perception, peripherical vision, visual search, 
and visual processing speed [115]. Visual skills can be strongly related to 
the experience with AR glasses.  
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�” Simulator Sickness Questionnaire (SSQ): for checking if motion sickness 

is present and influences results. Recent findings suggest that the symptoms 
of cybersickness and motion sickness are not different [116], [117]. In the 
�W�K�H�U�D�S�L�V�W�¶�V�� �G�H�P�R�J�U�D�S�K�L�F�� �T�X�H�V�W�L�R�Q�Q�D�L�U�H���� �Z�H�� �F�R�O�O�H�F�W�� �L�Q�I�R�U�P�D�W�L�R�Q�� �U�H�J�D�U�G�L�Q�J��
previous AR experience since previous exposure to provocative 
environments influences susceptibility to motion sickness. Over repeated, 
intermittent, short exposures to such environments, habituation may occur 
in which symptomatology decreases. Individuals who repeatedly experience 
these environments may build a tolerance to sickness-inducing stimuli and 
thus learn adaptive behaviours that minimize adverse effects [118]. 

�” NASA Task Load Index (NASA-TLX):  for assessing the workload 
required while receiving feedback with AR during gait rehabilitation [119]. 
If high-demanding tasks are present, they should be better managed to 
reduce the stress and fatigue of the operator [120]. 

�” Post-Study System Usability Questionnaire (PSSUQ): it consists of 16 
items that measure the user's satisfaction, ease of use, and perceived 
usefulness of the system. The PSSUQ provides valuable insights into the 
overall user experience and helps identify areas for improvement in the 
system's usability [117]. 

The test is conducted for each patient-therapist pair according to the following 
schedule: 

1. Participants sign the informed consent. 

2. The therapist compiles a demographic questionnaire. 

3. The therapist compiles the VAQ. 

4. The therapist compiles the SSQ. 

5. Training session with AR glasses. The HoloLens 2 are calibrated on the 

therapist. The therapist learns how to manage the HoloLens 2 and the 

feedback received by the instrumented crutches in both display modalities. 

6. The patient compiles a demographic questionnaire. 

7. Both therapist and patient wear the HoloLens 2. The therapist uses the 

transparent mode, instead, the patient uses the pose-sharing mode. Subjects 
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do not receive any feedback and perform a traditional rehabilitation session 

with normal interaction strategies. 

8. Both therapist and patient wear the HoloLens 2. The patient uses the pose-

sharing mode. The therapist must use the first AR feedback modality. 

9. Both subjects rest. 

10. Both therapist and patient wear the HoloLens 2. The patient uses the pose-

sharing mode. The therapist must use the second AR feedback modality.   

11. The therapist compiles the SSQ. 

12. The therapist compiles the NASA-TLX questionnaire. 

13. The therapist compiles the PSSUQ questionnaire. 

14. The therapist and patient provide feedback (if any) on what they liked or 

disliked. They can suggest what and how the AR feedback can be improved. 

During the rehabilitation session, with or without AR feedback, the patient 
walks back and forth along a straight corridor for a minimum distance of 10 meters, 
and it is repeated at least 4 times. The order of the feedback modality is randomized 
(first display then in-place mode, or vice versa), otherwise learning effects from the 
�I�L�U�V�W�� �V�H�V�V�L�R�Q�� �Z�L�W�K�� �$�5�� �F�R�X�O�G�� �L�Q�I�O�X�H�Q�F�H�� �W�K�H�� �W�K�H�U�D�S�L�V�W�¶�V�� �E�H�K�D�Y�L�R�X�U�� �L�Q�� �W�K�H�� �V�H�F�R�Q�G��
session.  

A total of 12 therapist-patient couples were tested according to the protocol, 
and their demographic information was recorded and presented in Table 13.  

Table 13: Demographics of the subjects (MEAN ± SD). 

24 subjects Gender Age Height Body mass Pathology 

Patients 
2 females 

10 males 

52 ± 18 

years old 
1.71 ± 0.06 m 85 ± 13 kg 

5 amputees 

7 

orthopaedics 

Therapists 
3 females 

9 males 

27 ± 3 

years old 
1.78 ± 0.07 m   
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6.3.2 Results 

Figure 58 shows the VAQ scores collected from the therapist during the initial 
assessment. Every visual function has a low score indicating generally good vision 
skills.  

