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Abstract 
 

Research suggests that for stroke patients, high-intensity training is critical for patient recovery. This can 

be provided by robotic rehabilitation in combination with virtual reality (VR), enabling highly intensive and 

motivating exercises.  

The more motivated the patients are, the more engaged they will be in performing the exercises, ultimately 

leading to better motor function improvement. However, in conventional therapy and most research, the robot is 

usually not visualized, which can lead to a discrepancy between what the user sees and feels. 

In this work, we present the development of a digital twin of an upper limb rehabilitation exoskeleton in 

VR. The user interacted with the virtual environment (VE) through a head-mounted display and manipulation of 

the real robot. To create a more functional and realistic interaction with the VE, the exoskeleton was previously 

upgraded with one more degree of freedom, by integrating a novel hand module, allowing the user to perform 

grasping movements. In addition, a prototype of a VR game aimed at the interaction between the digital twin and 

the VE was developed, as well as preliminary measurements of the kinematic accuracy of the digital twin and its 

kinematic model. 

When the user moved the rehabilitation robot, the digital twin was found to move accordingly, mimicking 

the movements of all joints. With only a small position offset, it can be concluded that despite the exoskeleton’s 

complexity, the implementation was successful, and this offset will probably not reduce the immersion or 

embodiment of the user. 

The developed visualization enables the possibility of studying the influence of digital twins on motor 

learning. Although future work is needed, namely adjusting the joints of the digital twin, and testing the 

visualization model on real patients, this study should be considered as a starting point to allow the development 

of more effective rehabilitation exercises. 

 

Keywords: stroke, upper limb, robotic rehabilitation, virtual reality, digital twin 
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Resumo 
 

O AVC é uma condição em que o fluxo sanguíneo que transporta oxigénio e nutrientes para o cérebro é 

interrompido. É uma das principais causas de morte e incapacidade em todo o mundo, com até 75% dos 

sobreviventes a acabarem com deficiências dos membros superiores. Um controlo motor insuficiente compromete 

a capacidade dos doentes com AVC de realizar atividades da vida quotidiana (do inglês ADLs) e terá 

provavelmente um impacto negativo na qualidade de vida. Embora a recuperação da função motora ser essencial, 

mais de 50% têm um défice contínuo dos membros superiores. 

 

Os processos de reabilitação devem envolver uma formação ativa e intensa, durante um longo período, e com 

alguns componentes desafiantes para maximizar a recuperação. Além disso, os primeiros três meses após um 

AVC são o tempo em que ocorre a maior parte da recuperação motora. Neste sentido, é importante maximizar a 

reabilitação durante este período. 

 

A terapia assistida por robot consegue proporcionar treinos de alta intensidade, reduzir a sobrecarga os terapeutas 

e medir objetivamente as funções biomecânicas dos membros como a amplitude de movimento e, portanto, o 

desempenho e progresso do paciente. No entanto, esta é repetitiva e o processo de reabilitação pode tornar-se 

monótono, o que acaba por afetar a recuperação do doente devido à falta de motivação. 

Com o acréscimo de realidade virtual, é possível implementar exercícios que motivem o paciente, podendo 

adaptar-se o exercício às características do mesmo. Enquanto o ambiente virtual (VE, do inglês virtual 

environment) é normalmente apresentado num ecrã 2D, a utilização do ecrã montado na cabeça (HMD, do inglês 

Head-mounted display) permite dar ao utilizador uma maior sensação de estar no cenário virtual, conceito 

conhecido como realidade virtual imersiva (IVR, do inglês immersive virtual reality). Quanto mais imersiva for 

a realidade virtual, mais o utilizador se sentirá presente, o que o tornará mais propenso a interagir com os estímulos 

e o VE. 

 

Contudo, na maioria dos sistemas IVR atualmente em uso, os utilizadores interagem com o VE utilizando 

principalmente controladores em vez de dispositivos robóticos de assistência. Além disso, o robô de assistência 

raramente é visualizado no VE, criando um desajuste entre o que o utilizador sente e vê. Assim, é notória a falta 

de provas sobre como a interação com o VE enquanto se utiliza um robô e a sua visualização pode influenciar a 

recuperação motora e a motivação, bem como a forma como pode ser utilizado para alterar ou melhorar as tarefas 

de reabilitação. 

 

Esta dissertação possuí dois objetivos principais. Primeiro, a integração de módulo manual pré-existente no robô 

exosqueleto para reabilitação dos membros superiores com seis graus de liberdade ARMin. Esta integração tem 

como intuito permitir a realização de exercícios de reabilitação mais complexos em linha com as atividades da 

vida quotidiana (ADLs), aumentando ao mesmo tempo os graus de liberdade do robô. O segundo objetivo 

desenvolver um gémeo digital (do inglês digital twin, DT) deste mesmo robô num VE, com o objetivo de permitir 

ao paciente não só ver exatamente os movimentos que estava a fazer, em realidade virtual, mas também o robô 

em que se encontrava, retratando com precisão a realidade em que se encontrava. 

 

A metodologia para este estudo consistiu no design e fabricação, através do programa de modelação Fusion 360 

e de impressão 3D, de quatro peças que permitiram que o módulo da mão denominado PRIDE fosse integrado no 

exosqueleto ARMin, substituindo o sector final (do inglês End-Effector, EE) que este possuía anteriormente. O 

módulo manual PRIDE, desenvolvido por Rätz et al. [1] é capaz de oferecer, com uma configuração sem esforço, 
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uma gama de movimento de 180º para flexão e extensão dos dedos, enquanto dá uma confortável aderência ao 

utilizador. As pegas de tamanho específico (pequenas, pequenas-médias, médias-grandes, grandes) podem ser 

colocadas e trocadas, para que se ajustem ao tamanho da mão do utilizador. 

Posteriormente, o modelo 3D do robô exosqueleto foi dividido em cada uma das suas juntas, sendo configurado 

o eixo de rotação/translação de cada no programa Blender e posteriormente importada para o programa Unity, 

onde foram desenvolvidos o VE e o DT deste exosqueleto. Assim, foram conectadas e configuradas todas as 

juntas, de modo a movimentar-se de forma semelhante à realidade. Foi ainda implementado o dispositivo do 

módulo da mão, anteriormente colocado no exosqueleto, no VE. Por fim, foi adicionado um modelo de uma mão 

humana, sendo o movimento desta e do PRIDE animado durante todo o movimento de 180º.  

 

Para recuperar os dados do modelo cinemático do ARMin, relativamente aos ângulos das articulações e respetivas 

coordenadas, em tempo real no VE, foram desenvolvidos vários scripts utilizando a linguagem de programação 

C# e o protocolo de comunicação User Datagram Protocol (UDP). Para imitar o movimento real, foi primeiro 

necessário posicionar cada junta rotacional no VE na posição marcada no modelo cinemático como 0°. A partir 

desta posição inicial, foi desenvolvido um código que gradualmente ajustava a posição de cada junta com base na 

diferença para o estado anterior. Para as juntas que se deslocaram horizontalmente, foi registado quais eram os 

limites máximos de cada uma, ou seja, qual o valor máximo que a articulação podia tomar quando movida 

totalmente para trás e quando movida para a frente. Estes valores foram medidos utilizando o modelo cinemático 

do robô, obtendo-se o intervalo. Depois, a mesma lógica foi aplicada ao VE, onde a junta foi movida para cada 

um dos seus limites e registou-se o valor de posição no Unity em cada caso. Finalmente, e utilizando a função 

remap do pacote de Mathematics em C#, foi possível remapear linearmente o valor de posição x de cada junta de 

modo a cada valor do modelo cinemático do robô corresponde-se a um valor no VE. 

 

Para incorporar a realidade virtual no ambiente virtual já desenvolvido, foi necessário um HMD. O HMD 

escolhido foi o Varjo-XR. Ainda foi necessário a utilização de duas estações base HTC e de um localizador HTC 

VIVE, para registar a posição e movimento do HMD e para colocar o DT na mesma posição que o robô real. Para 

testar o VE, foi ainda desenvolvido um jogo em realidade virtual. Este consistia na construção da pirâmide de seis 

cubos. Para isso, o utilizador teria de agarrar cada cubo, através da movimentação do robô, e colocá-lo num dos 

alvos sobre a mesa. Quando completada a tarefa, o utilizador era deparado com quanto tempo demorou a realizá-

la. De modo a testar também a exatidão do modelo cinemático do exosqueleto e a exatidão do seu DT, foram 

realizadas algumas medições preliminares: medição da posição do end-effector em cinco pontos e em duas alturas 

da mesa, e medição dessa mesma posição aquando da realização de várias poses que hipoteticamente poderiam 

ser realizadas durante exercícios de reabilitação. 

 

Os nossos resultados sugerem que a integração do módulo de mão permitiu ao utilizador realizar movimentos de 

agarrar. Sendo este um dos movimentos essenciais praticados nos ADLs, permitirá ao utilizador realizar exercícios 

de reabilitação mais completos. Relativamente ao DT, cada articulação foi implementada e conectada de modo a 

gerar um sistema cinemático semelhante ao do robô real. O DT foi ligado ao exoesqueleto, recuperando os seus 

dados, e imitando os seus movimentos. A utilização de VR em vez de um ecrã de computador para visualizar e 

interagir com o DT criou condições para desenvolver exercícios de reabilitação mais imersivos e motivadores. 

Através da avaliação da precisão cinemática, verificou-se que o desvio de posição entre o robô real e o DT era 

baixo e, portanto, sugere que para valores baixos na gama de centímetros, o utilizador não será afectado em termos 

de imersão. Além disso, conseguimos realizar tarefas simples no VE com o DT, permitindo-lhe interagir com o 

VE e criar exercícios de reabilitação relevantes com base nisso. 
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Os próximos passos no desenvolvimento deste dispositivo serão uma melhor configuração das articulações e do 

VE e a implementação da comunicação do módulo da mão com o VE, uma vez que devido a restrições de tempo, 

não o foi possível efetuar. Relativamente ao dispositivo de módulo manual, são também necessários alguns 

ajustes, nomeadamente em relação ao material que constitui as peças, que devem ser mais robustas e resistentes. 

Finalmente, o trabalho futuro deve envolver sujeitos a testar o DT desenvolvido e o VE, a fim de receber feedback 

sobre fatores como a imersão e a dificuldade de realizar as tarefas, incluindo possivelmente pacientes reais que 

apresentam dificuldades motoras resultantes de um AVC. 

 

Este estudo abre possibilidades de investigação inovadoras. Em primeiro lugar, uma vez que o DT e o VE são 

totalmente personalizáveis, permite-nos estudar como o utilizador reage às diferentes características e como isto 

influência a recuperação do motor. Principalmente, podemos avaliar que características influenciam 

positivamente a recuperação motora do utilizador e criar exercícios mais personalizados. Além disso, esperamos 

que o nosso trabalho aumente a sensibilização para a aplicabilidade do DT no campo da reabilitação.  O nosso 

estudo poderá então contribuir para o estudo e compreensão de melhores processos de reabilitação após o AVC, 

melhorando a recuperação pós AVC das pessoas e melhorando assim a sua qualidade de vida futura. 

 

Palavras-chave: AVC, membro superior, reabilitação robótica, realidade virtual, gémeo digital 
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1. Introduction 
 

 

Stroke remains one of the leading causes of death and disability worldwide [2], with up to 75% of survivors ending 

up with upper limb disabilities [3]. These affect their activities of daily living (ADLs) by limiting their grasping 

and reaching movements and, ultimately, their quality of life. Although recovering upper extremity motor function 

is essential for stroke patients to take care of themselves and perform ADLs [4], only 35-70% of stroke survivors 

regain functional levels of arm mobility and more than 50% have ongoing upper extremity deficits [5]. 

 

Rehabilitation processes should involve active and intense training over a long period of time and with some 

challenging components to it to maximize recovery [6]. Furthermore, the first three months after a stroke is the 

time when most motor recovery occurs [7]. In this sense, it is essential to maximize rehabilitation during this 

period. Robotic therapy can provide high-intensity and repetition-focused training while reducing the burden on 

therapists [8]. Compared to conventional therapy, the number of repetitions that can be achieved is much higher, 

reaching more than 1000 movements compared to 45 of conventional stroke therapy [9]. However, the repetition 

of tasks during robotic therapy can become monotonous, ultimately affecting the patient’s recovery due to a lack 

of motivation [10]. For that reason, the patient must be engaged and motivated while performing the task. These 

two specific aspects have been described as crucial for improving neurorehabilitation [11].  

