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Abstract  

Abstract 

Robot-assisted rehabilitation solutions are being proposed as therapeutic adjuncts to 

facilitate clinical applications in recent decades. They would allow therapists to be 

emancipated from physically intensive work, and more advanced and interesting 

rehabilitation training could become accessible to patients with low cost. To date, 

several rehabilitation devices have been developed or revised to perform bilateral 

exercises. A new therapy method has been proposed in recent decades, based on the 

finding that bilateral exercises might promote functional improvement through the 

reinforcement of corticospinal pathways from the intact hemisphere to the affected 

arm. However, the safety and reliability of existing bilateral rehabilitation devices is 

yet to be confirmed, and the cost will be high if the device is expected to provide true 

bilateral exercises in three-dimensional (3D) space. The goal of this dissertation is 

therefore to develop a new bilateral rehabilitation system for upper-limb rehabilitation, 

aiming for safe, stable, and interesting bilateral training for stroke survivors. Some 

biological data can be measured objectively and in a timely fashion through the 

proposed bilateral rehabilitation system, which would be analysed to assess recovery 

stages and further explore bilateral recovery processes. 

The proposed bilateral rehabilitation system has been developed, validated and utilised 

in four studies discussed in this thesis. The first one is to develop an industrial robot-

based bilateral rehabilitation device for upper limbs including hardware and software, 

which should be capable of providing a safe and stable training environment. The 

second one is to develop an intelligent bilateral training subsystem, which is expected 

to provide true robot-assisted bilateral exercises to cover different recovery stages. 

The third one is to explore muscle activation patterns during different bilateral training 

based on the proposed bilateral device and training protocols. These muscle activation 

patterns can be used as the foundation for the development of bilateral devices, 
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Abstract  

training protocols, and assessment criteria. The last one is to develop a biological 

signal-based evaluator, which can select different training protocols according to 

personal biological data. 

So far, a total of 18 healthy participants have been recruited for evaluating the 

proposed bilateral rehabilitation system (13 participants tested the device and 5 

participants tested the evaluator). The results of the experiment show that the proposed 

bilateral rehabilitation device is safe and stable, the training protocols are reliable and 

interesting, and the evaluator is objective and time-saving. Meanwhile, the muscle 

activation patterns gathered using the system are informative, which can help in 

understanding the cooperation mechanism of each pair of muscles under different 

bilateral training conditions, and further evaluate the effectiveness of robot-assisted 

bilateral training. 

In summary, the developed bilateral rehabilitation system and a comprehensive and 

systematic study from this work has demonstrated that such a system has the potential 

for clinical applications with safe, reliable, stimulating, and informative bilateral 

exercises. 
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Chapter 1 

Introduction 

Robots are developed to perform tasks that are hazardous, tedious, or impossible for 

people to undertake. For bilateral upper-limb rehabilitation, more and more robots are 

being developed or revised to help upper-limb disorders through a brand-new training 

method. Bilateral rehabilitation robots have the ability to provide a 

synchronous/asynchronous training environment without fatigue. Meanwhile, 

objective and quantitative data for both arms of the patient can be measured and 

presented in real time by robots to indicate the actual status of the patient. These 

bilateral quantitative data can be post-processed to extract useful information to guide 

the diagnosis and assessment of patients as well as to optimise personal training 

protocols. Nevertheless, challenges remain on how to improve these new kinds of 

rehabilitation robots, to design optimal bilateral training protocols, and to further 

explore bilateral recovery processes using related bio-signal data. 
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1.1 Upper-limb Rehabilitation 

In New Zealand, stroke is the leading cause of disability, with a similar prevalence on 

a global scale [1, 2], and there would be around 60,000 stroke survivors in New 

Zealand according to the report of Stroke Foundation of New Zealand [2]. Stroke is 

caused by either a blockage or a rupture in a blood vessel and results in damage to the 

brain [2, 3]. Stroke survivors may suffer from several symptoms, such as paralysis of 

limbs on one side of the body or difficulty speaking and understanding what others are 

saying [3]. Meanwhile, around 30% to 60% of stroke survivors will suffer from upper-

limb disability after the sub-acute stage (6 months from stroke onset), which limits 

their abilities to perform Activities of Daily Living (ADLs). This significantly affects 

survivors and their families physically, emotionally, financially and socially [4]. 

According to the theory of neuroplasticity, the activity of the central nervous system 

could be adapted and adjusted with an environmental change; this is believed to be the 

foundation for motor function recovery after stroke [5]. 

In traditional upper-limb rehabilitation, unilateral physical therapy is the main 

treatment method, whereby therapists provide a series of manual hands-on movements 

for affected arms [6]. However, the coordination of patients cannot be trained through 

unilateral therapy and thus patients are unable to practise some ADLs that need two 

arms, such as holding a ball or wringing a towel. On the other hand, according to the 

Brunnstrom approach, the motion exercises should be practised equally on both the 

affected and the unaffected arm [7, 8]. Meanwhile, some researchers report that the 

activation of the damaged hemisphere can be promoted by the activation of the 

undamaged hemisphere through a simultaneous movement with the most affected arm 

and the less affected arm [9, 10]. However, bilateral physical therapy is costly and 

difficult for one therapist to complete. Last but not least, physical therapy should be 

continued throughout most of stroke survivors’ lives and is therefore expensive and 
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labour intensive [11]. As a result, current stroke rehabilitation services are not 

affordable in both unilateral and bilateral aspects and this hinders the development of 

stroke rehabilitation [12]. 

1.2 Bilateral Robots for Upper-limb Rehabilitation 

Bilateral robots for upper-limb rehabilitation, as therapeutic adjuncts to facilitate 

clinical applications, have been actively researched in recent decades. In general, 

bilateral rehabilitation robots can be mainly classified as two types [13] (Fig. 1.1). One 

type is the end-effector that interacts with patients through a single distal attachment 

point, which means that the joints of the end-effector do not attach to patients’ upper 

limbs. These kind of robots are simple and can be easily adapted to different patients 

(both children and adults) (Fig. 1.2(a)). The other type is the exoskeleton, which 

encapsulates the upper limb into the bionic structure to control its movement. Also, 

due to its capsule mechanism, the exoskeleton can fully control the posture of upper-

limb and determine the amount of torque that should be applied to each joint separately, 

thus training a specific muscle or muscle group [14, 15] (Fig. 1.2(b)). 

Bilateral upper-limb 

rehabilitation robot

End-effector

Exoskeleton

Industrial robot
Also can be treated 

as commercial device

2D planar device

3D spatial device

Special device

Commercial device
 

Figure 1.1. The hierarchy chart of existing bilateral upper-limb rehabilitation robots. 

End-effectors can be further classified in terms of their mechanical structures even 

though they have same advantages as the serial manipulator. Specifically, there are 

four different groups: 2D planar devices, 3D spatial devices, special devices, and 
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commercial devices. In recent years, some industrial robots have been revised for 

bilateral training as well, which can also be treated as end-effector since most of them 

are mechanical arms [16] (Fig. 1.2(c)). However, the reliability of the structures and  

the safety of most existing bilateral rehabilitation robots cannot be confirmed due to 

insufficient tests and safety precautions [17, 18]. Furthermore, the development of 

some devices is slow and costly, and most of them are abandoned after experiments 

[18, 19]. More details have been reported in Chapter 2 and Chapter 3. 

(a) (b) (c)

Figure 1.2. Existing bilateral upper-limb rehabilitation robots: (a) the end-effector (MIME 

[20]), (b) the exoskeleton (EXO-UL7 [14]) and (c) the industrial robot (Haptic Master robot 

[16]). 

1.3 Bilateral Training Protocols 

Systematic and scientific upper-limb exercise is crucial for stroke rehabilitation [19]. 

Until, only a few training protocols have been developed for bilateral exercises, such 

as bilateral arm training with rhythmic auditory cueing (BATRAC) [21] and bilateral 

force-induced isokinetic arm movement (BFIAM) [22]. However, these training 

protocols are simple and specifically designed for 2D planar movement even though 

clinical results show that the BATRAC can provide consistent and significant 

improvement after a six-week training period [23]. On the other hand, most of the 

training protocols in existing bilateral systems are based on traditional unilateral 

training protocols, none of which were specifically designed according to the 

characteristics of the unique mechanisms of bilateral exercises. Therefore, there is a 
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desire for researchers to develop protocols for 3D spatial training that can provide 

systematic and interesting bilateral exercises covering all the different stages of stroke 

rehabilitation (Fig. 1.3). 

According to the Brunnstrom approach, there are seven stages from stroke onset to 

normal function return [7, 8]. Correspondingly, a systematic training system should be 

able to provide a series of training protocols to cover these seven stages. Moreover, 

some control strategies could also be included during training to motivate the 

voluntary efforts from participants, which is believed to be more effective for motor 

functional improvement than those passive exercises [24, 25]. However, for safety 

purposes, bilateral rehabilitation robots should be utilised from Stage 4 and after (or 

from the later sub-acute and chronic phases), a stage in which spasticity is significantly 

decreased [8], and muscular strength, muscle activity, and motor control can all be 

improved significantly through continuous passive or active training. 

First stage Passive training

Second stage
Hybrid passive/

active training

Third stage
Semi-active 

training

Four stage Active training

Robot-assist exercise

Robot-resist exercise

}
}

With reference 

trajectory

Without reference 

trajectory
 

Figure 1.3. The hierarchy chart of rehabilitation training protocols. 

1.4 Robot-based Assessment Tools and Biological Signals 

In addition to suitable training protocols, precise and objective assessment tools are 

also very important for stroke rehabilitation in clinical applications. The most widely 

accepted assessment tools for quantifying the performance of stroke survivors are 

human-administered clinical scales, such as the Fugl-Meyer Assessment (FMA) [26], 
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the Functional Independence Measure (FIM) [27] and the Modified Ashworth Scale 

(MAS) [28]. However, these assessment tools are subjective and time-consuming 

compared to robot-based assessment tools [29, 30]. In recent years, several robotic or 

robot-based assessment tools have been reported in the literature, such as the MIT-

MANUS robot-based assessment approach [31], the InMotion2 robot-based linear 

regression models [29] and the haptic elbow spasticity simulator [32, 33]. However, 

their accuracy and reliability are not as well confirmed as traditional clinical scales 

[29, 34]. 

Position, velocity, acceleration, force, and torque of patients are common measurable 

biological signals that would be used as the inputs for robot-based assessment tools. 

As well as these conventional biological signals, surface electromyography (sEMG) 

has been developed in recent years to detect the electric potential generated by muscle 

cells and thus to evaluate any medical abnormalities and the activation level of muscles 

[35, 36]. There are two main advantages to the sEMG signal [37]: 1) the low 

electromechanical delay (30-100ms), meaning the intentions of users can be shown in 

real time [38], and 2) for stroke survivors, the sEMG signal can still be measured if 

their muscles can be stimulated by the activated motor units, no matter whether they 

can move their arms or not [39, 40]. To date, several research studies for sEMG 

technology have been undertaken by our group, including a physiological model 

driven neuromuscular interface for exoskeleton assisted rehabilitation [37] and a 

patient-specific neuromusculoskeletal models for improving the effectiveness of 

human-inspired gait rehabilitation robots [41]. 

1.5 Research Motivations and Objectives 

The research on adopting robot-assisted rehabilitation technology for bilateral 

treatment of stroke survivors is driven by three main motivations. First, the utilisation 

of bilateral upper-limb rehabilitation robots can reduce the physical workload of 
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therapists and make true bilateral exercises possible. Second, the engagement of 

participants can be enhanced by the implementation of advanced and interesting 

bilateral training protocols. Third, the biological information of patients can be 

measured precisely and quickly during robot-assisted training, providing data that can 

be further analysed to evaluate patients’ recovery stages in real time. Biological 

information can also be used as the assessment criteria for selecting different training 

protocols. 

Based on the aforementioned background, this thesis proposes a bilateral rehabilitation 

device for upper limbs to explore the effectiveness of bilateral rehabilitation training, 

which can be treated as a useful tool for traditional physiotherapy for stroke survivors. 

Accordingly, three different bilateral training protocols are designed based on the 

developed device and specifically designed controllers, and they can provide advanced 

and interesting true bilateral exercises. Moreover, an evaluator is also developed to 

assess the recovery stages of participants based on their personal biological signals 

and thus different training protocols could be recommended. There are four main 

studies within this thesis. 

Study 1: A bilateral rehabilitation device for upper limbs. 

The purpose of this study is to develop an industrial robot-based bilateral rehabilitation 

device (IRBRD) that can provide efficient, safe and interesting exercises for upper-

limb rehabilitation, and further explore bilateral recovery processes. The IRBRD 

contains two industrial robots, two six-axis force sensors, two customised handles, one 

PC, and one Ethernet switch. Accordingly, a communication module is developed to 

enable real time communication between unaffected/affected arms of participants 

through the robots and the PC. Meanwhile, a human-computer interface is specifically 

designed to provide real time presentation of bio-signal data (position and interaction 

force) and variables during training. Different training protocols and related variables 
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can be adjusted in real time before each exercise. Last but not least, a protection 

module is developed in both hardware and software levels to provide a superior safety 

training environment. 

Study 2: An intelligent bilateral training subsystem. 

The purpose of this study is to develop an intelligent bilateral training subsystem based 

on the proposed IRBRD, which contains three patient-cooperative bilateral training 

protocols and one adaptive admittance controller. These three bilateral training 

protocols are specifically designed to provide true robot-assisted bilateral exercises 

based on the Brunnstrom approach, which can cover four recovery stages from passive 

to active (Fig. 1.3). Furthermore, an adaptive admittance controller is developed to 

actualise the proposed patient-cooperative training and resolve the issue of participants’ 

uncertain dynamic models. The controller contains an admittance control scheme and 

three fuzzy logic algorithms, and some safety measures are also included. 

Study 3: Muscle activation patterns during different bilateral training protocols. 

The purpose of this study is to explore the muscle activation patterns of healthy 

participants during different bilateral training protocols based on the proposed IRBRD 

and training protocols. Meanwhile, the activation correlations of different muscles are 

also investigated within one arm and between two arms to establish the set of ‘standard’ 

criteria that could be treated as the baseline to evaluate the results of stroke survivors 

through the proposed IRBRD and same training protocols later. It is hypothesised that 

for healthy participants, the activity of the arm muscles would be reduced to a lower 

level in the robot-assisted training compared to the robot-unassisted training. 

Study 4: A biological signal-based evaluator. 

The purpose of this study is to develop an evaluator to select different training 

protocols according to the personal biological signals of each participant. The 
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proposed evaluator contains two fuzzy logic algorithms, two magnitude definers, and 

one rules-based selector. Interaction force and related participation level (processed 

sEMG signals) were chosen to be the key biological signals for the evaluator, based 

on the goals of the proposed bilateral training protocols and the experimental findings 

of muscle activation patterns in Study 3. Furthermore, a customised standardised 

performance testing (SPT) was developed to measure the key biological signals, which 

will be used as the inputs for the proposed evaluator. 

1.6 Thesis Outline 

The thesis is composed of 7 chapters and the structure is shown in Fig. 1.4. Chapter 1 

briefly introduces the background, research motivations, and objectives, and four 

studies are proposed accordingly. Chapter 2 reviews and summarises existing bilateral 

rehabilitation robots, including their mechanisms and clinical outcomes. Some 

research gaps were found through this literature review, including mechanisms, 

training protocols and assessment tools, which motivate the research in this thesis. 

Chapter 3 presents the development of a bilateral rehabilitation device based on the 

gaps found in Chapter 2. Two Universal Robots are included in this rehabilitation 

device, which is believed to be the first time for applying these kinds of industrial 

robots for stroke rehabilitation. Chapter 4 shows an intelligent bilateral training 

subsystem based on the gaps found in Chapter 2 and the characteristics of the 

rehabilitation device proposed in Chapter 3. The proposed intelligent bilateral training 

subsystem provides three different training protocols to cover different recovery stages 

of stroke survivors. Chapter 5 explores the muscle activation patterns during different 

bilateral training protocols based on the proposed rehabilitation device. These can be 

used as the foundation of the development of the bilateral device’s training protocols 

as well as assessment criteria. Chapter 6 describes a biological signal-based evaluator 

that can be utilised to select different training protocols based on the participants’ own 
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personal biological signals. Chapter 7, summarises the key outcomes and scientific 

contributions of this thesis. Limitations and related future work are also included in 

this chapter. 

The novel bilateral rehabilitation system for upper limbs 
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Introduction

Contents

Conclusion

Four studies

Chapter 1. Background, motivations and objectives

Chapter 2. Systematic overview and evaluation of existing  bilateral 

upper-limb rehabilitation devices

Chapter 3. Development of a new bilateral rehabilitation device

Chapter 4. Development of an intelligent bilateral training subsystem

Chapter 5. Exploration of muscle activation patterns 

Chapter 6. Development of a biological signal based evaluator

Chapter 7. Research contribution, conclusion and future work

 

Figure 1.4. Thesis structure. 

1.7 Summary 

This chapter briefly describes the background of upper-limb rehabilitation, related 

bilateral robots, training protocols, robot-based assessment tools, and biological 

signals. The main incentives for developing a new bilateral rehabilitation system for 

upper limbs include: 1) reducing the physical workload of therapists and realising true 

bilateral exercises; 2) encouraging the engagement of participants through advanced 

and interesting training protocols, and 3) extracting biological signals during bilateral 

exercises to allow for the precise and objective automatic assessment of recovery 

stages, as well as the and exploration of bilateral recovery processes. Accordingly, 

four studies are proposed for this thesis, including: 1) the development of a bilateral 

rehabilitation device for upper limbs; 2) the development of an intelligent bilateral 

training subsystem; 3) the exploration of muscle activation patterns during different 

bilateral training protocols; and 4) the development of a biological signal-based 

evaluator. These four studies will be detailed in the following chapters.
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Literature Review 

This chapter aims to provide a systematic overview and evaluation of existing bilateral 

upper-limb rehabilitation devices/robots based on their mechanisms and clinical 

outcomes. Totally ten end-effectors, one exoskeleton and one industrial robot are 

evaluated in terms of their mechanical characteristics, degrees of freedom (DOFs), 

supported control modes, clinical applicability and outcomes. Preliminary clinical 

results of these studies show that all participants could gain certain improvement in 

terms of range of motion, strength or physical function after training. However, only 

four studies support that bilateral training is better than unilateral training. Meanwhile, 

most of clinical results cannot definitely verify the effectiveness of mechanisms and 

training protocols used in robotic therapy. To explore the actual value of these 

devices/robots, further research on ingenious mechanisms, dose-matched training 

protocols and assessment tools should be conducted in the future. 
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2.1 Introduction 

Stroke refers to the persistent function defect of brain nerves caused by acute cerebral 

vascular disease, about 85% of stroke survivors will have hemiplegic complication, 

especially among elderly population [42]. In New Zealand, about 9000 people have 

stroke every year, which is the third largest killer (around 2500 people per year) and 

the major cause of serious adult disability. The Stroke Foundation of New Zealand 

estimates that there will be 60,000 stroke survivors in New Zealand at the end of 2014 

[43]. Timely rehabilitation training is an efficient way to treat stroke survivors. 

However, the conventional manual therapy has many limitations in terms of the 

shortage of therapists, the cooperative and intensive efforts from therapists and 

patients over prolonged sessions, the subject evaluation methods, the expensive cost 

of rehabilitation training and so on [44]. In this situation, there is a great need of 

advanced rehabilitation robots, which are expected to assist patients to complete 

therapy more accurately, quantitatively and personally [45-47]. 

Compared to manual therapy, rehabilitation robots have the potential to provide a 

long-term intensive and accurate rehabilitation continuously to avoid fatigue of 

therapists. Using remote control technology, rehabilitation robots are able to treat 

patients without therapists, and one therapist can control many robots at the same time, 

enabling more frequent treatment and reduced costs. Besides, rehabilitation robots can 

measure the quantitative data more accurately to help therapists evaluate the condition 

of patients [48, 49]. Using the specifically designed virtual-reality games, 

rehabilitation robots can provide a more entertaining therapy environment to interest 

patients to participate in treatment [17, 50]. 

In general, rehabilitation robots can be classified as end-effectors and exoskeletons 

(Fig. 2.1) [51]. An end-effector robot normally interacts with a patient through the 

single distal attachment point on his/her hand, which means the joints of end-effector 
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do not attach to patient’s upper-limb. This kind of robots is simple and can be easily 

adapted to different sizes and shapes of patients (e.g. MIT-MANUS [52] and ARM-

Guide [53]). However, due to their simple mechanisms, it is difficult to precisely 

control a certain single joint of the upper limb for rotation movement training. 

Moreover, this shortage may cause joint injuries or second injuries for subjects as well, 

which is a serious problem especially for 3D spatial robots. To tackle this issue, two 

kinds of robots have been developed: table-top robots can provide 2D planar training 

(e.g. MIT-MANUS [52] and Braccio di Ferro [54]), and multi-robots can complete the 

predefined exercises of wrist, elbow and shoulder separately or at the same time (e.g. 

REHAROB [55] and iPAM [56]). In addition, a number of end-effectors have been 

developed to actualise the bilateral rehabilitation training (Fig. 2.1), in which the most 

impaired arm can mimic the unimpaired or less impaired arm to perform synchronous 

exercises assisted by the robots (e.g. MIME [57], Bi-Manu-Track [58] and Driver 

SEAT [59]). 

An exoskeleton robot encapsulates the upper-limb into the bionic-structure to control 

its movement. Also due to its capsule mechanism, exoskeleton can fully control the 

posture of upper-limb and determine how much torques should be applied to each joint 

separately, which is possible for training a certain muscle by calculating the torques 

of the related joints. In addition, exoskeleton needs less working space compared to 

end-effector when doing the same therapy. However, this capsule structure means that 

joint axes of upper-limb are pre-determined, and mechanical singularity will occur if 

robots’ axes do not align correctly with patients’ upper-limb anatomical axes [50]. The 

overlap between end-effector and exoskeleton in Fig. 2.1 is wire-based robots, where 

wires are connected to a splint, becket or even exoskeleton to support body weight, 

and to control height, torque and orientation of upper-limb (e.g. Swedish Helparm [60] 

and NeReBot [61]). 
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Figure 2.1. Two main categories of upper-limb rehabilitation robots. Reprinted from [51], 

with permission from Springer. 

In recent years, a number of robots have been designed for bilateral training, 

specifically for upper-limb stroke rehabilitation. Cauraugh [9] and Stinear [10] further 

reported that the activation of damaged hemisphere could be promoted by the 

activation of undamaged hemisphere through simultaneous movement between the 

most impaired arm and the less impaired arm. A total of eight systematic reviews 

presented mixed results about the availability of bilateral training for upper-limb 

rehabilitation. Two reviews [62, 63] found that bilateral upper-limb training has 

positive effects. However, the other six reviews hold the neutral attitudes compared to 

two previous reviews [16, 23, 64-67]. In these reviews, authors suggested that there 

were evidence showed bilateral therapy could improve the function of stroke survivors, 

however more clinical data were required to support this conclusion. Furthermore, the 

other two reviews suggested that bilateral training had no better effectiveness in 
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extended daily activities compared to other rehabilitation training [68, 69]. The 

reasons for these mixed results might be associated with different robots used in 

different clinical trials, the non-uniformity of patients and the phase of stroke [16]. 

Therefore, an overall evaluation of bilateral robots for upper-limb rehabilitation is 

required for future research in this field. 

The purpose of this systematic review is to investigate and integrate the characteristics 

of mechanical structures, the supported training protocols (bilateral and unilateral), the 

clinical trials and outcomes from a large number of papers, reviews and reports related 

to the bilateral upper-limb rehabilitation robots for stroke survivors. Moreover, an 

assessment is conducted to evaluate the effectiveness of bilateral training in 

comparison with unilateral training based on the related devices/robots. Note that to 

date, there are a few researchers report the specifically designed control strategies and 

training protocols for bilateral upper-limb rehabilitation as well as the robot-based 

assessment tools, thus these aspects would be reviewed in related chapters later. As 

for the normal control strategies and training protocols for upper limbs, they have been 

systematically reviewed by our groups [17, 70, 71] and would be not reviewed in this 

chapter either. 

2.2 Selection Processes and Results 

2.2.1 Search Strategy 

Articles (including journal articles, extended abstracts, and conference proceedings) 

published between year 1993 and 2015 in the following nine electronic databases are 

searched: Scopus, MEDLINE (OvidSP), Compendex, PubMed, IEEE Xplore, 

ScienceDirect, SpringerLink, Web of Science and Google Scholar. The search key 

words: 
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 “Stroke*”, Or “Hemiparetic Stroke*”, Or “Paresis*”, Or “Cerebrovascular 

Disorder*”, Or “Cerebrovascular Accident*”; 

 “Upper-limb*”, Or “Upper extremity *”, Or “Arm*”, Or “Forearm*”; 

 “Bilateral*”, Or “Bimanual*”; 

Additional searches in the CNKI are conducted and many valuable Chinese articles 

are screened. In addition, the references listed in relevant articles are also the valuable 

supplements for this review. 

About 1366 articles are selected by these key words. 115 articles remained after the 

first two screenings which are executed based on the title and abstract respectively. 

Articles which meet this review’s inclusion criteria will be included in the final 

selection and others will be excluded. Articles which are not sure whether to include 

or not will be discussed among authors. The schematic of selection process and 

screening result is shown in Fig. 2.2. 
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1366 publications are searched out with Scopus(309), MEDLINE (OvidSP)(159), Compendex(128), 

PubMed(135), IEEE Xplore(290), ScienceDirect(57), SpringerLink(48), Web of Science(201) and 

Google Scholar(39)

789 publications are selected from major databases by one 

reviewer

577 publications are exclued

217 publications are selected based on titles by one reviewer.

Criteria: Robot and Upper Limb Rehabilitation

115 publications are selected based on abstracts by one 

reviewer(Some studies one reviewer is not sure whether to 

include or not are discussed with other reviewers).

Criteria: Robot and Upper Limb Rehabilitation

58 publications remained after reading full text by one reviewer and data extraction are conducted 

by two primary reviewers with discrepancies solved through input from other reviewers.

Criteria: Robot, Upper Limb rehabilitation and Bilateral.

15 publications are selected 

based on CNKI to check 

the new materials by one 

reviewer.

Criteria: Robot, Upper 

Limb rehabilitation and 

Bilateral.

 

Figure 2.2. The schematic of selection process for final review. 

2.2.2 Inclusion and Exclusion Criteria 

In mechanism section, articles study bilateral robots for upper-limb or upper 

extremities rehabilitation are included, such as end-effectors, exoskeletons and 

industrial robots. However, articles involving only unilateral robots, hypothetic or 

unfinished bilateral robots are excluded for the invisible rehabilitation techniques. In 

clinical trial section, based on the selected articles above, all training assessing the 

outcomes of bilateral rehabilitation are included. These include any participants (male 

and female) who suffered from any phase of stroke, to allow the generalization of 

different populations. While studies with animal-based trials or without clinical trials 

are excluded due to outcomes cannot be evaluated or significant differences between 

the structures of animal and human. 
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2.2.3  Selection Results 

After excluding studies involving only unilateral devices (without bilateral), 

hypothetic or unfinished bilateral devices, animal-based trials or no clinical trial, a 

total of 58 articles need to be further analysed. These articles are divided into three 

main categories: forty-nine end-effector studies, two exoskeleton studies and seven 

industrial device studies. 

2.3 Robot Mechanism 

Mechanism is the key part for rehabilitation robot, which is the foundation of clinical 

trials. In this section, a total of twelve different structures are analysed systematically 

within the category of end-effectors, exoskeletons and industrial robots. The results of 

these twelve structures are summarized in Table 2.1. However, the devices/robots 

without randomized controlled trials (RCTs) are not discussed in this paper since the 

usability of these mechanisms cannot be assessed without clinical trials or outcomes. 

2.3.1 End-effector 

In the following section, a total of ten end-effectors for upper-limb rehabilitation are 

analysed according to the categories: 2D planar structure, 3D spatial structure, special 

and commercial structures. 

2D Planar structure 

2D planar structure refers to the robots that can only move on the table or similar 

planes. The advantages of this kind of robots are that the gravity factor can be ignored 

and training safety is higher than 3D spatial structure. However, the range of motion 

and the training protocols are limited. Two typical devices are analysed in details as 

follows. 
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Rocker (APBT) 

The Rocker is a custom-built device for active-passive bilateral movement training 

(APBT, Stinear J.W. et al. 2004), which is an upgraded version of Hand-Object-Hand 

system (H-O-H, Lum P. S. et al. 1993 [72, 73]). The device has two connected 

crankshafts positioned on a table that couples two manipulators [74] and can provide 

the symmetrical or asynchronous training (60o phase lag) for wrist flexion/extension 

movements in horizontal plane (Fig. 2.3). Compared with the H-O-H, this device 

supports active training protocol, which is important for nerve and coordination 

recovery. 