 

Figure 58: VAQ scores. Visual functions: Acuity/Spatial Vision (ASV); Color 
Discrimination (CD); Depth Perception (DP); Glare Disability (GD); Light/Dark 
Adaptation (LDA); Peripheral Vision (PV); Visual Processing Speed (VPS); Visual 
Search (VS). 

Figure 59 shows the scores of the SSQ collected before and after the test. 
Results of non-parametric Wilcoxon tests with Bonferroni correction revealed no 
significant differences for all the scales. The post-�6�6�4�¶�V�� �P�H�G�L�D�Q�� �Y�D�O�X�H�� �I�R�U�� �W�K�H��
nausea was M = 5 (SD = 10), for the oculomotor disturbance M = 8 (SD = 16), for 
the disorientation M = 0 (SD = 21), and for the total score M = 6 (SD = 16). All the 
symptoms can be classified as minor according to Stanney et 
al.'s [121] classification. In general, the VIMS symptoms are negligible, but just 
one therapist has reported medium-severe oculomotor disturbance (score from 0 to 
53) and disorientation (score from 0 to 69) while nausea slightly increases (score 
from 0 to 19). As in [114] and shown in Figure 60, a detailed look at the differences 
regarding individual symptoms shows the greatest pre- and post-exposure 
differences for eyestrain, fullness of head, and blurred vision. 
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Figure 61: NASA-TLX scores. 

 

Figure 62: PSSUQ scores. 

The PSSUQ scores are shown in Figure 62. PSSUQ score starts with 1 (strongly 
agree) and ends with 7 (strongly disagree). The lower the score, the better the 
performance and satisfaction. However, 4 is neutral but may not be the average and 
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a score below 4 does not indicate that your application has performed above 
average. Interpretation scores are referred to [122] (system usefulness: 2.80, 
information quality: 3.02, interface quality: 2.49, overall: 2.82). All the mean scores 
are lower than the interpretation scores indicating a level of good acceptance of the 
proposed solution. 

�7�K�H���W�K�H�U�D�S�L�V�W�¶�V���D�W�W�H�Q�W�L�R�Q���D�Q�G���E�H�K�D�Y�L�R�X�U���D�U�H���D�Q�D�O�\�V�H�G���Z�L�W�K���J�D�]�H���D�Q�G���P�R�Y�H�P�H�Q�W��
�W�U�D�F�N�L�Q�J�����6�D�P�S�O�H�V���R�I���W�K�H���W�K�H�U�D�S�L�V�W�¶�V���P�R�Y�H�P�H�Q�W���D�Q�G���J�D�]�H���D�U�H���N�H�S�W���R�Q�O�\���L�I���W�K�H���S�D�W�L�H�Q�W��
has started walking and is not turning back to repeat the 10 meters path in the 
opposite versus, as schematized in Figure 63.  

 

Figure 63: Patient walking path and valid intervals. 

The walking velocity of the therapist has been calculated to investigate if the 
visualization modality causes different behaviours. The velocity is derived by the 
AR glasses recorded position. As shown in Figure 64, a low significance of the 
therapist velocity against visualization modality and a high significance against the 
subject are present. Since therapists have self-selected their positions, the 
movements are not influenced by the working modality but depend on the 
�W�K�H�U�D�S�L�V�W�¶�V���G�H�F�L�V�L�R�Q���� 

 

Figure 64�����7�K�H���W�K�H�U�D�S�L�V�W�¶�V���Z�D�O�N�L�Q�J���Y�H�O�R�F�L�W�\�����7�K�H���Z�K�L�W�H���G�R�W���U�H�S�U�H�V�H�Q�W�V���W�K�H��
median and the shaded area represents the interquartile range (25-75%). 
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The heatmaps of Figure 65 show the relative position of the therapist with 

�U�H�V�S�H�F�W���W�R���W�K�H���S�R�V�L�W�L�R�Q���D�Q�G���R�U�L�H�Q�W�D�W�L�R�Q���R�I���W�K�H���S�D�W�L�H�Q�W�¶�V���K�H�D�G�����7�K�H���V�S�U�H�D�G���S�R�L�Q�W�V���P�H�D�Q��
�W�K�D�W�� �W�K�H�� �W�K�H�U�D�S�L�V�W�� �G�R�H�V�Q�¶�W�� �N�H�H�S�� �D�� �F�R�Q�V�W�D�Q�W�� �G�L�V�W�D�Q�F�H�� �I�U�R�P�� �W�K�H�� �S�D�W�L�H�Q�W���� �$�V�� �I�R�U�� �W�K�H��
walking velocity, the relative position is not influenced by the visualization 
modality and in every condition the therapist decides to follow the patient or watch 
him/her in a static position. In the in-place modality, the median of the relative 
distance slightly increases with respect to the other conditions (without feedback: 
1.5 m, display mode: 1.6 m, in-place mode: 2.1 m).  