 

By combining robotic rehabilitation with virtual reality (VR), it is possible to implement engaging and 

motivational exercises. These can not only provide meaningful task-oriented exercises but adapt parameters such 

as feedback (e.g., haptic or auditory), duration, and intensity, to the needs of the individual patient, demonstrating 

improvements in upper extremity functions [12]–[14]. An essential factor for an effective virtual environment is 

the consensus between proprioceptive information and sensory feedback [15]. While VR can also be on a 2D 

screen, the use of a head-mounted display (HMD) allows it to give the user a greater sense of being in the virtual 

setting [12]. If that is the case, we refer to it as an immersive virtual reality (IVR). The main goal of immersive 

VR is to give the user a sense of presence, the illusion of being in the rendered place, which makes them more 

likely to interact with the stimuli and the virtual environment. The more accurately the body motions are recreated 

and matched, the more immersive the environment is [16], [17].  

 

However, in most of the IVR systems currently in use, users interact with the virtual environment (VE) primarily 

using controllers rather than assistive robotic devices. [18]–[21]. Further, the assistive robot is rarely visualized 

in the VE, creating a mismatch between what the user feels and sees. Hence, it is noteworthy that there is a lack 

of evidence on how the interaction with the VE while using a robot and its visualization can influence motor 

recovery and motivation, as well as how it can be used to alter or improve rehabilitation tasks. 

 

To this end, a digital twin of the ARMin upper limb rehabilitation exoskeleton was developed in a virtual 

environment, allowing the user to see the arm and robot movements in VR, accurately portraying the user’s reality. 

The term "digital twin" has become of increasing interest among researchers. However, few studies have yet been 

done on their applications, especially in rehabilitation. Thus, in this study, we present the development of a digital 

twin of a complex rehabilitation robot used for upper limb rehabilitation. To allow for better interaction with the 

VE and more complex rehabilitation exercises in line with ADLs, a hand module was first integrated into the 

exoskeleton. Furthermore, to enable a preliminary evaluation of the digital twin and its behaviour, an assessment 

of the accuracy of the kinematic model of the exoskeleton and its digital twin was performed and a prototype of 

a virtual reality game was developed. 
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This manuscript is divided into six chapters. The theoretical background required to comprehend this work is 

presented in chapter 2. In chapter 3, it is explained how the hand module was integrated and how the creation and 

visualization of an upper limb rehabilitation exoskeleton’s digital twin were made. Chapter 4 presents the study's 

findings, and chapter 5 discusses them. General conclusions are provided in chapter 6. 
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2. Background 
 

2.1. Stroke 

 
Stroke is a condition where the blood flow that carries oxygen and nutrients to the brain is interrupted. This 

can happen through a clot obstructing the brain’s blood supply, an ischemic stroke (approximately 80% of 

the cases), or through a rupture of a blood vessel, a hemorrhagic stroke (approximately 20% of the cases) 

[22]. These conditions create an environment of hypoxia and glucose deprivation that leads to neuronal 

death [23]. 

Ischemic strokes can be categorized based on etiology. The most common subtype is atherosclerosis, i.e., 

thickening or hardening of the arteries caused by the buildup of plaque (fatty deposits) in the inner lining of 

the great arteries [24]. It is characterized by infarcts, i.e., larger than 15 to 20 mm, involving the cortex, 

cerebellum, brainstem, and subcortical regions. The most typical cause is by large vessel disease brought 

on by atherosclerosis of the cervical or proximal intracranial vessels, which is a significant cause of acute 

infarcts (30%-43%) [25] Other categories are: cardioembolic sources, i.e, sources that cause a blockage 

inside a blood vessel, responsible for 20%–31% of acute ischemic infarcts; small artery occlusions, which 

are likely to be responsible for infarcts smaller than 20 mm and account for 10%–23% of acute infarcts; or 

abnormal causes (2%–11%), such as vasculopathy, i.e., vascular lesion, involving proximal vessels, which 

may cause territorial infarcts of perforating vessels supplying deep white matter and the basal ganglia [26]. 

Hemorrhagic strokes, on the other hand, are mainly caused by hypertension. Hypertensive strokes occur at 

typical sites, including the basal ganglia, thalamus, pons, and cerebellum [27]. 

 

Brain scanning techniques such as magnetic resonance imaging (MRI), or computerized tomography (CT) 

have a critical role in early stroke diagnosis. In addition to aiding in the diagnosis of acute stroke, patterns 

of infarction on imaging can help distinguish irreversible infarcted tissues from salvageable tissue and 

suggest a possible cause, which not only influences the immediate treatment planning but also identifies 

appropriate secondary prevention therapies to prevent stroke recurrence. An illustrative example of an MRI 

and CT scan is presented in Figure 2.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.1 - (A) CT scan of the head and (B) MRI of the brain showing an evolving moderate-sized subacute left MCA branch 

infarct (arrows). Figure adapted from [28]. 

 

A B 
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Major risk factors for stroke include hypertension, hyperlipidemia, diabetes mellitus, and smoking. 

However, a substantial portion of strokes can be prevented if these risk factors are monitored.   

It remains the most acquired neurological disease in the adult population, mainly affecting patients over 65. 

Only 1 in 5 survivors lives more than ten years [29], while only 1 in 10 survive for 20 years [30]. The most 

critical factors for long-term stroke survival are age at the time of the event, followed by the severity of the 

stroke, functional level, and cardiovascular risk factors. However, life expectancy after a stroke has been 

increasing gradually thanks to factors such as the improvement in care and prevention and the increased life 

expectancy in the general population [31]. 

 

A stroke significantly alters the complexity of neural networks within the affected area, which is projected 

toward cognitive and motor function impairments and leads to a loss of functional performance capacity 

[32]. People after a stroke may experience different degrees of impairment (mid, acute, and severe) in 

different hemispheres (left, right, or both), as well as different levels: upper (face, neck), medium (trunk, 

upper limbs), and lower (lower limbs). 

 

One of the most common and recognized after-stroke effects is hemiparesis, which is muscular weakness 

or partial paralysis on one side of the body. It is registered in 88% of people after stroke, impacting the 

lower but, most commonly, upper limbs [33]. In fact, up to 75% of stroke survivors end up with upper limb 

impairment [3]. Other common impairments include speech and language difficulties, swallowing, vision 

defect, and impaired cognition [34]. 

 

Many activities of daily living (ADLs) involve the upper limbs, e.g., eating, writing, and personal hygiene. 

These tasks demand complicated movement patterns that link the activation of the necessary muscle groups 

with the sensorimotor coordination of the hands to produce an efficient functional action. However, post-

stroke upper limb impairment results in muscle weakness, as well as a decrease in movement precision and 

coordination. Therefore, people after a stroke with upper limb impairment have limited grasping and 

reaching movement capabilities, ultimately affecting their quality of life. Consequently, regaining the lost 

function in the upper limbs is crucial for the patient. 

 

2.2.  Conventional Rehabilitation 
 

Although substantial improvements have been made in treating acute stroke, rehabilitation still makes up 

most of the care provided to reduce the long-term effects and achieve optimal functional recovery for 

patients [35]. Stroke rehabilitation focuses primarily on recovering impaired movement to reduce disability 

and promote participation in everyday activities. It is crucial to minimize the long-term effects of stroke and 

obtain the best functional recovery for reintegration into the community. 

 

Reacquiring this motor function is possible through neuroplasticity, the intrinsic ability of the brain to 

rearrange and form new connections in response to stimuli and injuries [36]–[38].  

The effectiveness of neuroplasticity relies on a molecule that promotes the growth and survival of neurons 

called brain-derived neurotrophic factor (BDNF) [39]. By attaching to tropomyosin-receptor kinase B 

(TrkB), BDNF plays a significant role in neuron development, synaptic transmission, and neurotransmitter 

production [40]. Yet, to trigger neuroplasticity's growth, the brain cells need to be stimulated by exposing 

them to regular activities in a person's daily life. Consequently, to promote neuroplasticity and achieve an 
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optimal outcome for the individual patient, rehabilitation processes should involve active and intense 

training over a long period, with some challenging components to maximize recovery.  

Furthermore, most motor recovery occurs in the first three months after a stroke [7]. In this sense, it is 

important to maximize rehabilitation during this period. 

 

Conventional rehabilitation, such as physical therapy for motor recovery and speech and language therapy 

for aphasia, have been widely practiced. Research suggests three main principles for post-stroke motor 

recovery. First, rehabilitation should begin as soon as possible since almost all impairment recovery occurs 

in the first three months after a stroke. Biernaskie et al. [41] confirmed in preclinical tests that a sensitive 

window of marked plasticity starts about five days after ischemic stroke. If therapy is started in this window, 

motor recovery is superior to when the therapy of the same dose and duration is started later (about 14 and 

30 days after the stroke). In patients, the post-stroke sensitivity window starts in the first ten days following 

an injury and lasts for three to six months [7], [42]. It is unclear what causes these spontaneous and normal 

logarithmic variations in impairment during the initial months following a stroke. Nonetheless, in the first 

ten days following injury, there has been evidence of increased activity in the contralesional hemisphere in 

patients, followed by an increase in the ipsilesional one [43]. This sequential activation has been linked to 

improvements in motor function. Second, therapy is more beneficial if it is highly intensive and over a long 

period of time [44]. Third, rehabilitation is essential for significant recovery from impairment [45], [46]. 

Further, tasks and exercises should target objectives pertinent to patients' needs [44].  

 

Rehabilitation motor improvements are usually measured with the help of indicators such as the Fugl-Meyer 

Assessment (FMA) scale. It is the most used index to assess the level of motor impairment of post-stroke 

patients and its evolution throughout the rehabilitation process, with higher scores indicating lower 

impairment. It is divided into five domains: motor function, sensory function, balance, range of motion, and 

joint pain. For each item, the subject can get a score from 0-2, where a zero score is given if the subject 

cannot do the task, a score of one represents a task that was done partially, and a score of two is given when 

the task was performed entirely. The maximum possible score on the Fugl-Meyer scale is 226, which 

corresponds to full sensory-motor recovery.  However, it is common to assess all domains separately and 

only assess upper or lower extremity motor function [47]–[49]. 

One of the limitations of the FMA index is that most patients remain on the intermediate level score for a 

long time since the score scale is limited and the possibility of reaching a plateau in both the sensory and 

balance domains [48], [50]. Therefore, other complementary indicators were developed and are used in the 

clinics alongside the FMA. Two of them are the Wolf Motor Function Test (WMFT), a time-based activity 

indicator that evaluates the performance of tasks, where higher scores indicate better function [51] and the 

motor status score (MSS), which measures shoulder, elbow, wrist, hand, and finger movements and 

impairment [52]. Other upper-limb assessment tools include the Action Research Arm Test (ARAT) and 

the Box and Block Test (BBT). ARAT offers a comprehensive evaluation of the upper limbs since it takes 

into account both the proximal arm and hand and evaluates the ability to manipulate and transfer both 

smaller and larger objects [53]. BBT measures unilateral gross manual dexterity and is frequently used for 

both children and adults. The goal of this test is to transfer the greatest number of blocks possible in 60 

seconds from one compartment of a box to another compartment of similar size [54]. 

 

Conventional therapy requires a professional therapist to perform repetitive movements, training the 

affected limb. This can be very time consuming for the patient and therapist, as well as labor intensive, 
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requiring one-on-one therapist–patient interactions for highly impaired individuals [55]. However, modern 

technological advancements have expanded the methods for post-stroke rehabilitation in addition to 

physiotherapy. 

 

 

2.3. Robotic Rehabilitation 
 

Robotic rehabilitation is an innovative technology that has been of particular interest, being studied as a way 

to reduce motor impairment [56]. This is because robotic devices can objectively measure biomechanical 

limb functions, e.g., range of motion, the torque of the user’s movement, and therefore the user’s 

performance and progress through their embedded sensors. Additionally, they may be able to treat people 

without the therapist's presence, enabling more frequent treatment and potentially reducing costs. The 

rehabilitation process can even be reproducible, enabling specific task-training procedures to be applied 

simultaneously. Finally, robotic rehabilitation devices have the advantage of increasing training duration 

and intensity compared to conventional therapy, reaching more than 1000 movements compared to 45 of 

conventional stroke therapy [9].  