 

Figure 2.3. Rocker (APBT). Reprinted from [16], an Open Access article with unrestricted 

use permission. 

Self-Controlled Master-Slave Robot 

The Self-controlled Master-Slave Robot was developed based on the ideas of 

Bimanual Lifting Rehabilitator [75] and Hand Robotic Rehabilitation Device [76], 

which consists of two identical terminals for elbow flexion/extension movements 

(SCMSR, Li C.G. et al. [77-81]). Two adjustable handles are connected to the 

terminals through two identical motors. Two torque transducers and one strain gage 

signal amplifier are used to measure the torques (Fig. 2.4(a)). Furthermore, the 
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working states of the motors could be controlled by the forces exerted by hands on 

each terminal. The motor with larger exerted force will work in the generating state 

and serves as the master robot, while another motor will work in the electro-motive 

state and serves as the slave robot. Three training protocols are supported: 1) passive-

driven mode: the most impaired upper-limb will be passively driven to move by the 

robot ; 2) active-assisted mode: the most impaired upper-limb will be assisted by the 

contralateral upper-limb to complete the predefined exercises; and 3) active-resisted 

mode: the most impaired upper-limb will be resisted by the contralateral upper-limb 

to complete the training. In 2013, this group also presented a new rehabilitation 

method by using a near-infrared spectroscopy (NIRS) [82]. In this study, two NIRS 

probes are positioned on the bilateral frontal areas of subjects to measure the 

concentrations of oxygenated haemoglobin, deoxygenated haemoglobin and total 

haemoglobin to analyse the effect of bilateral training and the difference between 

unilateral and bilateral training in activating the brain (Fig. 2.4(b)). This is the first 

device that considers the neural recovery, which is very important for stroke 

rehabilitation. 

(a) (b)

Figure 2.4. Self-Controlled Master-Slave Robot: (a) SCMSR and (b) NIRS probes. (a) is 

reprinted from [81], an Open Access article with unrestricted use permission, (b) is reprinted 

from [80], with permission from Springer. 
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3D Spatial structure 

3D spatial structure refers to the robots that can move in the three-dimensional space. 

The advantage of this kind of robots is that most daily activities and training protocols 

can be actualised. However, the rotations of upper-limb cannot be controlled precisely, 

which may cause joint injuries or second injuries. Three robots developed from year 

1999 have been analysed in details below. 

Mirror Image Movement Enhancer & ARCMIME Phase I 

In 1999, Lum and his colleagues produced the ‘Mirror Image Movement Enhancer’ 

(MIME) based on H-O-H. MIME is the first robot that can provide two individual 

therapy: unilateral and bilateral training [20, 57, 83]. A key factor of MIME is a six-

DOF industrial robot connected with a force/torque transducer positioned on the 

forearm supporter to provide assistance for the impaired arm. In addition, another thick 

splint is coupled to a six-DOF position digitizer with forearm supporter for the less 

impaired arm. Participants’ forearm can be positioned within a great range of 

orientations and positions to perform some complex 3D spatial movements. The robot 

can provide four different control modes: 1) passive mode with robot providing the 

whole assistance force; 2) active-assisted mode with patient initiating the exercise and 

robot providing a small assistance force; 3) active-constrained mode with robot 

producing a resistance force in predefined movement; and 4) bilateral mode. In 

‘bilateral mode’ (Fig. 2.5), the robot guides the most impaired arm to mimic 

movements of the less impaired arm through the position digitizer. However, due to 

the force sensor, the control system only allows MIME to move in the predefined 

trajectory; that is, if the subject cannot provide the force in the right direction, the arm 

remains stationary. Furthermore, in ‘bilateral mode’, the less impaired arm is attached 

to the six-DOF position digitizer only, which cannot generate the resistance force. 
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Figure 2.5. MIME, Bilateral mode. Reprinted from [20], an Open Access article with 

unrestricted use permission. 

Mahoney R. M. et al. designed the ARCMIME based on hypothesis that kinematically 

simpler system can fully acquire the similar data outcomes as the more sophisticated 

rehabilitation robot---MIME. In order to create a commercially viable robot, the 

industrial robot (PUMA-560) was abandoned. The ARCMIME consists of linear 

slides and aluminium extrusions on which arm supporters are mounted. The control 

system is similar with MIME and can be reconfigured manually. In addition, the pitch 

angle could be adjusted form -85o to +85o in horizontal plane and two arms could be 

rotated 345o around their individual pivot points[84]. However, the movement 

provided by the ARCMIME only be allowed along the linear slides rather than 3D 

space (Fig. 2.6). ARCMIME is the first device that designed as a commodity used by 

clients at home or in hospital. 
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Figure 2.6. ARCMIME Phase I. Reprinted from [84], with permission from Cambridge 

University Press. 

Bilateral Upper-Limb Trainer 

The Bilateral Upper-limb Trainer (BUiLT, King M. et al. 2010 [85]) was developed 

to provide mirror-symmetrical bilateral training, to incorporate virtual reality device 

to generate some greater motivations for training. The robot consists of forearm 

supporters with Velcro fasteners and a palmar ‘mound’/‘joystick’ style handgrip [86]. 

The pivot point is passive, which facilitates shoulder external/internal rotation in the 

‘dragging’ exercise. The height, tilt and resistance force are adjustable to the patients, 

e.g. increase difficulty for different clinical training. Movements of the impaired arm 

can be picked up via a webcam and processed for games to match the hand in real time. 

Four games are supported: Target, Mosquito, Butterfly and Re-bounce. 

Special structure 

Special structure refers to the robots that have an unusual structure or specifically 

designed for certain training protocols. One structure is analysed as follows. 
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Driver’s SEAT 

The Driver’s SEAT: ‘Simulation Environment for Arm Therapy’ (Driver’s SEAT, 

Johnson M. et al.1999) was developed as a strong mediator to improve patients’ 

bilateral motivation, which comprises a customised adjustable-tilt-split-steering wheel 

with sensors to extract force and position related performance, and a servomotor to 

provide the assistance and resistance torques to the patients [59, 87, 88]. Realistic 

graphical road scenes can be provided by a low-cost driving simulator, which can 

enhance patients’ interest in using the impaired arm to finish the steering task (Fig. 

2.7). Three different control modes are provided by the device: passive mode, active 

mode, and normal mode. In passive mode, the less impaired arm does steering, while 

the most impaired arm does passive movement with the assistance of servomotor. In 

active mode, the most impaired arm does steering with the instruction by device 

without the help of the contralateral arm. In normal mode (bilateral mode), the patient 

is encouraged to steer by both arms without the assistance of servomotor so that to 

improve the coordinate ability. In 2011, Johnson M. et al. reported a research by 

applying two wheels to perform bilateral training through the Bi-TheraDrive mode 

[89]. The Driver’s SEAT is the first prototype used games to interest patients, and this 

training protocol has been proved as a positive method in the following study. 

However, due to its mechanism (one-DOF), the Driver’s SEAT can only perform the 

steering task and cannot distinguish the improvement of each joint. 
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Figure 2.7. Driver’s SEAT, Normal mode. Reprinted from [88] with permission from 

Cambridge University Press. 

Commercial structure 

Commercial structure refers to the devices/robots that can be obtained from the market 

and used with or without therapists. In generally, the commercial robots are simple 

and cheap even though the training protocols are monotonous. Four commercial 

structures are analysed as follows. 

BATRAC (Tailwind) 

A custom-made bilateral arm trainer was developed in 2000 (Whitall J. et al. [21]), 

together with a new training protocol---bilateral arm braining and rhythmic auditory 

cueing (BATRAC). The device includes two handles positioned on the frictionless 

tracks. With an auditory cues provided by a metronome, subjects can push the handles 

forward/backward, either in a mirror-symmetrical mode or an alternating mode. 

Besides, the impaired arm can be strapped on the handle if subjects are unable to hold 

it. The initial BATRAC pays attention to elbow and shoulder, while more focuses 

should be laid on the function of upper-limb [90, 91]. For this purpose, a modified 

device was developed with two handgrips positioned on the distal ends of a chair’s 
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arm rests (Fig. 2.8). The wrist flexion/extension movements can be allowed in 

horizontal plane by the handgrips, either in a simultaneous mode or an alternating 

mode. Tailwind is a commercial version of BATRAC (Anatomical Concepts, UK Ltd). 

The aim of this device is to actualise the home-based rehabilitation therapy. The 

modified BATRAC is not commercially available yet. 

 

Figure 2.8. Modified BATRAC. Reprinted from [91], an Open Access article with 

unrestricted use permission. 

Bi-Manu-Track System & Reha-Slide & Reha-Slide Duo 

The Bi-Manu-Track system is a motor-driven device which offers two training 

patterns for bilateral exercises (passive and active): forearm pro-/supination 

movements and wrist flexion/extension movements (Fig. 2.9) [58]. To change 

between two training patterns, the device could be vertically rotated 90o. Furthermore, 

the resistance force, amplitude and speed of both handles could be adjusted 

individually as well. Three different control modes are supported by this device: 1) 

passive-passive mode with device assists both arms; 2) active-passive mode with the 

most impaired arm helped by device and the less impaired arm performs actively; and 

3) active-active mode with both arms move initiatively to overcome the resistance 

force provided by device. 
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Figure 2.9. Bi-Manu-Track system. Reprinted from [58], with permission from Elsevier. 

The Reha-Slide (Hesse S.et al. 2007) consists of a tillable board with two parallel 

tracks and handles connected by a rod on either side [92]. The rod can move 

forward/backward (30cm) for extension/flexion of elbow, sideways (15cm both 

directions) for abduction/adduction of shoulder and rotated (360o) for 

flexion/extension of wrist. The adjustable rubber brake elements could adjust the 

friction for upward/forward/backward movements in a range from 5N to 80N. 

Furthermore, the wireless mouse can be installed on the rod for games or biofeedback. 

The Reha-Silde-Duo is an another version of the same device as described above [93]. 

The rod is removed so the patients can move the handles forward/backward separately, 

which is similar to Tailwind’s operation. 

These three devices are all commercial products developed by Reha-Stim, Berlin, 

Germany, which is the first rehabilitation company for general customers. 

2.3.2 Exoskeleton 

Exoskeleton is another type of rehabilitation robots, which encapsulates the upper-

limb into the bionic-structure to provide the opportunity to control the movement. This 

type of robots can fully control the posture of arm and provide the assisted-force to 

each joint separately. However, the exoskeleton designed for patient’s right limb may 
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not be suitable for the left one. So the cost is high when realizing the bilateral training 

compared to end-effector. Only one robot has been reported. 

EXO-UL7 

Different with end-effector robots described above, the EXO-UL7 is an exoskeleton 

system, which consists of two seven-DOF upper-limb rehabilitation robots (Simkins 

M. et al. 2013 [14, 15]). The movements of shoulder abduction/adduction, 

flexion/extension, internal/external rotation; elbow flexion/extension; wrist 

pronation/supination, flexion/extension, radio/ulnar deviation are actualised by seven 

single-axis revolute joints, so most of daily activities are supported. Similarly, four 

six-axis force/torque sensors are positioned on upper-arm, lower-arm, hand and tip of 

each robot for interaction between subjects and EXO-UL7. The subjects can control 

the virtual objects in computer with the haptic feedback by using PC games. Two 

different training protocols are supported by this device: 1) unilateral mode with the 

most impaired upper-limb supported by system and 2) bilateral mode with the most 

impaired upper-limb (slave) mimics the movements of the contralateral upper-limb 

(master) by the help of system (Fig. 2.10).  
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Table 2.1 The overview of bilateral upper-limb rehabilitation robots 

Groups Systems(Name) Training protocols 

Application 

(Shoulder/Elbow 

/Wrist/Forearm) 

DOFs Commercialisation References 

End-effector 

Rocker (APBT) 
1.Synchronous (Bilateral) 

2.Asynchronous (Unilateral) 
Wrist 1 No Stinear J.W. et al. 2004[74] 

SCMSR 

1.Passive-driven (Bilateral) 

2.Active-assisted (Bilateral) 

3.Active-resisted (Bilateral) 

Elbow 1 No Li C.G. et al. 2010[77] 

MIME 

1.Passive (Unilateral) 

2.Active-assisted (Unilateral) 

3.Active-constrained (Unilateral) 

4.Bilateral 

Shoulder + Elbow 6 No Lum P. S. et al. 1999[57] 

ARCMIME Phase I 1.Bilateral Shoulder + Elbow 2 No Mahoney R. M. et al. 2003[84] 

BUiLT 1.Bilateral Shoulder + Elbow 2 No King M. et al. 2010[85] 

Driver SEAT 

1.Passive (Unilateral) 

2.Active (Unilateral) 

3.Normal (Bilateral) 

4.Bi-TheaDrive (Bilateral) 

Forearm 1 No Johnson M. et al. 1999[59] 

BATRAC (Tailwind) 1.Bilateral Forearm + Wrist 2 YES Whitall J. et al. 2000[21] 

Bi-Manu-Track System 

1.Passive-passive (Bilateral) 

2.Active-passive (Bilateral) 

3.Active-active (Bilateral) 

Forearm + Wrist 2 YES Hesse S. et al.  2003[58] 

Reha-Slide 1.Bilateral Forearm 2 YES Hesse S.et al. 2007[92] 

Exoskeleton EXO-UL7 
1.Unilateral 

2.Bilateral 
Forearm 7 No Kim H. et al. 2007[14] 

Industrial 

Robot 
Haptic MASTER Robot 

1.Unilateral 

2.Bilateral 
Forearm 3 No 

Adamovich S. V. et al. 

2009 [94] 

1.Unilateral RA 

2.Bilateral RA 

3.Bilateral voluntary 

Forearm 3 No Lewis G. N et al. 2009 [95] 

1.Bilateral Forearm 3 No Johnson M. J. et al. 2011 [96] 

1.Bilateral Forearm + Wrist 4 No Trlep et al. 2011 [97] 
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Table 2.2 The overview of clinical trials 

Systems Subjects 
Mean Age 

(Year) 

Phase of 

stroke 

Lesion location 

(Right, Left) 

Mean time 

Post-stroke 

(Month) 

Training 

duration 

(Minute) 

Length 

of study 

(Session) 

Control protocol 

(Bilateral/ 

Unilateral) 

Functional 

outcome 

measured 

References 

Rocker 

(APBT) 

9   (G1:5; 

      G2:4)  
N/A Chronic N/A N/A 

G1: 10 

G2: 25 
24  B 

1. FMA Stinear J. et al. 

2004 [74] 

32 (G1:16; 

      G2:16)  

G1:57.9 

G2:52.6 
Chronic 

G1:8R,8L 

G2:8R,8L 

G1:28.8 

G2:20.2 
10 12  B 

1. FMA Stinear C. et al. 

2008 [98] 

4 68.25 Sub-Acute 3R,1L * 3 20-30 15  B 
1. FMA Delden A. et al. 

2010 [99] 

MIME 

5 N/A Chronic N/A >6 60 24  U+B 
1. Barthel Index 

2. FIM 

Lum P. S. et al. 

1999 [57] 

21(G1:11; 

     G2:10) 

G1:64.6±12.8 

G2:63.3±9.0 
Chronic 

G1:4R,7L 

G2:3R,7L 

G1:26.5±16.1 

G2:26.4±20.9 
60 24 U+B 

1. FMA 

2. Barthel Index 

3. FIM 

Burgar C. G. et 

al. 2000 [20] 

27(G1:13; 

     G2:14) 

G1:63.2±3.6 

G2:65.9±2.4 
Chronic 

G1:9R,4L 

G2:10R,4L 

G1:30.2±6.2 

G2:28.8±6.3 
60 24 U+B 

1. Barthel Index 

2. FIM 

3. FMA 

Lum P. S. et al. 

2002 [83] 

30(G1:10; 

     G2:9; 

     G3:5; 

     G4:6) 

G1:62.3±2.8 

G2:69.8±4.0 

G3:72.2±11.7 

G4:59.9±5.5 

Chronic 

G1:5R,5L 

G2:5R,4L 

G3:3R,2L 

G4:4R,2L 

*G1:13.0±2.1 

G2:10.0±1.9 

G3:6.2±1.0 

G4:106.±2.7 

60 15 U+B 

1. MSS 

2. FIM 

3. FMA 

Lum P. S. et al. 

2005 [100] 

54(G1:19; 

     G2:17; 

     G3:18) 

G1:62.5±2.0 

G2:58.6±2.3 

G3:68.1±3.3 

Sub-Acute  

G1:10R,9L 

G2:8R,9L 

G3:13R,5L 

#G1:17.3±2.7 

G2:16.6±2.4 

G3:10.6±1.2 

60 

G1:15 

G2:30 

G3:15 

U+B 

1. FMA 

2. FIM 

3. WMFT MT 

4. WMFT FAS 

Burgar C. G. et 

al. 2011 [101] 

10 23.3±2.7 
Chronic 

Healthy 
N/A N/A N/A 8 B 

1. TE Values Kadivar Z. et al. 

2011 [102] 

ARCMIME 

Phase I 

6(G1:4; 

   G2:2) 
N/A 

Chronic 

Healthy 

G1:3R,1L 

G2:N/A 

G1:>12 

G2:N/A 
N/A N/A B 

1. Movement 

Time 

2. Force 

Mahoney et al. 

2003 [84] 
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Continued to Table 2.2 

BUiLT 

14 57.1±14.0 Chronic 8R,6L N/A 50 10 B 
1. WMFT 

2. FMA 

King M. et al. 

2010 [85] 

5 61.8 Chronic 3R,2L 3.8 45 24 B 
1. FMA 

2. IMI 

Sampson et al. 

2012 [86] 

Driver's 

SEAT 

16(G1:8; 

     G2:8) 

G1:67.7±10.83 

G2:62.8±7.83 

Chronic 

Healthy 

G1:4R,4L 

G2:4R,4L 

G1:43.5±40.56 

G2:N/A 
N/A N/A U+B 

1. FMA Johnson M. et 

al. 2005 [87] 

12(G1:3; 

     G2:4; 

     G3:5) 

G1:59±2.94 

G2:56.5±1.5 

G3:N/A 

Chronic 

Healthy 

G1:2R,1L 

G2:3R,1L 

G3:N/A 

N/A 
★

33 3 U+B 

1. RMS 

2. POST-HOC    Analysis 
Johnson M. et 

al. 2011 [89] 

BATRAC 

(Tailwind) 

14 58.64 Chronic 7R,7L 81.43 5 18 U+B 

1. FMA 

2. WMFT 

3. UMAQS 

Whitall J. et 

al. 2000 [21] 

111(G1:55; 

       G2:56) 
59.8±9.9 Chronic 36R,6L 54±49.2 50 18 U+B 

1. FMA 

2. WMFT 

3. SIS 

Whitall J.et al. 

2011 [103] 

Modified 

BATRAC 

14 64.4±12.8 Chronic 6R,8L 65.5±48 120 8 B 

1. FMA 

2. WMFT 

3. MAL 

Richards L. G. 

et al. 2008 

[90] 

60(G1:19; 

     G2:22; 

     G3:19) 

G1:62.6±9.8 

G2:59.8±13.8 

G3:56.9±12.7 

Sub-Acute 

G1:8R,11L 

G2:10R,12L 

G3:8R,11L 

*G1:7.8±4.9 

  G2:9.25±6.8 

  G3:11.1±6.8 

60 18 U+B 

1. Inter-limb Interactions 

2. MEG 

3.Peripheral Stiffness 

Van D. A. et 

al. 2009      [91, 

104] 

Bi-Manu-

Track 

System 

12 63.6 Chronic 7R,5L 9.3 15 15 B 
1. RMA 

2. MAS 

Hesse et al. 

2003 [58, 105] 

44(G1:22; 

     G2:22) 

G1:65.4±11.5 

G2:64.0±11.6 
Sub-Acute 

G1:8R,14L 

G2:11R,11L 

*G1:5.1±1.3 

  G2:5.5±1.4 
20 30 B 

1. FMA 

2. MRC 

Hesse et al. 

2005 [106, 

107] 

10 63.3 
Sub-Acute 

Chronic  
6R,4L N/A 20 30 B 

1. FMA Hesse S. et al. 

2007 [108] 

96(G1:32; 

     G2:32; 

     G3:32) 

G1:63.9±10.5 

G2:65.4±8.6 

G3:65.6±10.3 

Sub-Acute 

Chronic  

G1:14R,18L 

G2:15R,17L 

G3:16R,16L 

*G1:3.4±1.8 

  G2:3.8±1.4 

  G3:3.8±1.5 

20 30 B 

1. FMA 
Hesse S. et al. 

2011 [109] 

20(G1:10; 

     G2:10) 

G1:55.51±11.17 

G2:54.56±8.20 
Chronic 

G1:6R,4L 

G2:7R,3L 
22 90-105 20 B 

1. FMA 

2. MAL 

3. FIM 

Wu C. et al. 

2012 [110] 
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Continued to Table 2.2 

 

21(G1:7; 

     G2:7; 

     G3:7) 

G1:51.4±10.9 

G2:50.8±6.1 

G3:51.6±7.6 

Chronic 

G1:4R,3L 

G2:4R,3L 

G3:3R,4L 

G1:14.7±5.7 

G2:12.3±4.4 

G3:14.3±6.8 

90-105 20 U+B 

1. FMA 

2. MAS 
Wu C. et al. 

2012 [111] 

42(G1:14; 

     G2:14; 

     G3:14) 

G1:55.13±12.72 

G2:57.04±8.78 

G3:51.30±6.23 

Chronic 

G1:7R,7L 

G2:5R,9L 

G3:4R,10L 

G1:18.00±8.65 

G2:17.29±13.29 

G3:17.57±9.8 

90-105 20 B 

1. FMA 

2. MAL 

3. SIS 

Wu C. et al. 

2012 [112] 

53(G1:18; 

     G2:18; 

     G3:17) 

G1:54.95±9.90 

G2:52.21±12.20 

G3:54.22±9.78 

Chronic 

G1:12R,6L 

G2:9R,9L 

G3:8R,9L 

G1:19.00±15.51 

G2:23.28±15.37 

G3:23.41±15.24 

90-105 20 U+B 

1. WMFT 

2. MAL 
Wu C. et al. 

2013 [113] 

Reha-Slide 

2 N/A 
Sub-Acute 

 
N/A N/A 

20-30 

 

30 

 
B 

1.FMA 

2.Muscle Strength 

Hesse S.et al. 

2007 [92] 

54(G1:27;

G2:27) 

G1:62.1±10.0 

G2:65.2±11.7 

Sub-Acute 

 

G1:11R,16L 

G2:18R,9L 

*G1:4.6±1.0 

  G2:5.2±1.3 
20-30 30 B 

1.FMA 

2.Muscle Strength 

Hesse S.et al. 

2008 [93] 

24(G1:6; 

     G2:6; 

 G3:12) 

G1:77±6.5 

G2:69.5±12.20 

G3:54.22±9.78 

Sub-acute 

Chronic 

G1:3R,3L 

G2:3R,3L 

G3:4R,8L 

*G1:4.5±1.4 

  G2:18.7±37.9 

  G3:16.3±28.4 

30-45 15 U+B 

1.FMA(G1,G2) 

2.ARAT(G3) 

Buschfort R. 

et al. 2010 

[114] 

EXO-UL7 15 N/A Chronic N/A >6 90 12 

G1:U 

G2:B 

G3:Manul 

1. FMA 

2. Averaged  

Range-of-Motion 

Nishida K. et 

al,2013[14, 

15] 

Haptic 

MASTER 

Robot 

4 53.5 Chronic N/A 45 N/A N/A U+B 
1. WMFT Adamovich et 

al. 2009 [94] 

15 59±10 Chronic 6R,9L 120±60 N/A N/A U+B 
1. Normalised  

Movement Time 

Lewis G. N et 

al. 2009 [95] 

17(G1:7; 

     G2:4; 

     G3:10) 

G1:62 

G2:57.3 

G3:47.5 

Chronic 

Healthy 

G1:4R,3L 

G2:0R,4L 
>6 

S1:N/A 

S2: 60 

S1:N/A 

S2:12 
U+B 

1. FMA 

2. FAS 

Johnson M. J. 

et al. 2011 

[96] 

4 46 Chronic 3R,1L 106.5 30 8 B 
1. MMAS 

2. MAS 

Trlep et al. 

2011 [97] 

Acute=1 day to 1 week, Sub-acute=1 week to 1 month, Chronic=>1 month. G=Group, S=Study, *=weeks, #=days, ★=second, B=Bilateral, U=Unilateral. TE=trajectory error. FMA= Fugl-Meyer 

Assessment, WMFT=Wolf Motor Function Test, FAS = Functional Ability Scale, MT = movement time, FIM=Functional Independence Measure, MSS=Motor Status Scale RMS=Pseudo Random 

Sine, CRP=Comprehensive rehabilitation program (shoulder girdle, elbow, wrist, finger joints), RMA=Rivermead Motor Assessment,  MAS=Modified Ashworth Scale, MAL=Motor Activity 

Log, SIS=Stroke Impact Scale, NHPT=Nine-hole pet test, MT = movement time, UPDRS= Unified Parkinson's Disease Rating Scale, UMAQS=the University of Maryland Arm Questionnaire 

for Stroke, MEG=magneto-encephalography, ARAT= Arm Research Action Test, FAT=Frenchay Arm Test, IMI=Intrinsic Motivation Inventory, DASH=Disabilities of Arm, Shoulder and Hand 

outcome measure, MMAS=Modified Modified Ashworth Scale, MRC=Medical Research Council sum. 
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Table 2.3 The overview of clinical effectiveness 

Systems References Subjects Outcomes Effectiveness 

Rocker (APBT) 

Stinear J.W. et al. 2004[74] 9(G1:5;G2:4) The FMA improved. Not clear 

Stinear C. M. et al. 2008[98] 32(G1:16;G2:16) G2: The FMA and the M1improved. None 

Delden A. V. et al. 2010[99] 4 The FMA and the ARAT improved.  None 

MIME 

Lum P. S. et al. 1999[57] 5 G1: The free-reach kinematics and the FMA improved. None 

Burgar C. G. et al. 2000[20] 21(G1:11;G2:10) G1: The FMA improved. None 

Lum P. S. et al. 2002[83] 27(G1:13;G2:14) G1: The FMA increased in first 6 months, and the FIM increased in next 6 months. Not clear 

Lum P. S. et al. 2005[100] 30(G1:10;G2:9;G3:5;G4:6) G4: The FMA and MMS increased in first 6 months and then decreased.  Unilateral 

Burgar C. G. et al. 2011[101] 54(G1:19;G2:17;G3:18) G2: The FIM increased in first 6 months, and the MAS increased in next 6 months. Not clear 

ARCMIME Phase I Mahoney R. M. et al.2003[84] 6(G1:4;G2:2) None None 

BUiLT 
King M. et al. 2010[85] 14 The FMA improved. None 

Sampson M.et al. 2012[86] 5 The FMA, strength and motivation of elbow and shoulder improved. None 

Driver's SEAT 
Johnson M. et al. 2005[87] 16(G1:8;G2:8) G1: The torque activity improved. Bilateral 

Johnson M. et al. 2011[89] 12(G1:3;G2:4;G3:5) None None 

BATRAC 

(Tailwind) 

Whitall J. et al. 2000[21] 14 The FMA, WMFT, strength and range of motion improved. Not clear 

Whitall J.et al. 2011[103] 111(G1:55;G2:56) G1: The WMFT and the brain activation improved. Not clear 

Modified BATRAC 
Richards L. G. et al. 2008[90] 14 The MAL improved. Not clear 

Van D. A. et al. 2009[91, 104] 60(G1:19;G2:22;G3:19) G1: The bigger amplitudes and the better movement harmonicity obtained. The same 

Bi-Manu-Track 

System 

Hesse S. et al. 2003[58, 105] 12 The MAS increased first and then decreased in next 3 months. None 

Hesse S. et al. 2005[106, 107] 44(G1:22;G2:22) G1: The FMA increased and remained in next 3 months. None 

Hesse S. et al. 2007[108] 10 Three subjects improved in the FMA. None 

Hesse S. et al. 2011[109] 96(G1:32;G2:32;G3:32) The FMA increased first and then decreased in next 3 months. None 

Wu C. et al. 2012[110] 20(G1:10;G2:10) G1: The FMA, MAL, upper-limb activity ratio and bilateral ability improved. None 

Wu C. et al. 2012[111] 21(G1:7;G2:7;G3:7) 
G1: The FMA, distal muscle power and proximal sub-score improved. 