 

Figure 65�����7�K�H���W�K�H�U�D�S�L�V�W�¶�V���S�R�V�L�W�L�R�Q���Z�L�W�K��respect to the position and orientation 
�R�I���W�K�H���S�D�W�L�H�Q�W�¶�V���K�H�D�G�����7�K�H���U�H�G���O�L�Q�H���U�H�S�U�H�V�H�Q�W�V���W�K�H���P�H�G�L�D�Q�� 

The gaze of the therapist is analysed to investigate preferences, strategies and 
patterns followed during the gait rehabilitation with or without AR feedback. 
Fixations are extracted from the gaze using the I-VT algorithm based on velocity 
threshold [108], [123]. Then each fixation is manually assigned to an area of interest 
(AOI) reproducing the video capture during the fixation interval and visualizing an 
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orange dot in correspondence with the gaze position, as in the example of Figure 
66���� �7�K�H���R�S�H�U�D�W�R�U���F�D�Q���F�K�R�R�V�H���E�H�W�Z�H�H�Q���I�L�Y�H���$�2�,�V���� �O�H�I�W���F�U�X�W�F�K�¶�V���O�R�D�G���E�D�U�����$�2�,�� �%�D�U��
�/�H�I�W�������U�L�J�K�W���F�U�X�W�F�K�¶�V���O�R�D�G���E�D�U�����$�2�,���%�D�U���5�L�J�K�W�������3�:�%�¶�V���O�R�D�G���E�D�U�����$�2�,���%�D�U���3�:�%������
patient (AOI Patient), and not applicable (NA) if none of the previous AOIs.   

 

Figure 66: Manual labelling interface. On the left side, the video capture is 
reproduced in the fixation interval showing an orange dot to represent the gaze 
position. On the right side, the user can select the last reproduced fixation AOI. 

Figure 67 and Figure 68 show the fixation ratio of the AOIs as a percentage of 
the total time. The fixation duration for each AOI is shown in Figure 69 divided by 
the working modality.  

In Figure 67 �W�K�H�� �K�R�O�R�J�U�D�P�V�¶�� �$�2�,�V�� �D�U�H�� �P�H�U�J�H�G�� �L�Q�W�R�� �D�� �X�Q�L�T�X�H�� �F�D�W�H�J�R�U�\�� �$�2�,��
Feedback. The therapist's average time spent on the patient is 83% (SD=8%) 
without AR feedback, 34% (SD=15%) in display mode, and 22% (SD=13%) in in-
place mode. The therapist's average time spent on the AR feedback is 50% 
(SD=16%) in display mode and 64% (SD=13%) in in-place mode. The time 
dedicated to the patient decreases when AR feedback is present, and the lowest 
value is reached in the in-place modality. All the differences are statistically 
significant. The time dedicated to AR feedback is statistically significantly higher 
in the in-place mode compared to the display mode. The remaining time in every 
condition is dedicated to saccades or other objects.  

Figure 68 shows that the attention time difference between the three sources of 
information (left and right crutch loads, and the PWB estimate) is not statistically 
significant in intra-condition tests. The time dedicated to the PWB estimate is 
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statistically significantly higher in the in-place mode compared to the display mode. 
Unlike the display mode, the time dedicated to the patient is not statistically 
significantly different from the time spent on a single information source. 

 

Figure 67�����$�2�,�¶�V���I�L�[�D�W�L�R�Q���U�D�W�L�R�����+�R�O�R�J�U�D�P�V�¶���$�2�,�V���D�U�H���P�H�U�J�H�G���L�Q�W�R���D���X�Q�L�T�X�H��
category (AOI Feedback). *two-sided p-value < 0.05 with the unequal variances t-
test. 

 

Figure 68�����$�2�,�¶�V���I�L�[�D�W�L�R�Q���U�D�W�L�R�����
�W�Z�R-sided p-value < 0.05 with the unequal 
variances t-test. 
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Figure 69: The fixation duration against the visualization modality and divided 
by the AOI. 

The following tables, Table 14 and Table 15, present the eye transitions for the 
two different feedback modes, expressed as percentages of the total number of 
transitions starting from an AOI. These tables provide insights into the eye 
movement patterns during different working modes, shedding light on the visual 
attention allocation. Eye transitions are also represented in the Sankey diagrams of 
Figure 70. 