 

In the 1990s, the first robotic device was introduced for post-stroke upper limb rehabilitation. This device 

was the MIT-Manus (Figure 2.2), designed to assist planar reaching movements [57]. Many rehabilitation 

robots have been developed since then. While some randomized controlled trials have shown that robot-

assisted therapy is just as effective as conventional therapy, most published works have never been clinically 

assessed or have only undergone pilot studies with a small number of patients.  

 

Robotic rehabilitation devices can be categorized on their mechanical structure: end-effector (EE) based 

and exoskeleton-based systems [58]. In end-effector-based devices, the patient’s upper limb extremity (hand 

or wrist) is only attached to the most distal part of the robot (i.e., end effector). Despite these devices granting 

an easy setup, it is impossible to control the proximal segments of the patient’s upper limb, potentially 

resulting in undesired compensatory movements. An example of an end-effector robot is the MIT Manus 

(Figure 2.2). This device provides two translational degrees of freedom (DoF) for elbow and forearm motion 

and an additional three DoF for wrist motion [59]. 
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Exoskeleton devices, on the other hand, are more complex structures that resemble the patient’s upper limb 

structure. They enable simultaneous and independent control of numerous robot joints, directly influencing 

the position of the corresponding joints in the patient's arm. As a result, these devices can provide more 

sophisticated movements and rehabilitation exercises. However, due to this complexity, they tend to have a 

very high manufacturing and acquisition cost which may even prevent more institutions from implementing 

them in their rehabilitation plans. This complexity also makes them not very user-friendly, requiring a 

process of getting used to the equipment and its functionalities by the therapist. Additionally, since they are 

adjusted to custom fit each patient, this makes it take longer to prepare and place the user inside them [58], 

[60]. Nonetheless, as more research is done, more individuals can benefit from this promising technology. 

 

 

2.3.1. Exoskeleton Robots 
 

Recently, exoskeleton robots have gained high interest in robotic therapy research. [61]. These mechanical 

structures are connected to the human body in multiple locations so that the rotation axis of the robot joints 

is aligned with the rotation joints of the wearer [62]. Therefore, these devices can cover an extensive range 

of motion, and any portion of the specific limb or body part can be targeted for training. 

Based on the supported body part, exoskeletons can be divided into upper or lower limb systems, integrated 

upper and lower limb systems, and specific joint muscle strength support systems. The upper limb systems 

involve the chest, head, back, and shoulders while the lower limb systems involve the thighs, lower legs, 

and hips. [63]. 

 

The exoskeleton robots are usually composed of active and passive joints. Active joints are actuated through 

the help of an external source, such as electric motors or hydraulic cylinders, giving the user assistance in 

performing the desired movements. On the other hand, passive joints do not have a power source and can 

only be moved passively by the user’s movement or adjusted manually, e.g., to tailor the device to the user’s 

needs [63]. Additionally, several control techniques have been used in terms of the movement of an upper 

limb exoskeleton. There are three ways the exoskeleton can function: passively (robot-driven), actively 

(patient-driven), and challenge-driven (robot resists the applied force). It is a robot-driven control method 

Figure 2.2 - MIT-Manus’s end-effector rehabilitation robot from Interactive 

Motion Technologies, Cambridge, MA. Figure taken from [55].  
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or passive approach if the robotic device is active and only guides the patient in the therapy session. In 

contrast, a patient-driven control or active method focuses on the patient's initiative muscular activity and 

aids in movement according to the patient's intention, where the motion and the interaction force are 

controlled by the patient's voluntary effort. Finally, the robot can also resist patient movement to make it 

more challenging for the patient, applying a challenge-based control strategy [64]. 

 

There are several available rehabilitation devices for the upper limb (Fig 2.3). One of the more sophisticated 

devices is the ARMin rehabilitation robot, developed in ETH Zurich, with six active DoF and weight support 

capabilities for stroke rehabilitation. Weigh support is used to help the patient during the rehabilitation 

session, allowing them to perform the movements more easily by actively compensating for friction and 

gravity. It can be adjusted, giving help depending on the patient's impairment and the training objective. 

Examples of other devices include the ArmeoPower (Hocoma AG, Switzerland), a 6 DoF exoskeleton 

similar to ARMin that embraces the whole arm, from shoulder to hand, and is able to provide arm weight 

support, counterbalancing the weight of the patient’s arm to make it more challenging to perform the 

designated tasks  [65]. CADEN-7 is another active assistive exoskeleton, which has the particularity of 

having the actuators at the back, transmitting the force/torque via cables instead of the most common 

approach of the actuators being placed locally at the joints [66]. The Wilmington Robotic Exoskeleton 

(WREX) is a passive orthosis with two links and four DoF that can be mounted on a person’s jacket or 

wheelchair. It uses linear elastic elements that balance the effects of gravity to help with neuromuscular 

disabilities [67]. RUPERT IV is a wearable upper extremity that is lightweight and thus very portable. It is 

intended to assist in repetitive therapy tasks related to ADLs and can be worn while standing or sitting [68]. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Although most upper limb rehabilitation exoskeletons allow for rehabilitation from the shoulder to the 

Figure 2.3  - Examples of upper limb rehabilitation robots: (A) ARMin III rehabilitation robot [109], (B) 

ArmeoSpring from Hocoma, Switzerland [65], (C) Cable-actuated CADEN-7 exoskeleton [66], (D) Passive arm 

exoskeleton WREX [110], (E) Wearable upper extremity exoskeleton RUPERT IV [68]. 
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wrist, they do not allow movements at the hand level. While some hand rehabilitation devices have been 

developed for finger motion [69], a complete upper limb exoskeleton with actuated DoF from the shoulder 

to the finger joints can allow for more complete rehabilitation exercises. 

 

 

2.4.  Virtual Reality 
 

 

With Virtual Reality, users are surrounded and can interact with a computer-generated world where both 

realistic and unrealistic events can occur. It is a new technology, first developed in the 20th century. 

However, it is only in the early 21st century that it has received more attention and, therefore, more 

investment and applications in various areas, Figure 2.4. Nowadays, VR is primarily used for entertainment, 

mainly for playing video games and social interactions at the virtual level. Nonetheless, more applications 

can be integrated since VR is a low-cost but safe technology. 

Other applications include educational purposes, where a realistic but controlled environment can be 

simulated where, for example, students can perform laboratory experiments, having direct feedback on the 

outcome without any risk of danger to them or their peers [70]. This is also the case for military simulations 

and training [71], as well as for pilots [72] or medical training [73], where users can develop their skills 

without the risk of failure [74]. In science and psychology, virtual reality has been used as a therapeutic 

intervention [75]. Exposure therapy is applied to help treat anxiety disorders such as post-traumatic stress 

disorder and phobias. In rehabilitation, VR has been used since the 2000s, mainly for helping with 

Alzheimer’s disease [76] and loss of motor function. 

 

 

The term Extended Reality (XR) refers to all immersive technologies that expand the reality that a person 

perceives by blending the virtual and real worlds. It includes the concepts of mixed reality (MR), augmented 

reality (AR), and virtual reality. Augmented reality modifies how the real world is perceived by replacing 

physical items with virtual ones. It is mainly used through the cameras of smartphones and tablets. Mixed 

reality, also referred to as hybrid reality, allows the user to interact with both worlds. It goes beyond AR, 

where the virtual and physical worlds coexist. With mixed reality, it is possible to move seamlessly between 

the real world and a virtual setting simultaneously [77].  

 

Virtual reality motion sickness, also known as cybersickness, is one of the major things that impede the 

Figure 2.4 - Various applications of VR: (A) for gaming and entertainment purposes [111], (B) for military training [71] 

(C) fighting fear of public speaking through the help of VR [75]. 
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growth of VR technology. Some symptoms are general discomfort, blurred vision, headache, and vertigo. 

[78]. It occurs when there is a conflict between the vestibular motion cues that the brain perceives and the 

visual motion information from the VR environment. The refresh rate can also have an impact on the 

occurrence of motion sickness since often the refresh rate of the VR devices is slower than what the brain 

processes, causing discord between the processing rate and the refresh rate. This condition reduces the 

immersion and interactivity of VR technology and affects the user's health [79], [80]. 

 

Wood et al. [89] noted a high degree of realism as a vital structural element of video games for players. To 

create a realistic virtual environment, a consensus must exist between proprioceptive information, the 

person’s sense of position and motion of body parts, and visual feedback. If this is the case, the VE displays 

the movements naturally, giving the user the impression that they are physically present in the virtual 

environment—a feeling known as presence [81]. Furthermore, the user can control an avatar, which may 

also lead to a virtual embodiment, a condition where the user views the avatar's body parts as substitutes of 

their own, leading to a sensation of ownership [82]. If all these factors are present, we refer to it as immersive 

virtual reality (IVR). It is important to note that better motor performance has been linked to a strong sense 

of bodily ownership of an avatar in immersive VR. Wenk et al. [18], [83] further demonstrated that 

visualizing an avatar through an immersive VR HMD rather than a computer screen facilitates motor 

performance and increases user motivation and body ownership over the avatar. 

 

VR can range from being non-immersive to being totally immersive, depending on the degree to which the 

user is separated from their physical surroundings when interacting with the virtual environment. In non-

immersive reality, users interact with a computer-generated environment but are always aware of their 

physical environment. These systems rely on a computer or video game console, display, and input devices 

such as keyboards, mice, and controllers. Non-immersive VR systems can give users a first-person 

perspective that they can associate with their virtual avatar to increase the level of immersion. On the other 

hand, immersive reality provides the user with a feeling of being in the VE [84].  

 

The main goal of immersive VR is to give the user a sense of presence, the illusion of being in the rendered 

place, which makes them more likely to interact with the stimuli and the virtual environment, where the 

more accurately the body motions are recreated and matched, the more immersive the environment is [15], 

[85]. The most common form of interaction with IVR is through the use of a head-mounted display (HMD).  

 

However, the real world is very complex. Therefore, it is crucial to appeal to as many senses as possible 

when creating and using a VE. One such example is using headphones to give the user a sense of sound or 

incorporating haptic feedback to simulate touch. However, this can increase the cost of VR systems and 

reduce portability. 

 

There are many HMDs commercially available. Currently, among the most used HMDs for virtual reality, 

there is the Oculus Quest 2 (Meta, LLC, Menlo Park, CA, USA) and HTC Vive PRO (HTC Vive, HTC, 

Taiwan & Valve, USA). Both enable tracking the user with six DOF, built-in speakers, and an OLED screen 

for high display resolution [12], [76], [86]. Recently, other HMDs have also been gaining interest, such as 

the Varjo XR-3, due to its ability to provide extended reality with a high level of quality and definition and 

a field of view of 115º, being able to switch between XR, AR, and VR. It also has the ability to monitor eye 

and hand movement and combines a LiDAR sensor and stereo RGB video feed to blend virtual elements 
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with real ones [87]. 

 

 

2.4.1. Virtual Reality in Rehabilitation 
 

The use of more immersive VR in motor training environments has been encouraged by recent reviews [16], 

[88]. Thanks to the ability to create motivating task-oriented exercises, games have been used to study 

different outcomes of using VR for motor rehabilitation. This is the case in Lee et al. [89], where twelve 

people after a stroke had to play five mini-games involving upper limb movements in 3D space, resulting 

in improved motor performance and high patient satisfaction. Although only a few studies have investigated 

the use of HMD for motor neurorehabilitation in the last ten years, thanks to studies such as Christou et al. 

[90], Weber et al. [91], and Gobron et al. [92], in which HMD was well tolerated and without any adverse 

effects recorded, it is possible that this technology will be increasingly used and implemented in this type 

of rehabilitation. 

 

By combining virtual reality with robotic therapy, many benefits can arise. Through the enhancement of 

enjoyment and gamification, i.e., adding game-based elements such as time activities and rewards, VR can 

stimulate user engagement and enhance training duration and task repetition [93], [94]. Therefore, it can 

transform repetitive and monotonous tasks prevenient from conventional rehabilitation procedures into 

more motivating training that ultimately improves the user rehabilitation process [10]. An important factor 

that helps users feel motivated is goals at different levels, e.g., reaching a goal after one minute, in the 

middle of the game, and at the end, and interaction features, challenging the player to the edge of their ability 

[95], [96]. 