G2: The proximal muscle power improved. 
Not clear 

Wu C. et al. 2012[112] 42(G1:14;G2:14;G3:14) 
G1: The compensatory trunk movement reduced. 

G2: The upper-limb temporal efficiency improved. 
None 

Wu C. et al. 2013[113] 53(G1:18;G2:18;G3:17) 
G1: The shoulder flexion, physical function and strength subscale improved. 

G2: The straighter trunk motion and the less trunk compensation obtained. 
Not clear 

Reha-Slide 

Hesse S.et al. 2007[92] 2 The FMA and the muscle strength improved. None 

Hesse S. et al. 2008[93] 54(G1:27;G2:27) 
G1: The BBT improved. 

G2: The muscle tone improved. 
None 

Buschfort R. et al. 2010[114] 24(G1:6;G2:6;G3:12) 
G1, G2: The FMA improved. 

G3: The ARAT improved 
None 
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Continued to Table 2.3 

EXO-UL7 Nishida K. et al. 2007[14, 15] 15 The FMA improved. Bilateral 

Haptic MASTER  

Robot 

Adamovich S. V. 2009 [94] 4 One subject improved in the WMFT.  None 

Lewis G.N et al. 2009 [95] 15 Bilateral training improved in the motor coordination. Bilateral 

Johnson M.J.et al. 2011 [96] 17(G1:7;G2:4;G3:10) Two patients reduced the inter-limb coordination deficits. None 

Trlep et al. 2011[97] 4 The applying forces and the tracking performance improved.  Not clear 

BBT= Box and Block Test, M1= Primary motor cortex, Not clear=Not mention the outcomes, but it did compare with each group, None =No comparison. 

 

Figure 2.10. EXO-UL7. Reprinted from [14], an Open Access article with unrestricted use permission. 
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2.3.3 Industrial Robot 

Industrial robot refers to the robots which have been used in industry. One industrial 

robot has been applied to bilateral training. 

Haptic Master Robot  

Haptic Master robot is a three-DOF admittance controlled robotic device which can 

measure the force, trajectories and other data to evaluate the training effect (FCS 

Control System, The Netherlands, 2003). Totally four groups tested this device for 

upper-limb rehabilitation. Adamovich and his colleagues designed a glove to secure 

the sphere for less strength subjects, and a ball/socket joint for subjects with finger 

(Fig. 2.11(a)) [94, 115]. Three different training protocols are provided: reach-touch 

mode, cup placing mode and bilateral catching of falling objects mode. In bilateral 

training protocol, a six-axis motion sensor is attached to the less impaired upper-limb 

to guide Haptic Master robot which is attached to the most impaired upper-limb to 

actualise the bilateral exercises using a virtual game. Lewis G. N et al. used two Haptic 

Master robots to evaluate the potential efficiency of bilateral robot-assisted 

rehabilitation with unilateral robot-assisted exercises and bilateral voluntary exercises 

[95]. Two different tasks are performed with these three training protocols described 

above: constrained reach task that limited movement to one axis and free reach task. 

Moreover, Johnson and his colleagues reported an affordable bilateral assessment 

system (BiAS) with two mini-passive measuring unites to collect wrist kinematics 

before, during and after training by using Haptic Master robot, which has the similar 

structure as Gentle/S (Fig. 2.11(b)) [97]. Two different bilateral training tasks are 

provided to demonstrate the ability of BiAS and to research the efficiency of bilateral 

robot-assisted therapy: bilateral symmetric (Bi-drink) functional task and bilateral 

asymmetric (Bi-pour) functional task. Trlep et al. developed a rehabilitation system 

for steering tasks as well [96]. An extra active joint is attached at the end of Haptic 
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Master robot to simulate the steering wheel (Fig. 2.11(c)). One bimanual handle is 

used to provide the resistance force and to measure the interaction force. Three 

different training protocols are supported: 1) vertical exercise with active elbow 

extension and shoulder flexion; 2) horizontal exercise with active elbow extension and 

shoulder protraction; and 3) isolated exercise with active elbow extension. 

（a） （b）

（c）

 

Figure 2.11. Haptic Master robot. (a) is reprinted from [115], an Open Access article with 

unrestricted use permission, (b) is reprinted from [16], an Open Access article with 

unrestricted use permission, (c) is reprinted from [96], with permission from Springer. 

Other rehabilitation robots are not discussed in this paper, such as Hand-Object-Hand 

system [72, 73], Bimanual Lifting Rehabilitator [75], Hand Robotic Rehabilitation 

Device [76], Bilateral Force-Induced Isokinetic Arm Movement Trainer [22], Linear 

Guide Platform [116], PA10 [117-119], Rehabilitation Robot System [120], Bimanual 

Training System [121], Able-X [122], PHANTOM Premium1.5 [123], PHANTOM 

Omni [124] and Active Prototyped System [125]. Because these robots either have no 
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RCTs to prove their usability of mechanisms or the same structures as above-

mentioned devices. 

2.4 Clinical Trials and Effectiveness 

Clinical trials and their effectiveness are the most important part for rehabilitation. In 

this section, total 34 RCTs are discussed and analysed according to the mechanisms 

above. The clinical trials with all healthy subjects are not included since the outcomes 

can only verify the usability of their structures. The summary of clinical trials is 

provided in Table 2.2, and their effectiveness are concluded, as shown in Table 2.3. 

2.4.1 End-effector 

In the following section, total 29 RCTs based on end-effector are analysed according 

to the categories: 2D planar structure, 3D spatial structure, special and commercial 

structures. 

2D Planar structure 

Totally 3 RCTs are collected in this category. Even though these RCTs are simple and 

the training time is not long enough, the outcomes of clinical trials are positive. 

Rocker (APBT) 

The Rocker has been used in three RCTs. For the pilot RCT [74], 9 chronic stroke 

subjects participated in 24 sessions, each 10 minutes induration, over 4 weeks. The 

first group (n=5) received synchronous training and the second group (n=4) received 

asynchronous training. Post-treatment assessment showed that five of the nine patients 

from both groups had a little more than 10% improvement in the Fugl-Meyer 

Assessment (FMA) and a small decrease in the affected cortical map. However, no 

subsequent study was reported. 
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In the second RCT [98], 32 chronic stroke subjects were recruited and divided into 

two groups. The first group obtained a traditional training with 12 ten-minute for over 

4 weeks, while the second group received a combination of Rocker and traditional 

training. In the second group, the subjects performed the mirror-symmetric wrist 

movements for 10 to15 minute prior to the traditional training. After treatment, the 

second group showed more improvement in the FMA, which was not presented 

immediately after training. The second groups also presented a significant 

improvement in the ipsilesional primary motor cortex (M1) excitability, which was 

shown at the post-treatment and the one-month follow-up evaluation. However, no 

significant changes were observed in the National Institutes of Health Stroke Scale 

scores and the grip strength between two groups. More importantly, the received 

results were based on the fact that the second group spent more time in training. 

The outcomes of Rocker were also evaluated by the third RCT [99]. 4 sub-acute stroke 

subjects received 20 to 30 minutes’ motor exercise, 1 or 2 times per day, 5 days per 

week for over 1 to 3 weeks with additional physiotherapy and occupational therapy. 

Furthermore, the subjects obtained additional 10 minutes’ mirror-symmetrical wrist 

movement prior to the motor practice. The results showed that the subjects gained a 

great improvement in the FMA and the Arm Research Action Test (ARAT) at any 

post-treatment as well as in the one-month subsequent assessment. However, this 

clinical trial was not dose-matched as the second RCT. 

3D Spatial Structure 

Totally 9 RCTs are conducted on this type of robots, and the clinical trials are abundant 

due to the ability of 3D spatial movement. More clinical trials are performed by the 

same group, which can ensure the coherence of experiment. 
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Mirror Image Movement Enhancer 

The MIME system has been tested by six randomized clinical trials, total 137 subjects 

so far. In the preliminary RCT [57], 5 chronic stroke subjects were recruited and 

divided into two groups with 24 one-hour sessions for over two-month to evaluate the 

therapeutic efficacy of robot-assisted (RA) rehabilitation. The first group was assisted 

all by robot during each session, while the second group received the 

neurodevelopmental therapy (NDT)-based training and five minutes’ robotic training. 

The results showed that the first group had more improvement in the free-reach 

kinematics, active-constrained training and FMA, which supported the hypothesis that 

RA training had advantages in the perspective of clinical and biomechanical aspects. 

However, no follow-up assessment was reported. 

Following this pioneering work, the same research group reported the second RCT 

[101] which enrolled 21 chronic stroke subjects and divided them into two groups: the 

robot group (n=11) and the NDT group (n=10). All subjects received 24 sessions, each 

60 minutes in duration, over 8 weeks with the same training protocol as described 

above. Post-treatment assessment showed that the robot group had a significant 

improvement in the FMA, while no difference in the Barthel Activity of Daily Living 

Scale (ADL) or the Functional Independence Measure (FIM). 

In order to obtain more evidence to assess the outcomes of RA training, the same 

research group conducted the third RCT [83]. 27 chronic stroke subjects were recruited 

to compare the results from the same amounts of RA and conventional therapy 

delivered during 24 one-hour sessions for over two-month. The outcomes about the 

FMA and the FIM were evaluated in blind test by therapists. After 8 weeks’ training, 

the subjects had more improvement in the FMA, proximal strength and reach extent 

than the NDT group. RA group increased in the FMA first and then disappeared in the 

6-month follow-up evaluation, while the larger improvement in the FIM was not 
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presented directly after training. However, all four training protocols were used in this 

RCT, which meant that RA group received 12 minutes bilateral training and 25 

minutes unilateral training in each session. Hence, it was difficult to tell the 

effectiveness of training therapy (bilateral or unilateral). 

The fourth RCT [100, 126] was conducted by the same research group to assess the 

effects of the unilateral training and the bilateral training, which enrolled 30 chronic 

stroke subjects and divided them into four groups. One group received NDT training 

(n=6) and other three groups obtained RA training: unilateral (n=9), bilateral (n=5) 

and combined unilateral and bilateral (n=10). All groups took part in 15 one-hour 

sessions for over one-month, and only the combined group had more improvement in 

the proximal FMA and the synergy scale of Motor Status Score (MMS) after training, 

while the bilateral group showed the lower improvement than other two groups. 

However, these gains disappeared and no great difference was observed between the 

unilateral group and the combined group after the six-month follow-up assessment. 

In 2011, Lum and his colleagues reported the results of RA training for sub-acute 

stroke survivors. In this RCT [20, 101], 54 sub-acute stroke subjects were recruited 

and randomized into three groups. The first group obtained a low-dose RA therapy 

with fifteen-hour sessions, and the second group received a high-dose RA therapy with 

thirty-hour sessions for over 3 weeks with all four modes, while the third group 

received a NDT occupational therapy with fifteen-hour sessions for over the same 

period. After training, the high-dose group received a great gain in the FIM than other 

groups, and this difference disappeared after the six-month follow-up evaluation as 

first and second RCT. However, in the Modified Ashworth Scale (MAS), the high-

dose group received greater improvement in the muscle tone than the low-dose group, 

which was not presented directly. 
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The latest RCT [102] was conducted by Kadivar in 2011, however, no patients were 

reported in his research. 

ARCMIME Phase I 

An RCT with 4 chronic stroke and 2 healthy subjects was conducted by Mahoney and 

his colleagues in 2003 [84]. In this RCT, ARCMIME Phase I was used and compared 

to MIME system by performing the same therapy. Four main therapy modes (passive, 

active-assisted, active-constrained and master/slave) were tested by ten trials with two 

movements. After treatment, the results showed that there was not significantly 

different for force directed therapy by using these two systems, which provided strong 

support for the potential of ARCMIME Phase I to replace MIME system. However, 

no other clinical therapy was reported based on this system. 

Bilateral Upper-Limb Trainer 

The BUiLT has been tested by two RCTs. The first RCT [85] enrolled 14 chronic 

stroke subjects and received 10 fifty-minute sessions. The result presented that 

subjects gained a significant improvement in the FMA. However, there was no 

improvement in the Wolf Motor Function Test (WMFT), and the Shoulder & Hand 

questionnaire reported that four subjects felt shoulder pain during training. 

In the following RCT [86], 5 chronic stroke subjects were recruited to assess the 

efficacy of BUiLT + Virtual Reality (VR) therapy. All subjects received a 45-minute 

session, four days per week for over six weeks. The result showed that all subjects 

increased in the FMA, strength in elbow and shoulder, and motivation during training. 

However, no follow-up evaluation was reported and there was not possible to truly 

speculate the efficacy of this system due to the small sample size. 
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Special Structure 

Totally 2 RCTs are performed on this kind of robots with the same research group. No 

follow-up study is reported even though the outcomes are positive. 

Driver’s SEAT 

The Driver’s SEAT system has been used in two RCTs. In the prior RCT [87], 8 

chronic stroke subjects with 8 healthy subjects were recruited and divided into two 

groups to assess the effectiveness of active force-feedback cues through four training 

protocols: two bilateral steering modes (with or without force cues) and two unilateral 

steering modes (with or without force cures). Result showed that the patients had gains 

in the producing torque activity only during bilateral steering mode with force cures. 

However, no follow-up study was reported based on this system. 

In the following RCT [89], 21 chronic stroke subjects were recruited and divided into 

three groups according to the FMA scale. All subjects received 3 thirty-minute 

sessions to finish the one-wheeled task with their most impaired arms, and five 

subjects were selected to finish the two-wheeled task. Post-treatment assessment 

reported that when the most impaired arm involved in bilateral training, the bilateral 

tracking errors would be similar to the unilateral tracking errors. Besides, if patients 

used bias exists, the most impaired arm would likely be under-used during bilateral 

training than unilateral training. However, no more useful information and follow-up 

assessment were reported. 

Commercial Structure 

Totally 15 RCTs are conducted on the commercial devices/robots, which is enough 

for evaluating the effectiveness of structures and training protocols. The main reasons 

for the big quantity of RCTs are that these devices are cheap and can be bought from 

the market easily. 
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BATRAC (Tailwind)  

The BATRAC has been tested in four RCTs. The pilot RCT [21] enrolled a single 

group of subjects with chronic stroke. 14 patients received 18 five-minute sessions for 

over six weeks. After treatment, the patients had more improvement in the FMA, 

WMFT, strength measures, range of motion measures and University of Maryland 

Arm Questionnaire. More importantly, most of gains sustained in the 8-week follow-

up evaluation. 

In the second RCT [90], 14 chronic stroke subjects participated in 8 two-hour sessions 

for over two weeks to verify the efficacy of the modified BATRAC. Patients showed 

an increase in the Motor Activity Log (MAL), while no significant changes in the 

FMA and the WMFT. 

The third RCT [104] enrolled a total of 111 participants with chronic stroke and 

divided them into two groups. The first group (n=55) obtained the training with the 

BATRAC system, and the other group (n=56) got a Dose-Matched Therapeutic 

Exercises (DMTE) with 18 sessions for over six weeks. Post-treatment assessment of 

the BATRAC group revealed improvement in the WMFT, which retained in the four-

month follow-up evaluation. Similarly, the BATRAC group had greater adaptions in 

the brain activation than the DMTE group, which suggested that the therapy related to 

different underlying neural mechanisms. 

In the fourth RCT [91, 104], 60 sub-acute stroke subjects participated in 18 sixty-

minute sessions for over six weeks to examine the difference between three training 

protocols: the bilateral therapy (mBATRAC, group 1, n=19), the unilateral therapy 

(mCIMT, group 2, n=22) and the conventional physical therapy (DMCT, group 3, 

n=19). After treatment, the mBATRAC group showed larger amplitudes and greater 

movement harmonicity. However, there was no significantly difference about the 

degree of coupling between both hands among these three groups, which meant that 
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the improvement in the mBATRAC group might be the result of the particular type of 

limb movements. 

Bi-Manu-Track System 

The effects of Bi-Manu-Track system have been assessed by three research groups 

(total 9 RCTs). Hesse and his colleagues found some positive effects in reducing 

spasticity and improving motor control from their RCTs. The prior RCT [58, 105] 

tested 12 chronic stroke subjects who received upper-limb training of 15 sessions, each 

15 minutes induration, over three weeks with Bi-Maun-Track system in all three 

modes: passive-passive mode, active-passive mode and  active-active mode. After 

treatment, the subjects showed more improvement in the MAS, which disappeared at 

the three-month subsequent evaluation. However, no big changes were observed in 

the Rivermead Motor Assessment (RMA). Following this pioneering research, it was 

possible to hypothesize that the bilateral training can promote functional gains by 

stimulating the corticospinal paths from the less impaired side to the most impaired 

side. In order to prove the hypotheses, the second RCT enrolled 44 sub-acute stroke 

subjects who received twenty-minute wrist extensor training per workday for over six 

weeks [106, 107]. All subjects were randomized into two groups: 1) the first group 

was trained by robot with 400 wrist extension repetitions and 400 forearm cycles per 

session and 2) the second group was exercised with the electrical stimulation with 60 

to 80 wrist extension repetitions per session. Post-treatment assessment showed that 

the first group increased more than the second group in the FMA and three-month 

follow-up assessment. However, this clinical trial was not dose-matched, the third and 

fourth RCTs were then conducted to find more powerful evidence [108, 109]. 

In the third RCT, 10 sub-acute/chronic stroke subjects were enrolled to examine the 

safety and methodology by using transcranial direct stimulation (tDCS) with robot 

training. All subjects received 30 twenty-minute sessions for over six weeks, and 
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1.5mA of tDCS was applied during the first seven minutes. After training, three 

subjects showed a great improvement in the FMA about the arm function and no major 

side effects occurred. Interestingly, four subjects improved their aphasia. In the 

following large RCT, 96 sub-acute/chronic stroke subjects were divided into three 

groups for six weeks’ training. The first group obtained the anodal stimulation for the 

damaged hemisphere, the second group obtained the cathodal stimulation for the 

contra-hemisphere with twenty minutes, and the third group obtained the sham 

stimulation. During the whole stimulation, the subjects exercised with two different 

bilateral modes (passive-passive mode and active-passive mode), and each session 

included a daily ergometer training, a 45-minute physiotherapy and a 30-minute 

occupational therapy. After treatment, the results presented that all subjects improved 

in the FMA and the FMS, which disappeared in the three-month follow-up assessment. 

In this case, the results could not support the hypotheses that the most damaged 

hemisphere of brain might be affected by the less damaged side through the 

intercallosal fibres during bilateral training since the outcomes might be the result of 

particular type of limb movements. 

Wu and his colleagues tested the effects with four RCTs [110-113]. The first RCT 

[110] enrolled 20 chronic stroke subjects with 20 sessions, each 90 to 105 minutes 

induration, over4 weeks. All subjects were divided into two groups: 1) the Bi-Manu-

Track group obtained forearm and wrist repetitions in three training protocols per 

session (passive-passive mode, active-passive mode and active-active mode) and 2) 

the second group obtained a dose-matched exercise included NDT therapy. A virtual 

reality program was involved in the therapy as well, which could present the visual 

feedback to the patients. Post-treatment assessment of the Bi-Manu-Track group 

showed more improvement in the FMA, MAL, upper-limb activity ratio and bilateral 

ability, while no differences in the FIM. No subsequent assessment was reported. In 

the following RCT [111], 21 chronic stroke subjects were examined to assess effects 
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of unilateral RA training, bilateral RA training and standard rehabilitation training. 

The bilateral group obtained the same training as described above, while the unilateral 

group obtained a modified protocol by training the most impaired arm only. The 

control group (standard group) obtained a dose-matched training with unilateral and 

bilateral mode. The results showed the unilateral group improved more in the FMA, 

proximal sub-score and distal muscle power than other two groups. However, the 

bilateral group showed more improvement in the proximal muscle power than others. 

No differences in MAS and no subsequent assessment was reported. 

The same research team performed the third RCT [112] with 42 chronic stroke 

survivors to compare Bi-Manu-Track bilateral training (bilateral group), therapist 

bilateral training (therapist group) and control group training (control group). All 

subjects obtained 20 sessions (95 to 105 minutes each) for over 4 weeks. The bilateral 

group took the same protocol as described above, the therapist group received a variety 

bilateral training under ‘one to one’ mode, and the control group took a conventional 

therapeutic training such as the unilateral or bilateral motor tasks, compensatory 

functional tasks and so on. The results showed that the bilateral group got a better 

shoulder flexion, strength subscale, physical function and total scores than other 

groups, while the therapist group had a straighter trunk motion, higher distal part score 

and less trunk compensation. However, no follow-up evaluation was reported. 

Moreover, the fourth RCT [113] was conducted to assess the effects of unilateral and 

bilateral training with robot. 53 chronic stroke subjects were randomized into three 

groups: unilateral group (n=18), bilateral group (n=18) and control group (n=17). The 

bilateral group and the control group received the same protocol as described above, 

while the unilateral group received a full robotic assistance for the most impaired arm 

in mode1, then exercised without the robotic assistance in mode2, finally moved the 

handle to against the resistance force. Post-treatment assessment showed that the 

bilateral group gained larger benefits in reducing the compensatory trunk movement 
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than the unilateral group, while the unilateral group got a better improvement in the 

upper-limb temporal efficiency than the bilateral group. However, these two groups 

did not get any benefit for daily functions. 

The latest RCT [127] was conducted by Picelli and his colleagues, to assess the 

outcomes of robot-assisted arm training for subjects with Parkinson’s disease, which 

will not be discussed in this paper due to the different disease. 

Reha-Slide & Reha-Slide Duo 

The Reha-Slide has been used by three RCTs. In the first RCT [92], 2 sub-acute stroke 

subjects trained by three different training protocols with total 400 movement cycles: 

1) 30 twenty to thirty-minute sessions with the Reha-Slide system; 2) 40 forty five-

minute sessions with the in-patient physiotherapy; and 3) 30 forty five-minutes 

sessions with the NDT occupational therapy. Both patients presented more 

improvement in the FMA and the muscle strength. However, no subsequent 

assessment was reported. The following RCT was implemented to evaluate the 

electrical stimulation of wrist extensors by the same research group [93]. Totally 54 

chronic stroke subjects were divided into two groups randomly. The Reha-Slide group 

obtained the same therapy as described in the first RCT. The electrical stimulation 

group received 60 to 80 wrist training in each thirty-minute session. All subjects were 

also involved in an eight to ten weeks NDT training program which includes 5 sessions 

with physiotherapy per week, each 45 minutes induration; and 4 sessions with 

occupational therapy per week, each 30 minutes induration. After treatment, the Reha-

Slide group showed a better result of the Box and Block Test (BBT), which was 

disappeared in the three-month follow-up evaluation. The electrical stimulation group 

presented a significant gain in the Muscle tone at any post-treatment as well as in the 

three-month follow-up assessment. However, the FMA and the muscle strength 

improvement were same between two groups. 
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In the third RCT [114], Buschfort and his colleagues used four devices (Bi-Manu-

Track (BMT), Reha-Digit (RD), Reha-Slide (RS) and Reha-Slide Duo (RSD)) to 

assess the acceptance, utilization and clinical results of upper-limb rehabilitation 

devices. Totally 24 sub-acute/chronic stroke subjects were recruited and divided into 

three groups. The first group (n=6) received the training with the BMT and the RD, 

the second group (n=6) was trained by the BMT and the RS, the third group (n=12) 

was trained by the RS and the RSD. Results showed that the first group and second 

group got a significant improvement in the FMA, and the third group presented more 

improvement in the ARAT, which suggested that the use of upper-limb rehabilitation 

devices for stroke survivors was promising. However, no follow-up assessment was 

reported. 

2.4.2 Exoskeleton 

Only one RCT is performed on the exoskeleton, and the outcomes are confused and 

no follow-up study is reported. 

EXO-UL7 

The effects of EXO-UL7 have been assessed by a small RCT [14, 15]. 15 chronic 

stroke survivors were randomized into three groups: unilateral robotic training group, 

bilateral robotic training group, and usual care group. The first and second robot 

groups received 12 ninety-minute sessions for over 6 weeks, and a randomized 

combination of 8 games were played through EXO-UL7 in each session. However, 

only first and second robot groups’ results were reported, which showed no big change 

in the FMA. Interestingly, the bilateral robotic group had more improvement in the 

kinematic variables. No follow-up study was reported. 
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2.4.3 Industrial Robot 

Totally four RCTs are conducted on the Haptic Master Robot. However, the outcomes 

are not clear and no follow-up assessments are reported. 

Haptic Master Robot  

The Haptic Master robot has been tested by four RCTs. Four chronic stroke subjects 

were recruited in the prior RCT [94] to test a robotic/virtual environment system. All 

subjects received three training tasks: 1) Reach-touch task with the most impaired arm 

to improve subjects’ shoulder active range of motion; 2) Cup placing task with the 

most impaired arm to enhance active range of motion and reaching accuracy; and 3) 

Bilateral catching of falling objects with two arm to increase the active and passive 

range of motion as well as the moving speed. In addition, subject1 and subject2 

received three sessions per week for over three weeks, while subject3 and subject4 

received four sessions per week for over two weeks. Results showed that one of 

subjects got a significant improvement in the WMFT than others. However, due to the 

small sample size, the shortage of control group and the follow-up assessment, the 

efficacy of robot and training protocols cannot be assessed by the results. 

Gwyn and his colleagues conducted the second RCT [95] to evaluate the potential 

efficacy of bilateral training compared with unilateral training and bilateral voluntary 

training. 15 chronic stroke subjects were recruited and performed 20 repetitions of 

each training task with three movement conditions (voluntary bilateral movement 

condition, robot-assisted bilateral movement condition and unilateral movement 

condition). Post-treatment evaluation showed that the bilateral training had a superior 

motor coordination than the unilateral training, which was beneficial for patients with 

a restricted movement range. However, no difference between the bilateral voluntary 

training and the bilateral RA training was observed, and no follow-up assessment was 

reported. 
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The third RCT [96] was conducted to assess the bilateral coordination of arm function 

before and after training. Totally 7 chronic stroke survivors and 10 healthy subjects 

were recruited to finish two studies. In the first study, all of the participants were asked 

to pick up a two-handled cup in bi-drink mode, and to lift and pour water into cup by 

the impaired arm in bi-pour mode. In the second study, 4 patients received 12 sessions, 

each 60 minutes induration, over 4 weeks assisted by the robot. The results showed 

that two subjects reduced their inter-limb coordination deficits, which suggested that 

the task-specific training might be most suitable for patients with some remained hand 

functions. However, no follow-up assessment was reported. 

The fourth RCT [97] enrolled 4 chronic stroke subjects to assess the effectiveness of 

bilateral robotic training with the Haptic Master robot. All subjects received 8 sessions, 

each 30 minutes induration for over four weeks, and each training session contained: 

1) the unilateral training with the less impaired upper-limb; 2) the bilateral training; 

and 3) the unilateral training with the most impaired upper-limb. After treatment, the 

results showed that the subjects were able to produce the similar forces by the most 

impaired arm and the less impaired arm, and they had more improvement in the 

tracking performance. However, the effectiveness of unilateral training and bilateral 

training was not clear and no subsequent assessment was reported. 

2.5 Discussion 

The commonly used mechanisms of bilateral upper-limb rehabilitation robots have 

been reviewed in the sections above as well as their applications in clinical trials 

through the existing available clinical outcomes. An attempt is made in this paper to 

represent a complete spectrum of related studies to cover most existing robots and to 

provide a systematic, informative and accurate overview of upper-limb rehabilitation 

for any phase of stroke survivors, even though it is unlikely to actualise. 
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2.5.1 Mechanism 

Although the discussed robots have similarities that they are all created for upper-limb 

recovery [14, 57, 59, 76, 94, 95, 117, 118, 121] or bilateral training specially [21, 58, 

72, 75, 84, 85, 92, 96, 97, 116, 119-122], or different training positions: forearm [14, 

21, 22, 58, 59, 75, 76, 92, 94-97, 116-122], wrist [21, 58, 72, 74, 76, 97], elbow [57, 

77, 84, 85] and shoulder [57, 84, 85], the mechanical characteristics are different from 

each other due to varied ideas and technologies. As can be appreciated from Table 2.1, 

the end-effector has been presented for 10 of 12 devices/robots discussed above, while 

only one exoskeleton and one industrial robot have been researched. The main reasons 

for the predominant adoption of end-effector are that this type of robots is simple, easy 

to produce and control, and can be adjusted to fit different arms of different subjects. 