Table 14: Eye transitions for the in-place mode. Eye transitions are expressed as 
percentages of the total number of transitions that start from an AOI. 

  TO 

  Bar Left Bar PWB Bar Right Patient NA 

FROM 

Bar Left - 23% 47% 27% 2% 

Bar PWB 29% - 29% 38% 4% 

Bar Right 48% 26% - 23% 4% 

Patient 28% 40% 21% - 11% 

NA 14% 23% 9% 54% - 

 

  



 

Augmented Reality Feedback 87 

 
Table 15: Eye transitions for the display mode. Eye transitions are expressed as 

percentages of the total number of transitions that start from an AOI. 

  TO 

  Bar Left Bar PWB Bar Right Patient NA 

FROM 

Bar Left - 22% 49% 27% 2% 

Bar PWB 29% - 22% 40% 9% 

Bar Right 55% 16% - 25% 3% 

Patient 28% 39% 19% - 14% 

NA 20% 23% 6% 52% - 

 

 

Figure 70: The eye transition between fixations of the display mode test on the 
left and the in-place mode test on the right. The thick black bar represents the 
frequency of transition from or to the corresponding AOI. The width of the branch 
represents the flow amount of eye transitions. 
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Finally, the feedback collected after every test is listed in Table 16. 

Table 16�����7�K�H�U�D�S�L�V�W�V�¶���F�R�P�P�H�Q�W�V���G�X�U�L�Q�J���W�K�H���S�R�V�W-test interviews. 

Comment 1 "I believe it's very useful to perform a check now and then." 

Comment 2 ���
�’�•�‘�1�œ�Ž�•�ž�™�1�•�’�–�Ž�ï�� 

Comment 3 

�����—�1 �’�—-place modality, I can see the subject's legs while looking at the 

information in place with peripheral vision, while in display mode, I can 

�•�˜�Œ�ž�œ�1�˜�—�1�Ž�’�•�‘�Ž�›�1�•�‘�Ž�1�™�Š�•�’�Ž�—�•�1�˜�›�1�•�‘�Ž�1�’�—�•�˜�›�–�Š�•�’�˜�—�ï�� 

Comment 4 
"I prefer the display mode because the quality of the holograms doesn't 

deteriorate when the patient moves away." 

Comment 5 "I was confused at first, but then I got used to it." 

Comment 6 "I prefer the in-place mode, but only if the holograms are not blurry." 

Comment 7 
"I was interested in the pelvic movement, and the in-place mode information 

was too low." 

Comment 8 "A tutorial to explain how to use it would be helpful." 

Comment 9 
�����1 �™�›�Ž�•�Ž�›�1 �•�‘�Ž�1 �•�’�œ�™�•�Š�¢�1 �–�˜�•�Ž�1 �‹�Ž�Œ�Š�ž�œ�Ž�1 ���1 �Œ�Š�—�1 �œ�Ž�Ž�1 �•�‘�Ž�1 �’�—�•�˜�›�–�Š�•�’�˜�—�1 �Ž�Ÿ�Ž�—�1 � �‘�Ž�—�1

closely following the �™�Š�•�’�Ž�—�•�ï�� 

3.3.3 Discussion 

The AR interface developed has reached a general good acceptance from the 
end-users. The scores of the PSSUQ in Figure 62 show that the quality of the 
information and the interface is adequate for the task. Users also believe that the 
application can be useful for assisting their work. A therapist said that could be a 
�X�V�H�I�X�O���W�H�F�K�Q�R�O�R�J�\���W�R���D�V�V�H�V�V���W�K�H���S�D�W�L�H�Q�W�¶�V���F�R�Q�G�L�W�L�R�Q���Z�K�H�Q��needed or to verify if there 
are improvements in gait after a rehabilitation session. Moreover, looking at this 
�F�R�P�P�H�Q�W�� �³�,�� �Z�D�V�� �L�Q�W�H�U�H�V�W�H�G�� �L�Q�� �W�K�H�� �S�H�O�Y�L�F�� �P�R�Y�H�P�H�Q�W���� �D�Q�G�� �W�K�H�� �L�Q-place mode 
�L�Q�I�R�U�P�D�W�L�R�Q���Z�D�V���W�R�R���O�R�Z�´�����W�K�H���S�R�V�L�W�L�R�Q���R�I���W�K�H���K�R�O�R�J�U�D�P�V���V�K�R�X�O�G���D�O�V�R���F�R�Q�Vider the 
�W�D�U�J�H�W���R�I���W�K�H���S�D�W�L�H�Q�W�¶�V���E�R�G�\���W�K�D�W���W�K�H���W�K�H�U�D�S�L�V�W���Q�H�H�G�V���W�R���R�E�V�H�U�Y�H�����$�Q�R�W�K�H�U���W�K�H�U�D�S�L�V�W����
�P�R�U�H�� �L�Q�W�H�U�H�V�W�H�G�� �L�Q�� �W�K�H�� �O�H�J�V�¶�� �P�R�Y�H�P�H�Q�W���� �Z�D�V�� �V�D�W�L�V�I�L�H�G�� �Z�L�W�K�� �W�K�H�� �L�Q-place modality 
because she was able to check the legs and the information almost contemporarily. 
Familiarization and setup time appear to pose challenges for some therapists who 
are concerned about the limited time available for each patient. However, they also 
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believe that, with tutorials and experience, they can become accustomed to the 
device, reducing the time needed and enhancing their satisfaction. 