Another advantage of virtual environments is the possibility to manipulate feedback safely, e.g., haptic or 

auditory, the duration and intensity of the exercises, as well as the flexibility to switch among different tasks, 

adapting to each need and promoting neuroplasticity. It also enables people to engage in activities that feel 

and look similar to real-world objects and events, which can help them accomplish specific ADLs[12]–[14]. 

 

 

2.4.2. Robot Visualization & Digital Twins 
 

Interaction with the virtual environment remains challenging. The VE must be designed to promote impaired 

limb movement of people after a stroke. However, the best way to motivate the patient to perform the desired 

tasks and movements is still unknown.  

The majority of users in the current IVR interact with the VE using controllers rather than assistive robotic 

devices [18]–[21]. Additionally, the VE hardly ever displays the assisting robot, leading to a discrepancy 

between the user's perception and what they see. 

 

Digital twins have been gaining interest across many industries due to their ability to virtually replicate a 

living or non-physical entity and simulate their features [97]. They are a promising concept that has become 

the focus of interest in the industry and, in recent years, in the healthcare sector due to the promising ability 

to analyze systems remotely in real-time, prevent problems before they occur, and provide customization 

and the ability to test products in VEs even before they are built. The concept of DT first surfaced in 2003 

when Grieves et al. [98] introduced the concept by proposing an early version of the DT with three 

components: physical product, virtual product, and their connections, (Figure 2.5). Since then, the DT 
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enabling technologies have grown exponentially. 

 

Currently, DTs are mostly developed and implemented to validate designs through the use of synthetic data, 

immersive technologies, and AI [99]. With the simulation system is possible to generate the product and 

perform the necessary significantly reducing the cost of the investigation. Therefore, it is used in many 

industries such as aerospace engineering, car manufacturing, and healthcare  [100]. For example, Tuegel et 

al. [101] applied a DT to predict the structural life of the aircraft and reported that it could facilitate the 

management of aircraft service life. Another example is Nvidia's Omniverse3, a 3D simulation and design 

collaboration platform [102]. It offers simulation tools that are being used to test robotic tasks in VR before 

implementation, enabling the understanding of outcomes without jeopardizing the production process. 

 

 

 
 

 

 

 

 

 

 

 

 
Figure 2.5 - Model of a digital twin. Figure adapted from [103]. 

Nonetheless, there are some early applications of DT in the healthcare sector. One of these examples is The 

Living Heart Project [104] which models the cardiovascular system of a particular patient’s heart and turns 

it into a DT with all the medical data. This enables the reconstruction of the patient’s vascular system and 

therefore study and find the best-fitting treatment option without incurring any risks. 

 

However, not much research has been done on using DTs in upper limb robotic rehabilitation, especially 

when combined with VR, suggesting that DTs in medical care are still in their infancy. Thus, a systematic 

review was conducted on the use of DT in the healthcare sector, more specifically, to enhance upper 

extremity motor recovery in stroke survivors. 

 

In the systematic literature review, the PubMed, IEEE Explorer, and Web of Science Core Collection 

databases were used. The following terms were used in advanced search: robotic rehabilitation and digital 

twin; assistive robot and virtual-reality and visualization and upper limb; assistive robots and digital twin; 

and robotic rehabilitation and digital twin and upper limb. The query yielded a total of 42 results, 26 without 

duplicated papers. After removing review papers and the ones that were not relevant to the subject, two 

publications were found [86], [105]. The word “stroke” was not included in the research terms as it did not 

show any different or relevant results. It is also important to note, as seen in Figure 2.6, that when searching 

for the keyword “digital twin,” all papers ranged from 2019-2022, indicating that this subject is still very 

Virtual World Real World 



13  

recent and therefore explaining why there were so few results found. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the paper published by Topini et al. [105], a digital twin of the pre-existing hand exoskeleton developed 

by the researchers at UNIFI DIEF and intended for patients with restricted hand mobility was developed. It 

was designed to give the user visual cues during rehabilitation activities and sensory feedback from the VR 

environment. The kinematics of the real device was replicated through virtual components (i.e., connections 

and joints) that physically mimic the mechanical characteristics of the real parts. Each virtual exoskeleton's 

finger mechanism was driven with a virtual motor, acting the same as the real ones. As a result, the 

exoskeleton helped the patient move by providing force feedback and following a calculated reference value 

within the VR, giving the user a sense of force feedback whenever a virtual object was grasped. 

 

In Wenk et al. [86], some preliminary research was conducted where an immersive VR system with an HMD 

and a first-person perspective avatar plus a digital twin of the rehabilitation robot was developed. The 

participants performed a path-tracing task with their right hand in four conditions: invisible and visible 

robot, both with and without assistance. Through a series of questionnaires, it was reported that the robot 

visualization did not affect the user’s rehabilitation process in factors such as performance, motivation, 

presence, and task performance, thus indicating no disadvantage of not reproducing robotic devices in VEs 

when using HMDs. 

 

It is important to note that both studies did not use stroke patients but only studied a small group of healthy 

patients (one and twenty-eight, respectively). This shows that there is still a need to better understand the 

possible effect of digital twins and how they can improve rehabilitation processes. Nevertheless, DT has 

been recognized as a promising technology, and it is anticipated that DTs will thrive in the upcoming years 

and bring a revolution in several industry sectors due to consumer demand for online monitoring, greater 

flexibility, and individualized services [106]. 
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Figure 2.6 - Histogram of the number of papers found in the PubMed, IEEE 

Explorer, and Web of Science Core Collection databases per year of 

publication. 
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3. Methods 
 

This chapter provides a detailed description of the methods and materials used in this project. This work 

was divided into two different parts. In the first one, a hand module was integrated in the six DoF upper 

limb rehabilitation robot ARMin (SMS-lab, ETH Zurich, Switzerland). Second, a digital twin of ARMin 

was developed in Virtual Reality.  

 

3.1 . Integration of the new Hand Module 
 

With the objective of creating a more realistic yet functional interaction with the VE, the PRIDE hand 

module, developed by Rätz et al. [1] and with fine haptic render capabilities, was used, Figure 3.1. This 

device is able to offer, with an effortless setup, a 180º range of motion for finger flexion and extension, 

while giving a comfortable grasp to the user. Size-specific handles (small, small-medium, medium-large, 

large) can be placed and exchanged to fit the size of the user's hand. 

 

 

 

 

 

 

 

 

 

 

The aim of this novel hand module was to be integrated into the ARMin upper limb rehabilitation robot, 

with six actuated DoFs. These DoFs include horizontal shoulder abduction/adduction, shoulder elevation, 

interior/exterior shoulder rotation, elbow flexion/extension, forearm pronation/supination, and wrist 

flexion/extension, Figure 3.2. It is equipped with optical incremental Maxon MR encoders at each joint 

(1000 impulses per rotation). It can also be adjusted to the anatomical characteristics of each patient by 

changing the exoskeleton length settings for the arm length, forearm length, and shoulder angle. These three 

adjustment points will be referred to as passive joints. Additionally, the hand length can also be adjusted, as 

well as ARMin’s height since its column can move up and down. The robot can also be used for left and 

right arm training. 

 

 

 

 

 

 

 

Figure 3.1 - clinical-driven Palmar RehabilitatIon Device (PRIDE) [1] integrated in the ARMin 

upper limb rehabilitation robot. 



15  

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 3.2 - ARMin upper limb rehabilitation robot CAD model with six actuated DoF and their respective axis: axis 1 - 

horizontal shoulder abduction/adduction; axis 2 – shoulder elevation; axis 3 – interior/exterior shoulder rotation; axis 4 – elbow 

flexion/extension; axis 5 – forearm pro/supination; axis 6 – wrist flexion/extension; and three passive joints, A-C, that can be 

manually adjusted to the anatomical characteristics of each patient. Additionally, the three passive DoFs that enable adjusting to 

each patient's anatomical characteristics are also represented: A–arm length, B - forearm length, and C – shoulder angle. 

 

The connection of the previous EE, i.e., the final part of the robot that interacts with the environment, with 

ARMin was made through four different parts and a force/torque sensor (Figure 3.3). The FTD-Mini-45 SI-

580-20 (Schunk Group, Heuchelheim, Germany) force/torque sensor that measured the interaction forces 

and torques between the hand of the user and the robot was connected to part 1 – Figure 3.3 (user handle, 

EE) by screwing in six M3 screws. Next, the sensor connected to a round adapter plate (part 2 – Figure 3.3) 

via six M3 screws, which subsequently extended into a cylindrical shape. The connection to the extremity 

of the exoskeleton was made through a third piece, similar to a regular parallelepiped with two ledges (part 

3 – Figure 3.3), that fitted into this same end. This fitting allowed the piece to slide across the extremity of 

the exoskeleton and thus adjust the distance from the forearm to the fingertips. The second part connected 

to part 3 via a pin and an M8 screw, which ran from the inside of the cylindrical part to the fourth and last 

piece, part 4 – Figure 3.3. Finally, part 4 was located underneath ARMin’s extremity, held in place by the 

same M8 screw and pin.  

1 

 4 

A 
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Figure 3.3  - (A) CAD Model of the previous ARMin end-effector and (B) the parts that made the connection between this end-

effector (1) and the extremity of the robot: (2) round adapter plate that subsequently extends into a cylindrical shape and that 

connects to the force/torque sensor in the same way as the EE, through six M3 screws; (3) one of the two parts that connect 

directly to the end of the exoskeleton. It slides across the extremity allowing to adjust the distance from the forearm to the 

fingertips; (4) the second part directly attached to the exoskeleton, connecting to the other parts through the M8 screw and a pin; 

(5) FTD-Mini-45 SI-580-20 force/torque sensor. 

 

However, users only interacted with the previous EE by grasping it with a closed hand. Although it was 

possible to perform rehabilitation exercises at the arm level, these were always limited to the level of the 

hand, which was permanently closed. Therefore, it was impossible to perform any grasping movements. In 

a survey conducted by Rätz et al. [1], the therapists stated that grasping is one of the most used movements 

during ADLs and, therefore, is an essential exercise activity. Consequently, it was important to make this 

type of movement possible in rehabilitation exercises. Thus, trying to minimize changes to the structure and 

parts of the exoskeleton, four parts were designed in Fusion360 version 2.0.13881 (Autodesk Inc., 

California, USA) and 3D printed using the Prusa i3 MK3S printers. The default printing settings were infill 

= 20%, solid wall = 1.0 mm, and layer thickness = 0.15 mm. 

 

3.1.1. Top Part 
 

Several requirements had to be met to integrate this new hand module (Figure 3.4). The most critical part 

was the one that allowed us to make the connection between the new hand module and the force/torque 

sensor. Firstly, (1) the height of the hand with respect to the lower arm was considered, as placing the hand 

higher or lower than the arm would cause physical load in the hand or wrist and therefore should be at the 

natural resting position. Adding to that, the entire arm must follow the same axis, including the hand. 

However, PRIDE was made with a 25º angle since it was designed considering the cylindrical hand grasp. 

This characteristic comes from the angle that the human hand makes when grasping a cylindrical object, 

from the metacarpophalangeal joint (MCP) of the index finger to the base of the hypothenar eminence (Fig 

3.4) [1]. Therefore, (2) this angle needed to be counterbalanced so the user’s hand would be in the neutral 

position. 
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Another important factor was the length of the forearm. Since ARMin has adjustable arm lengths to adapt 

to each patient, (3) it was important not to change the previous EE position since this difference would 

change the percentile of people who could use the robot for rehabilitation.  

Furthermore, the hand module was limited in terms of space. On the one hand, (4) a hall sensor constricted 

how far back the hand module could be moved. On the other hand, (5) it was limited in height since reducing 

it too much would block the hand module from performing the full range of motion, thus defeating its 

purpose. Finally, (6) this part had to be strong enough to support the weight of the hand module, keeping it 

stable, as it was heavier than the previous end-effector, weighing 920g compared to the 120g of the previous 

end-effector. 

With all this in mind, the part was designed, and 3D printed using carbon fiber-infused nylon as the material 

since it has a high strength-to-weight ratio. Fillets and chamfers were added to reduce the stress 

concentration of the edges of the parts. 