Moreover, compared to other type of robots, the end-effectors have the lowest cost 

and the biggest potential for commercialisation than the robot which applies many 

equipment for more precise control and clinical measurement (MIME [57] and EXO-

UL7 [15]). It can be seen from Table 2.1, all of the commercial rehabilitation robots 

are end-effector ones with 2 DOFs or less, such as BATRAC (Tailwind) [21], Bi-

Manu-Track system [58] and Reha-Slide [93]. Note that no indications or clinical 

outcomes verify that more complex, advanced robots would have better clinical results 

or effectiveness than the simpler and less costly robots. The universal problem for 

developing the rehabilitation robot industry is that the cost is still high in comparison 

with traditional manual therapy. The side-issue of high cost is that producing many 

copies of the same robot for clinical training is difficult as well as providing enough 

clinical outcomes to evaluate effectiveness. This is likely due to reasons above, there 

are only a few studies aimed at improving their rehabilitation robots for further studies, 

like Lum P.S. [57, 72, 73, 75], Hesse S. [58, 93], Park k. [117, 118] (not include 
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Johnson M. [59, 96] and Nishida K. [14, 120] since they applied different types of 

robots in different studies). 

2.5.2 Clinical Trial and Effectiveness 

As can be seen from Table 2.2 and Table 2.3, 34 RCTs with a total of 877 participants 

are identified from 58 related articles, collecting the characteristics of each clinical 

trial and outcomes to evaluate effectiveness. 20 RCTs apply the control group to 

receive a dose-matched training. For instance, Wu [111] divided the subjects into three 

groups to assess the effects of the unilateral, bilateral and traditional training. However, 

many research groups just recruit subjects with the same phase of stroke (chronic/sub-

acute), only 7 groups [84, 87, 89, 96, 102, 109, 114] use subjects with different phases, 

which may affect outcomes since the stroke phase is a critical point for choosing a 

bilateral training method. Besides, the neural system plays an important role for stroke 

rehabilitation, patients with different neural resources may limit the type of clinical 

trials they can participate in which in turn affect the outcomes and neural system 

recovery. However, only one RCT [82] explores the neural mechanism with healthy 

subjects. More studies are required to test different stroke phases of patients, and to 

better understand the relationships between neural mechanisms and training protocols. 

Galvin et al. [128] indicated the evidence that at least 1,200 minutes for over 8 weeks 

period high quality therapy is needed to get an appreciable outcomes on traditional 

therapy, it is reasonable to assume that an equal or a greater training time and intensity 

are required through the robot-assisted therapy. Therefore, intensity of the training 

may have mixed outcomes and may be a far more critical factor of treatment success 

than the protocol used. However, only two research groups (Lum et al. [57, 83] and 

Wu et al. [110-113]) reached this standard. In addition, the most reliable evidence 

coming from the meta-analyses in Table 2.2, followed by the evidence from the Fugl-

Meyer analyses, Functional Independence Measure and so on. Most RCTs only apply 
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two measure indexes to evaluate outcomes without comparing to other related measure 

methods, it is reasonable to assume that statements about the superiority of robots and 

training protocols may be biased. 

The results of RCTs may be incorrect since the amount of training is not equal with 

each other. For instance, the repetition number of wrist training in Bi-Manu-Track 

group was larger than that in electrical stimulation group [58], and the training time 

by APBT group was far more longer than that by control group [98]. This result may 

be tied to one of the advantages of robot-assisted training; that is, the repetition number 

can be greater increased compared to the traditional training. It can be seen from Table 

2.2 that only eight groups continue their clinical trials to further studies, which may 

be one of the reasons that outcomes are not strong enough. 

In summary, more RCTs are still needed to measure different phases of patients, neural 

mechanism and more evaluation criteria, and to guarantee the intensity/equality of 

training time and the continuity of exercises. 

2.5.3 Bilateral VS Unilateral 

The answer to the question “which one is the best” is difficult to say. The heterogeneity 

of two different training methods may have interfered with the explanation of 

outcomes. In addition to the obvious differences between the bilateral and unilateral 

training, there are also discrepancies between them. In some studies, subjects in one 

group have more possibilities to training with distal control while other groups do not 

have the chance. For instance, Whitall et al. [103] conducted the BATRAC-group to 

finish the clinical trial with proximal control, while the control group (unilateral group) 

had the chance to do the extra training with distal control, which was a critical role for 

functional recovery [129]. 
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Furthermore, as can be appreciated from Table 2.3, four RCTs [14, 15, 87, 95] report 

the positive clinical outcomes of bilateral training, only one RCT [100] indicates that 

unilateral training is better. However, it is still impossible to make a conclusion since 

these five RCTs include both bilateral and unilateral training, or couple with other 

training protocols. Similarly, it is also impossible to distinguish whether the effects 

are tied to the passive or active training, the distal or proximal parts, or the 

synchronous or asynchronous exercises. Therefore, since both unilateral and bilateral 

training can improve the function of patients, much more research is required than 

what has been done so far, not only to tailor the different training to the characteristics 

or the specific needs of patients, but also to know exactly what specialists and patients 

can learn from these training and how these processes work. It means that only 

outcomes measuring is not enough, neural mechanism (see [82]), kinematics and 

training intensity also should be included. 

2.5.4 Limitation 

This paper is under the condition that all studies recruit different patients, however 

studies are conducted by the same research group at same place and time, which cannot 

ensure whether only unrelated research subjects are participated. Treatment outcomes 

could also be influenced by other factors, such as visual impairment, cognitive 

impairment and sensory disorders. Besides, other papers may be not included in which 

‘robot’ or ‘bilateral training’ is not highlighted as a key word within the papers since 

these words could be replaced as ‘apparatus’ or ‘doubling-training’. Only papers after 

year 1993 and ten electronic databases researched as upper-limb rehabilitation robot 

for stroke survivors are the limitation. Moreover, even though this paper includes 

journal articles, conference articles and abstracts written in other languages, some 

small RCTs with negative or non-significant or inconclusive outcomes are less likely 

to be found on the online databases, which make this a potential incomplete overview. 
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2.6 Summary 

The protocol of bilateral training and the prospect for upper-limb rehabilitation has 

sparked not only theoretically promoted studies in this new field, but also motivating 

mechanical innovations specifically, or partially at least, for upper-limb bilateral 

training. However, there are no sufficient clinical results presented in literature to 

justify the effectiveness of bilateral training as well as lacking effective outcome 

measurements and processes. Therefore, in order to actually demonstrate the value of 

bilateral training, more studies with sufficient experiment subjects, dose-matched 

training protocols, effective and objective measure methods and instruments are 

needed. Despite the fact that the robot-assisted bilateral training is still in its immature 

stage, such technologies have already showed a great ability to enhance patients’ 

motor function and strength. The robot-assisted bilateral training is at least as effective 

as an alternative form for stroke rehabilitation [14, 15, 87, 91, 95, 104]. Another 

important fact supporting the development of bilateral rehabilitation robots is that the 

cost is decreasing every year and new technologies for home-therapy are emerging by 

using the tele-cooperation, tele-control and tele-measurement through internet [130, 

131].  
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Chapter 3 

Bilateral Rehabilitation Device 

Development 

An industrial robot-based bilateral rehabilitation device is proposed in this chapter, 

which mainly includes two UR robots, two six-axis force sensors and two customised 

handles. Accordingly, a communication module, a human-computer interface and a 

protection module are developed to meet the requirements of the proposed device. 
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3.1 Introduction 

In recent years, two studies reported a similar finding that the activation of the 

damaged hemisphere could be promoted by the activation of the intact hemisphere 

through a simultaneous movement with the most impaired arm and the less impaired 

arm [9, 10]. Based on this finding, several robotic devices have been developed or 

revised for bilateral training. According to the literature review reported in Chapter 2, 

bilateral robots can be divided into two categories: 2D planar structure and 3D spatial 

structure. The Rocker, a planar type of rehabilitation device, can provide active-

passive bilateral training. The device has two connected crankshafts positioned on a 

table that couples two manipulators [74], and can provide symmetrical or 

asynchronous training (60o phase lag) for wrist flexion/extension movements on a 

horizontal plane. To date, the Rocker has been tested by a total of 45 stroke survivors, 

with the clinical results showing that the patients showed a great improvement in the 

FMA and the Arm Research Action Test [74, 98, 99]. As for the 3D spatial structure, 

‘Mirror Image Movement Enhancer’ (MIME) is probably the most famous bilateral 

device, providing two individual therapy: unilateral and bilateral training [57, 83, 132]. 

The key factor of MIME is that it is a six-DOF industrial robot connected with a 

force/torque transducer positioned on the forearm supporter to provide assistance for 

impaired arms, thus enabling participants’ forearms to be positioned within a great 

range of orientations and positions to perform some complex 3D spatial movements. 

So far, the MIME system has been evaluated by six randomised clinical trials with a 

total of 137 stroke survivors. The clinical results showed that the patients 

demonstrated significant improvement in the free-reach kinematics, active-

constrained training, and FMA. 

However, there are still some shortcomings in existing rehabilitation systems 

specifically designed for bilateral devices: 1) the reliability and safety of mechanical 



 

 59 

Bila teral  Rehabil i tat ion Device Development  

systems (such as the inadequate strength of the main components or the undesirable 

mechanical interference) due to insufficient tests and underdeveloped safety 

precautions [17, 18]; 2) the development of some rehabilitation systems was slow and 

costly, and most of them were abandoned after experiments [18, 19]. By contrast, 

industrial robots can be quickly customised by manufacturers with subsequent 

technical support. The safety and reliability of industrial robots has been certified by 

clinical applications, state standards, and industrial standards [132-134]. Until now, 

only a few industrial robots have been used in bilateral rehabilitation training: a 

PUMA 560 robot in the MIME system [57], and two ABB industrial robots in the 

REHAROB system [55, 132, 135] (this system however cannot be treated as a strictly 

bilateral device since two robots worked for one arm on each participant). 

The main purpose of this chapter is to develop an industrial robot-based bilateral 

rehabilitation device (IRBRD) which can provide a safe and stable training 

environment for upper-limb rehabilitation, and further explore bilateral recovery 

processes. Furthermore, UNIVERSAL ROBOT robot (UR robot) is utilised by the 

IRBRD, which has never been revised to be a rehabilitation device even though it has 

been used in industrial applications for many years. The rest of the chapter is organised 

as follows: Section 3.2 presents the surveying and requirement analysis; Section 3.3 

presents the mechanical design of the IRBRD; Section 3.4 presents the software design 

of the IRBRD, followed by the protection module presented in Section 3.5. Discussion 

and conclusion are presented in Section 3.6. 

3.2 Surveying and Requirement Analysis for Development 

Requirement analyses of potential users are important in the initial stage of product 

design and development. Therefore, in May 2015, an interview with Lynette Lulich 

(Stroke Services Co-ordinator) and a number of stroke survivors at Laura Fergusson 

Rehabilitation (LFR) in Auckland was conducted to present some initial designs as 
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well as to collect their suggestions [136]. A potential need for intelligent stroke 

rehabilitation devices was confirmed, especially for bilateral upper-limb training. 

Some valuable suggestions were collected, including: 

1) The range of motion (ROM) of a device should be considered carefully, and 

should not exceed the ROM of the stroke survivor’s shoulder, since it is very 

vulnerable and easily injured. 

2) The interaction force between the device and the user should be monitored and 

controlled carefully, and should not exceed the acceptable range of the stroke 

survivor and risk causing injury again. 

3) The orthosis of a device which interacts with stroke survivors needs to be 

designed punctiliously. For end-effector devices, a suitable handle should be 

taken into account since stroke survivors might not have the ability to grasp 

the handle by themselves. For exoskeleton devices, the capsule type of orthosis 

should be able to allow the tight attachment of upper limbs to the device 

without feeling uncomfortable or causing injury to participants. 

4) It would be beneficial to include some interesting features such as active 

exercises or virtual reality games to enhance their enthusiasm. 

Several user requirements were ranked based on their importance by Lynette Lulich 

and some stroke survivors. The ranking of user requirements is shown in Table 3.1. 

In addition, a House of Quality (HOQ) was built and finished by two final-year 

students and is shown in Appendix A [137, 138]. The HOQ can translate users’ 

requirements to technical requirements, identify relationships between users and 

technical requirements, and thus allow the importance of different technical 

requirements to be ranked [139]. The HOQ results show the most imperative technical 
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requirements are: 1) enough ROM and Degree of Freedom (DOF); 2) back-drivability 

and 3) different training protocols. 

Table 3.1: The ranking of user requirements 

 

3.3 Mechanical Design 

The proposed bilateral rehabilitation device contains two industrial robots (UR5 and 

UR10, Universal Robots A/S, Denmark), two six-axis force sensors (SRI M3713C and 

SRI M3715C, Sunrise Instruments LLC, China), two customised handles, one 

computer, and one Ethernet switch, which will be introduced in following sections. 

3.3.1 Universal Robot and Mechanical Features 

The UR robot, one kind of industrial robot, is designed to mimic the motion of upper 

limbs, which can be easily controlled by its built-in robotic language ‘PolyScope’. To 

date, due to its high reliability and safety, the UR robot has been utilised in a variety 

of industrial applications. In this research, two UR robots (UR5 and UR10) are used 

to construct a prototype for rehabilitation training. Meanwhile, each UR robot includes 

User requirements 
Score (1 to 10, 

10 means most important) 

Perform desired rehabilitation exercise 10 

Improve upper limb function 10 

Safe to use 9 

Comfortable to use 8 

Ease of use 7 

Provide feedback 7 

Interesting training protocols 6 

Progress monitoring 6 

Low cost 5 

Good appearance 3 
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one UR arm and one UR control box (Fig. 3.1), and adopts a space vector (field-

oriented) control in each robot joint based on a dual encoder system [140]. The UR 

arm is a motor operated 6-DOF device, which meets the movement requirements of 

arm rehabilitation (≥5 DOFs) [141]. In addition, UR5 has a working radius of up to 

0.85m and UR10 has a working radius of approximately 1.3m [140]. At the same time, 

the 95th percentile of the arm length of American males is 0.73m [142], which 

indicates even UR5 with its smaller working radius is able to meet the ROM 

requirement. 

 

Figure 3.1: The Universal Robot (UR5). 

In addition, to better understand the kinematics and dynamics of the UR robot, 

mathematical analyses and simulations for UR10 have been done (Appendix B). Note 

that due to the restricted intellectual property protected by the UR Company, motors 

in each joint and some related kinematic data (joint angle, joint angle velocity and so 

on) cannot be controlled by the researchers [143]. This means that the UR robot can 

only be controlled by the built-in kinematic and dynamic models, and some low-level 

Control box 

Arm 
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controls (position and velocity) cannot be accessed by the researchers. Therefore, a 

model-free data driven method is used for controlling (at a high-level) the robot, which 

will be described in Chapter 4 later. 

3.3.2 Prototype Development 

Several design options are proposed in the initial stage of product development, which 

includes an exoskeleton prototype as well as an end-effector prototype as represented 

in Fig. 3.2. However, the exoskeleton prototype has two significant shortcomings: 

1) The UR robot is a commercial device, and its arms are already designed and fixed. 

This means that the length of each segment cannot be adjusted to match the 

measurements of different participants, and its axes might not be aligned properly 

with participants’ anatomical axes, which might have the potential to cause injury 

to participants during training. 

2) The exoskeleton orthosis can only be mounted on the second and third segments 

from the base, which wastes other segments and reduces the DOF and ROM of 

the robot significantly (Fig. 3.2(a)). 

Therefore, the end-effector prototype is considered as the final option. The first design 

of the prototype has a grip designed for participants to grasp as well as a splint 

designed for participants to place their forearms on. This is the same as MIMIE [83] 

(Fig. 3.2(b)). However, this design limits the movement of participants’ forearms and 

elbow joints, which might reduce the effectiveness of the prototype. The improved 

handle is shown in Fig. 3.3, and provides more freedom for training in a three-

dimensional (3-D) space by reducing the support for participants’ hands and wrists. 

The evolution of the handle is shown in Fig. 3.3, the final design involving a short 

support for participants’ hands and wrists as well as the installation of Velcro straps. 

The Velcro straps are used to attach the hands to the handle, which enables stroke 
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survivors to use the prototype. The detailed mechanical drawing of the handle’s final 

design is shown in Appendix C. In addition, due to the implementation of the force 

sensors, the number of bolts is changed from 4 to 3 (Fig. 3.3(c)). Meanwhile, for the 

right handle, the thread size of the bolts is changed from M6 to M5 due to the small 

force sensor. 

(a) (b)

Figure 3.2: Design options: (a) exoskeleton prototype and (b) end-effector prototype. 

(a) (b) (c)

Figure 3.3: The evolution of handle design: (a) handle without support, (b) handle with 

support and (c) final design. 

In order to make sure the designed handle can be used easily and comfortably, 

anthropometry should be taken into account. The key dimensions of hand breadth and 

circumference are considered in order to decide the length and diameter of the pole. 

Meanwhile, the key dimensions of hand length and thickness are used to determine 

the total length of the handle and the distance between the pole and the back plate. 
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Finally, these four key dimensions (hand breadth, circumference, length, and thickness) 

are set at 0.096m, 0.234m, 0.216m and 0.034m respectively based on the related data 

of American males (95%) [142]. 

Compared to traditional manufacturing methods such as laser cutting or CNC 

machining, 3D printing is more suitable for testing different prototypes because of its 

shorter lead time and easy operation. Meanwhile, the designed handle contains many 

irregular shapes which prove difficult for other manufacturing methods. Therefore, 

two handles are printed with ABS plastic by a big 3D printer at the university (Fig. 

3.4(a)). However, ABS plastic is soft compared to other materials, and is subject to 

bending failure. Moreover, the three bolts attaching the force sensor are also subject 

to either shear failure or tension failure. A failure analysis for the handle is therefore 

necessary, and would be conducted through X, Y and Z directions. 

+X

+Y

+Z

Left Right

(a) (b)

Force

 

Figure 3.4: The manufactured handles: (a) left and right handles and (b) failure analysis. 

Failure analysis for X-direction 

If the force is along the direction of X, the joint of the bar and plate (red circle) is the 

weakest place, and subject to bending failure and shear failure. On the other hand, 

bolts would be subject to tension failure with the same force. Therefore, for the 

bending failure, the joint should meet the following equation. 
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Where M is the critical bending moment,  is the flexural yield strength of the 

material, W is the deflection. In this case, max
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 according to the book [144], and L is the length of the bar, D is the diameter 

of the bar’s outer ring and d is the diameter of the bar’s inner ring. In addition, the 

flexural yield strength  can be found as 68.9 MPa [145], and other dimensions can 

be found in Appendix C. Therefore, the critical force maxF  for bending failure is 3388N 

and the maximum allowable stress should be 1694N (the factor of safety is 2). For 

shear failure, the joint should meet the following equation. 

                                                
*

max  s z

z

F S

bI
                                                        (3.2) 

Where sF is the shear force, 
*

z
S  is the static moment, b is the width of cross-section and 

zI is the moment of inertia about the neutral axis. In this case, this equation can be 

rewritten as follows. 

                                             
max

max 2  s
F F

A A
                                                   (3.3) 

Where, A is the cross-sectional area of the material, max

1

2
sF F  and max can be 

found as 24.5 MPa [145]. Therefore, the critical force maxF  for shear failure is 8928N 

and the maximum allowable stress should be 4464N (the factor of safety is 2). 

Furthermore, for tension failure, the bolt should meet the following equation. 
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                                                      =F A                                                               (3.4) 

Where F is the critical force,  is the yield stress of the material, and A is the cross-

sectional area of the material. The yield stress of the bolt is 200MPa and the cross-

sectional area for the M6 bolt is 2.01*10-5m2 (1.42*10-5m2 for M5) [146]. So the 

critical tension force is 4020N (2840N for M5). Meanwhile, there are three bolts in 

each handle, so the critical force maxF  for the tension failure is 12060N for the left 

handle (8520N for the right handle) and the maximum allowable stress should be 

6030N for the left handle (4260N for the right handle, and the factor of safety is 2). 

Therefore, the maximum allowable stress for X-direction is 1694N, which is 

impossible for stroke survivors to apply. 

Failure analysis for Y-direction 

If the force is along the direction of Y, the joint of the bar and plate (red circle) is the 

weakest place, subject to bending failure and shear failure. Therefore, the maximum 

allowable stress for joint is 1694N as well. On the other hand, bolts would be subject 

to shear failure with the same force, which should meet the following equation. 

                                                  
max

max 2





F

D
                                                             (3.5) 

Where D is the diameter of the bolt, and shear stress of the bolt is 60 MPa [146], the 

critical shear force is therefore 942N for M6 (669N for M5). So the critical force maxF  

for shear failure is 2826N for the left handle (2007N for the right handle) and the 

maximum allowable stress should be 1413N for the left handle (1003N for the right 

handle, and the factor of safety is 2). 

Therefore, the maximum allowable stress for Y-direction is 1003N, which is also 

impossible for stroke survivors to apply. 
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Failure analysis for Z-direction 

If the force is along the direction of Z, the joint of the bar and plate (red circle) is the 

weakest place, subject to tension failure. On the other hand, bolts would be subject to 

shear failure with the same force, which should be limited to 1003N. Furthermore, for 

tension failure, the joint should meet the Equation 3.4, and the tensile yield strength 

 can be found as 44 MPa [145], so the critical force maxF  for tension failure is 

16034N and the maximum allowable stress should be 8017N (the factor of safety is 

2). 

Therefore, the maximum allowable stress for Z-direction is 1003N, which is 

impossible for stroke survivors to apply as well. 

The above analyses show 1003N is the maximum allowable stress for the handle, 

which is safe enough for participants to perform. Therefore, in this chapter, the failure 

analysis of the proposed handle will not be further studied, by an analysis such as the 

finite element analysis by Ansys [147], as it is not the key point of this thesis. 

3.3.3 Hardware and Data Collection 

As described above, the hardware of the proposed bilateral rehabilitation device 

includes two UR robots, two six-axis force sensors, two handles, one PC, and one 

Ethernet switch, which can be seen in Fig. 3.5. Specifically, the master robot includes 

UR10 and the big force sensor (M3715C), while the slave robot includes UR5 and the 

small force sensor (M3713C). The reason for choosing UR10 to be the master robot 

is that UR10 can provide a larger force and working radius (1.3m and 0.85m for UR10 

and UR5, respectively). The roles of the master and slave robots can be switched by 

special request at any time. In addition, the base of UR5 is placed 0.06m lower than 

that of UR10, which would be offset by the adjustment of coordinates in the software 

design. 
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As for the data collection, since the UR robot has been developed for industrial 

applications, some imperative data such as the position and speed of the tool mounting 

bracket (TMB, the top of robot arm) and each joint could be accessed through built-in 

functions. Generally, users can provide the TMB position by inputting into the control 

boxes, and the robots would move to the predefined position by applying the inverse 

kinematics and rotating each joint by a certain angle, which cannot be controlled by 

users. In addition, the position of TMB is represented by the vector of 6 arguments{X, 

Y, Z, Rx, Ry, Rz} and it is expressed in reference to the base of the robots. The {X, Y, 

Z} coordinates represent the position of TMB in the 3-D space whilst the {Rx, Ry, Rz} 

coordinates represent the rotation of TMB with the base as reference [140]. 

Furthermore, the sampling frequency of the robots is around 125Hz as well as 

providing a real-time data exchange interface, which provides a way to synchronise 

external applications [148]. Meanwhile, as for the six-axis force sensors, the 

decoupled load is provided in the vector of 6 arguments {Fx, Fy, Fz, Mx, My, Mz}, 

where F means force with unit N and M means Moment with unit Nm [149]. The 

sampling frequency of the force sensors is 50Hz, and the raw data would be anti-alias 

filtered. It should be noted that in this research, the decoupled loads would be treated 

as the interaction force between participants and the robots. Other forces such as 

inertia and friction are considered negligible in this research due to the lightweight 

handles (around 0.2kg) and a slow movement (10o/s). Furthermore, the total weight of 

the force sensors, handles, and participants’ hands and wrists would be compensated 

at the beginning of each exercise due to the different weight of participants’ hands and 

wrists. Therefore, the collected decoupled loads can be treated as pure interaction force 

between participants and the robots. The specifications of two force sensors have been 

attached in Appendix D. 
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Figure 3.5: The prototype of the bilateral rehabilitation device. 

3.4 Software Design 

3.4.1 Communication Module 

The hardware configuration of the prototype is shown in Fig. 3.6. For each UR robot, 

a RS-485 driver is utilised to connect the UR arm and the UR control box, and the 

built-in robotic language ‘PolyScope’ is used to control the UR robot through the UR 

controller. Two UR robots are linked to a PC (i7 processor, Windows™ 10) through 

an Ethernet switch based on a LabVIEW program. The PC can send requests to and 

receive feedback from the master robot, the slave robot, and participants through the 

Ethernet switch. 
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Figure 3.6: The hardware configuration of the prototype. 

In this research, a communication module containing two parts is developed. The first 

one is based on the Modbus protocol. Specifically, the PC acts as a client that sends a 

request and initiates a socket connection on Port 502 whilst the UR robots act as 

servers that respond to the request through a Modbus TCP server [143]. The Modbus 

TCP server is mainly used for transferring position and speed data of TMB in real time, 

which can be accessed from the port map 16-bit register addresses of the Modbus from 

400 to 405 and 410 to 415, respectively [143]. The main reasons for choosing the 

Modbus rather than a traditional TCP/IP is that the kinematic data of the UR robots 

cannot be assessed through the TCP/IP if PolyScope is not working, and the Modbus 

TCP server has a faster speed of communication [143]. The second part is based on 

PolyScope. To date, there are three different methods to control the UR robots: 
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original PolyScope, PolyScope with URScript and C++. In this research, PolyScope 

with URScript is selected to design a server program which is used to receive requests 

from the PC and guide the robots to move to the target position. The main reasons for 

choosing the PolyScope with URScript are that the original PolyScope only contains 

simple control algorithms, which are not qualified for this research, and C++ is too 

complex and dangerous to control the UR robots since all built-in functions including 

position control, speed control, and offset PID control have to be rewritten. 

In general, by using this hardware and the communication module, the affect and 

unaffected arms of a participant can make real time communication through the robots 

and the PC, and actualise bilateral exercises precisely. 

3.4.2 Human-computer Interface 

 

Figure 3.7: The human-computer interface. 
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The human-computer interface (HCI) is developed by incorporating the desired 

functionalities as well as the real-time presentation of data and variables. The HCI 

contains six parts: experiment preparation, robot condition, training protocols 

selection, variables adjustment, data presentation, and variables presentation, which is 

shown in Fig. 3.7. For the experiment preparation part, the ‘Stat Server’ button is used 

to connect two robots with the PC. At the same time, indicators in the robot condition 

part are changed according to the actual situation, and the indicators would be turned 

off accordingly if connections are lost with any robot. As for the training protocols 

selection part, the ‘Ready’ button is used to initialise the positions of the robots 

according to different training protocols. Accordingly, an indicator is used to reveal 

the status of training. It would be turned off if a training is finished or something goes 

wrong. In this research, there would be four different training protocols which are 

divided into four sub-tabs, and a suitable training protocol would be selected based on 

a biological signal-based evaluator as well as the experience of therapists. These four 

different training protocols and the evaluator would be introduced in later chapters. 

Furthermore, the adjustment of variables part is on the right side of the HCI, which 

would be used to adjust the variables for different training protocols such as the speed 

of movements, training times, and the ranges of master and slave force. After all 

variables are adjusted and a suitable training protocol is selected, the training could be 

started by pressing the ‘Start’ Button. After that, some related data would be presented 

and recorded. In the data presentation part, four important data with the trajectories 

and force of master and slave robot would be presented, respectively. Meanwhile, 

some other variables such as the positions of TMB and, the interaction force, as well 

as the velocity and acceleration would be shown in the variables presentation part in 

real time. The robots would return to the initial positions after finishing every training. 

Users can either push the ‘Start’ button to repeat the same training or stop the training 

by pushing any ‘STOP’ button. Note that all data would be recorded automatically 
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including trajectories (reference trajectories, UR10 and UR5), interaction force, speed, 

and training times, all of which would be exported to Excel files for post-analysis. In 

addition, for the purpose of safety, the proposed HCI would not allow users to change 

training protocols without pushing any stop button. Because the proposed training 

protocols all have the robots in different initial positions, it is dangerous to initialise 

the robots with participants’ hands attached to the handles tightly, which might have 

the potential to injure participants. At the same time, for safety reasons, the variables 

cannot be changed during a training. 