 The young age of the therapist could be related to their good vision skills 
influencing positively the AR experience. Nevertheless, in post-test interviews, 
some therapists expressed concerns about the legibility of the labels, particularly in 
the in-place modality when the patient is at a distance and the holograms become 
�E�O�X�U�U�H�G�����7�K�H���O�D�E�H�O�V�¶���S�R�V�L�W�L�R�Q���D�Q�G���W�K�H���I�R�Q�W���V�K�R�X�O�G���E�H���I�X�U�W�K�H�U���L�Q�Y�H�V�W�L�J�D�W�H�G���W�R���S�U�R�Y�L�G�H��
a higher readability quality according to factors such as ambient illuminance, 
distance, and background properties [124], [125]. Blurred vision is also observed 
in the VIMS symptoms (Figure 60), and it remains unclear from the literature 
whether this is a result of the optical see-through AR technology or its particular 
application. Yu et al. [126] identified a relationship between the refocusing issue 
when users shift their attention between the real world and see-through objects, with 
the primary parameter being the distance from the objects. Nevertheless, it appears 
that the blurred labels do not cause movements in every therapist, as their velocity 
and position are not conditioned on the visualization modality, as indicated in 
Figure 64 and Figure 65.  

When analysing the VIMS symptoms, it is important to highlight that there are 
currently no reliable reference values in the literature for assessing their severity in 
the context of AR [127], [128], and only a few studies have explored this aspect. 
Neither the pre-test nor the post-SSQ results (Figure 59) reached a high level of 
severity when compared to [113], [114]. Prolonged exposure over time can increase 
the incidence of VIMS symptoms [114], and reduced usage time should be 
considered for subjects more prone to experiencing VIMS. In our experiments, the 
average duration of non-continuous usage was approximately 15 to 20 minutes, 
which also included the training phase. In a real-world scenario, the effective usage 
time might be further decreased when the solution is operated by pre-trained 
personnel and only the preferred modality is enabled. 

The workload required is investigated through the NASA-TLX questionnaire. 
Due to the way we designed the protocol, it is not possible to ascertain whether the 
in-place mode reduces the cognitive load of the therapist by eliminating the visual 
search component for the target to observe. Moreover, since the workloads induced 
by the AR interface and the rehabilitation task cannot be isolated, the scores 
obtained are combinations of both. Nevertheless, the results (Figure 61) show a 
low/medium level in every factor if compared to the interpretation given by the 
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�T�X�H�V�W�L�R�Q�Q�D�L�U�H�¶�V���F�U�H�D�W�R�U��[119]. Comparing the results to typical outcomes in medical, 
monitoring, and other scenarios [129], also reported in Table 17, the average global 
score falls below the 25th percentile, and the impact of the application on the 
therapist's workload appears to be minimal, even when a searching task is involved.  

Table 17: Cumulative frequency distributions of NASA-TLX global workload 
scores by task type [129]. 