A 
B C 

Figure 3.5 - Characteristics of PRIDE hand module. (A) Hand movement sequence from full finger extension to 180º 

flexion. (B) Illustration of the cylinder angle ψ = 25º while the hand encloses a cylindrical object, and (C) with an 

open hand, as well as the line connecting the fingertips from index to little finger. Figure adapted from [1]. 

 

Figure 3.4 - Representation of all parameters to be considered in the design and integration of the top part and 

consequently the hand module. (1) It needed to follow the same axis as the arm, so the hand would be at the neutral 

position and not cause any physical load. (2) 25° angle characteristic of the cylindrical grasp and which needed to be 

counterbalanced so that the person's hand would be in a neutral position, following axis (1). (3) it was important not to 

change the EE position, despite the new hand module: 2B EE being in a different position when compared to the previous 

2A. (4) Limitation of space for the integration of the hand module by the hall sensor, constraining how far back it could be 

moved and (5) in terms of height and rotation, since if PRIDE was too low, it would collide with other parts and prevent 

the full 180° movement. 
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3.1.2. Connecting the force/torque sensor to ARMin 
 

In order to make the connection between the force/torque sensor and ARMin, three more parts were designed 

and fabricated. It was important to take some things into account. First, (1) the height of the hand, as 

mentioned earlier, had to be considered. However, due to the greater complexity and constraints of the top 

part, these three parts could be more easily changed. Therefore, the part that would connect the force/torque 

sensor to ARMin, previously designed as the circular and cylindrical part (Figure 3.2 - component 3), was 

designed with the top part in mind. 

Two other pieces were developed to take advantage of the part located at the end of the exoskeleton 

(ARMin’s extremity) and continue to allow adjustment of the distance from the forearm to the fingertips. 

These pieces had the (2) requirement to fit into the end of the exoskeleton, thus allowing this same 

adjustment.  

Finally, (3) the pieces needed to remain fixed and stable. Hence, the first part was printed in 100% filled 

Polylactic acid (PLA) to add more robustness. For the other two, also printed in PLA, two holes for 4 mm 

screws were added, which, together with a nut, allowed the pieces to be fixed and connected to the 

exoskeleton. For these three parts, fillets and chamfers were added, as was done with the top part, to reduce 

the stress concentration of the edges. 

 

 

3.2 .  ARMin Visualization 
 

Each joint was addressed separately to create a digital twin of the seven active and three passive DoF robot 

exoskeleton. First, each 3D model of the joint was imported into Blender version 3.2.2, (Blender 

Organization, Amsterdam, Netherlands), a free and open-source 3D computer graphics software tool. Here 

it was possible to set the pivot point, which corresponded to the center of rotation of that joint in the case of 

the seven active and the passive shoulder angle joints and the center of the translation in the case of the 

other two passive joints, Figure 3.6. Finally, the axes were adjusted so that the rotation/translation axis on 

which the joints moved was in the desired direction to emulate the behavior of the real robot. 

 

 
Figure 3.6 - Definition of the pivot point, the center of the translation/rotation of the respective joint, in Blender. 

Afterward, each joint was imported into Unity (Unity Technologies, California, USA), a cross-platform 

game engine often used for the creation of three-dimensional (3D) and two-dimensional (2D) games that 
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provide realistic behavior for objects with built-in physics. The robot's base was first imported by creating 

a project through Unity Editor 2021.3.2f and setting a scene with a floor and four walls. Next, the first joint 

was placed manually, as precisely as possible, in its actual location. To establish a joint relation, the rigid 

body property was added to the base frame and to the placed joint. However, this property causes the 

position of the respective object, in this case, the first joint and the base frame, to be controlled through 

physical simulations. This could create some conflicts when all joints are in place since each joint would be 

affected by the forces from the other joints, creating unwanted and unrealistic movements. Since the goal 

was that the model would only precisely move when the real robot did, the "is kinematic" property box was 

checked (Figure 3.7). With this property activated, the objects would not react to collisions or forces and 

could only be moved with a script. Finally, a joint relation was added, “configurable joint”. Although this 

property allows much customization, almost all the parameters were left as default, only changing the 

connected body to, as the name indicates, the body to which the joint was connected, in this case, ARMin’s 

base frame. Another parameter that was changed was the movement of the joint, which was restricted so 

that it only rotated on a single axis, mimicking its actual behavior. This process was then repeated for all 

rotational joints.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The next important step was to adjust the hierarchy of the different components. Unity uses the concept of 

parent-child hierarchies (parenting), to group components (GameObjects) together. This means that by 

placing one component inside another in the hierarchy, it becomes the child, and the component above it is 

the parent. Thus, the children become dependent on the parent, inheriting its movement and rotation. 

(A) (B) (C) 

(D) 

Figure 3.7 - Process of implementation of every joint in Unity. Once the connecting part (A) and the joint (B) are manually 

placed in the desired position, a configurable joint (C) is added, where the connected body (the base frame (A) in this case) is 

defined and the axis under which the joint moves, as well as the rigid body characteristic and the “is kinematic” property 

(D). 
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Through this relationship, it is possible to create a chain movement, where if the first joint moves, all the 

other joints will move with it. With this concept in mind, the ARMin hierarchy was configured, as seen in 

Figure 3.8. 

 

 

 

 

 

 

With the hierarchy fully established, each joint was configured to behave exactly like the real exoskeleton. 

The ARMin kinematics model, with all the information regarding the joints’ angles and respective 

coordinates, was developed at ETH Zurich and was available in Simulink, a modeling and simulation tool 

incorporated in MATLAB (Mathworks Inc., Massachusetts, USA).  

 

To get this data in real-time in the virtual environment, various scripts were developed using the C# 

programming language and the User Datagram Protocol (UDP), a communication protocol used to send 

messages to other hosts on an Internet Protocol (IP) network. Therefore, using UDP and a C# script, it was 

possible to communicate the joint’s data in real-time.  

 

To mimic the real motion, it was first necessary to position each rotational joint in the virtual environment 

at the position marked in the kinematic model as 0°. From this initial position, a script was developed that 

compared, for each joint, the angle received from the real robot with the rotated angle in which the respective 

joint was in the VE. If there were any differences, the virtual joint would rotate the number of degrees 

corresponding to that difference. This difference was calculated in every frame. For it to rotate in the desired 

direction, it was previously defined in Unity not only the axis at which the joint revolved but also the positive 

Figure 3.8 - ARMin’s hierarchy in Unity. It is possible to see many parent-child hierarchies. For example, 

“ARMin Axis_3” is the parent of “ARMin_Axis_4”, who is the parent of “ARMin_Axis_5” who 

subsequently has more children. This means that the movement and rotation of “ARMin_Axis_3” will also 

affect “ARMin_Axis_4” and its children (from “ARMin_Axis_5” to “ARMin_Hand_Module”). 
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direction of the rotation, Figure 3.9. 

 

 

The process was slightly different for the translational joints, meaning the adjustable arm and forearm 

segments. First, it was recorded what the maximum limits of the joint were, i.e., what the maximum value 

the joint could take when moved fully backward (a) and when moved forward (b). These values were 

measured using the robot's kinematic model, obtaining the range. Then, the same logic was applied to the 

VE, where the joint was moved to each limit and retrieved Unity’s position value in each case (values c and 

d). Finally, and using the remap function of the Mathematics package in C#, it was possible to remap the 

position value x of each joint linearly, between the interval [a, b], to the interval [c, d], corresponding to the 

Figure 3.9 - Assigned components of the Robot Communication script, used to get joint’s data from ARMin and 

translate it to the VE. Each joint was assigned the movement/rotation axis, as well as the direction, with a “-“ 

representing the counterclockwise direction. 
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interval of the VE. That is, in the case of the adjustable arm segment, which as maximum position limits 

presented [0.235, 0.405] m, and [-0.715, -2.34] m in the VE, it was possible to obtain any value within the 

first interval and linearly remap it to the second interval, thus presenting the same position in the VE as in 

real life. Hence, both would be moved to their respective 𝑥 value after the remapping.  

 

The last step was to animate the hand module to behave as it does in real life. Using Blender’s capabilities 

and with the help of the VRZone team in TU Delft, the movable parts were animated throughout the opening 

and closing movements. Finally, a script was created to link the data recorded by the hand module's sensors 

to the animation, allowing the hand module to move to the recorded angle while doing the programmed 

animation. To avoid blocking the user's field of view, the hand module opacity was reduced. This last step 

is explained in more detail in the following section. Nonetheless, the summarized workflow for creating the 

digital twin of ARMin is represented in Figure 3.10. 

 

 

 

3.3  Virtual Reality  
 

To incorporate virtual reality into the already developed virtual environment, an HMD was required. The 

HMD chosen was the Varjo-XR3 (Varjo Technologies Oy, Helsinki, Finland) due to its high resolution and 

AR capability that, although not going to be used in this work, could come in handy in the future, Figure 

3.11. 

 

 

Split the ARMin 
CAD model into 

the various 
joints

Set each joint's 
pivot point in 

Blender

Import joint to 
Unity and set 

joint 
configuration 
and Hierarchy

Set the 
communication 
ARMin-Unity via 

UDP and C# 
scripts

Animate hand 
and hand 
module

Figure 3.10 - ARMin’s digital twin development workflow. 



23  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 - ARMin upper limb rehabilitation robot with PRIDE hand module and Varjo XR-3 HMD. 

 

For the position and movement of the HMD to be recorded while the patient was moving the robot, two 

HTC base stations were used (HTC, Taiwan & Valve, USA). Due to the position differences between the 

digital twin and ARMin, an HTC Vive tracker was placed on the real exoskeleton to calibrate the position 

of the DT in the VE. The base stations register the position of this tracker. Thus, considering the relative 

position of the tracker on the ARMin, a reference point was placed on the DT with the same position as the 

tracker (Figure 3.12). Then, when starting the simulation, the DT would move so that this reference point 

coincides with the tracker's position. Thus, the position of the DT would be changed to the actual position 

of the robot, leaving both in the same position. 
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To connect and read the base stations, the HMD, and the tracker in Unity, SteamVR was installed. The 

Varjo headset has a plug-in that allows it to be easily and quickly incorporated into the VE. However, due 

to the use of a VIVE tracker, it was found that it does not work well with this plug-in. Thus, the Open VR 

Loader and OpenXR plug-ins, commonly used for AR/VR development and that work together with 

SteamVR, were used. Another used package was the High-Definition Render Pipeline (HDRP) package, 

allowing for a greater definition of the objects’ textures and colors. Also, with SteamVR, "Room Setup" 

was performed, providing data on where the ground is and indicating which orientation the HMD faces 

when the user is in a position to achieve the desired task.  

 

To create a more immersive virtual reality and a sense of embodiment, but also considering time-constrains, 

a 3D model of a hand was added to the hand module. The chosen hand visualization model was a pre-

existing glove, taken from the SteamVR package, that was not only modified in terms of colors to resemble 

a human hand but also in terms of finger position so that it would sit correctly on the hand module, Figure 

3.13. 

  

 

 

 

 

 

 

Next, it was important to animate the hand to follow the hand module's movement. Using the capabilities 

of Blender once again, the hand was animated. First, the armature of the hand was configured with the 

A B 

Figure 3.12 - Positioning a tracker on top of ARMin and its reference point in the VE. Upon starting the simulation, the 

position of the tracker would be recorded on the VE, from which the reference point would move to that position and 

subsequently the entire ARMin, thus being at the same location as the real robot. 

 
 

Figure 3.13 - (A) Previous template of a glove that was (B) modified, to look like a human hand 

a sit correctly on the newly integrated PRIDE hand module. 
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assistance of the VRZone team by adding bones. This creates the capability of moving each joint of the 

finger individually, enabling the possibility to create a more accurate animation. Therefore, each finger was 

adjusted during the whole movement of the hand module, creating an animation for the hand as the hand 

module moved, Figure 3.14. Finally, the data recorded by the hand module's sensors were related to the 

animation, allowing the hand module to move to the recorded angle while doing the programmed animation. 

 

 

 

 

 

 

 

 

 

 

 

Some scene adjustments to the lighting and shadows were also made to create more vivid colors and a more 

realistic experience. 