3.5 Protection Module 

The protection module is considered as paramount in both hardware and software 

levels. In the hardware level, the robots could be interrupted by shutting down the 

power through an emergency button on the UR controller, which would be placed 

nearby the researchers and participants at all times. At the same time, the robots would 

be stopped if interaction force and speed exceed the built-in limits: 150 N and 0.25m/s 

on the TMB, and a warning will appear on the UR controller as well. At the software 

level, two big stop buttons are designed and displayed on the HCI, which are able to 

terminate all the executing training immediately. Furthermore, the interaction force, 

the range of movement, and the speed are all constrained to ensure safe interactions 

between participants and the robots, which could be adjusted to meet the customised 

requirements from different training protocols and different participants. At the same 

time, the UR robots would be stopped immediately if the interaction force, speed and 

position exceed the predefined threshold (actual force ≤ max force < threshold). 

Furthermore, training would be stopped if the connection to any robot was lost. Last 

but not least, due to the individual differences, the initial positions of the robots could 

be adjusted, and participants would have their personal position limits set based on 

identifying the length of their upper limbs and the positions of their shoulder joints. 
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3.6 Discussion and Summary 

It has been argued that robotic rehabilitation devices offer high precision and low 

subjectivity, and have the potential to release therapists from backbreaking manual 

work [150]. Based on papers [55, 132, 135], Tóth believed that medical robotic 

applications can benefit from the use of mass-produced and reliable industrial robots, 

and his first prototype of a robotic physiotherapy system has proved that industrial 

robots are suitable for physiotherapy. Tóth later proposed the REHAROB Therapeutic 

System, which contained two synchronised robotic arms, which provided an 

individual, 3-D, anti-spastic passive motion therapy for one arm on each patient. The 

system has been tested by 8 patients, and clinical results showed that the participants 

had significant improvement in their impairment and disability indicators. By contrast, 

the MIME system proposed more mature training protocols which can provide either 

unilateral or bilateral training [57, 83, 132]. The MIME has been evaluated and 

confirmed to be a stable and useful rehabilitation system. However, due to the force 

sensor, the control system only allows MIME to move in the predefined trajectory; 

that is, if the participant cannot provide the force in the right direction, the arm remains 

stationary. At the same time, the master and slave sides of the MIME cannot be 

exchanged due to only one industrial robot being used and only one six-axis force 

sensor being involved. 

In this research, an industrial robot-based bilateral rehabilitation device (IRBRD) is 

proposed. To date, a total of 1,600 UR robots have been tested and utilised worldwide 

since 2009, which demonstrates that the UR robot can provide stable and safe 

movements [151]. At the same time, most industrial robots utilised for rehabilitation 

purposes are outdated and defective, for reasons such as insufficient DOFs and slow 

responses to manipulators when compared to the UR robots. On the other hand, two 

6-axis force sensors are utilised in this research to measure force data from both master 
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and slave robots, which can make precisely-controlled bilateral exercises possible, and 

also ensure that the master and slave sides can be exchanged at any time. Finally, the 

cost of the proposed bilateral rehabilitation device is cheaper in comparison with other 

same-level rehabilitation devices (Table 3.2). 

In summary, in this chapter, an industrial robot-based bilateral rehabilitation device is 

proposed. Meanwhile, a mechanical handle is designed and improved to provide a safe 

interaction between participants and the robots. Additionally, a communication 

module and a human-computer interface are developed to control the robots and 

display some useful data in real time for therapists and participants, respectively. A 

protection module is developed to ensure the safety and reliability of training as well. 

Table 3.2: The cost of industrial robot-based rehabilitation devices [19, 55] 

Device Manufacturer Degree of Freedom Cost (USD) 

InMotion 2 

(MIT-MANUS) 

Interactive Motion 

Technologies, Inc. 
2 DOFs >50,000 

InMotion 3 
Interactive Motion 

Technologies, Inc. 
5 DOFs >50,000 

HapticMASTER Moog FCS 

Robotics, Inc. 
3 DOFs >50,000 

WAMTM 
Barrett Technology, 

Inc. 
3 DOFs >50,000 

REHAROB ABB, Inc. 2*6 DOFs 308,000 

IRBRD (current 

device) 

Universal Robot, 

Inc. 
2*6 DOFs 43,000 

Note that this table contains both unilateral and bilateral rehabilitation devices. 
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Chapter 4 

Intelligent Bilateral Training 

Subsystem 

In this chapter, patient-cooperative bilateral training protocols are specifically 

designed for true bilateral exercises and performance evaluation of the proposed 

rehabilitation device, which might be used for clinical applications further. 

Accordingly, an adaptive admittance controller is developed to make the activities 

possible. Simulations, the pilot and the follow-up experimental results show that, with 

the adaptive admittance controller, the industrial robot-based bilateral rehabilitation 

device is stable and safe, and the patient-cooperative bilateral training protocols can 

be implemented. Furthermore, voluntary efforts by participants can be taken into 

account and thus their training enthusiasm for the training can be enhanced. 
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4.1 Introduction 

As discussed in Chapter 3, compared to traditional manual therapy, robot-assisted 

training has been developed as an effective rehabilitation method, which can provide 

precise training for a sufficiently long timeframe regardless of physiotherapists’ 

experience and fatigue level [13, 152-154]. At the same time, industrial robot-based 

rehabilitation systems can provide safer and more reliable training environments in 

comparison with the existing rehabilitation prototypes [132-134]. Until now, only a 

few industrial robots have been used in bilateral rehabilitation training: the PUMA 

560 robot in the MIME system [57], and two ABB industrial robots in the REHAROB 

system [55, 132, 135] (this system, however, cannot be treated as a strictly bilateral 

device since two robots worked together for one arm of each participant). The related 

clinical results showed that the MIME system and the REHAROB system can both 

help participants to gain significant improvement in their impairment and disability 

indicators [55, 57, 83, 132, 135]. Meanwhile, the authors of the REHAROB system 

proposed that medical robotic applications can benefit from the use of mass-produced 

and reliable industrial robots [55]. However, the major issue for popularising industrial 

robots for rehabilitation therapy (both unilateral and bilateral devices) is that the 

dynamic models of robots and low-level controllers are inaccessible due to the 

intellectual property protected by manufacturers. Another issue is that in robot-

assisted training, participants themselves are also key parts of the dynamic systems, 

and the dynamic models of participants are variable [155]. 

In recent years, bilateral upper-limb training has emerged as an approach in 

rehabilitation of stroke survivors [64]. Some researchers reported that bilateral training 

might promote functional improvement by reinforcing corticospinal pathways from 

the intact hemisphere to the affected arm [23, 156]. Moreover, the intact hemisphere 

could also influence the affected hemisphere through symmetric movements [156]. To 



 

 79 

Intel l igent  Bi latera l  Tra ining Subsys tem  

date, several bilateral training protocols have been developed, such as bilateral arm 

training with rhythmic auditory cueing (BATRAC) [21], bilateral force-induced 

isokinetic arm movement (BFIAM) [22], and active-passive bilateral therapy (APBT) 

[98]. According to a review [23], the BATRAC was the most commonly used method 

and it can provide the most consistently significant results after a six-week training 

period. On the other hand, several robotic systems have been developed or revised for 

bilateral exercises; this was reviewed in Chapter 2. However, most training protocols 

for existing bilateral systems are based on traditional unilateral training protocols. 

They are not specifically designed based on the characteristics of unique bilateral 

exercise setups or adopting existing bilateral training protocols [21, 83, 157]. This 

means the effectiveness of bilateral devices might not be fully verified due to the 

mismatched training approaches [64]. As for industrial robot-based bilateral systems, 

the training protocols for these systems are not specifically designed for bilateral 

exercises either. The MIME system adopted targeted reaching movements to train the 

affected arms of participants [156]. However, according to the Brunnstrom approach, 

range of motion (ROM) exercises should be practiced equally on both the affected and 

unaffected sides of body [7]. The REHAROB system experiences the same problem, 

in which two industrial robots focused on the affected arm only [55]. 

To overcome the aforementioned limitations of existing upper-limb rehabilitation 

systems and issues with industrial robots, fuzzy logic is incorporated in our control 

scheme. Fuzzy logic is known for coping with nonlinear systems or systems with 

uncertain parameters [158, 159]. Moreover, an admittance control scheme is 

incorporated in our control scheme as well, thus realising the patient-cooperative 

bilateral training protocols which are specifically designed for bilateral exercises 

based on the proposed bilateral device. The so called ‘patient-cooperative’ is that the 

training system would take into account participants’ intentions and voluntary efforts, 

which was first reported and tested on a Lokomat system with 6 patients [160]. 
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The main purpose of this chapter is to design patient-cooperative bilateral training 

protocols based on the rehabilitation device proposed in Chapter 3 to actualise true 

bilateral exercises. Accordingly, an adaptive admittance controller (including fuzzy 

logic and the admittance control scheme) is developed to make it possible. The rest of 

the chapter is structured as follows: Section 2 proposes the patient-cooperative 

bilateral training protocols; Section 3 presents the adaptive admittance controller; 

Section 4 describes the simulations and pilot experiments; Section 5 presents the 

follow-up experiment, followed by the discussion in Section 6 and the conclusion in 

Section 7. 

4.2 Patient-Cooperative Bilateral Training Protocols 

In order to actualise true bilateral exercises and the performance evaluation of the 

bilateral rehabilitation device proposed in Chapter 3, patient-cooperative bilateral 

training protocols are specifically designed in this chapter. The “patient-cooperative 

training” is a training that would take into account patients’ intentions and voluntary 

efforts. In other words, patients can follow predefined trajectories or adjust trajectories 

through their own efforts [160]. 

Table 4.1: The recovery stages of the Brunnstrom approach [8, 161] 

Stage Characteristics 

4 
 Some movement combinations outside the path of basic limb synergy 

patterns are mastered.  

 Spasticity begins to decline. 

5 
 More difficult combinations are mastered.  

 Spasticity continues to decline. 

6 
 Individual joint movement becomes possible.  

 Coordination approaches normalcy.  

 Spasticity disappears: individual is more capable of full movement patterns. 

7  Normal motor functions are restored. 
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In this section, three patient-cooperative bilateral training protocols with four different 

exercises - the last training protocol contains two exercises - are proposed based on 

previous research [57, 83, 162] and the Brunnstrom approach [8] (Table 4.1). 

1) Bilateral-passive training protocol is designed for the Stage 4 of the 

Brunnstrom approach due to the weak muscular strength and the bad muscle 

control of stroke survivors in Stage 4. So in this training protocol, the affected 

arms of participants would be carefully moved by the slave robot if they barely 

move their arms. The block diagram is shown in Fig. 4.1, in which the adaptive 

admittance controller is enabled only in the master robot. Accordingly, the 

master robot is driven by data derived from two aspects: the reference 

trajectory (RT) and the master trajectory (MT) change caused by the force of 

participants’ unaffected arms, while the slave robot strictly follows the MT all 

the time. The objectives of this protocol are to recover the muscular strength 

of participants with high disability levels. 

Unaffected arm

Master 

Robot

Controller

MT

MT Change

Slave 

Robot

Affected arm

Force & Direction

RT

Participant
 

Figure 4.1. The block diagram of the bilateral-passive training protocol (RT and MT mean 

reference trajectory and master trajectory, respectively). 

2) Bilateral-cooperative training protocol is designed for the Stage 5 of the 

Brunnstrom approach due to the medium level of muscular strength and 
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medium level of muscle control of stroke survivors in Stage 5. So in this 

training protocol, participants have the ability to provide a medium level of 

force to adjust the trajectories of the robots during trajectory tracking training, 

and thus performing some voluntary movements. The block diagram is shown 

in Fig. 4.2, in which the adaptive admittance controller is used in both robots. 

Accordingly, the master robot is driven by data derived from three parts: the 

RT, the MT change caused by the force of participants’ unaffected arms, and 

the slave trajectory (ST) change caused by the force of participants’ affected 

arms (from the second loop). The slave robot still follows the MT strictly all 

the time, but efforts made by participants affect the trajectories of the slave 

robot from the second loop through the “updated” MT. The objective of this 

protocol is to enhance trajectory contribution from participants and thus 

continually improving the muscular strength and motor control. 

Master 

Robot

Controller

MT

MT Change

ST Change

Slave 

Robot

Controller

ST Change

Unaffected arm Affected arm

Force & Direction Force & Direction

RT

Participant
 

Figure 4.2. The block diagram of the bilateral-cooperative training protocol (RT, MT and ST 

mean reference trajectory, master trajectory, and slave trajectory, respectively). 

3) Bilateral-active training protocol is designed for the Stage 6 of the Brunnstrom 

approach due to the generally good muscular strength and muscle control of 

stroke survivors in Stage 6. Therefore, in this training protocol, participants 
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are required to apply a large level of force to drive the robots since there is no 

reference trajectory and all trajectories are created by participants themselves. 

This protocol contains two sub-exercises. One is the bilateral-mimic-active 

exercise, in which the movements of participants’ affected arms are forced to 

follow those of their unaffected arms. The other is the bilateral-cooperative-

active exercise, in which both arms of each participant are required to 

collaborate to finish training. The block diagram is shown in Fig. 4.3, in which 

the adaptive admittance controller is used in both robots. The master robot is 

driven by data derived from two parts: the MT change caused by participants’ 

unaffected arms and the ST change caused by participants’ affected arms (from 

the second loop). The slave robot strictly follows the master robot in the 

bilateral-mimic-active exercise, while follows the trajectory in which Y-

direction is opposite to that of the master robot in the bilateral-cooperative-

active exercise (the motion of the master robot has three directions: X, Y, and 

Z, Fig. 3.5 in Chapter 3). The objectives of these two exercises are to 

accomplish participants’ self-training and maximise the participants’ 

enthusiasm for training. In addition, according to papers [24, 25] and 

neuroplasticity [5], active training is more effective on motor functional 

improvement than passive training, and muscular strength and motor control 

can benefit more from active training for a fuller recovery. Note that the 

bilateral-active training protocol is proposed for testing the rehabilitation 

device only, which might not be used for clinical applications without further 

strict tests. 



 

 84 

Intel l igent  Bi latera l  Tra ining Subsys tem  

Master 

Robot

Controller

MT

MT Change

ST Change

Slave 

Robot

Controller

ST Change

Unaffected arm Affected arm

Force & Direction Force & Direction

Participant
 

Figure 4.3. The block diagram of the bilateral-active training protocol (MT and ST mean 

master trajectory, and slave trajectory, respectively). 

 

Furthermore, in the bilateral-cooperative or active training protocols, suitable 

resistance force carried out by participants’ unaffected arms through the master robot 

is necessary if participants can provide considerable force or if more challenging 

exercises are needed. Assistance in providing additional force is also necessary if 

participants cannot provide enough force to finish training. Note that resistance or 

assistance force is transferred to corresponding trajectory changes. Furthermore, the 

unaffected arms of participants in the first and second protocols can be replaced by 

therapists, if participants do not have the ability to finish the exercises. In addition, 

this research focuses on the recovery stage of the later sub-acute phase (5 weeks to 6 

months) and the chronic phase (≥ 6 months) after stroke onset [163], in which the 

spasticity is decreased significantly [8], and the muscular strength, muscle activity, 

and motor control can all be improved significantly through continuous passive or 

active training [24, 25, 164]. 

4.3 Adaptive Admittance Controller 

Due to the aforementioned limitations and the necessity of the patient-cooperative 
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bilateral training protocols, an adaptive admittance controller is proposed in this 

section. An admittance control scheme is adopted in the controller to transfer force 

applied by participants to displacements, which would be added to a predefined 

trajectory to get a new trajectory. Then the new trajectory would be sent to the robot 

to finish bilateral exercises. Moreover, fuzzy logic, which is known for coping with 

nonlinear systems or systems with uncertain parameters [158, 159], is incorporated in 

the controller to solve the problem of participants’ variable dynamic models. The 

block diagram of the controller is shown in Fig. 4.4. The input and output of the 

admittance control scheme are the applied force f carried out by participants and the 

trajectory change △p, respectively. The crisp input and crisp outputs of fuzzy logic 

are the applied force f mentioned above, and the damping matrix change △B and 

stiffness matrix change △K. Meanwhile, B and K matrices in the admittance control 

scheme would be updated in every loop according to the crisp outputs of fuzzy logic 

(10Hz).The movement trajectory pm,XYZ is computed by summing the trajectory 

change △p and the reference trajectory pr,XYZ (RT), and then sent to the robots to 

follow. For the master robot, the movement trajectory is renamed as the master 

trajectory (MT), and for the slave robot, the movement trajectory is renamed as the 

slave trajectory (ST). Furthermore, the actual trajectories of the master and slave 

robots were measured and fed back in real time to participants, therapists, and 

researchers during training. 
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(b) Fuzzy logic

(a) Admittance control scheme

Robot

Fuzzy

logic 1

Fuzzy

logic 2

-- -+ ++

Reference Trajectory

Trajectory Change

Therapist/

Subject

Movement 

trajectory For each 

robot

For stiffness matrix

For damping matrix

 

Figure 4.4. The block diagram of the adaptive admittance controller: (a) the admittance 

control scheme and (b) fuzzy logic. 

4.3.1 Admittance Control Scheme 

The admittance control scheme is referred to as the interaction control scheme 

proposed by Hogan firstly [165], which is the inverse of the impedance control scheme. 

The definition of “admittance” is that a system receives force inputs and produces 

displacement outputs. In this research, the force input is provided by researchers or 

participants, and the displacement output is sent to the robots as the trajectory change 

△p. The admittance control scheme is modelled by: 

                                  f = - (Md△�̈�(t) + Bd△�̇�(t) + Kd△𝜽(t))                              (4.1) 

where f, Md, Bd and Kd represent the applied force, the change of inertia matrix, 

damping matrix and stiffness matrix, respectively. △𝜽(t), △�̇�(t), and △�̈�(t) are the 

trajectory change, velocity change and acceleration change, respectively. It can be 

seen from Equation (4.1) that the movements of the robots is under the control of 

participants through the applied force f: if f is zero, the trajectory change △p would 

be zero, and the robots will move according to the reference trajectory pr,XYZ (due to 

pr,XYZ is equal to pm,XYZ); if f is nonzero, the robots will move according to the 



 

 87 

Intel l igent  Bi latera l  Tra ining Subsys tem  

movement trajectory pm,XYZ rather than the reference trajectory pr,XYZ. 

In addition, due to the uncertain dynamic models of different participants or different 

disability levels of patients, the robots should be able to change their dynamics 

accordingly. For this purpose, Equation (4.1) can be rewritten as: 

                                △�̈�(t) = Md
-1(- Bd△�̇�(t) - Kd△𝜽(t) - f)                                (4.2) 

where Bd=△B, Kd=△K. The △B and △K are the crisp outputs of fuzzy logic. By 

changing these three parameters in the admittance control scheme in real time, the 

trajectories can be modified to meet different requirements of training. 

4.3.2 Fuzzy Logic 

The fuzzy logic is proposed by Zadeh [166], which has been applied to nonlinear 

systems or systems with uncertain parameters [155, 158, 159]. In this research, the 

fuzzy logic is used to regulate parameters of the admittance control scheme based on 

the applied force in real time. The block diagram of the fuzzy logic is shown in Fig. 

4.5. 

Figure 4.5. The block diagram of fuzzy logic. 

The detailed process of fuzzy logic is as follows. 1) The applied force f and the first 

derivative of f are normalized to be the fuzzy inputs E and EC, respectively. 2) In 

fuzzification process, E and EC are mapped to the seven Gaussian curve membership 

functions (Fig. 4.6), namely, Positive Large (PL), Positive Middle (PM), Positive 

Small (PS), Zero (O), Negative Small (NS), Negative Middle (NM) and Negative 
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Large (NL), respectively. The membership degree of each mapped input is obtained 

from these membership functions. 3) Each combination of membership degrees of 

mapped inputs (E and EC) actives one fuzzy rule based on the fuzzy rule table (Table 

4.2). A total of 49 different fuzzy rules are included in Table 4.2, which are determined 

based on the suggestions of literature [158, 167]. These rules are employed by the 

Mamdani-type inference method, which are based on the if-then-else structure [168]. 

4) The fuzzy output is calculated in the defuzzifcation process based on the centre of 

gravity method [155]: 

                                                     
i 1

i 1












n

i i

n

i

W B

U

W
                                                               (4.3) 

where U is the fuzzy output, Bi is ith activated fuzzy rule, Wi is the minimum of the 

membership degrees of E and EC, and i stands for PL, PM, PS, O, NS, NM, and NL. 

5) The output U is then denormalized to the crisp output which is the final output of 

the fuzzy logic. In this research, the crisp output would be the △B or △K. 

(a) (b)

(c) (d)

Figure 4.6. Membership functions: (a) the applied force f, (b) the change of the applied force 

f, (c) output and (d) the output surface of fuzzy rules [169]. 
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According to the book [158], the established fuzzy rules should be suitable for our 

research based on the actual situation. Therefore, NL*NL=PL is used to maintain 

safety as well as to provide challenges. The robot will provide more stiffness if 

participants can provide stronger force. In other words, the force carried out by 

participants is treated as external disturbances for the robots. In addition, if 

NL*NL=NL (PL*PL=PL) is used, the trajectory will be changed more drastically but 

safety and outcomes cannot be guaranteed. In this research, the fuzzy sets of E, EC 

and U are chosen to be [-6, +6] according to [158]. The universal sets of crisp inputs 

(force) are [-50N, +50N] and [-30N, +30N] for the master and slave robots, 

respectively. This means that the applied force f would be limited to the maximum or 

minimum value if it is out of these sets. The reason for choosing a larger force set for 

the master robot than the slave robot is that the master robot would be controlled by 

unaffected arms of participants, while the slave robot would be controlled by the 

affected arms of participants (even though all participants are healthy persons in this 

research). Moreover, the universal set of crisp output for the admittance control 

scheme’ parameters (△B, and △K) are [-0.2, +0.2] for both robots. It is an optimal 

solution arrived at via experiments, since bigger or smaller values of crisp output 

would discomfort participants. All the sets described above can be revised according 

to participants, therapists, training stages, or other experimental objectives at any time. 
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Table 4.2: Fuzzy rules for the interaction force 

EC 

  E 
NL NM NS O PS PM PL 

NL PL PL PL PL PM O O 

NM PL PL PL PL PM O O 

NS PM PM PM PM O NS NS 

O PM PM PS O NS NM NM 

PS PS PS O NM NM NM NM 

PM O O NM NL NL NL NL 

PL O O NM NL NL NL NL 

4.4 Simulation and Pilot Experiment 

To explore the safety and stability of the proposed rehabilitation device and the 

bilateral training protocols, simulations and pilot experiments with three human 

participants were conducted. Differences between the simulations and experiments 

were the platforms of URSim programs and the sources of applied force. In the 

simulations, two VMware workstations (version 12), which are the virtual machines 

of the UR robots, were utilised as platforms to run URSim programs in order to mimic 

the master and slave robots respectively. Applied force was a manual input through 

the LabVIEW program. In the pilot experiments, the UR robots were the platforms of 

URSim programs and applied force coming from researchers or participants and was 

measured by the force sensors. 

4.4.1 Procedures for Simulation and Experiment 

In the simulations, for the first and second exercises, three sinusoidal waveforms with 

an amplitude of 200mm and a period of 25s were used as RT for X, Y and Z directions 

of the robots through the LabVIEW program. Meanwhile, two sinusoidal waveforms 
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with amplitudes of 50mm and 30mm and a period of 25s were utilized as master force 

and slave force (maximum 50N and 30N respectively) through the LabVIEW program 

as well. It should be noted that the utilised controller and training protocols in the 

simulations were the same as in the experiments, and there is no reference trajectory 

in the third and fourth exercises. 

In the experiments, three healthy adults (mean age: 26.8±1.38years; height: 

175.6±3.77cm; weight: 71.8±11.68kg) were recruited. The participants were asked to 

sit in an adjustable height chair whilst their hands - one hand for the first and second 

exercises, two hands for the third and fourth exercises - were strapped to the handle 

bars in a way that ensured their arms could be moved freely and comfortably by the 

robots during the experiments. Moreover, the same reference trajectories were used in 

the experiments but the period of each exercise was extend to 80s. In the first two 

exercises, one researcher controlled the master robot to create the master trajectory 

change with his own force. The participants were asked to follow the ST in the first 

exercise, and to apply force to the slave robot in the second exercise. In the third and 

fourth exercises, the participants controlled the master robot through their left arms to 

do whatever movements they wanted, such as moving forward and backward. 

Meanwhile, they were able to adjust the ST through their right arms by applying force 

to the slave robot. Note that for the purpose of conciseness, the presented results only 

included the motion in the Y-direction (see Fig. 3.5 of Chapter 3) of one healthy 

participant (different force caused different trajectories). 

4.4.2 Results 

Bilateral-passive training protocol 

In this exercise, the proposed bilateral training subsystem is tested for two cases: with 

and without the force of the researcher. The controller is enabled only in the master 

robot to adjust the MT according to the researcher’s force in real time if necessary. 
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(a) (b) (c)

(d)

Y-direction

(e) (f)

Figure 4.7. The simulation and experimental results of the bilateral-passive exercise: (a) 

simulation-1 (without force), (b) simulation-2 (with MF), (c) the force and associated BK 

value of simulation-2, (d) experiment-1 (without force), (e) experiment-2 (with MF) and (f) 

the force and associated BK value of experiment-2. 

Simulation and experimental results are shown in Figs. 4.7(a)-(c) and Figs. 4.7(d)-(f), 

respectively. RT, MT, ST, MF, SF, MBK and SBK in these figures mean reference 

trajectory, master trajectory, slave trajectory, master force, slave force, master BK 

value and slave BK value, respectively. The left vertical axes in Figs. 4.7(a) and (b) 

are the distances of Y-direction (positive value means forward movement while 

negative value means backward movement), and the right vertical axes represent the 

applied force. For Fig. 4.7(c), the left vertical axis is the applied force (the same force 

in Fig. 4.7(b)) and the right vertical axis is the BK value (the crisp outputs of fuzzy 

logic, magnified by 400 times). Other figures (Figs. 4.7(d)-(f), 4.8-4.10) all follow this 

principle. Moreover, to ensure the safety of training, the slave trajectory changes 

would be sent to the researcher (the master robot) first before sending the updated MT 

to the slave robot. This is why the ST is slightly behind the MT. 
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Simulation results are shown in Figs. 4.7(a)-(c), which illustrate good tracking and 

synchronisation performance of the master and slave robots. It can be seen from Fig. 

4.7(a) that the MT and ST were the same as the RT if there was no force applied to 

the master robot, while in Fig. 4.7(b), the MT and ST were adjusted according to the 

MF, but they were almost the same as each other. 

Experimental results are represented in Figs. 4.7(d)-(f). The motions of the master and 

slave robots were synchronised well and were consistent with the simulation results, 

even in the case of the researcher’s intervention. Note that the applied force in the 

experiments was applied by the researcher or the participants, so cannot be guaranteed 

to be a purely sinusoidal waveform used in the simulations. A similar situation can be 

found in Fig. 4.7(f), in which BK values were not smooth compared to those in the 

simulations. 

Bilateral-cooperative training protocol 

This exercise is examined in terms of the stability of the subsystem under the 

intervention of the researcher and the participants. This kind of bilateral training 

protocol is suitable for the Stage 5 of the Brunnstrom approach, whereby participants 

can achieve a medium level of force but still need extra assistance from the robots to 

finish exercises. 
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(a) (b) (c)

(d)

Y-direction

(e) (f)

Figure 4.8. The simulation and experimental results of the bilateral-cooperative exercise: (a) 

simulation-1 (with SF), (b) simulation-2 (with MF and SF), (c) the force and associated BK 

value of simulation-2, (d) experiment-1 (with SF), (e) experiment-2 (with MF and SF) and 

(f) the force and associated BK value of experiment-2. 

 

Simulation results are shown in Figs. 4.8(a)-(c). The slave robot has a good ability to 

follow the master robot, and the MT and ST can be adjusted through the SF applied to 

the slave robot. Fig. 4.8(b) shows the results of the MT and ST under the intervention 

of the MF and SF at the same time. The MT and ST are different with the RT but they 

are still sinusoid-like waveforms, and they are almost the same. 

Figs. 4.8(d)-(f) show the experimental results. More trajectory contribution is given to 

the participants (the slave robot) in the experiment-1 in order to confirm the robustness 

and adaptability of the subsystem in different working conditions. To achieve this, the 

slave trajectory change is doubled, which means that the ST is more sensitive to the 

SF. As shown in Fig. 4.8(d), the MT and ST are adjusted sharply according to the SF 

but they are still able to track the RT with high accuracy. In the experiment-2, the 
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magnification of the slave trajectory change is adjusted to normal, which makes the 

MT and ST more stable than those of the experiment-1. Usually the trajectory 

contribution of the master and slave robots should not be modified. 

Bilateral-active training protocol 

This training protocol includes two sub-exercises: one is the bilateral mimic active 

exercise and the other is the bilateral cooperative active exercise. 