Task (n) Min 25% 50% 75% Max 

Medical (45)  9.00 39.35  50.60 61.45  77.35 

Monitoring (174) 20.00 39.97 52.24 62.63 77.00 

Video Game (60) 14.08 48.23 56.50 63.72 78.00 

The therapist movements reported in Figure 64 and Figure 65 are not influenced 
�E�\���W�K�H���Y�L�V�X�D�O�L�]�D�W�L�R�Q���P�R�G�D�O�L�W�\���E�X�W���G�H�S�H�Q�G���R�Q���W�K�H���W�K�H�U�D�S�L�V�W�¶�V���S�U�H�I�H�U�H�Q�F�H�V�����2�E�V�H�U�Y�L�Q�J��
the therapist's position relative to the patient, it is possible to identify two 
behaviours. In one case, the therapist maintains a safe distance behind the patient, 
while in the other, they remain consistently stationary in a frontal or rear position 
�U�H�O�D�W�L�Y�H���W�R���W�K�H���S�D�W�L�H�Q�W���� �7�K�H���S�D�W�L�H�Q�W�¶�V���L�P�S�D�L�U�P�H�Q�W���V�H�Y�H�U�L�W�\�� �F�R�X�O�G���E�H���D�Q���L�Q�I�O�X�H�Q�F�L�Q�J��
factor that imposes the therapist-patient distance for safety reasons, but no evidence 
has been found in the literature to confirm or deny this assumption. However, in 
this study, the impairment severity was not considered. The option to select an 
alternative visualization modality could be advantageous. As mentioned by 
therapists, the display modality may be more suitable when the therapist needs to 
closely follow the patient, while the in-place modality offers a quicker and more 
straightforward transition between the information and the patient in safer 
conditions. 

The therapist dedicates less time to watching the patient when the AR feedback 
is enabled, reaching the lowest value in the in-place modality. In the in-place mode, 
�W�K�H�� �W�L�P�H�� �L�V�� �H�T�X�D�O�O�\�� �G�L�V�W�U�L�E�X�W�H�G�� �E�H�W�Z�H�H�Q�� �W�K�H�� �S�D�W�L�H�Q�W�¶�V�� �$�2�,�� �D�Q�G�� �W�K�H�� �L�Q�I�R�U�P�D�W�L�R�Q��
�V�R�X�U�F�H�V�¶�� �$�2�,�V. The same cannot be said for the display modality, in which the 
patient is observed with a higher ratio. A comment from a therapist suggests that in 
display mode, shifting focus from the patient to the AR feedback can be 
challenging. Therapists may prefer to monitor the patient for a longer period before 
taking a look at the information.  
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The fixation duration in the in-place mode with respect to the display decreases 

�I�R�U���W�K�H���S�D�W�L�H�Q�W�¶�V���$�2�,���D�Q�G���L�Q�F�U�H�D�V�H�V���I�R�U���W�K�H���3�:�%�¶�V���$�2�,�����7�K�H���Y�D�U�L�D�W�L�R�Q���L�Q���I�L�[�D�W�L�R�Q��
duration, along with the differences in time spent on the same AOIs, suggests that 
in the in-place modality, therapists are more likely to observe the load applied to 
the legs for a longer time without reducing the time devoted to monitoring the loads 
on the left and right crutches but reducing the time devoted to the patient. However, 
it has been demonstrated in the literature that professionals require shorter fixation 
on the patient than trainees, while describing a higher number of gait abnormalities 
(the median fixation duration is approximately 400 ms in professionals and 650 ms 
in trainees) [130], [131]. Therefore, even though the time dedicated to observing 
the patient is less, it should still be sufficient to accurately assess gait abnormalities, 
including those not highlighted by AR feedback. 

The eye transition and the revisit rate can be useful for understanding the user 
interest [132] and from Table 14 and Table 15 two gaze patterns can be observed: 
�W�K�H���W�K�H�U�D�S�L�V�W�¶�V���D�W�W�H�Q�W�L�R�Q���X�V�X�D�O�O�\���V�Z�L�W�F�K�H�V���I�U�R�P���W�K�H���O�H�I�W���W�R���W�K�H���U�L�J�K�W���F�U�X�W�F�K���O�R�D�G�����D�Q�G��
vice-versa) or from the patient to the PWB (and vice-versa). For a particular patient 
or pathology, a therapist's level of interest in crutch loads or PWB estimates may 
vary. This distinct preference indicates that in future clinical applications, it might 
be beneficial to allow the therapist to choose which information to visualize, 
thereby reducing the unnecessary distractions of holograms that fall outside of their 
specific AOI. 