 

 

3.3.1 Kinematic accuracy 

 

In the interest of studying not only the accuracy of ARMin's digital twin but also its kinematic model via 

studying the EE position differences, a series of preliminary measurements were performed. The EE position 

difference was extracted in three different conditions: Real Robot (RR) - Digital Twin (DT), Real Robot - 

Forward Kinematics (FK), Digital Twin - Forward Kinematics. The data was acquired between different 

positions on a table and by performing some specific poses, e.g., lifting the arm and touching the shoulder. 

The EE position was also recorded in all measurements, both table heights and poses. These measurements 

will help us to determine if there is any position deviation of the digital twin relative to the virtual robot.  

 

3.3.1.1. Experimental Protocol 

 

Four 3.0 Vive Trackers were used to track various mechanical links to account for position differences 

between the VE and reality, Figure 3.15. Two trackers were placed on the height-adjustable column of the 

exoskeleton, able to adjust to the patient’s height, and fixed during training. Tracker B's location was 

considered a fixed reference, where the digital twin position would match its position. A third tracker was 

placed in ARMin’s column. Finally, a fourth tracker was placed in the EE position. 

Figure 3.14 - Configuration of the hand bones, in each finger, as well as the animation of the hand with the hand 

module 180º movement. 
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The position differences of the end-effector between three conditions: RR, DT, and FK. and the position 

coordinates were calculated individually for each. Considering the reproducibility of the acquisition, data 

was measured at five evenly distributed positions in a circular trajectory with a radius of 0.32 m at two 

different heights (Figure 3.16), with the table at 0.62 m and 0.81 m, for a total of ten positions. ARMin was 

kept at a static height of 1.44 m. The robot was moved until it touched the center of the cross. This procedure 

was repeated three times per point. A third data acquisition was made to obtain the accuracy from more 

diverse poses, considering that the exoskeleton robot is intended for rehabilitation. Here, six poses that a 

person after a stroke might perform in a rehabilitation session or during ADLs were performed (Figure 

3.17): lifting the right arm, doing a handshake, touching the nose with the index finger, touching the back 

of the head, placing the arm across the chest, and touching the opposite shoulder. Each pose was repeated 

three times, and the passive joints' position and rotation did not change. 

Figure 3.15 - 4 trackers were placed (A) – (D). In the Digital Twin (DT) frame, two points were placed in 

approximately the same positions as trackers (B) and (D). The Real Robot (RR) frame origin was considered as the 

center of tracker (B), with the coordinate system (2). In the Forward Kinematics (FK) model, the origin was already set 

as (1) on the floor. Therefore, the positions represented in frame (1) were transformed to frame (2) with a translation 

along (E)+(F). In the DT, the origin was in the same position as the RR frame (2), but the axes were based on the left-

hand rule, since it is Unity’s default coordinate system (3). Therefore, a rotation matrix was applied so the coordinate 

system would match the RR frame (2). Finally, a vector was created, from the origin to the EE position (D), vector (G), 

for each environment. 
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Figure 3.16 - End-effector position difference acquired in 5 points (1)-(5), evenly distributed in a circular trajectory with a radius 

of 0.32 m over the table and each repeated three times. This procedure was performed with the table at a height of 0.62m and 

0.81m. The robot was kept at a height of 1.44 m. 

 

 
Figure 3.17- Performed poses from which the position difference of the end-effector was obtained. These are poses that a patient 

might perform in ADLs or rehabilitation sessions, namely: (A) lifting the arm, (B) doing a handshake, (C) touching the nose with 

the index finger, (D) touching the back of the head, (E) arm across the chest, (F) tapping the opposite shoulder. 
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3.6 

3.5 

3.4 

3.3 

3.2 

3.1 

3.3.1.2. End-Effector Position Adjustments 

 

In line with the objective of the measurements, the vectors from the frame origin to the end-effector were 

calculated for different poses. However, to compare position differences, they must first be comparable, and 

therefore, the vectors needed to be aligned and adjusted accordingly.  

 

For the RR coordinate frame, considered the ground truth, a plane was created using trackers (A), (B), and 

(C), Figure 3.15, where the 𝑥 axis followed the direction of the vector 𝐴𝐵⃗⃗⃗⃗  ⃗, and 𝑦 was the normal vector of 

the plane, calculated using equation:  

y =  𝐴𝐵⃗⃗⃗⃗  ⃗  ×   𝐴𝐶⃗⃗⃗⃗  ⃗  

The 𝑧 vector was the cross product between 𝑥 and 𝑦. Then, the vector 𝐺 , defined as: 

𝐺  =  𝐵𝐷⃗⃗⃗⃗⃗⃗  

was calculated, where D is the EE tracker's center point. 

 

In Unity’s virtual environment, where the DT was located, the process was similar, where two points were 

placed in the same position as a tracker (B) and the end-effector position (D). Since Unity's default 

coordinate system uses the left-hand rule (3), the rotation matrix R: 

R= (
0 0 1

−1 0 0
0 1 0

) 

was applied so that the axes would be the same as the RR coordinate frame. 

 

With the FK model, it is possible to immediately know the position of the end effector. However, the origin 

of this frame (1) was different from the RR origin. Taking this into account, the positions were transformed 

to frame (2) with a translation along 𝐸⃗ + 𝐹  where 𝐸⃗  corresponds to the height of ARMin of 1.464 m and 𝐹  

a translation on the 𝑥 𝑎𝑥𝑖𝑠 of 0.13 m, so that: 

𝐸⃗ + 𝐹 = (0.13, 0, −1.464) 

Another important consideration was that, in the model, the end-effector is defined to be on the height of 

axis 5 (forearm pro/supination). Thus, the tracker is lower. By assuming the center point of the tracker as 

its origin, at the height of 0.025 m, and considering that the end effector position in FK (H) was 0.114 m 

above the tracker's position (D), the tracker was at a distance: 

𝑥 =  (0.114 –  0.025) 

from the end-effector. By also accounting for the orientation of the EE, the final vector (G) for this model 

was as follows: 

1𝑉𝐵𝐷
⃗⃗ ⃗⃗ ⃗⃗  = 1𝑉𝐸𝐸

⃗⃗ ⃗⃗ ⃗⃗  + 𝐸⃗ + 𝐹 + 𝑉𝐻𝐷 ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  

Where 1𝑉𝐵𝐷
⃗⃗ ⃗⃗ ⃗⃗   is the vector, from point (B) to (D), for the FK frame that has (1) as its origin (Figure 3.15), 

1𝑉𝐸𝐸
⃗⃗ ⃗⃗ ⃗⃗   is the vector from the FK model origin (1) to the EE position in the model (H), and 𝑉𝐻𝐷 ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  is 

the vector from point (H) to point (D). The final step was to compare the three calculated vectors, now 

all within the same frame, with each other to get the distance difference between them. 

 

3.3.2. VR Game Prototype  

 

To test the digital twin, a prototype game was developed in virtual reality. This game consists of the user 
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3.9 

3.8 

3.7 

3.10 

3.11 

building a pyramid made of six cubes in the shortest time possible. Thus, in front of the user was a table and 

six cubes positioned in different places to force the user to move to different positions, Figure 3.18. 

Additionally, there were three targets in the center of the table. The table was an existing model taken from 

the Unity Asset Store.  

When grabbing a cube with the virtual hand module, the user would have to place this cube in one of the 

targets and would not be able to drop the cube or grab another one before doing so. This was achieved by 

adding a box collider to the hand module and the cube and a spherical collider to the targets. In the process 

of grabbing a cube with the digital twin, when the hand module collider touched the cube collider, a script 

would be triggered to move the cube to the center of that handle, seeming as if the user grabbed it. This 

center point was created as a GameObject to facilitate the procedure. To prevent other components from 

interacting with the cubes’ colliders, the script would first check if the collider touching the cube was the 

hand module one. Also, to distinguish whether the user's hand was opening or closing, and therefore whether 

the user was trying to grab the cube, it was only possible to grab it under two other conditions. First, the 

hand module animation value, which ranged from 0 (hand fully opened) to 1 (hand fully closed), was 

recorded in every frame. If the new value was bigger than the previous one, then it meant the user was 

performing a grasping motion. Second, it was established that this value had to be between 0.27 and 0.40 

since these would be the values for which the hand would have enough opening to grasp the cube. 

 

Upon placing the cube on the desired target, a script would be triggered when the hand module collider 

touched the target collider, and the cube's position would be changed to the center of that target. To facilitate 

the cubes' placement, as seen in Figure 3.19, the target colliders were bigger than the GameObject. 

Additionally, when the two colliders touched, the cube would automatically move to the middle of the 

desired target location, as if it had a magnet. To prevent more than one cube from being placed on a target, 

the target's collider was disabled once it had a cube on it. 

 

When two adjacent cubes had been placed, a cloned target would appear on top between them to continue 

the pyramid's construction. Thanks to the Instantiate function, this new target would pop up at the designated 

coordinates (x’, y’, z’), where: 

𝑥′ = (𝑥𝑡𝑎𝑟𝑔𝑒𝑡1 + 𝑥𝑡𝑎𝑟𝑔𝑒𝑡2)/2 

𝑦′ = |𝑦𝑐𝑢𝑏𝑒_𝑖𝑛_𝑡𝑎𝑟𝑔𝑒𝑡1 − 𝑦𝑡𝑎𝑟𝑔𝑒𝑡1| ∗ 2 + 𝑦𝑡𝑎𝑟𝑔𝑒𝑡1 + 0.003 

𝑧′ = 𝑧𝑡𝑎𝑟𝑔𝑒𝑡1 

The 0.003 was an arbitrary value, so the new target clone was not exactly at the 𝑦 of the top face of the 

placed cubes, as some display errors were noticed when this happened. It is also important to note that the 

coordinates of the targets, in Unity, are the coordinates of the center point and that:  

𝑦𝑡𝑎𝑟𝑔𝑒𝑡1 = 𝑦𝑡𝑎𝑟𝑔𝑒𝑡2 

𝑧𝑡𝑎𝑟𝑔𝑒𝑡1 = 𝑧𝑡𝑎𝑟𝑔𝑒𝑡2 

and therefore, it can be used either of them. A flow chart of how the game works can be found in Figure 

3.20. 

When the user finishes building the pyramid, a text will appear on the screen congratulating them and 

showing how long it took to complete the task in minutes and seconds.  
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(1) 

(3) 

(2) 

(A) (B) 

Figure 3.18 - VR Game Prototype Components: (1) Digital twin of the ARMin upper limb rehabilitation 

exoskeleton robot, (2) cubes that the user needed to grab with the virtual hand module to build a pyramid, (3) 

targets were the cubes needed to be placed. Both the cubes and targets were placed on a table. 

 

 

Figure 3.19 - (A) Hand module box collider and (B) target’s spherical collider. Both colliders were used to grab the 

cubes and place them in the desired location, respectively. 
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Figure 3.20- Schematic visualization of how the developed game in VR behaves. 
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4. Results 
 

 

This chapter aims to illustrate the most important findings of this study. First, the results concerning 

assembling the PRIDE hand module in the ARMin rehabilitation exoskeleton robot and the parts designed 

and fabricated for that integration are presented. Next, the developed ARMin visualization model is shown, 

as well as a prototype VR game that was developed to test this model. Finally, the data regarding the 

preliminary study of the kinematic accuracy of the digital twin and the exoskeleton kinematic model are 

presented. 

 

4.1 . Hand Module 
 

After several iterations and taking into account the requirements presented in the methods, all the most 

relevant prototypes until the final version of the top part (part 1) are presented in Figure 4.1 

The final part can be divided into two parts: a circular piece in direct contact with the force/torque sensor 

and a rod. The rod is designed to sit firmly inside the hand module and with a 25° tilt to counterbalance its 

angle. Once the rod comes out of the PRIDE hand module, it becomes vertical so that the circular piece 

where the rod ended is parallel to the sensor. Two 2mm screw holes were added at the top of this rod, adding 

an attachment point to the hand module. The height of the rod and the circular part were adjusted, allowing 

the hand to be in the natural resting position and not preventing the hand module from performing its full 

range of motion. These adjustments were considered when designing the other parts that would help in the 

integration of the hand module. Some fillets were also added, especially to the base of the rod to reduce 

tension and possible breakage at these points.  

Due to the new EE of the hand module being 6 cm forward from the former one, and after several iterations, 

a balance was arranged in terms of how far back the rod reaches, while remaining within the limits of the 

circular part. Staying within those limits provides a greater ability to hold the weight of the hand module. 