1)   Bilateral mimic active exercise 

In this exercise, the participants’ left arms drove the master robot, creating the MT for 

the slave robot to train the right arms. Meanwhile, the participants’ right arms can 

exert force to affect the ST and MT. It should be noted that the robots would stay 

stationary if no force or only small force (≤10N) is applied by the participants. These 

simulations and experiments were specifically designed for testing the robustness and 

adaptability of the proposed bilateral system rather than clinical applications. 

Therefore, the applied force was adjusted arbitrarily and the trajectories were not 

smooth. 
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(a) (b) (c)

(d)

Y-direction

(e) (f)

(b)

Figure 4.9. The simulation and experimental results of the bilateral-mimic-active exercise: 

(a) simulation-1 (with MF), (b) simulation-2 (with MF and SF), (c) the force and associated 

BK value of simulation-2, (d) experiment-1 (with MF), (e) experiment-2 (with MF and SF) 

and (f) the force and associated BK value of experiment-2. 

 

Figs. 4.9(a) and (b) show the simulation results without/with the SF, respectively. 

These figures show that, the ST was almost the same as MT in both results. Compared 

to Fig. 4.9(a), the trajectories in Fig. 4.9(b) are adjusted according to the SF under the 

same MF. For example, during the period of 42s to 54.5s, the trajectories move along 

the positive vertical axis of Fig. 4.9(b) to the maximum limit (+500mm) due to the 

positive SF. 

More trajectory contribution was given to the slave robot (double the slave trajectory 

change) and a stronger force (maximum 60N) was applied by the participants in the 

experiment-2. This was done to confirm the robustness and adaptability of the 

subsystem under different working conditions. Compared to Fig. 4.9(d), the MT and 

ST are adjusted sharply in Fig. 4.9(e) with more trajectory contribution caused by the 
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SF, but the slave robot can still catch up with the master robot accurately. Similar to 

the second training protocol, the master and slave robots’ trajectory contributions 

should not be modified casually. 

2)   Bilateral cooperative active exercise 

In this exercise, the ST is opposite to the MT, which is specifically designed to test 

the stability of the subsystem in different working conditions as well. 

(a) (b) (c)

(d)

Y-direction

(e) (f)

Figure 4.10. The simulation and experimental results of the bilateral-cooperative active 

exercise: (a) simulation-1 (with MF), (b) simulation-2 (with MF and SF), (c) the force and 

associated BK value of simulation-2 (d) experiment-1 (with MF), (e) experiment-2 (with MF 

and SF) and (f) the force and associated BK value of experiment-2. 

 

Figs. 4.10(a) and (b) show the simulation results without/with the SF, respectively. It 

can be seen from these figures that the MT and ST are just reverse. The robots would 

keep stationary if two trajectories conflict with each other, or the MF and SF are small 

(≤10N) for safety purposes. The maximum range in the Y-direction is ±400mm 

(±500mm in the X-direction and ±150mm in the Z-direction) as indicated in Fig. 
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4.10(b) and the robots would remain stationary when the boundaries are reached (Fig. 

4.10(b)). 

Fig. 4.10(d) and (e) show the experimental results without/with the SF applied by the 

right arms, respectively. The slave force set is modified to [-45N, +45N], which is a 

bit larger than other exercises to test the safety of the system under different working 

conditions. As seen in Fig. 4.10(f), four different SF (circled in green) have nearly the 

same BK values (circled in green). This means that the largest BK value is limited to 

45N no matter how big the actual slave force is. The force sets of the master and slave 

robots can be adjusted at any time according to participants’ requirements (generally, 

±50N for the MF and ±30N for the SF). 

4.5 Follow-Up Experiment 

In order to further evaluate the proposed bilateral rehabilitation device and training 

protocols, a follow-up experiment was conducted. Ten healthy male participants with 

no known neural diseases took part in this study (mean age: 27.9±1.14 years; height: 

178.6±5.37 cm; weight: 73.9±10.61 kg, BMI: 23.1±2.37 kg/m2). All experimental 

procedures were approved by the University of Auckland Human Participants 

Ethics Committee (reference 015256). 

The whole experiment comprised four exercise modes, the flow diagram of the 

training protocol has been shown in Fig. 4.11(a). Shoulder flexion/extension (mode-

1) and shoulder horizontal adduction/abduction (mode-2) contained three parts (part-

1, part-2 and part-3) while active-mimic (mode-3) and active-cooperate (mode-4) 

contained one part. For mode-1, the robots moved the arms of each participant 

passively along a predefined trajectory (a vertical motion with the range of [-60o +60o] 

at the speed of 10o/s [157], Fig. 4.11(b)), 5 times for part-1/part-2 and 4 times for part-

3. The total training time for mode-1 was around 6 minutes with a 3-minute break after 
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each part, and a 5-minute break after each mode to avoid muscle fatigue. Meanwhile, 

for mode-2, the basic training protocol was the same as mode-1 except the predefined 

trajectory was changed to a horizontal motion with the range of [0o,+60o] at the same 

speed [157], so the total training time for mode-2 was around 5 minutes with the same 

break time (Fig. 4.11(c)). The main differences between three parts were: in part-1, 

the proposed adaptive admittance controller was not used and participants followed 

the trajectories of the robots; in part-2, the proposed adaptive admittance controller 

was used but participants still followed the trajectories of the robots; and in part-3, the 

proposed adaptive admittance controller was used and participants were asked to 

follow the robots in the 1st and 4th loops and accelerate or decelerate the robots’ 

movements in the 2nd and 3rd loops. 

In addition, for mode-3 and mode-4, each participant was asked to stand in front of 

the robots to provide more force. In mode-3, each participant moved the master robot 

to draw a “square” 5 times in three-dimensional (3D) space with his left arm, and the 

slave robot followed the master trajectory at the same time. Moreover, the right arm 

could follow, accelerate or decelerate trajectories by providing corresponding force 

through the slave robot (Fig. 4.11(d)). In this mode, the performed number of “square” 

was focused on rather than the training time since it was a task-based training. For 

mode-4, the basic training protocol was the same as mode-3 except that the trajectories 

of the slave robot were opposite to those of the master robot (Fig. 4.11(e)). Note that 

in contrast to the pilot experiments, there was no researcher in the follow-up 

experiments, which meant that the master robot would be controlled by participants at 

all times. 
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  Stand

Shoulder  active-mimic exercise (mode-3)  Square —5 times

Shoulder  active-cooperate exercise (mode-4)  Square —5 times

5 mins break

  Sit

Shoulder flexion/extension exercise (mode-1)

[-60
o
, +60

o
] with 10

o
/s

Part#1—5 times

Part#2—5 times

Part#3—4 times

3 mins break

3 mins break

Shoulder adduction/abduction exercise (mode-2)

[0
o
, +60

o
] with 10

o
/s

Part#1—5 times

Part#2—5 times

Part#3—4 times

3 mins break

3 mins break

5 mins break

(a)

(b) (c)

(d) (e)

 

Figure 4.11. Training protocol: (a) the flow diagram of the training protocol, (b) shoulder 

flexion/extension exercise (mode-1), (c) shoulder adduction/abduction exercise (mode-2), 

(d) shoulder active-mimic exercise (mode-3, the same direction of arrows) and (e) shoulder 

active-cooperate exercise (mode-4, the opposite direction of arrows). 
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4.5.1 Results 

For mode-1 and mode-2 

In general, as shown in Figs. 4.12(a) and (c), the trajectories of the master and slave 

robots are almost the same as the reference trajectory, and in Figs. 4.12(b) and (d), the 

adaptive admittance controller represents an ability to adjust trajectories according to 

interaction force (active) from the participants. 

Figs. 4.12(a) and (b) show the experimental results of part-2 and part-3 under mode-1 

(the results of part-1 are the same as those of part-2, which are not presented). The 

absolute max errors between RT, MT and ST can be seen from Table 4.3: for part-2, 

max errors along the X-direction and Z-direction are 2.34mm and 0.24mm between 

the master and reference trajectories, respectively; 2.51mm and 0.40mm between the 

slave and reference trajectories; respectively, and 2.62mm and 0.43mm between the 

master and slave trajectories, respectively. For part-3, max errors along the X-direction 

and Z-direction are 9.38mm and 9.77mm between the master and slave trajectories, 

respectively. 

The trajectories and interaction force for mode-2 can be found in Figs. 4.12(c) and (d), 

which show similar results to mode-1. Moreover, Table 4.4 lists the absolute max 

errors between RT, MT and ST: for part-2, max errors along the X-direction and Y-

direction are 3.84mm and 0.79mm between the master and reference trajectories, 

respectively; 3.86mm and 0.49mm between the slave and reference trajectories, 

respectively; and 3.12mm and 2.27mm between the master and slave trajectories, 

respectively. For part-3, max errors along the X-direction and Y-direction are 9.58mm 

and 6.21mm between the master and slave trajectories, respectively. 

Note that for mode-1 and mode-2, the trajectories in Figs. 4.12(a) and (c) are the 

average results of the participants, while the trajectories in Figs. 4.12(b) and (d) are 
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not averaged. The reason is that Figs. 4.12(b) and (d) show the results of part-3, in 

which the trajectories are vary due to the active force applied by the participants, and 

these trajectories cannot be averaged. For this situation, the representative trajectory 

among 10 participants for each mode is chosen for illustration. 

For mode-3 and mode-4 

For mode-3 and mode-4, the trajectories are shown in Figs. 4.12(e) and (f), 

respectively. The results show that participants can trigger the robots to draw the 

‘square-shaped’ trajectories according to their force and its direction. Table 4.5 lists 

the absolute max errors: 8.9mm and 5.5mm along the Y-direction and Z-direction 

between the master and slave trajectories for mode-3, and 6.2mm and 7.9mm for 

mode-4, respectively. 

Note that the trajectories of mode-3 and mode-4 in Figs. 4.12(e) and (f) are not the 

average results of the participants for the same reason as given for of the results in 

Figs. 4.12(b) and (d). Another reason is that in mode-3 and mode-4, the time to 

complete each loop is different for each participant and therefore it is impossible to 

average the trajectories. For this reason, the representative trajectory among 10 

participants is chosen for illustration. 



 

 103 

Intel l igent  Bi latera l  Tra ining Subsys tem  

Shoulder flexion/extension (mode-1)

(b)(a)

Shoulder horizontal adduction/abduction (mode-2)

(c) (d)

Active-cooperate (mode-4)Active-mimic (mode-3)

(e) (f)

Figure 4.12. The results of different modes: (a) the trajectories of Mode-1 with passive 

force, (b) the trajectories of Mode-1 with active force, (c) the trajectories of Mode-2 with 

passive force, (d) the trajectories of Mode-2 with active force, (e) the trajectories of Mode-3 

and (f) the trajectories of Mode-4. 
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Table 4.3 The absolute trajectory errors of Mode-1 in Part-2 and Part-3 (mm) 

Exercise 

Name 

Robot 

Name 

Max 

Error 
P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 Mean±SD 

Part-2 

master 

robot 

Reference 

X-direction 
1.81 2.16 1.94 2.15 2.21 2.06 1.81 2.11 1.89 2.34 2.05±0.17 

Reference 

Z-direction 
0.23 0.21 0.23 0.14 0.14 0.14 0.14 0.24 0.14 0.24 0.19±0.04 

slave 

robot 

Reference 

X-direction 
2.11 2.18 2.48 2.51 2.11 2.18 1.99 2.08 2.38 2.08 2.21±0.17 

Reference 

Z-direction 
0.40 0.24 0.26 0.24 0.24 0.34 0.24 0.24 0.34 0.33 0.29±0.06 

within 

two 

robots 

X-direction 2.22 2.22 2.48 2.62 2.22 2.22 1.98 2.12 2.38 2.32 2.28±0.17 

Z-direction 0.37 0.37 0.37 0.27 0.27 0.37 0.27 0.37 0.43 0.37 0.35±0.05 

Part-3 

within 

two 

robots 

X-direction 9.38 3.48 7.22 4.72 3.68 3.42 8.68 2.78 6.88 2.58 5.28±2.40 

Z-direction 2.57 3.47 6.97 2.47 0.27 4.67 1.23 0.37 9.77 0.33 3.21±2.99 
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Table 4.4 The absolute trajectory errors of Mode-2 in Part-2 and Part-3 (mm) 

Exercise 

Name 

Robot 

Name 

Max 

Error 
P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 Mean±SD 

Part-2 

master 

robot 

Reference 

X-direction 
1.29 3.16 2.97 1.14 3.01 1.40 2.85 1.89 3.84 1.84 2.34±0.89 

Reference 

Y-direction 
0.26 0.79 0.16 0.26 0.43 0.14 0.16 0.49 0.15 0.28 0.31±0.20 

slave 

robot 

Reference 

X-direction 
2.15 3.48 1.75 2.59 3.86 1.82 2.44 2.02 2.79 2.33 2.52±0.66 

Reference 

Y-direction 
0.49 0.26 0.30 0.23 0.25 0.26 0.36 0.27 0.41 0.24 0.31±0.08 

within 

two 

robots 

X-direction 2.42 2.42 2.68 2.89 2.42 2.42 2.98 3.12 2.69 2.75 2.68±0.25 

Y-direction 1.37 1.37 1.37 2.27 1.27 1.37 2.27 1.37 1.43 1.37 1.55±0.36 

Part-3 

within 

two 

robots 

X-direction 8.69 5.69 3.88 1.59 9.58 6.33 7.49 6.38 2.58 3.11 5.53±2.54 

Y-direction 1.58 5.21 6.18 1.44 2.36 6.21 1.47 2.58 3.32 2.23 3.26±1.81 

 

Table 4.5 The absolute trajectory errors of Mode-3 and Mode-4 (mm) 

Exercise 

Name 

Robot 

Name 

Max 

Error 
P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 Mean±SD 

Mode-3 

within 

two 

robots 

Y-direction 5.80 1.40 5.58 1.90 2.50 2.20 2.92 2.18 8.90 3.35 3.67±2.24 

Z-direction 4.30 2.90 5.50 3.80 3.80 2.60 2.80 0.40 2.50 1.90 3.05±1.33 

Mode-4 

within 

two 

robots 

Y-direction 5.60 2.20 1.30 4.20 4.00 1.90 2.80 6.20 2.70 1.70 3.26±1.59 

Z-direction 5.50 7.90 2.40 2.60 7.70 6.80 2.40 2.50 2.30 2.60 4.27±2.29 
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4.6 Discussion 

The main purpose of this chapter is to develop patient-cooperative bilateral training 

protocols based on the proposed bilateral rehabilitation device. An adaptive 

admittance controller is thus developed to make this outcome possible. Simulation, 

pilot, and follow-up experiments are performed to evaluate the proposed bilateral 

training subsystem. 

4.6.1 Development of an Adaptive Admittance Controller 

Regarding the control system, an adaptive admittance controller is proposed in this 

chapter. Due to the complex mechanical structure of the UR robot and the intellectual 

property protected by the UR company, it is difficult to acquire an accurate dynamic 

model of the UR robot in real time. In addition, as discussed above, participants’ 

dynamic models are variable as well. The main limitation is that the accuracy of 

model-based methods rely strongly on the precise modelling of targets. In the 

proposed bilateral rehabilitation device, this kind of dynamic model consists of two 

UR robots and two human arms, which is too complex to get. Even though an accurate 

dynamic model can be established, it is still too vulnerable to errors and might not be 

suitable for practical use [170]. As a result, an adaptive admittance controller is 

utilised to eliminate the above disadvantages, which is designed directly based on real-

time data rather than the explicit or implicit knowledge of targets [171]. On the other 

hand, in order to actualise the proposed patient-cooperative bilateral training protocols, 

the adaptive admittance controller is also necessary. By using this controller, the 

applied force can be transferred to the displacement, thus adjusting the reference 

trajectory. In this way, the efforts of participants can be taken into account, which can 

enhance their training enthusiasm. In addition, as discussed above, active exercises or 

voluntary efforts-involved training are more effective on motor functional 

improvement than passive training [24, 25]. 
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4.6.2 Application of Patient-Cooperative Bilateral Training Protocols 

Patient-cooperative bilateral training protocols are specifically designed in this chapter 

for true bilateral exercises as well as to test the proposed rehabilitation device. 

Simulation, pilot and follow-up experiments are conducted to confirm the safety and 

reliability of the proposed bilateral device and training protocols. 

The simulation and pilot experiment: the trajectories of bilateral passive and 

cooperative exercises (Figs. 4.7 and 4.8) are totally different. In Fig. 4.7(e), the MT 

and ST are adjusted by the researcher but they still follow the RT, while in Fig. 4.8(e), 

the MT and ST are different from the RT due to the contribution from the participants. 

This means that the participants can adjust the MT and ST through their own efforts 

and therefore, contribute to the training. The researcher can also assist or resist the 

participants through the master robot in real time for training or safety purposes. 

Furthermore, the results of the bilateral mimic active and cooperative active exercises 

in Figs. 4.9(e) and 4.10(e) show that the force from the participants’ left arms can lead 

the master robot’s movement to target points. Meanwhile, the right arms of the 

participants can successfully track or adjust the master and slave trajectories through 

the slave robot. It ensures that the participants can conduct self-training no matter the 

mode of exercises (mimic or cooperative) and maintain engagement during training. 

Note that the trajectories’ directions in these two exercises are related to the sum of 

the master and slave force: a positive sum makes the trajectories move along the 

positive vertical axis and vice versa. That is why a sharp turn is occurred in the 

trajectories when the sum becomes zero (circled in green, Fig. 4.9(a)). 

Table 4.6 shows the maximum errors of the simulations and experiments are 9.1mm 

and 14.0mm, which could be regarded as less than minor compared to the maximum 

distances of 500mm and 410.5mm (percentage error: 1.82 % and 3.41 %), respectively. 

The simulation and experimental results conclude that the slave robot tracks the master 



 

 108 

Intel l igent  Bi latera l  Tra ining Subsys tem  

robot accurately, realizing the precise bilateral exercises and demonstrating the 

precision of the subsystem during bilateral exercises. The voluntary efforts of the 

participants can also be represented by the applied force to affect or create the 

movements of the robots, thus enhancing the enthusiasm for the exercises (Figs. 4.7 

to 4.10 and Table 4.6). 

Table 4.6 The quantitative comparison of the simulation and experimental results 

Exercises Test instances 

Master robot Slave robot Max 

Error 
(mm) 

Max 

force(N) 

Max  

Distance 

(mm) 

Max 

force(N) 

Max  

Distance 

(mm) 

Bilateral 

passive 

Simulation-2 49.995 214.5 0 214.5 4.6 

Experiment-2 39.502 211.4 0 211.4 6.6 

Bilateral 

cooperative 

Simulation-2 49.996 199.9 29.998 199.9 8.3 

Experiment-2 22.496 200.0 25.886 200.0 9.8 

Bilateral 

mimic active 

Simulation-2 49.996 500.0 29.998 500.0 9.1 

Experiment-2 54.543 372.2 30.221 375.5 13.6 

Bilateral 

cooperative 

active 

Simulation-2 50.000 500.0 29.991 500.0 8.4 

Experiment-2 41.263 410.5 60.982 410.4 14.0 

 All results are absolute values. 

 

The follow-up experiment: in general, the experimental results of the trajectories and 

the performance of the controller are as expected, which show strong evidence that 

the proposed bilateral rehabilitation device as well as the training protocols are stable 

and safe, and can be further tested in clinical applications. 

For mode-1 and mode-2, Figs. 4.12(a) and (c) represent the averaged trajectories of 

mode-1 and mode-2 with the passive force, respectively. It can be seen from these two 

figures that, the master and slave robots can catch the RT and stay close. According 

to Table 4.3 and Table 4.4, the absolute trajectory errors of mode-1 and mode-2 with 

the passive force are all less than 4mm. This means the slave robot can catch and 

follow the master robot closely and thus the precise bilateral training can be actualised. 
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At the same time, the controller can maintain the stability of the subsystem with the 

passive force as well as reduce internal and external disturbances. 

In addition, it can be seen from Figs. 4.12(b) and (d) that MT and ST are different 

from RT in the 2nd and 3rd loops according to the active force, or the same as RT in 

the 4th loop as soon as the active force descended to the safety threshold (10 N). 

Moreover, according to Table 4.3 and Table 4.4, the absolute trajectory errors of 

mode-1 and mode-2 with the active force are all less than 10mm, which are very small 

differences compared to the whole trajectories. This means the controller has an ability 

to change trajectories quickly and stably, which is the foundation for the active-mimic 

and active-cooperate training protocols. The concept of patient-cooperative training is 

actualised as well: participants’ intentions and voluntary efforts can be taken into 

account through changed trajectories. 

However, some differences of the absolute trajectory errors are found within one mode 

or between two modes. First, all errors of part-2 are smaller than those of part-3 in 

both mode-1 and mode-2. The possible reason could be that with the active force, the 

changes of the trajectories are bigger than those of the trajectories with the passive 

force, which increases errors accordingly. Second, almost all errors in mode-1 are 

smaller than those in mode-2. This situation can be explained by the fact that during 

mode-2, it is easier for the participants to offer the stronger active force compared to 

mode-1, due to the use of horizontal movements (shoulder horizontal 

adduction/abduction) and the short training time (12s for one loop) [172]. 

As for mode-3 and mode-4, the results show that the participants can finish the active 

task-based training by drawing the ‘square-shaped’ trajectories through their active 

force carried out by their left and right arms. Figs. 4.12(e) and (f) show the best 

trajectories of mode-3 and mode-4 chosen from 10 participants, respectively. The 

definition of ‘best’ is that a trajectory is smooth and each ‘square’ is finished at one-
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time trial, while a ‘bad’ trajectory is rough and each ‘square’ is finished at many-time 

trial. Moreover, it can be seen from Table 4.5 that, the absolute trajectory errors of 

mode-3 and mode-4 are all less than 10mm, which is the same results as part-3 of 

mode-1 and mode-2. These small errors also demonstrate that the bilateral 

rehabilitation device and the patient-cooperative training are stable and safe. At the 

same time, the concept of self-training is actualised, which can encourage the 

enthusiasm of the participants as far as possible. 

4.6.3 Limitation 

Some limitations in this chapter remain: 1) only healthy participants were recruited, 

which means the safety and stability of the rehabilitation device and bilateral training 

protocols cannot be fully verified by the results; and 2) a more in-depth evaluation 

should be implemented to assess the performance of the rehabilitation device and the 

training protocols, such as using an EMG device to detect different muscle responses 

during different bilateral exercises. 

4.6.4 Future Work 

Future work will recruit more healthy participants with a variety of age, height and 

weight to further explore the performance of the device and the training protocols. 

Moreover, stroke survivors would also be recruited to evaluate the effectiveness of the 

proposed bilateral training protocols based on the same rehabilitation device. EMG 

device would be also included to explore muscle activity during different robot-

assisted bilateral training. 

4.7 Summary 

In this chapter, patient-cooperative bilateral training protocols are designed for the 

realisation of true bilateral exercises based on the proposed bilateral rehabilitation 
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device. Meanwhile, the proposed training protocols contain four different exercises 

corresponding to the different stages of the Brunnstrom approach. Accordingly, an 

adaptive admittance controller is developed to make the proposed protocols possible. 

Preliminary results through simulations and pilot experiments with three healthy 

participants show that the device is stable and safe, and the patient-cooperative 

bilateral training protocols can be actualised with the proposed rehabilitation device. 

At the same time, the voluntary efforts of the participants can be represented by the 

adjusted trajectories and thus the enthusiasm for the training can be enhanced. In 

addition, a follow-up experiment is also performed based on the proposed training 

protocols, in which four formal rehabilitation movements are adopted and tested with 

10 healthy participants. The experimental results show that the proposed bilateral 

rehabilitation device and the controller are stable, and the training protocols could be 

treated as a new and interesting training method. 

Overall, the proposed patient-cooperative bilateral training protocols are stable and 

could be further tested by patients for clinical applications later. 

.  
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Chapter 5 

Muscle Activation Patterns during 

Different Robot-assisted Bilateral 

Training Protocols 

Robot-assisted bilateral training is being developed as a new rehabilitation approach 

for stroke survivors. However, there is still a lack of understanding of muscle functions 

when performing robot-assisted synchronous movements. The aim of this chapter is 

to explore the muscle activation patterns and the voluntary efforts of participants 

during different robot-assisted bilateral training protocols. To this end, ten healthy 

participants took part in a 60-minute experiment based on the proposed adaptive 

admittance controller. The trajectories of the robots, interaction force, and surface 

electromyogram (sEMG) signals were recorded during training. The results show that 

the robots do affect the muscle activation patterns during different training protocols 

and exercises. In addition, the results also suggest that the activations for the same 

muscle groups in the left and right arms are highly correlated with each other in both 

exercises. 
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5.1 Introduction 

Compared to manual therapy, robot-assisted therapy can alleviate backbreaking 

manual work in conventional rehabilitation training and provide precise repetitive 

training in a sufficiently long timeframe [152, 173]. As introduced in previous chapters, 

with regards to bilateral rehabilitation training for upper limbs, it has been proposed 

that the activation of the damaged hemisphere could be promoted by the undamaged 

hemisphere through simultaneous exercises between the affected arm and the 

unaffected arm [9, 10]. Several robotic systems have been developed or revised for 

bilateral training and some clinical results support the suggestion that bilateral training 

is at least as effective as unilateral training for stroke rehabilitation [13], such as the 

Mirror Image Movement Enhancer (MIME) [83, 156, 173-175] and the Bi-Manu-

Track System (also named Arm Trainer) [58, 111, 176] (these two devices have been 

introduced and discussed in previous chapters as well). 

Currently, most bilateral training research focuses on robotic devices and clinical 

results [177, 178], rather than voluntary efforts from participants and the related 

muscle activation patterns during different training protocols. According to [160], a 

controller should be capable of taking into account patients’ intentions and voluntary 

effort, as this has been proven as an effective training method. To date, a few similar 

controllers have been reported [155, 179, 180]. The related experimental results and 

clinical applications show that this kind of controller is safe and stable, and it does 

have an ability to enhance participants’ enthusiasm for training and reduce disturbance 

from internal and external environment. As for muscle patterns, the activation patterns 

for upper limbs’ muscles have been reported in some literature but the results were 

collected under unilateral exercises with a single training condition [174, 181]. 

Meanwhile, one comprehensive piece of research was presented in [182]. The activity 

patterns of different leg and arm muscles were recorded during different walking 
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conditions in both healthy participants and spinal cord injury participants to further 

understand human-machine interactions. 

To the best of the authors’ knowledge, studies which focus on the voluntary efforts as 

well as muscle activation patterns of the upper limbs during different robot-assisted 

training conditions, especially under bilateral exercises, have been rarely reported to 

date. Investigating voluntary efforts and muscle responses to different bilateral 

training conditions (with or without robots or different movements) is fundamental to 

the development of bilateral devices, control strategies, and training protocols. 

Furthermore, exploring the activation correlations of different muscles by using 

bilateral robotic devices is also very helpful in order to understand the cooperation 

mechanism of each pair of muscles under different bilateral training conditions, and 

further, to evaluate the effectiveness of robot-assisted bilateral training. 

Therefore, the main purpose of this chapter is to investigate the muscle activation 

patterns of healthy participants during different robot-assisted bilateral training 

protocols. Moreover, the activation correlations of different muscles are also explored 

within one arm and between two arms to establish the set of ‘standard’ criteria which 

could be utilised as a baseline to assess results exhibited by stroke survivors through 

the same bilateral rehabilitation device and training protocols later. It is hypothesised 

that for healthy participants, the activity of the arm muscles would be reduced to a 

lower level in a robot-assisted training compared to a robot-unassisted training. The 

rest of the chapter is organised as follows: Section 5.2 illustrates the experimental 

setup and procedures; Section 5.3 describes the results of two different bilateral 

training protocols; Section 5.4 represents the discussion, followed by the conclusion 

in Section 5.5. 

5.2 Experimental Setup and Procedures 
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An experiment was performed based on our IRBRD system to investigate the muscle 

activation patterns of healthy participants during different robot-assisted bilateral 

training protocols. Therefore, the sEMG signals from four muscles on both arms of 

each participant were measured: biceps brachii, anterior deltoid, lateral deltoid, and 

posterior deltoid. The experimental setup, the location of sEMG sensors, targeted muscles, 

and the data analysis have been detailed in the following sections. 