The reduced sample size, 12 couples of therapist-patient, is mostly related to 
the difficulties in involving specialized therapists and patients with similar 
pathologies. Anyway, the sample size is selected to obtain 80% statistical power 
when performing a paired t-test on the outcomes. A larger sample size could be 
useful to deeply investigate the relationship between outcomes and deteriorated 
vision skill. For examples, it is expected to receive more feedback on the aesthetics 
of the user interface, mostly related to the font size and contrast with the background 
colour. A larger sample size could also provide insight into the movement strategies 
�R�I���W�K�H���W�K�H�U�D�S�L�V�W�V���D�F�F�R�U�G�L�Q�J���W�R���W�K�H���S�D�W�L�H�Q�W�¶�V���S�D�W�K�R�O�R�J�\�����,�W���L�V���V�W�L�O�O���Q�R�W���F�O�H�D�U���Z�K�H�W�K�H�U���W�K�H��
therapist decides to strictly follow the patient movements or remains in a static 
position, and it could be useful to classify the needs of the therapist to provide a 
more adequate interface. Similarly, since two eye transition patterns were 
identified, an adaption of the interface based on the therapist interests could 
improve the visibility, reduce the distraction and enhance the rehabilitation 
outcomes. 
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Chapter 5 

Conclusions 

Over the years, several assistive devices have been developed to address the 
needs of patients, aiming to preserve or restore their functionality and 
independence. The decline in physical mobility resulting from various medical 
conditions reduces the motivation to engage in activities and, in severe cases, may 
even prevent such possibilities. Crutches, walkers, canes, and various other devices 
can serve as valuable tools to enhance mobility, balance, confidence, and autonomy. 
Crutches are among the most used devices for assisting walking and, especially if 
their use is required for long periods, special attention must be applied. Incorrect 
use leads to falls or injuries, and unbalanced weight-bearing on arms or legs may 
cause pain in joint articulations or injured limbs. Therapists usually assess their 
�S�D�W�L�H�Q�W�V�¶�� �J�D�L�W�� �V�H�D�U�F�K�L�Q�J�� �I�R�U�� �D�E�Q�R�U�P�D�O�L�W�L�H�V�� �L�Q�� �S�R�V�W�X�U�H���� �U�K�\�W�K�P���� �S�D�W�W�H�U�Q���� �D�Q�G�� �P�D�Q�\��
other factors. Healthcare professionals can employ different strategies aiming to 
correct the assisted gait: designing exercise programs for strength, balance, and 
coordination, but also providing encouragement and motivation.  

In the field of rehabilitation, researchers have developed various systems to 
analyse and enhance walking, including instrumented assistive devices, 
biofeedback, robotics, VR, AR, and games. Instrumented assistive devices are 
advanced technological tools, such as parallel bars, walkers, crutches, and canes, 
equipped with sensors to capture parameters like step length, step width, walking 
speed, ground reaction forces, and orientation. These devices provide quantitative 
data on a patient's walking patterns and biomechanical characteristics, aiding 
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healthcare professionals in assessing functional abilities and gait abnormalities. The 
objective measurements help in evaluating the effectiveness of interventions and 
personalizing rehabilitation programs for better outcomes and more efficient 
recovery.  

In recent years, there has been a growing interest in using immersive 
technologies in healthcare and rehabilitation. They have the potential to transform 
rehabilitation by enhancing patient engagement, improving outcomes, and making 
the experience more effective and enjoyable. Immersive technologies create 
interactive virtual environments tailored to rehabilitation goals and allow real-time 
data tracking. Sensors and tracking devices in these systems can measure 
parameters like joint movements, range of motion, and force exertion, facilitating 
progress monitoring and treatment adjustments. Nowadays, only a few works have 
been conducted on using immersive technologies to support therapists during the 
observational assessment of patients. The presented work describes an AR solution 
based on the measurements obtained from instrumented crutches, aimed at 
providing kinetic information to therapists during rehabilitation or observational 
gait assessments.  

The instrumented crutches have been upgraded to improve the force 
�P�H�D�V�X�U�H�P�H�Q�W�¶�V�� �U�H�O�L�D�E�L�O�L�W�\�� �D�G�R�S�W�L�Q�J�� �D�� �Q�H�Z�� �I�X�O�O-bridge configuration of the strain 
gauges. The uncertainty was halved reaching 7 N in the walking conditions instead 
of the previous 14 N. The sensitivity regarding the bending and temperature of the 
crutches, which is expected due to non-idealities in the strain gauge fixation, still 
needs to be quantified. The crutches are also equipped with depth cameras to detect 
�W�K�H���S�D�W�L�H�Q�W�¶�V���J�D�L�W���S�K�D�V�H�V�����D�Q�G the process has been strengthened to reduce prediction 
failures by limiting the influence of the subjectivity of crutch usage on the results. 
Then, as instrumented crutches are frequently used in gait analysis laboratories, a 
custom data synchronization system has been developed to enhance the integration 
of the crutches, thereby reducing post-processing time. The described low-cost 
solution can achieve a time synchronization accuracy of 4 ms and is built upon 
common approaches like the NTP protocol and analog/digital triggers. 
Furthermore, it can be connected to a ROS network for real-time information 
sharing. These instrumented crutches are employed in on-field tests to assess 
improvements during exoskeleton-assisted walking and compare crutch loads in 
various walking patterns and therapist assistance levels, allowing for the monitoring 
of progress and load comparisons under different conditions. 
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The integration of AR and instrumented crutches into gait assessment during 