Finally, some fillets were added, and cuts were made in the back of the rod to make it easier to screw in the 

rear screws.  

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Since the next part needed would connect directly with the force/torque sensor from below, it made sense 

to give it the same circular shape as the sensor and with matching screw holes. As stated previously, the 

2 1 3 4 

Figure 4.1 - The three prototypes of the top part that makes the connection between the new hand module and the 

force/torque sensor (1-3) and the final version of this part (4). 
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height of this second piece that connected the force/torque sensor to ARMin was influenced by the top part’s 

height, designed so that the hand would be on the same axis as the arm. Finally, two 4mm screw holes were 

added to fix this part and the two below it to the extremity of ARMin. This decision was made considering 

that it would not be possible to use an 8mm screw and pin as before since the screw was too wide and long, 

and there was not enough room for the screw and pin to remain inside the parts. 

 

Finally, the following two parts were adjusted to fit in the extremity of ARMin as previously, while also 

enabling the adjustment of the distance from the forearm to the fingertips. The holes were also changed to 

two 4 mm holes, and in the last one, a chamfer was added to reduce the probability of bending or breaking. 

The result of all the parts, as 3D models, as well as the new hand module mounted, can be seen in Figure 

4.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2. ARMin Visualization 
 

 

ARMin’s digital twin model, with seven active and three passive joints, is represented in Figure 4.3. 

Therefore, every joint was implemented. The colors of the components were also respected, being similar 

to those of the real robot. One more DoF was added with the implementation of the hand module, both in 

the exoskeleton robot and the virtual model.  

A B 
(1) 

(3) (4) (5) 

(2) 

Figure 4.2 - (A) PRIDE hand module attached to the ARMin exoskeleton and (B) parts to make that attachment possible: (1) 

top part that makes the connection between the hand module and the force/torque sensor; (3) part that connects to the 

force/torque sensor from below and to ARMin’s extremity; (4)-(5) parts that slide across the extremity, making it possible to 

adjust the distance from the forearm to the fingertips; (5) FTD-Mini-45 SI-580-20 force/torque sensor. 
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Figure 4.4 a) - User experiencing VE while controlling the digital twin with the ARMin upper limb rehabilitation robot. The 

user is performing different poses and movements, and it is possible to see what the user is visualizing, via the HMD, at that 

exact moment, in the image to the right of each one: (A-I) and (A-II) – lowering/lifting the shoulder; (B-I) and (B-II) – moving 

the wrist. 

 

 
Figure 4.3 - Digital twin of ARMin, in Unity’s virtual environment with 7 Active Joints (1)-(7) and 3 Passive Joints (A-C). 

In Figures 4.4 a) and 4.4 b) it is possible to see a user interacting with the exoskeleton as well as the VE. 

The user would sit on the chair comfortably to use the robot and be equipped with an HMD to see and 

interact with the virtual environment while the base stations mounted on the wall captured the user’s 

position. Consequently, what the user sees, and his field of view is also represented, with both images 

corresponding to the same moment in time. 
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4.2.1. Kinematic accuracy  
 

The outcomes for all acquisitions are illustrated in Figure 4.5. In Table 4.1 it is also possible to see more in-

depth the values of the mean and standard deviation for the table and poses measurements. In addition, 

Table 4.2 and Table 4.3 represent the average position (x,y,z) for the table and poses measurements, 

respectively. Lower distance values were recorded when comparing RR with DT, specifically in the lower 

and higher table measurements, with a mean of 0.024±0.003 m (mean ± standard deviation) and 

0.032±0.003 m, respectively. A difference was registered when performing the poses (0.049±0.017 m). 

However, this was the lowest average value registered for the poses’ measurements between different 

comparisons. When the three measurements were grouped, the position differences when comparing RR 

with DT were also the lowest, with an average of 0.036± 0.015 m.  

 

The recordings, when comparing RR with FK, averaged 0.036±0.003 m with the lower table setting and 

0.062±0.009 m with the higher table. A similar mean of 0.064±0.025 m was recorded when performing 

poses, but with greater variability. The combination of the measurements averaged 0.055±0.020 m.  

 

The FK-DT relationship recorded a higher value (0.059±0.001m) for the lower table measurements and an 

average of 0.057±0.003 m for the higher table. The pose data averaged 0.071±0.031m, with very high 

variability. Finally, the total value of all measurements was 0.063±0.020 m. 

 

C – I a) C – I b) 

C – II a) C – II b) 

D - I a) D - I b) 

D - II a) D - II b) 

Figure 4.4 b) - User experiencing VE while controlling the digital twin with the ARMin upper limb rehabilitation robot. The 

user is performing different poses and movements, and it is possible to see what the user is visualizing, via the HMD, at that 

exact moment, in the image to the right of each one: (C-I) and (C-II) – rotation of the arm; (D-I) – visualization of joint 1 

and perspective on how close the robot is to the user; (D-II) – visualization of joints 3-5. 
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Overall, the data regarding the poses have more variability. This adds up when we add the pose values with 

the lower and higher table values, creating a more considerable interval in the boxplot and more outliers, 

especially in the FK-DT comparison. The values with the shoulder tap and the arm across the chest show a 

larger difference between measured distances between comparisons (Figure 4.6). On the other hand, 

touching the nose and back of the head registered the lowest distances overall. Regarding the vector 

coordinates, the recorded y values did not change much between different calculations and comparisons, 

contrary to the z-axis that recorded the most different values. This is the case for every data acquisition 

method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 - Distribution of distance values calculated in the three data acquisitions - Lower Table (green); Higher Table (blue); 

Poses (orange) - and the combination of these 3 (Total, in black), when comparing Real Robot (RR)-Digital Twin (DT), Real 

Robot (RR)-Forward Kinematics (FK) and Forward Kinematics (FK)-Digital Twin (DT). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 - Distance values for each pose (m). The poses were performed 3 times, calculating the distance between end effectors 

in Reality-Visualization (red circles), Reality-Simulink (black squares) and Simulink-Visualization (green triangles). 
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Table 4.1- Mean and standard deviation values for the Real Robot (RR) - Digital Twin (DT), Real Robot (RR) - Forward 

Kinematics (FK) and Forward Kinematics (FK) - Digital Twin (DT) comparisons and respective measurements with the lower 

table, higher table, and the performed poses. 

Comparison Measurements Mean Standard Deviation 

RR- DT Lower Table 0.024 0.003 

Higher Table 0.032 0.003 

Poses 0.049 0.017 

Total 0.036 0.015 

RR - FK Lower Table 0.036 0.003 

Higher Table 0.062 0.009 

Poses 0.064 0.025 

Total 0.055 0.020 

FK - DT Lower Table 0.059 0..001 

Higher Table 0.057 0.003 

Poses 0.071 0.031 

Total 0.063 0.020 

 

 
Table 4.2 - Average position (x, y, z) measured with a table at 0.62 m and 0.81 m, through Real Robot, Digital Twin, and the 

Forward Kinematics model. 

Measurements Points/Position Real Robot Digital Twin Forward Kinematics 

Lower Table 1 (0.526, -0.398, -

0,786) 

(0.535, -0.400, -

0.767) 

(0.503, -0.382, -0.812) 

2 (0.647, -0.219, -

0.784) 

(0.657, -0.219, -

0.765) 

(0.623, -0.206, -0.811 

3 (0.691, 0.003, -0.784) (0.702, 0.005, -0.763) (0.666, 0.001, -0.809 

4 (0.642, 0.226, -0.786) (0.653, 0.232, -0.763) (0.623, 0.210, -0.808 

5 (0.528, 0.391, -0.788) (0.538, 0.400, -0.764) (0.521, 0.366, -0.809) 

Higher Table 1 (0.675, -0.362, -

0.587) 

(0.652, -0.352, -

0.572) 

(0.631, -0.352, -0.622) 

2 (0.758, -0.187, -

0.583) 

(0.735, -0.182, -

0.562) 

(0.713, -0.192, -0.615) 

3 (0.789, 0.012, -0.573) (0.762, 0.011, -0.561) (0.745, -0.004, -0.614) 

4 (0.754, 0.213, -0.570) (0.729, 0.201, -0.563) (0.717, 0.179, -0.615) 

5 (0.665, 0.384, -0.576) (0.644, 0.365, -0.566) (0.641, 0.339, -0.616) 

 

 
Table 4.3 - The average position (x, y, z) measured by performing specific poses through the Real Robot, the Digital Twin, and 

the Forward Kinematics model. 

Vector (x,y,z)/Poses Real Robot Digital Twin Forward Kinematics 

Lift right arm (0.456,-0.403,-0.051) (0.434, -0.341, -0.076) (0.406, -0.398, -0.093) 

Handshake (0.774, -0.104, -0.457) (0.754, -0.063, -0.438) (0.744, -0.105, -0.478) 

Touch nose (0.567, 0.044, -0.187) (0.521, 0.073, -0.196) (0.540, 0.055, -0.220) 

Back of the Head (0.400,0.032, -0.121) (0.360, 0.062, -0.157) (0.368, 0.016, -0.155) 

Across Chest (0.497, 0.254, -0.544) (0.483, 0.264, -0.561) (0.464, 0.276, -0.481) 

Shoulder Tap (0.394, 0.312, -0.504) (0.377, 0.314, -0.532) (0.347, 0.313, -0.407) 

 

 

4.2.2. VR Game Prototype 
 

The developed VR game is presented in Figure 4.7. It is possible to see the user controlling the digital twin 

while grabbing a cube with the implemented virtual PRIDE hand module and finishing building a pyramid 

(Figure 4.7 (A)). Further, the mechanics of how the pyramid is constructed and how the targets are presented 

gradually can also be analyzed (Figure 4.7 (B)). A new target appears when two adjacent targets have a cube 
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on them. However, if two adjacent targets do not have a cube, the next target does not present itself.  

 

 

 

In Figure 4.8, the on-screen text congratulating the user and showing how long it took to complete the task, 

in minutes and seconds, Figure 4.8 (A), and the end-screen thanking the user for participating, Figure 4.8 

(B), are presented. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.8 - What the user sees after completing the pyramid. (A) First, a text congratulating him and presenting the time it took 

to finish the building process, and (B) then the displayed text thanking for the participation. 

 

 

 

  

A) B) 

A) B) 

A) 

Figure 4.7 - (A) User building a pyramid by grabbing the cubes with the digital twin’s PRIDE hand module and placing 

them in the desired target. (B) If two adjacent targets have a cube, a cloned target appears to continue the pyramid 

construction however, if this does not apply, the next target does not present itself. 
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5. Discussion 
 

This chapter provides an overview of the presented work and results while illustrating potential 

improvements. Firstly, the hand module integration and the parts designed and developed are discussed. 

Then a discussion about the visualization model is given with ARMin's digital twin. This section also 

contains two brief analyses of the developed VR game prototype and the evaluation of the exoskeleton’s 

kinematic model and the digital twin’s kinematic accuracy. 

 

5.1 . Implementation of the Hand Module 
 

In the first part of the analysis (Section 4.1), different prototypes were designed and fabricated for all four 

parts that enabled the PRIDE hand module to be integrated into the ARMin upper limb rehabilitation robot 

until they satisfied the requirements presented in Section 3.1. The result for the four parts and the new hand 

module integrated in ARMin can be seen in Figure 4.2. The hand module was positioned at the same height 

as the forearm, avoiding discomfort for the user while ensuring that the user's hand remained in a neutral 

position and was able to perform the 180° movement without any obstruction. The first part was the one 

that received the most iterations, as seen in Figure 4.1, due to being the one with more constraints and 

requirements and due to the complexity of the new hand module compared to the previous EE. 

 

By integrating a hand module, the ARMin exoskeleton gained another degree of freedom, allowing a 180-

degree range of finger movement. In addition, the user now has hand and wrist support, allowing the hand 

to be positioned more comfortably. Many ADLs rely on grasping and reaching movements as stated in the 

questionnaires done by Rätz et al. [1]. Consequently, grip training is vital. As a result, this integration might 

enable future rehabilitation exercises focused on improving the quality of life of people after a stroke.  

 

However, the integrated parts and the hand module have some limitations. First, most of the components 

that make up PRIDE are 3D printed, as well as the parts fabricated and used to mount this in the exoskeleton. 