5.2.1 Experimental Setup 

The bilateral rehabilitation device used in this chapter has been proposed in Chapter 

3, and contains two UR robots, two 6-axis force sensors, two customised handles, one 

computer and one network switch (Fig. 5.1(a)). Each UR robot comprises one UR 

control box and one UR arm. The UR arm is a six-DOF motor operated robot 

manipulator, which guarantees the intrinsic compliance during training and allows 

arms to be positioned within a large range of motion (ROM) in three-dimensional (3D) 

space. Real-time interaction force between participants and robots are measured by 

the force sensors installed below the customised handles, which make precisely 

controlled bilateral training possible. The final design of the handle includes a 

supporter for participants’ hands and wrists as well as Velcro straps to fix participants’ 

hands with a grip, which enables the affected limbs of participants to use the device. 

In addition, an adaptive admittance controller proposed in Chapter 4 is utilised in this 

research for two purposes. The main purpose is based on the “Patient-cooperative” 

concept; that is, participants can adjust trajectories through their own force rather than 

strictly follow reference trajectories, and thus their voluntary efforts can be reflected 

by the adjusted trajectories. At the same time, participants can have a higher level of 

enthusiasm for bilateral training. The other purpose is to improve the robustness of 

training by reducing disturbances from participants, devices, or external environment, 

as well as the time-delay between two robots, which is the foundation for precisely 
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controlled bilateral training. The safety and reliability of the controller has been tested 

and confirmed in Chapter 4. 

Furthermore, several safety features are also implemented in both software and 

hardware, which have been highlighted in Chapter 3. Researchers could terminate two 

robots with a stop command through the software at the same time. The UR robot 

would stop automatically if movements reach safety boundaries (±500mm for X-

direction, ±600mm for Y-direction and ±350mm for Z-direction,), or velocity, 

acceleration or interaction force of the robots exceed risk thresholds. The robots could 

also be interrupted by cutting off the power through emergency buttons by researchers 

and participants at all times. 
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Figure 5.1. The proposed bilateral rehabilitation system: (a) the block diagram of the system, 

and (b) a healthy participant with the system. 



 

 118 

Muscle Act iva tion Pat terns during Di f feren t  Robot -ass is ted Bi latera l  Tra ining Pro tocols  

5.2.2 Participants 

Ten healthy male participants (mean age: 27.9±1.14 years, height: 178.6±5.37 cm, 

weight: 73.9±10.61 kg, and BMI: 23.1±2.37 kg/m2, Table 5.1, the same as Chapter 4) 

were recruited in our study. The demographics of the participants can be seen in Table 

5.1. Participants had no known nervous system diseases or upper-limb disorders. Other 

physical preparations were the same as other research [183], e.g. avoiding strenuous 

exercises for the 24 hours prior to experiment. All experimental procedures were 

approved by the University of Auckland Human Participants Ethics Committee 

(reference 015256). 

Table 5.1: The demographics of the participants 

Participant Gender Age Height (cm) Weight (kg) BMI (kg/m2) 

1 Male 29 186 85 24.6 

2 Male 29 172 60 20.3 

3 Male 27 182 72 21.7 

4 Male 28 175 70 22.9 

5 Male 26 168 58 20.5 

6 Male 26 180 85 26.2 

7 Male 28 181 83 25.3 

8 Male 29 183 69 20.6 

9 Male 29 183 90 26.9 

10 Male 28 176 67 21.6 

Mean  27.9 178.6 73.9 23.1 

SD  1.136 5.370 10.606 2.371 

5.2.3  Experiment Protocol 

Before the experiment, each participant was invited to do an evaluation to assess his 

qualification for this experiment. If he passed the evaluation, he was given an 

instruction of how to terminate the robots and the sEMG collection when emergencies 
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occurred such as mechanical failures or skin allergies. A brief demonstration of the 

rehabilitation training device was also given. Then each participant was asked to sign 

a participant consent form, and his age, gender, height, weight and other information 

were collected at the same time. 

After the evaluation, explanation and collection, disposable Ag-AgCI electrodes (3M 

Red Dot, 3M Health Care, Germany) were placed in pairs over the skin with an inter-

electrode spacing of 0.02 m [184]. Prior to sEMG electrode placement, each 

participant’s skin was shaved off any hair if necessary, and vigorously cleansed with 

alcohol wipes until erythema was attained [185]. The sEMG electrodes were then 

placed along the main direction of muscle fibres based on the suggestions by SENIAM 

(the European project on sEMG) [184], and the wires of the electrodes were wrapped 

with ace bandages to ensure that they did not impede movements. Eight muscles of 

the left and right arms of each participant were selected, including left biceps brachii 

(LBB), left anterior deltoid (LAD), left lateral deltoid (LLD), left posterior deltoid 

(LPD), right biceps brachii (RBB), right anterior deltoid (RAD), right lateral deltoid 

(RLD), and right posterior deltoid (RPD) (Fig. 5.2(a)). Meanwhile, four ground 

electrodes were placed over olecranon and nape (Fig. 5.2(b), one ground electrode for 

four sEMG sensors). After being fully instrumented, each participant was asked to do 

a maximum voluntary contraction (MVC) for eight muscles. Finally, he was invited 

to sit on an adjustable chair and grasp the handle attached to the robots to perform the 

experiment (Fig. 5.1(b)). The flowchart of the experiment protocol can be seen in Fig. 

5.3(a). 
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(a)

(b)

 

Figure 5.2. Sensors location and targeted muscles: (a) the location of sEMG sensors and the 

targeted muscles (for each arm), and (b) the location of ground electrodes. 

After analysing [186] and a guide from National Stroke Association, two exercises 

were selected for this research. The flow diagram of the training protocol can be seen 

in Fig. 5.3(b). Each exercise contained three robot-assisted training protocols with 

randomised orders: RAT, RATC and RATAF. ‘RAT’ referred to a robot-assisted 

trajectory training, ‘RATC’ referred to a robot-assisted trajectory training with the 

controller, and ‘RATAF’ referred to a robot-assisted trajectory training with active 

force. For the first exercise, the robots moved the arms of participants passively along 

a predefined trajectory: shoulder flexion/extension with the range of [-60o, +60o] at a 

speed of 10o/s (Fig. 5.3(c), henceforth named flexion/extension exercise) [187]. 

Participants were trained 5 times for RAT/RATC and 4 times for RATAF, so the total 

training time was around 6 minutes. There was a 3-minute break after each training 

and a 5-minute break after each exercise to avoid muscle fatigue. For the second 

exercise, a basic training protocol was the same as the first exercise, except the 
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predefined trajectory was changed to the motion of shoulder horizontal 

adduction/abduction with the range of [0o, +60o] at the same speed [186]. Therefore, 

a total training time in second exercise was around 5 minutes with the same break (Fig. 

5.3(d), henceforth named adduction/abduction exercise). Meanwhile, after finishing 

robot-assisted training, each participant was asked to repeat the same training protocol 

without the robots, which was treated as a normal training (henceforth named NT). In 

this training condition, participants did the same movements as described above; the 

total training time was diverse but the 5-minute break after each exercise was the same. 

During the training, two angular sheets were attached to each participant to make sure 

that the motion ranges were the same as [-60o, +60o] and [0o, +60o] for the 

flexion/extension and the adduction/abduction exercises, respectively. After finishing 

all exercises, each participant was invited to finish a questionnaire to evaluate the 

bilateral rehabilitation device, controller and training protocols. The total training time 

for the experiment was around one hour including acclimation stages. 
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Figure 5.3. The detailed information of the experimental design: (a) the flowchart of the 

experiment protocol, (b) the flow diagram of the training protocol, (c) shoulder 

flexion/extension exercise, and (d) shoulder adduction/abduction exercise. 
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It can be seen from Table 5.2 that the main differences between four different training 

protocols were: in RAT, participants followed trajectories provided by the robots 

without the controller; in RATC, participants still followed the trajectories but the 

controller was used for each robot; in RATAF, participants followed the same 

trajectories with the same controller in RATC, but they were asked to adjust the 

trajectories in 2nd and 3rd rounds through active force (but followed in 1st and 4th 

rounds); in NT, participants moved freely without the robots. So the main objectives 

for doing these four training protocols were: 1) to explore the sEMG patterns of the 

controller-involved/uninvolved robot-assisted trajectory training protocols (RATC to 

RAT); 2) to explore the sEMG patterns of the active force-involved/uninvolved robot-

assisted trajectory training protocols (RATAF to RATC); 3) to explore the sEMG 

patterns of the robots-involved/uninvolved training protocols (RAT, RATC and 

RATAF to NT); and 4) to explore the activation correlations of each pair of muscles 

under different training protocols and different exercises. Note that all training 

protocols were bilateral, and the trajectories of RAT, RATC and RATAF in two 

different exercises have been reported and analysed in Chapter 4. Meanwhile, RAT, 

RATC and RATAF are the same as part-1, part-2, and part-3 in Chapter 4. 

Table 5.2: Involved components in each training 

Training 

Name 

Involvement 

Robot Controller Active Force 

RAT √ × × 

RATC √ √ × 

RATAF √ √ √ 

NT × × × 

5.2.4  Data Reduction and Analysis 

In robot-assisted training protocols, force was recorded by 6-axis force sensors at 50 

Hz which was the same sampling frequency of moving trajectories recorded by the 

robot systems [184]. Raw sEMG signals were collected with a g.USBamp (24-bit bio-

signal amplification unit, g.tec Medical Engineering GmbH, Austria), which were all 
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anti-alias filtered at 500 Hz prior to a sampling frequency of 1200 Hz [188]. After that 

the linear envelope of sEMG signals were obtained by: 1) a second-order high-pass 

Butterworth filter with a cutoff frequency at 20Hz, 2) a full-wave rectification, 3) a 

fourth-order low-pass Butterworth filter with a cutoff frequency at 4 Hz, and 4) 

normalised by dividing peaks with the MVC [184]. 

In order to compute ensemble-averaged sEMG waveforms, processed sEMG linear 

envelopes were divided by each round and then averaged. Final results were expressed 

by the angular variation for each muscle: for the flexion/extension exercise, the results 

were shown by [-60o, +60o]; for the adduction/abduction exercise, the results were 

shown by [0o, +60o]. The activations of muscles were expressed by an ensemble-

averaged sEMG patterns graph as well as mean and max sEMG activity histograms. 

Note that all the participants were male thus avoiding the influence of gender. All the 

participants were Chinese postgraduate students (between 26 and 29 years old, young 

adult stage), and the standard deviation (SD) of age is 1.13, thus avoiding the influence 

of race and age as well. As for the influence of physical characteristics, the measured 

sEMG data would be normalized by MVC to avoid individual differences, which is 

the common method to process sEMG data [187]. We prefer not to control the force 

amplitude of the participants’ upper limbs since the purpose of our proposed system 

is to recover the strength of upper limbs through their active force, but the max force 

amplitude and the direction of the participants’ upper limbs are controlled by using 

the predefined threshold and the training direction for safety purposes (the direction 

of the participants’ upper limbs should be same with or opposite to the training 

direction, other directions cannot be recognized). 

5.2.5 Statistical Analysis 

Experimental data were tested for normality using the Shapiro-Wilk test. Descriptive 

statistics contained means±standard deviation (SD) of mean and max sEMG 
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amplitudes, which were calculated and compared across four conditions by One-Way 

ANOVA with Bonferroni post hoc test [182]. Moreover, Pearson correlation 

coefficients were calculated to figure out bilateral activation correlations of each pair 

of muscles in different training protocols [181, 182]. One-Sample T-Test was used for 

comparison of Pearson correlation coefficients at the same time. The statistical 

significant level was 0.05. 

5.3 Results Analysis 

The results are represented in three aspects: 1) the general observations, 2) the 

influences of controller and robot on sEMG activity and 3) muscle activation 

correlations. It should be noted that these results are based on male postgraduate 

students (Chinese) with no known nervous system diseases or upper-limb disorders. 

5.3.1 General Observations 

Figs. 5.4(a) and 5.5(a) illustrate the ensemble-averaged sEMG patterns of upper-limb 

muscles in the healthy participants under different training protocols and exercises. In 

general, the amplitude of sEMG activity in the robot-assisted training with active force 

(RATAF) is significantly greater than those in robot-assisted training protocols 

without active force (RAT and RATC), but almost the same as those in robot-

unassisted training (NT). Specifically, for the flexion/extension exercise (Fig. 5.4(a)), 

sEMG waveforms are different in BBs (BBs include LBB and RBB, and so on): in 

RAT, RATC and NT, there is almost no activity of these two muscles, while the peaks 

of other muscles occur around a 60° angle; in RATAF, the peaks of BBs’ waveforms 

coincide with the timing of active force applied by the participants. The other finding 

in RATAF is that PDs (PDs include LPD and RPD, and so on) represent additional 

wild fluctuations around a -30° angle when compared to other muscles (circled in Fig. 

5.4(a)). As for the adduction/abduction exercise (Fig. 5.5(a)), the mean activity in 
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RATAF is larger for BBs and PDs, while it is comparable for LDs (LDs include LLD 

and RLD, and so on) and smaller for ADs (ADs include LAD and RAD, and so on) 

when compared to those in NT. Moreover, BBs and ADs do not represent obvious 

peaks in almost all the training protocols. 

Meanwhile, the results of Pearson correlation coefficients reveal other findings 

(unilateral, Table 5.3 and Table 5.4). First, for the flexion/extension exercise (Table 

5.3), one similarity is that the strongest correlation of each training occurs between 

ADs and LDs. Specifically, in RATAF, BBs exhibits strong correlations to ADs and 

LDs in both arms compared to those in other training protocols. Strikingly, one 

exception is found in RATAF of the left arms: PDs represent a weaker correlation 

coefficient to LDs compared to that of BBs. Second, for the adduction/abduction 

exercise, Table 5.4 shows that the strongest correlation is from LDs to PDs in both left 

and right arms in four training protocols. At the same time, some negative results are 

observed, which means that one muscle tends to increase as the compared muscle to 

decrease. This means most results in Table 5.4 are smaller than those in the 

flexion/extension exercise (Table 5.3), and only a few results are significantly 

different from zero (One-Sample T-Test). It is worth mentioning that all the processed 

sEMG signals were within the unit of %MVC, and in the ensemble-averaged sEMG 

patterns graph, black bars placed on the left side were used individually to show the 

activity levels of muscles. 
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Figure 5.4. The sEMG patterns in shoulder flexion/extension exercise: (a) the ensemble-

averaged sEMG patterns (mean+SD, n=10, dark area corresponds to mean, light area 

corresponds to SD), (b) the mean sEMG activity for each muscle and (c) the max sEMG 

activity for each muscle. * denotes significant difference (P<0.05 or less). 
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Figure 5.5. The sEMG patterns in shoulder horizontal adduction/abduction exercise: (a) the 

ensemble-averaged sEMG patterns (mean+SD, n=10, dark area corresponds to mean, light 

area corresponds to SD), (b) the mean sEMG activity for each muscle and (c) the max sEMG 

activity for each muscle. * denotes significant difference (P<0.05 or less). 
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5.3.2 Influences of Controller and Robot on sEMG Activity 

The influence of the controller on the magnitude of sEMG activity across different 

training protocols and exercises is examined. Figs. 5.4(b), 5.5(b) and 5.4(c), 5.5(c) 

show the mean and the max sEMG activity for each muscle respectively: the activity 

levels of muscles in RAT are almost the same as those of RATC in both mean and 

max sEMG activity, and the statistical analysis confirms the similarity that no 

significant difference is observed between these two training protocols. Furthermore, 

the influence of the robots is also examined, but due to significant differences between 

RAT (RATC) and NT, RATAF is chosen to compare with NT to explore more findings. 

In the flexion/extension exercise (Figs. 5.4(b) and (c)), the max sEMG activity shows 

that most muscles’ activity levels are higher than those of NT except LDs (Fig. 5.4(c)). 

At the same time, the mean sEMG activity reveals the opposite: that only BBs’ activity 

levels are higher than those of NT (Fig. 5.4(b)). In addition, statistically significant 

differences are also found between RATAF and NT. Post-hoc multiple comparisons 

using the Bonferroni test indicate that in the max sEMG activity, BBs in RATAF are 

significantly different from those in NT, and in the mean sEMG activity, ADs and LDs 

in RATAF are significantly different from those in NT, respectively. In the 

adduction/abduction exercise (Figs. 5.5(b) and (c)), PDs show a higher activity level 

in PATAF compared to NT in the mean sEMG amplitudes (Fig. 5.5(b)). In the max 

sEMG activity (Fig. 5.5(c)), BBs, LDs and PDs represent higher activity levels in 

RATAF compared to NT. 

5.3.3 Muscle Activation Correlations 

The muscle activation correlations are revealed by the results of Pearson correlation 

coefficients (Bilateral, Table 5.5 and Table 5.6). Generally, a situation found in almost 

all the training protocols is that a specific muscle indicates a very strong correlation to 

the same muscle of the contralateral arm, especially in RATAF which achieves the 
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strongest correlation coefficients compared to the results of other training protocols 

[189]. In particular, ADs and LDs (LAD to RAD, and LLD to RLD) achieve the 

strongest correlation coefficient in each training in the flexion/extension and the 

adduction/abduction exercises, respectively. One interesting finding is that in the 

adduction/abduction exercise, negative results are observed in RAT, RATC and NT, 

which means that the activation level of one muscle tends to increase as that of the 

compared muscle decreases. This causes most results in Table 5.6 to be smaller than 

those in the flexion/extension exercise (Table 5.5), and only a few results are 

significantly different from zero (One-Sample T-Test). 
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Table 5.3: The Pearson correlation coefficients (mean ± SD, n=10) for  

different training protocols in the flexion/extension exercise (unilateral) 

Arm Training Muscle LBB LAD LLD LPD 

Left 

arm 

RAT 

LBB - 0.53±0.27* 0.64±0.17* 0.58±0.20* 

LAD 0.53±0.27* - 0.79±0.15* 0.61±0.28* 

LLD 0.64±0.17* 0.79±0.15* - 0.70±0.16* 

LPD 0.58±0.20* 0.61±0.28* 0.70±0.16* - 

RATC 

LBB - 0.55±0.27* 0.53±0.26* 0.50±0.37* 

LAD 0.55±0.27* - 0.87±0.11* 0.63±0.34* 

LLD 0.53±0.26* 0.87±0.11* - 0.68±0.30* 

LPD 0.50±0.37* 0.63±0.34* 0.68±0.30* - 

RATAF 

LBB - 0.76±0.11* 0.73±0.07* 0.39±0.19* 

LAD 0.76±0.11* - 0.85±0.09* 0.38±0.34* 

LLD 0.73±0.07* 0.85±0.09* - 0.63±0.23* 

LPD 0.39±0.19* 0.38±0.34* 0.63±0.23* - 

NT 

LBB - 0.56±0.17* 0.55±0.26* 0.56±0.22* 

LAD 0.56±0.17* - 0.85±0.10* 0.75±0.27* 

LLD 0.55±0.26* 0.85±0.10* - 0.83±0.22* 

LPD 0.56±0.22* 0.75±0.27* 0.83±0.22* - 

  Muscle RBB RAD RLD RPD 

Rig

ht 

arm 

RAT 

RBB - 0.52±0.17* 0.58±0.21* 0.57±0.23* 

RAD 0.52±0.17* - 0.81±0.15* 0.71±0.20* 

RLD 0.58±0.21* 0.81±0.15* - 0.81±0.12* 

RPD 0.57±0.23* 0.71±0.20* 0.81±0.12* - 

RATC 

RBB - 0.54±0.16* 0.60±0.16* 0.60±0.14* 

RAD 0.54±0.16* - 0.86±0.10* 0.74±0.17* 

RLD 0.60±0.16* 0.86±0.10* - 0.80±0.16* 

RPD 0.60±0.14* 0.74±0.17* 0.80±0.16* - 

RATAF 

RBB - 0.75±0.20* 0.74±0.21* 0.52±0.21* 

RAD 0.75±0.20* - 0.87±0.06* 0.57±0.21* 

RLD 0.74±0.21* 0.87±0.06* - 0.76±0.13* 

RPD 0.52±0.21* 0.57±0.21* 0.76±0.13* - 

NT 

RBB - 0.52±0.30* 0.54±0.32* 0.55±0.33* 

RAD 0.52±0.30*  - 0.83±0.17* 0.80±0.18* 

RLD 0.54±0.32* 0.83±0.17* - 0.83±0.21* 

RPD 0.55±0.33* 0.80±0.18* 0.83±0.21* - 

* denotes correlation coefficient significantly different from zero, t-test (very weak (.00-.19), weak 

(.20-.39), moderate (.40-.59), strong (.60-.79), and very strong (.80-1.0) [189]). 
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Table 5.4: The Pearson correlation coefficients (mean ± SD, n=10) for  

different training protocols in the adduction/abduction exercise (unilateral) 

Arm Training Muscle LBB LAD LLD LPD 

Left 

arm 

RAT 

LBB  - 0.65±0.23* -0.19±0.46 -0.21±0.44 

LAD 0.65±0.23*  - -0.25±0.65 -0.24±0.59 

LLD -0.19±0.46 -0.25±0.65   - 0.91±0.06* 

LPD -0.21±0.44 -0.24±0.59 0.91±0.06* - 

RATC 

LBB  - 0.56±0.30* 0.09±0.47 0.10±0.44 

LAD 0.56±0.30* - 0.01±0.56 -0.02±0.51 

LLD 0.09±0.47 0.01±0.56  - 0.91±0.06* 

LPD 0.10±0.44 -0.02±0.51 0.91±0.06*  - 

RATAF 

LBB  - 0.19±0.39 0.19±0.32 0.33±0.29* 

LAD 0.19±0.39  - 0.12±0.46 0.08±0.40 

LLD 0.19±0.32 0.12±0.46  - 0.81±0.16* 

LPD 0.33±0.29* 0.08±0.40 0.81±0.16* - 

NT 

LBB  - 0.12±0.47 0.15±0.42 0.11±0.38 

LAD 0.12±0.47  - -0.45±0.32* -0.49±0.29* 

LLD 0.15±0.42 -0.45±0.32*  - 0.83±0.08* 

LPD 0.11±0.38 -0.49±0.29* 0.83±0.08* - 

  Muscle RBB RAD RLD RPD 

Rig

ht 

arm 

RAT 

RBB  - 0.39±0.39* -0.15±0.55 -0.15±0.48 

RAD 0.39±0.39* - -0.04±0.60 0.00±0.59 

RLD -0.15±0.55 -0.04±0.60   - 0.90±0.15* 

RPD -0.15±0.48 0.00±0.59 0.90±0.15* - 

RATC 

RBB  - 0.37±0.22* 0.16±0.54 0.17±0.48 

RAD 0.37±0.22* - 0.09±0.54 0.04±0.46 

RLD 0.16±0.54 0.09±0.54  - 0.90±0.15* 

RPD 0.17±0.48 0.04±0.46 0.90±0.15*  - 

RATAF 

RBB   - 0.02±0.46 0.05±0.43 0.19±0.38 

RAD 0.02±0.46  - 0.29±0.49 0.33±0.36* 

RLD 0.05±0.43 0.29±0.49  - 0.83±0.13* 

RPD 0.19±0.38 0.33±0.36* 0.83±0.13* - 

NT 

RBB           - 0.02±0.39 0.29±0.46 0.16±0.39 

RAD 0.02±0.39   - -0.37±0.40* -0.35±0.36* 

RLD 0.29±0.46 -0.37±0.40*  - 0.83±0.11* 

RPD 0.16±0.39 -0.35±0.36* 0.83±0.11* - 

* denotes correlation coefficient significantly different from zero, t-test. 
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Table 5.5: The Pearson correlation coefficients (mean ± SD, n=10) for  

different training protocols in the flexion/extension exercise (bilateral) 

Training Muscle RBB RAD RLD RPD 

RAT 

LBB 0.58±0.27* 0.48±0.30* 0.49±0.26* 0.49±0.27* 

LAD 0.51±0.25* 0.79±0.20* 0.74±0.19* 0.64±0.26* 

LLD 0.54±0.24* 0.68±0.22* 0.74±0.18* 0.63±0.24* 

LPD 0.41±0.24* 0.53±0.29* 0.60±0.28* 0.66±0.32* 

RATC 

LBB 0.44±0.20* 0.50±0.25* 0.50±0.21* 0.52±0.23* 

LAD 0.53±0.14* 0.88±0.08* 0.85±0.08* 0.72±0.24* 

LLD 0.54±0.17* 0.79±0.16* 0.83±0.08* 0.74±0.20* 

LPD 0.42±0.30* 0.55±0.35* 0.58±0.35* 0.64±0.34* 

RATAF 

LBB 0.85±0.16* 0.75±0.10* 0.75±0.08* 0.52±0.15* 

LAD 0.76±0.19* 0.91±0.05* 0.85±0.07* 0.55±0.22* 

LLD 0.70±0.24* 0.83±0.10* 0.89±0.06* 0.73±0.17* 

LPD 0.37±0.28* 0.38±0.33* 0.58±0.24* 0.79±0.12* 

NT 

LBB 0.64±0.19* 0.57±0.25* 0.56±0.25* 0.55±0.22* 

LAD 0.52±0.25* 0.91±0.08* 0.86±0.08* 0.80±0.16* 

LLD 0.53±0.30* 0.82±0.14* 0.87±0.09* 0.80±0.21* 

LPD 0.55±0.29* 0.75±0.20* 0.79±0.27* 0.80±0.19* 

* denotes correlation coefficient significantly different from zero, t-test (very weak (.00-.19), weak 

(.20-.39), moderate (.40-.59), strong (.60-.79), and very strong (.80-1.0) [189]). 

 

Table 5.6: The Pearson correlation coefficients (mean ± SD, n=10) for  

different training protocols in the adduction/abduction exercise (bilateral) 

Training Muscle RBB RAD RLD RPD 

RAT 

LBB 0.51±0.39* 0.45±0.34* -0.27±0.40 -0.22±0.41 

LAD 0.45±0.32* 0.51±0.44* -0.33±0.59 -0.27±0.60 

LLD -0.12±0.52 -0.06±0.60 0.92±0.07* 0.86±0.14* 

LPD -0.16±0.50 -0.02±0.59 0.90±0.04* 0.88±0.12* 

RATC 

LBB 0.58±0.21* 0.41±0.25* -0.01±0.45 -0.01±0.37 

LAD 0.37±0.37* 0.44±0.48* -0.14±0.50 -0.15±0.44 

LLD 0.13±0.48 0.08±0.51 0.88±0.09* 0.83±0.18* 

LPD 0.13±0.42 0.05±0.48 0.84±0.11* 0.83±0.16* 

RATAF 

LBB 0.73±0.17* 0.11±0.44 0.15±0.41 0.31±0.30* 

LAD 0.03±0.36 0.51±0.30* 0.07±0.47 0.10±0.38 

LLD 0.04±0.39 0.25±0.46 0.87±0.13* 0.75±0.18* 

LPD 0.15±0.37 0.26±0.40 0.78±0.25* 0.87±0.15* 

NT 

LBB 0.30±0.28* -0.16±0.27 0.15±0.40 0.14±0.45 

LAD 0.25±0.36 0.44±0.26* -0.38±0.37* -0.43±0.32* 

LLD 0.14±0.45 -0.44±0.30* 0.79±0.17* 0.77±0.14* 

LPD 0.04±0.40 -0.42±0.33* 0.72±0.14* 0.78±0.10* 

* denotes correlation coefficient significantly different from zero, t-test. 
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5.4 Discussion 

The comparison of muscle activation patterns demonstrates that significant differences 

occur in most muscles of the upper-limb during both exercises. Meanwhile, some 

muscle activation correlations during bilateral training are also unveiled. 

5.4.1 General Muscle Activation Patterns 

In this research, the similarities and differences of healthy participants’ muscle 

activation patterns between different bilateral training protocols through an analysis 

of the sEMG activity level are investigated. During robot-assisted training protocols 

(RAT and RATC), the bilateral rehabilitation device provides the necessary force to 

support and guide the participants’ arms to follow a reference trajectory. While during 

a robot-unassisted training (NT), the weight of the upper limbs have to be borne by 

the participants, and then the movements have to be finished by participants unassisted. 