rehabilitation has been addressed through a participatory design approach. 
Therapists, as the final users, have been engaged in the process through meetings, 
interviews, brainstorming, and demos to discuss and design the AR user interface. 
Following this iterative process, a version of the interface has been created based 
on the therapists' input and the capabilities of the AR technology used. Additionally, 
to meet the therapists' need for information regarding the load on the legs, a weight-
bearing estimator based on measurements from the instrumented crutches has been 
validated. The weight-�E�H�D�U�L�Q�J���H�V�W�L�P�D�W�H���L�V���W�K�H�U�H�I�R�U�H���D�G�G�H�G���W�R���W�K�H���F�U�X�W�F�K�H�V�¶���O�R�D�G�V���D�V��
augmented information of the kinetics involved during the crutch-assisted gait. To 
assess the usability of the AR interface, a test campaign was conducted in a real-
world scenario, comparing two working modalities. In the "display mode," 
holograms remain on a virtual screen in the therapist's frontal view, while in the 
"in-place mode", holograms are positioned near the patient. The evaluation 
included not only usability metrics but also the therapist's attention, behaviour, and 
workload as well as their well-being to ensure that exposure to AR does not induce 
severe motion sickness. Results indicate a positive response in terms of information 
and interface quality, as well as perceived system usefulness among the users. 
Exposure to AR for this specific application does not induce severe sickness. 
However, as found in the literature in other cases, eye strain and blurred vision can 
occur when optical see-through technologies are involved. The required workload 
remains in the low to medium range and is acceptable when compared to the results 
of studies that investigate similar tasks. The therapists' behaviour and attention were 
monitored through their body and eye movements. It cannot be demonstrated that 
the therapist's position relative to the patient is influenced by the working modality. 
Instead, it is more likely to be a subjective decision based on the therapist's 
preferences or the patient's walking independence and safety. The gaze, once the 
fixations have been extracted and associated with the observed AOI, demonstrates 
that in the in-place mode, if compared to the display modality, the user spends a 
�V�K�R�U�W�H�U�� �S�H�U�L�R�G�� �R�E�V�H�U�Y�L�Q�J�� �W�K�H�� �S�D�W�L�H�Q�W�� �D�Q�G�� �P�R�U�H�� �W�L�P�H�� �R�Q�� �W�K�H�� �O�H�J�V�¶�� �Z�H�L�J�K�W-bearing 
information. Based on post-test interviews, even though some therapists have 
expressed a preference for the display mode, it appears that the distance between 
the holograms and the patient could pose a challenge to the ease of navigating 
through the AOI. Finally, when analysing the eye transitions between AOIs, two 
gaze strategies are identified. Depending on the clinical case being assessed, the 
therapist may be interested in either the left and right crutches' loads or solely in the 
legs' weight-bearing. 
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The described results are essential for ensuring a user-oriented system 

improvement before starting the clinical effectiveness study. The collected 
information and feedback suggest the following areas for improvement. The setup 
time should be reduced, and a tutorial implemented. Gait assessments often did not 
involve the use of both crutches, but instead relied on just one crutch or other 
support devices like quadripodes or walkers. In light of this, a preliminary study on 
an instrumented walker has been conducted in collaboration with a passive-
exoskeleton manufacturer. Additionally, patients were hesitant to use crutches other 
than their own, prompting the exploration of alternative solutions for instrumenting 
assistive devices with fast attachable and detachable force sensors. The AR 
interface should be made more adaptable to individual user needs, aligning with 
rehabilitation goals and therapist preferences. Lastly, it is still unclear whether 
deteriorated vision skills could worsen satisfaction ratings and introduce any side 
effects. Therefore, future clinical effectiveness studies should continue considering 
both the VIMS and usability analysis.
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