Although it allows for rapid prototyping, this characteristic limit the rigidity of those parts according to the 

material used for the printing, which reduces their durability. 

 

Regarding the PRIDE hand module design, it was noted during the integration and testing that the hand and 

wrist support was uncomfortable when rotating the wrist. This may prevent the user from performing the 

movements to their full extent. Due to limited time, designing and manufacturing a solution to this problem 

was not possible, but it should be noted for future use.  

 

Another important factor is the arm, especially the length of the forearm  Nonetheless, with the shown 

implementation method, it was possible to incorporate this device with the correct height despite all 

limitations while reducing the grasping position difference from 6 cm to 3 cm. However, this position offset 

is still noticeable, making it difficult for some users to extend their fingertips fully. Since this limitation 

reduces the population that can use the device to its full extent, it is important to improve this further by 

reducing the remaining 3 cm offset. 

 

5.2 . Visualization  
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For the second part of this work, a digital twin of ARMin was successfully developed and implemented 

using software such as Unity and Blender, along with virtual reality through the use of SteamVR and 

equipment such as base stations, trackers, and the Varjo-XR3 head-mounted display. Section 4.2 represents 

the digital twin model (Figure 4.3) with the seven active DoF and three manually adjusted joints. Every joint 

was fully implemented and connected, creating a copy of the real exoskeleton. Furthermore, the connection 

with the actual robot worked as intended, enabling the digital joints to move along with the real ones. By 

analyzing Figures 4.4 a) and 4.4 b), it can be seen that the digital twin is performing the same movement as 

the user. The user's field of view comprises the fifth joint to the end of the hand module, which is similar to 

the real world. The added hand visualization, previously modified from the SteamVR glove template, 

resembles a human hand and appears to be in the correct position, being rested on the handle of the hand 

module and with each finger positioned as intended. Also, thanks to the transparency added to the PRIDE 

hand module, the user can see past it, which does not block their vision and makes it easier to perform tasks. 

 

VR opened the possibility of creating a more realistic experience and environment. Despite some difficulties 

due to using the Varjo XR-3, a recent headset, and with some incompatibilities and lack of optimization 

when working with other equipment, such as trackers, the implementation was successful. The chosen HMD 

allowed the creation of a high-definition environment and ARMin model together with the HDRP textures. 

One thing that should be noted is that the textures and the headset required high computing power to work 

and be processed well. Although the computer used met the requirements, it only met the minimums. Thus, 

there were some drops in performance and frames while running the VR scenario, especially in the first few 

seconds after running it, since the computer needed to load a larger number of elements quickly. This could 

possibly reduce immersion as well as increase the chances of motion sickness. To avoid these problems, it 

is essential to improve the computational capacity of the computer.  

 

The hand module was integrated into the VE by developing a script to receive the data from its motor and 

thus perform the animation in parity with reality. However, due to the limited time, it was not possible to 

connect the motor of the hand module to ARMin and thus verify the hand movement according to the user's 

real movement. Nevertheless, a sinusoidal function was implemented to control the animation, allowing the 

hand module to open and close continuously. For future work, this connection must be made, not only to 

complete the digital twin of the robot, where all the joints move according to the real robot but also to test 

the developed code and whether it is correct. Further, it would be interesting to implement not only the hand 

but the entire arm of the patient or even an avatar. Although implementing these models would be time-

consuming, it could create an even more immersive experience. 

 

Another feature that was not given much attention due to time constraints was the settings of textures, colors, 

and light of the VE. By changing and studying these settings, it is possible to create a more realistic scenery 

and a digital twin that more closely resembles the real exoskeleton. 

 

Although this did not register as a significant or notable problem when testing the simulation, to also 

improve the user experience, at least two trackers should be used instead of one, as this also allows the 

orientation of the ARMin to be taken into account and not just the location in the room when adjusting the 

digital twin position to the match the exoskeleton. Further, the position of the base stations should be 

optimized to avoid drift. In the case of trackers, this is seen through the drifting of the trackers' position due 
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to the inability of the base stations to locate them. 

 

The developed visualization enables the possibility of studying not only the influence of this digital twin on 

motor learning but also the user behavior for different properties of the digital twin. This will allow for a 

better understanding of what positively or negatively affects the user during rehabilitation exercises, 

enabling not only to make the interventions more objective but also enabling to plan the tasks in a way that 

enhances the patient's motor recovery, increasing the quality of rehabilitation. 

 

 

5.2.1. Kinematic Accuracy 
 

In Section 4.2.1, the accuracy of ARMin's digital twin and its kinematic model via EE position differences 

was analyzed. The lowest end effector position differences, on average, were in the RR-DT comparison. 

This is a good sign since we consider the RR data to be the ground truth, which means that the visualization 

has good accuracy. Still, some errors are noticeable in RR-DT, as well as RR-FK. One possible explanation 

is that the calibration of the ARMin joints was not performed 100% correctly on all joints, causing a 

discrepancy between the actual position and rotation and the value transmitted by the FK model, which then 

causes a more significant error compared to reality. 

 

FK-DT has the most considerable data variability and overall higher EE position differences. Since the 

values from the FK model for each joint are directly used to move the digital twin joints, this is surprising. 

In terms of the ARMin digital twin joints, they were programmed to compare the previous value with the 

new value they got from the robot. If this value differed from the previous one, they would shift this 

difference to the desired orientation. However, since this comparison was made on each frame, this can add 

minor errors that increase with time, especially considering the possibility that, for example, a position was 

not captured during one or more frames. Therefore, for future use and to minimize such errors, it is suggested 

to directly set the target rotation, known through the FK model, instead of incrementally changing it based 

on the difference from the previous state. This influences not only the table measurements but also the poses. 

 

The table measurements had lower variably when compared with the poses, where the lower table variability 

was lower than the higher setting. Since the only difference between them is the height, which is affected 

mainly by the arm elevation and shoulder flexion/extension joints, it is possible that the implementation of 

these joints in Unity is not truly accurate. 

Regarding the poses, there is, in fact, a big data variability that was less present than in the table 

measurements. Despite the passive joints being in a constant position, it is tough for the user to perform the 

poses in the same way they did previously. At first glance, this should not interfere with the distance 

difference but can add up errors if, as stated previously, there are differences in the FK or DT model.  

 

When examining each position in more detail, it becomes clear that there is little variation in the values 

between comparisons. Nevertheless, in the movements of putting the arm across the chest and tapping the 

shoulder, there is an apparent disparity between the distance difference in the DT-RR in comparison with 

the other two. From the joint data and analyzing these two movements, we can see that the one thing in 

common in both is the elbow rotation to an angle of approximately 90º. Since the joint data is retrieved from 

the FK model, and these differences consider the FK values, the errors may remain in the VE. The elbow 

joint was the most difficult one to implement due to the robot's tilted fit, which is not easy to copy in the 
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virtual environment developed in Unity. Therefore, it is possible that the position and movement of this 

joint are not 100% accurate, which causes this discrepancy. 

 

One more thing to consider is that the tracker's position is not constant and depends on how well the 

lighthouse sensors capture their position. It is possible that, in some measurements, especially in specific 

movements/poses, they could not capture their actual position because ARMin blocked their view. This can 

cause a larger recorded distance value compared to reality. 

 

The y position values are all very similar between the three different calculations. This was already expected 

since we did not have to adjust the y-axis in FK-RR, and it only rotated in the DT-RR frame, unlike the 

other axes. 

 

There are some differences registered on the x-axis, but the z-axis is the one in which the differences in 

values are more noticeable. One important thing to notice is that the (E) and (F) values were measured with 

a tape measure, leading to measurement errors in the millimeter range. Additionally, due to the lack of 

documentation stating the tracker's origin, it was assumed to be at the center of the main body. However, if 

this is not the case, it creates a height difference and error of ±0.025 m in the z-direction. 

 

With these results, we hypothesize that for low values in the centimeter range, users should not experience 

any problems with immersion or embodiment. 

 

 

5.2.2. VR Game Prototype 

 

In section 3.3.2, a prototype of a VR game was developed. Due to time constraints and the impossibility of 

connecting the hand module to ARMin, as discussed above, the game could not be tested with participants. 

Thus, it could have been optimized in terms of code and bugs. Nevertheless, the basic principle and 

mechanics were achieved, as it is possible to move the digital twin to grab and drop cubes on targets. The 

last cube triggers a congratulations screen that displays the time it took to complete the task. Reducing the 

opacity of the hand module allowed the grasped cubes to be viewed more easily, creating the chance to 

make it easier to grasp and place the cubes on the targets and, thus, build the pyramid. 

 

Still, it would also be important for this game, besides the proper connection of the PRIDE and adjustment 

of the animation, to test it and receive feedback from the participants, both stroke patients, and 

physiotherapists, to improve it according to the patient's future needs. One feature that could be added in 

the future is tactile feedback, as the PRIDE hand module has haptic rendering capabilities, simulating 

grasping sensations and therefore creating a more immersive experience. It would also be interesting for the 

VE to communicate with the robot, giving feedback to the person. An example of this would be the digital 

twin not being able to pass through the table when coming into contact with it. This way, when the digital 

twin collides with the table, information would be sent to the robot to offer resistance that would prevent 

the person from lowering his arm any further. This would not only make the experience more immersive 

but would also require the user to perform more complex movements to grab the cubes. 

 

Finally, it should be noted that this technology's future patients and users will be mostly older adults. As 

they use technology, older adults experience a variety of physical or cognitive hurdles, such as impaired 
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cognition and difficulty hearing or seeing. Aside from these physical restrictions, the elderly also encounter 

obstacles like lack of familiarity and access, discomfort when seeking help, trust challenges, and privacy 

concerns [107]. This may impose difficulty in adaptation and use. Therefore, it is crucial to consider all this 

while creating rehabilitation exercises for them. Some recommendations stated by Fischer et al. [108] are 

to reduce interface complexity, improve executive function, use large text, and use the right lighting. 
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6. Conclusions 
 

 

Robotic rehabilitation in combination with VR enables more intense and motivating exercises, but there is 

still a lack of evidence on how the interaction with the VE while using a robot and its visualization can 

influence motor recovery and motivation. In this study, we develop a digital twin of an upper-limb 

rehabilitation exoskeleton robot in a VE, portraying the user’s reality when in a robotic rehabilitation 

session. To achieve this goal, our work was divided into two main parts: the integration of a hand module 

into the rehabilitation exoskeleton and the development and integration of the DT in a VE. 

 

Our results suggest that the integration of the hand module allowed the user to perform grasping movements. 

Since this is one of the essential movements practiced in ADLs, it will allow the user to perform more 

complete rehabilitation exercises. Regarding the DT, each joint was connected and linked to generate a 

kinematic system similar to that of the real robot. The DT was connected to the exoskeleton, retrieving its 

data, and mimicking its movements. Using VR instead of a computer screen to visualize and interact with 

the DT created conditions to develop more immersive and motivating rehabilitation exercises. Through the 

evaluation of kinematic accuracy, it was found that the position deviation between the real robot and the DT 

was low and therefore suggests that for low values in the centimeter range, the user will not be affected in 

terms of immersion. Furthermore, we were able to perform simple tasks in the virtual environment with the 

DT, allowing it to interact with the VE and enabling the creation of relevant rehabilitation exercises on this 

basis. 

 

The concept of digital twins is relatively new and therefore there is little literature on their applications, 

especially in the field of upper limb rehabilitation. While our research is a starting point to better understand 

how this technology can be applied to this field, there are still some areas that need improvement. The data 

from the integrated hand module should be linked to the digital twin to allow the user to see each movement 

reflected in the virtual environment, as well as adjust the joints of the digital twin to further reduce the 

recorded position offset. Further studies and user surveys should also be conducted to access the benefits of 

our work and to better adjust it to their needs. 

 

Nonetheless, this study opens innovative investigation possibilities. Firstly, since the DT and VE are fully 

customizable, it allows us to study how the user reacts to different characteristics and how this influences 

motor recovery.  Mainly, we can assess what characteristics influence positively the user’s motor recovery 

and create more personalized exercises. Additionally, we hope that our work will raise awareness of the 

applicability of DT in the rehabilitation field.  Our study may then contribute to the study and understanding 

of better rehabilitation processes after stroke, enhancing post-stroke people’s recovery and thus improving 

their future quality of life. 
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