Accordingly, it is understandable that during the robot-unassisted training, the 

amplitude of sEMG activity is obviously larger than those in the robot-assisted training 

protocols. However, these results are different from a lower limb experiment’s results, 

in which the sEMG activity of leg muscles is similar or even larger during a robot-

assisted walking compared to normal walking over ground [182]. As for RATAF, one 

purpose is to explore sEMG activity levels of muscles in the active force-involved 

robot-assisted training to get a precise participation level. Meanwhile, researchers can 

also get a better understanding of the impact of voluntary efforts of participants and 

adjust training protocols correspondingly. The same procedure has been used for a 

treatment plan for children with cerebral palsy, in which doctors can improve the 

success rate of operations through reports produced by the three-dimensional gait 

analysis [190]. It is not surprising that RATAF is accompanied by augmented motor 

outputs in both mean and max sEMG activity due to the active force applied by the 

participants [191], which is the same as our expectation. 
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In addition, some differences are found between two of the exercises. The biggest 

difference is that in RATAF, PDs increase their activity levels in both mean and max 

sEMG activity, while ADs decreases their activity levels in the max sEMG activity in 

the adduction/abduction exercise (Fig. 5.5) compared to the activity levels of those in 

the flexion/extension exercise (Fig. 5.4). Similar results are also found in the activation 

correlation analysis (Table 5.4), in which LDs show the strongest correlations to PDs 

rather than Ads, especially in RATAF (Table 5.3). The difference is possibly caused 

by different training trajectories. According to [172, 192], the motion of shoulder 

horizontal abduction is mainly guided by the deltoid muscle, especially with PDs, 

while the motion of shoulder horizontal adduction is mainly guided by ADs as well as 

the deltoid muscle. In a word, in the adduction/abduction exercise, different 

movements (adduction and abduction) are caused by different muscles rather than one 

specific muscle (ADs for both flexion and extension), and BBs are not as easily 

controlled during horizontal movements compared to vertical movements in the 

flexion/extension exercise [172, 193]. 

5.4.2 Influences of Controller and Robot on sEMG Activity 

It can be seen from Figs. 5.4 and 5.5 that the training protocols with (RATC) and 

without (RAT) the controller do not have significant differences in the sEMG activity 

for all the muscles. It means the controller does not affect the activity level of each 

muscle and can keep stable for the exercises without being affected by internal and 

external disturbances as well (Fig. 4.12(a)), which is the foundation for bilateral 

training. As for the influences of the robots, significant differences are found between 

RAT (RATC) and NT. It is believed that the changes in muscle activity can be 

explained primarily due to the weight of the arms as described above. However, even 

in the active force-involved robot-assisted training (RATAF), there are not many 

significant differences between RATAF and NT, especially in the mean sEMG activity 
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(Figs. 5.4(a) and (b)). The main reason could be the same as RAT (RATC); namely 

that the muscles do not need to make an effort to counteract gravity. The second reason 

could be the inertia of the arms [188]. In other words, the slower movement can result 

in a lower variability in the EMG patterns, and reduce the level of muscle activity. In 

this research, the movement in RATAF is slower than that in NT (24s for RATAF and 

4s for NT). The reason for choosing the slow movement is that 10o/s is a reasonable 

speed for the most of stroke survivors to follow, without being too difficult to achieve, 

or too easy to become quickly tired of [187]. Furthermore, according to [194, 195], 

the muscle activity patterns can be affected by moving postures, and the restriction of 

movements could increase the level of muscle activity due to some antagonistic 

muscles [188]. In the experiments for this research, the moving postures of the 

participants cannot be controlled very precisely, since the proposed rehabilitation 

device belongs to a type of “end-effector” robot. This kind of robot has been widely 

used in rehabilitation research (such as the MIME), even though it mainly focuses on 

the movements of an end point (or touch point) rather than those of each joint. 

5.4.3 Muscle Activation Correlations during Bilateral Training 

One purpose of this chapter is to explore the activation correlations of different 

muscles during bilateral training. The major finding is that any specific muscle has the 

strongest correlation to the same muscle of the contralateral arm in all different 

training protocols (with and without a robot’s assistance) and in both exercises (Table 

5.5 and Table 5.6). The results implied that the brain and the corresponding motor 

nerve system prefer to use the same muscle of each arm to do the same movement for 

counterbalancing weight of the whole body [196], which is a method that has also 

been used in robot control strategies for decades (especially for the force control) [197]. 

The second finding is that activation correlations are related to the active force 

exhibited by muscles in the bilateral training; that is, the bigger force created the 
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stronger correlation coefficient. This is also why RATAF represents the strongest 

correlations among four training protocols. The third finding is that ADs and LDs 

show the strongest correlation coefficients in all training protocols compared to other 

muscles in the flexion/extension and the adduction/abduction exercises, respectively. 

One reason could be that a pair of muscles showing the largest sEMG activity can also 

represent the strongest correlation to each other. The same conclusion has been 

reached in [198], in which participants are asked to perform the isometric contraction 

at 20% of MVC torque until failure. However, one exception is found in the 

adduction/abduction exercise that LPD muscle does not show the strongest correlation 

with RPD muscle in RAT and RATC. One possible reason is the individual differences 

among participants [182]. It can be seen from Table 5.6, in RAT, that the correlation 

coefficient of PDs is 0.88±0.12, which is very close to the strongest correlation 

coefficient of LPD muscle (LPD to RLD muscle, 0.90±0.04). Meanwhile, the SD 

value of the expected muscle (RPD) is much bigger than the actual muscle (RLD) 

(0.12 contrast 0.04). 

5.4.4 Robot-assisted Bilateral Training & Clinical Significance 

As previously mentioned, the controller has the ability to adjust trajectories according 

to the force applied by participants and thus showing their voluntary efforts, which is 

the second purpose of RATAF. The experimental results of RATC and RATAF have 

been shown in Fig. 4.12. It can be seen from Figs. 4.12(a) and (c) that the master and 

slave robots follow a reference trajectory (RT) very well, while in Figs. 4.12(b) and 

(d), the trajectories of the master and slave robots can either be different from the RT 

in 2nd and 3rd rounds according to the active force, or be the same as the RT in 4th 

round as soon as the active force descends to the safety threshold (15 N). From these 

results, it can be observed that the proposed robot-assisted training is stable, and 

participants’ voluntary efforts can be represented by the adjusted trajectories (more 
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details in Chapter 4). Even though the current findings imply that muscle activation 

patterns in the robot-assisted training are significantly different than those in the robot-

unassisted training, the clinical applications of these kinds of bilateral training are not 

necessarily negative; that is, during the primary recovery stages (RAT and RATC), 

the affected arms of the participants can be moved carefully by the slave robot with 

consistent and time-unlimited training sessions. These types of training are found to 

be effective in reducing hypertonia and maintaining joint stability [199]. After 

recovering some muscle strength, the robot-assisted cooperative training would be 

used (RATAF), in which the participants can adjust the trajectories through active 

force (more details in Chapter 4). According to [24], cooperative training is more 

effective for motor functional improvement. Therefore, the proposed robot-assisted 

bilateral training has the potential to be used in clinical trials as a new training method. 

At the same time, with the help of sEMG signals, the precise participation levels of 

participants can be analysed, and utilised as a tool to investigate whether the robot-

assisted bilateral training can stimulate the active participation of stroke survivors and 

subsequently maximise therapeutic outcomes. 

5.4.5 Limitation and Future Work 

The limitation of the research in this chapter is that only healthy male participants 

(Chinese) were recruited for this experiment, which means that the findings and the 

explanations cannot necessarily be extrapolated to female participants or other race, 

age groups as well as stroke patients. At the same time, some negative feedback was 

also collected after the exercises, such as no visual guidelines, no virtual reality games, 

and the wires of EMG electrodes influencing movements at some extreme points for 

very tall participants (≥190cm). Future work will be done in three aspects as a result 

of the limitations and feedback, to improve the device’s performance, collect more 

accurate results, and evaluate the effectiveness of bilateral training: 1) more healthy 
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participants will be involved to find out the influence of gender, race and age (e.g. the 

elderly (aged 65 years and older)); 2) stroke patients will be recruited to explore the 

difference of muscle activation patterns, and to evaluate the validity of the proposed 

training protocols; 3) a wireless EMG equipment will be utilised to provide a more 

comfortable training environment, thus measuring more precise sEMG signals in real 

time. 

5.5 Summary 

Overall, the experimental results support our hypothesis that there are significant 

differences between the robot-assisted training protocol and the robot-unassisted 

training protocol. Specifically, for the healthy participants, the activity of the upper 

arm muscles would be reduced in the robot-assisted training while increased in the 

active force-involved robot-assisted training compared to the robot-unassisted training 

in both exercises. Moreover, the results prove that the controller does not affect the 

muscle activation patterns during any training protocols, and the voluntary efforts of 

the participants can be shown through the adjusted trajectories. Furthermore, an 

activation correlation between different muscles under different exercises is 

represented by the results as well; that is, any specific muscle has the strongest 

correlation to the same muscle of the contralateral arm, both with and without robot 

assistance. The other finding is that the activation correlations are positively related to 

the active force in different bilateral training protocols (with and without robot 

assistance). These findings can assist in the understanding of bilateral recovery 

processes during different training protocols and different exercises as well as human-

robot interactions. In addition, the results and the corresponding explanations could 

possibly be the primary baseline of bilateral exercises to assess the results of later 

experiments carried out by stroke survivors. Last but not least, the results can establish 
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the foundation of robot-based automatic assessment tools, which will be introduced in 

Chapter 6
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Chapter 6 

Biological Signal-based Evaluator 

Using a robot to assess upper limb functions is a brand-new technology for 

rehabilitation; one which can provide objective outcomes and reduce assessment time 

drastically. In this chapter, a biological signal-based evaluator is specifically designed 

for the bilateral rehabilitation device and the training protocols proposed in Chapter 3 

and Chapter 4, respectively. Five healthy participants were recruited for testing the 

evaluator through a customised standardised performance testing (SPT). The 

experimental results show that the evaluator provides high reliability, and is capable 

of distinguishing the intensity of biological signals, thus selecting different training 

protocols. 
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6.1 Introduction 

Over the last decade, varied robots have been developed or revised for rehabilitation 

exercises, which can provide safe and effective labour-intensive physical training for 

stroke patients compared to traditional manual therapy [83, 200]. Meanwhile, 

rehabilitation robots can objectively measure training outcomes to improve 

assessment accuracy and customise training protocols accordingly [152, 201]. Until 

now, the most widely accepted assessment tools for quantifying the performance of 

stroke patients are human-administered clinical scales, such as the Fugl-Meyer 

Assessment (FMA) [26], the Functional Independence Measure (FIM) [27], and the 

Modified Ashworth Scale (MAS) [28]. These assessment tools are subjective and 

time-consuming when compared to robot-based assessment tools [29, 30]. To 

compound the issue further, therapists can only offer a limited amount of time to 

quantify the severity of patients, due to large patient numbers and excessive medical 

costs incurred [202]. 

By far, a few robotic or robot-based assessment tools have been reported in the 

literature. Krebs et al [31] presented a MIT-MANUS robot-based assessment approach 

by using kinematic data. Based on this approach, Bosecker et al [29] proposed linear 

regression models to estimate clinical scores by using 20 kinematic and kinetic metrics 

from movement data recorded with the InMotion2 robot (the commercial version of 

MIT-MANUS). A cohort of 111 chronic stroke patients were recruited for his 

experiment. The results showed that the models were accurate for Motor Status Score 

and FMA, validating the claim that system could be used for fast, objective and 

accurate outcome evaluation. Furthermore, Park et al [32, 33] reported a haptic elbow 

spasticity simulator that improved accuracy and reliability of clinical spasticity 

assessment, by using quantitative data (position, velocity and torque). The 

experimental results showed that the assessment results of 4 patients were 100% the 
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same as the MAS scores acquired through 3 clinicians, who performed both in-person 

and haptic assessments. 

In Chapter 4, several bilateral training protocols for universal devices are developed 

based on the Brunnstrom approach [8]. However, the criteria for selecting different 

training protocols for different participants with the proposed bilateral rehabilitation 

device is unaddressed. For the complete integration of the bilateral rehabilitation 

system, the evaluator is an important and necessary component. Therefore, in this 

chapter, an evaluator is designed for automatically selecting robotic training protocols 

according to the biological signals of each participant. Fuzzy logic and rules-based 

selector are utilised as the key components of the evaluator. Unlike data-driven-based 

classification algorithms, such as the support vector machine (SVM) and the 

classification and regression tree (CART) [203], the utilized fuzzy logic and rules-

based selector would not be seriously affected by the small number of participants, 

and furthermore, they have been proved to be useful to solve problems with small 

sample sizes [203, 204]. Additionally, interaction force (IF) and related participation 

level (PL, the processed sEMG signals) are used as key biological signals due to the 

proposed bilateral training protocols’ goals (namely, to improve the muscle strength 

and activity of participants’ affected arms, and to further enhance the ability of muscle 

control and motor control). A recent piece of research from our research group 

suggested that robot-based assessment with kinetic measurement (force and torque 

trends) and electrograms (EEG or EMG) can provide further insights on the 

improvement of upper limbs [70]. In addition, according to the experimental results 

detailed in Chapter 5, muscle activity can be reflected by sEMG signals. Therefore, 

the participation level can be used as a key biological signal as well. The rest of the 

chapter is organised as follows: Section 6.2 details the methods of the evaluator; 

Section 6.3 illustrates the validation of the evaluator based on data from pervious 

experiments; Section 6.4 presents the validation of the evaluator based on the SPT; 
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and Section 6.5 states the discussion on the experimental results, followed by the 

conclusive remarks in Section 6.6. 

6.2 Biological Signal-based Evaluator 

Due to the aforementioned necessity of the proposed bilateral rehabilitation device and 

training protocols and the desire for exploring robot-based assessment tools, a 

biological signal-based evaluator (BSE) is developed in this section. Fuzzy logic is 

used to process complex biological information such as interaction force and 

participation level [203, 205]. In contrast to Chapter 4, in which fuzzy logic is used to 

solve the problem of participants’ uncertain dynamic models, fuzzy logic used in this 

chapter is to solve the issue of ambiguous descriptions of biological signals. A range 

of numerical sets of fuzzy logic can be used to classify the intensity of biological 

signals; this has been proved to be useful in biomedical signal processing [158, 203]. 

The block diagram of the BSE is shown in Fig. 6.1, the inputs of the BSE are IF and 

PL, and the output of the BSE is a recommended training protocol. To be specific, the 

BSE contains two fuzzy logic algorithms, two magnitude definers, and one rules-based 

selector. As mentioned above, fuzzy logic is used to manage biological signals. 

Meanwhile, the magnitude definer is developed to process the crisp output of fuzzy 

logic to obtain raw degrees (Big, Medium or Small). Next, the percentages of these 

raw degrees are calculated to get the final status of the biological signals. Furthermore, 

the rules-based selector is also developed to select training protocols based on the final 

status of biological signals coming from the magnitude definer, which would be sent 

to the robot to perform. Take IF in Fig. 6.1 for example, if a participant performs the 

SPT in 10 seconds, and 500 IF is therefore collected with the sampling frequency of 

50Hz. Then each IF would be sent to the fuzzy logic 1 to process. The crisp inputs of 

the fuzzy logic 1 are IF and the change of IF, and the crisp output ([-10, +10]) of the 

fuzzy logic 1 would be sent to the magnitude definer 1 to get the raw degree of each 
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IF (Big, Medium and Small). After obtaining all raw degrees of these 500 IF, the 

magnitude definer 1 will calculate the percentages of these raw degrees. If Big 

occupies the highest percentage i.e. 60%, the final status of the participant’s IF is 

defined as Big. Then the final status would be sent to the rules-based selector, which 

is used as the key information to select an appropriate training protocol for the 

participant. 

In addition, Fig. 6.2 shows the flowchart of how the BSE is used, which would be used 

as the guideline during the experiment in section 6.4. 

Participant

Fuzzy 

logic 1

Fuzzy 

logic 2

d/dt

d/dt

Rules 

based 

selector

Robot

Interaction 

force

Participation 

level

Force 

status

Participation 

status

Selected 

training 

protocol

Magnitude 

definer 1

Magnitude 

definer 2

Figure 6.1: The block diagram of the BSE. 
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Initialization

Process through the

 fuzzy logic algorithm

Process through the 

magnitude definer

Both results 

belong to ‘small’?

Process through the 

rules-based selector

Therapist accepts 

the selected training?

End

Yes
No

YesNo

Run the SPT

 

Figure 6.2: The flowchart of experiment with the BSE. 

6.2.1 Fuzzy Logic 

Fuzzy logic algorithm is used in this chapter to regulate biological signals before they 

are fed into the proposed magnitude definer. The block diagram of fuzzy logic is the 

same as shown in Fig. 4.5 of Chapter 4, where E and EC are fuzzy inputs and U is the 

fuzzy output. Meanwhile, different membership functions (MFs) are used in this 

section to fuzzify E and EC, and defuzzify U according to the reference [206] and the 

authors’ experience. 
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Fuzzy logic 1 

The fuzzy logic 1 regulates the crisp inputs prior to processing in the magnitude 

definer 1. E comes from IF and EC is the first derivative of E (here, E and EC are 

fuzzy inputs, and IF and the change of IF are crisp inputs). At the same time, the 

training protocols proposed in Chapter 4 are revised based on the muscle strength 

grading [164] (Table 6.1). The bilateral-passive (BPT) and bilateral active training 

(BAT) are the same, while bilateral-cooperative training (BCT) is adjusted to bilateral-

cooperative and bilateral-cooperative Plus training (BCPT). Note that the proposed 

BCPT is almost the same as BCT, except that participants have to apply more force to 

adjust the trajectories of the robot. Therefore, based on the adjusted training protocols, 

Grade 3 muscle strength (Table. 6.1) is regarded as ‘Small’, which should be suitable 

for BPT. Grade 4 muscle strength (Table. 6.1) is regarded as ‘Medium’, which should 

be qualified for BCT. Grade 5 muscle strength (Table. 6.1) is regarded as ‘Big’, which 

should be eligible for both BCPT and BAT. Therefore, the subsets of MFs are named 

as Positive Large (PL), Positive Medium (PM), Positive Small (PS), Zero (Z), 

Negative Small (NS), Negative Medium (NM) and Negative Large (NL), respectively. 

Table 6.1: Muscle strength grading [164] 

Grade Ability to move  

5 The muscle can move the joint it crosses through a full range of motion, against 

gravity, and against full resistance applied by the examiner. 

4 The muscle can move the joint it crosses through a full range of motion against 

moderate resistance. 

3 The muscle can move the joint it crosses through a full range of motion against 

gravity, but without any resistance. 

2 The muscle can move the joint it crosses through a full range of motion only if the 

arm is properly positioned so that the force of gravity is eliminated. 

1 Muscle contraction is seen or identified with palpation, but it is insufficient to 

produce joint motion even with elimination of gravity. 

0 No muscle contraction is seen or identified with palpation; paralysis. 
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(a) (b)

(c) (d)

 

Figure 6.3: The membership functions of IF: (a) IF, (b) the change of IF, 

(c) output and (d) the output surface of fuzzy rules. 

 

Table 6.2: The fuzzy rules for the interaction force 

EC 

  E 
NL NM NS Z PS PM PL 

NL NL NL NL NL NM NS Z 

NM NL NM NM NM NS Z Z 

NS NM NS NS NS Z Z PS 

Z NM NS Z Z Z PS PM 

PS NS Z Z PS PS PS PM 

PM Z Z PS PM PM PM PL 

PL Z PS PM PL PL PL PL 

 

Table 6.2 contains 49 (7*7) different fuzzy rules to classify IF. These rules are 

employed by the Mamdani-type inference method, which is based on the if-then-else 
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structure [168]. Furthermore, the centre of area method is utilised to defuzzify the 

fuzzy output U, which is the same of Chapter 4. Note that the rule of NL*NL=NL is 

used for the fuzzy logic 1, which is different from those of the adaptive admittance 

controller proposed in Chapter 4. The reason is that in this chapter, getting the 

interaction force is the primary aim, as opposed to providing resistant force to improve 

the muscle strength of participants. If the rule of NL*NL=PL is used, the direction of 

the interaction force is wrong too. Furthermore, the universal set of IF is [-50N, +50N], 

the universal set of the change of IF is [-40N/s, +40N/s], and the universal set of crisp 

output is [-10, +10]. In addition, all raw force would be normalised by the universal 

set of IF to eliminate any individual differences through the following equation: 

                                          
max/min

a max/min

*u
n r

F
F F

F





                                                   (6.1) 

where Fn refers to the normalised force, Fr refers to the raw force, Fu-max/min refers to 

the max/min of universal set of IF (in this research, the universal set of IF is [-50N, 

+50N]), and Fa-max/min means the max/min of actual set of the raw force. 

Fuzzy logic 2 

The fuzzy logic 2 regulates the crisp inputs, PL and the change of PL, prior to 

processing in the magnitude definer 2. Different MFs and fuzzy rules are used to 

process PL. For the MFs, the subsets of E and U are named as Large (L), Small (S) 

and Zero (Z), and subsets of EC are named as Positive Large (PL), Positive Small (PS), 

Zero (Z), Negative Small (NS) and Negative Large (NL). The reason is that E and U 

only contain positive values while EC includes both positive and negative values. The 

universal set of PL is [0, +1], the universal set of the change of PL is [-1, +1], and the 

universal set of the crisp output is [0, +10]. Furthermore, it can be deduced from Fig. 

6.4(a) that the fuzzy set of ‘Large’ in E is (1, 6] according to the finding of sEMG 

activation patterns in Chapter 5 ([0, 1] for ‘Small’). For the anterior deltoid muscle, 
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the average participation level is around 0.2 to 0.4 during the robot-assisted bilateral 

training with active force, and is around 0.1 to 0.2 during the robot-assisted bilateral 

training with passive force. Accordingly, the fuzzy set of ‘Positive Large’ in EC is [1, 

6] (Fig. 3(b)). The fuzzy rules are also adjusted based on the same finding; that is, the 

fuzzy output is ‘Large’ if E or EC is ‘Large’. It should be noted that the participation 

level used here is the processed sEMG signal which is normalised by maximum 

voluntary contraction (MVC) and thus the universal set of PL is [0, +1] with the unit 

of %MVC. 

(a) (b)

(c) (d)

Figure 6.4: The membership functions of PL: (a) PL, (b) the change of PL, 

(c) output and (d) the output surface of fuzzy rules. 

 

Table 6.3: The fuzzy rules for the participation level 

EC 

  E 
NL NS Z PS PL 

L L L L L L 

S L S S S L 

Z L Z Z Z L 
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Other processes and related equations are the same as in Chapter 4. Note that due to 

the simplicity and sensitivity [207, 208], triangular MFs are chosen rather than the 

Gaussian MFs which are used in Chapter 4. In addition, all sets of the two fuzzy logic 

modules can be revised and adjusted according to participants, therapists, training 

stages, or other experimental objectives at any time. 

6.2.2 Magnitude Definer 

The magnitude definer is developed in this chapter to process the crisp outputs ([-10, 

+10]) of fuzzy logic before being fed into the rules-based selector. To be specific, the 

absolute values of crisp outputs would be calculated first and then these values would 

be classified by the magnitude definer to get the raw degrees (Big, Medium and Small). 

For IF (fuzzy logic 1), the set of [0, 10] would be evenly divided into three clusters as 

Big, Medium and Small. For PL (fuzzy logic 2), the set of [0, 10] would be evenly 

divided into two clusters as Big and Small. For safety reasons, 10/3 and 20/3 are 

defined as Small and Medium for IF respectively, and 5 is defined as Small for PL. 

Once all the raw degrees of biological signals (IF and PL) are obtained for all samples 

within a fixed period of time, the magnitude definer will calculate the percentages of 

these raw degrees. If Big occurs the most, the final status is defined as Big and so on. 

The final status of biological signals (IF and PL) are then sent to the rules-based 

selector to get a recommended training protocol. For example, if a minutes worth of 

raw degrees for the biological signals are calculated, the percentage of each raw degree 

(Big, Medium or Small for IF and Big or Small for PL) is computed and the final status 

is assigned to the raw degree that occurs the most i.e. highest percentage. So if Big 

occurred 51% of the time, then that one minute would be assigned Big in either IF or 

PL because it would have the highest percentage. 
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6.2.3 Rules-based Selector 

The goal of the rules-based selector is to select different training protocols for 

participants according to their IF and PL. Meanwhile, based on the muscle strength 

grading [164] and the training purpose of each recovery stage of the Brunnstrom 

approach [8], the adjusted training protocols can be allocated as follows: BPT and 

BCT can be used for the Stage 4 of the Brunnstrom approach since weak muscle 

strength and low muscle activity (muscle control) occurred in these two training 

protocols; BCPT can be used for the Stage 5 of the Brunnstrom approach due to the 

requirement of medium-level muscle strength and good muscle activity (muscle 

control) for participating in BCPT; BAT can be used for the Stage 6 of the Brunnstrom 

approach due to the necessity of good muscle strength and muscle activity (muscle 

control) for taking part in BAT. The details of the Brunnstrom approach can be found 

in Table 6.4. In addition, combined with the results of the experiment conducted in 

Chapter 5, the general rules for selecting training protocols are summarised as follows 

(Table 6.5): 

Table 6.4: The Brunnstrom stages of stroke recovery [8, 161] 

Stage Characteristics 

4 

 Some movement combinations outside the path of basic limb synergy patterns 

are mastered.  

 Spasticity begins to decline. 

5 

 More difficult combinations are mastered. 

 Spasticity continues to decline. 

6 

 Individual joint movement becomes possible.  

 Coordination approaches normalcy.  

 Spasticity disappears: individual is more capable of full movement patterns. 

7  Normal motor functions are restored. 
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Table 6.5: The rules for the selector 

         PL 

 IF 
Small Big 

Small Bilateral-Passive Training Bilateral-Cooperative Training 

Medium Bilateral-Cooperative Training Bilateral-Cooperative Plus Training 

Big Bilateral-Cooperative Plus Training Bilateral Active Training 

 

1) If the interaction force is Small and the participation level is Small, 

participants would be asked to try the SPT again to collect “updated” biological 

signals since there could be two situations. The first situation is that the 

muscles of participants are weak. Biological signals indicate that participants 

have a limited ability to move normally, which should be classified as Stage 4 

of the Brunnstrom approach. The purpose of this stage is to improve muscle 

strength and muscle activity (muscle control). Therefore BPT is selected, in 

which the affected arms of participants would be moved carefully by the slave 

robot. The second situation is one in which participants do not try their best 

during the SPT, and thus negative results are measured. Note that if participants 

receive this selection 3 times, BPT would be chosen for safety purposes. 

2) If the interaction force is Small and the participation level is Big, BCT would 

be chosen. Biological signals show that participants’ muscles are anomalous 

and they might have muscle rigidity, spasms, or other medical anomalies due 

to the abnormally high participation level in comparison with the small 

interaction force. However, due to the small interaction force, participants 

should still be classified as Stage 4 of the Brunnstrom approach. Therefore, for 

safety purposes, BCT is recommended, in which the affected arms of 

participants would be carefully moved by the slave robot. Meanwhile, due to 

the adaptive admittance controller, the trajectory of the slave robot can also be 

adjusted by the interaction force caused by the anomalous muscles of 
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participants, thus protecting the affected arms from injury [7]. 

3) If the interaction force is Medium and the participation level is Small, BCT 

would be chosen. Biological signals indicate that the muscles of participants 

has recovered to Grade 4 in terms of muscle strength (Table 6.1). However, the 

muscle activity is still weak due to the low participation level, and thus bad 

motor control results are caused [209-211]. This means that the movement of 

the affected arms might still be out of sync with muscle synergies, and 

participants should still be classified at Stage 4 of the Brunnstrom approach. 

Therefore, BCT is selected, through which participants can follow or adjust the 

trajectory of the slave robot through their own efforts. 

4) If the interaction force is Medium and the participation level is Big, BCPT 

would be chosen. Biological signals indicate that the muscle strength of 

participants has recovered to Grade 4, and the muscle activity has improved 

significantly. Therefore, participants can be considered as being at Stage 5 of 

the Brunnstrom approach, in which voluntary movements are purposeful and 

goal-oriented. Therefore, BCPT is recommended, in which participants need 

to apply more effort to adjust the trajectory of the slave robot and continually 

improve the muscle strength, muscle activity, and motor control. 

5) If the interaction force is Big and the participation level is Small, BCPT would 

be chosen. Biological signals indicate that muscle strength has recovered to 

Grade 5; however, the muscle activity (and therefore muscle control) is still 

weak. Participants would be regarded as being at Stage 5 of the Brunnstrom 

approach, in which the status of the muscle activity would still be focused on. 

Therefore, BCPT is recommended with the same reason as number 4 above. 

6) If the interaction force is Big and the participation level is Big, BAT would be 
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chosen. Biological signals indicate that the muscle strength of participants has 

recovered to Grade 5 and the muscle activity is almost fully restored, thus 

achieving good motor control. This means that participants could be classified 

as being at Stage 6 of the Brunnstrom approach, and more challenging 

movements should be performed. Therefore, BAT is recommended, in which 

the trajectory is created entirely by participants. According to papers [24, 25] 

and neuroplasticity [5], active training protocol is more effective for motor 

functional improvement than passive training protocol, and muscle strength 

and motor control can benefit more from active training protocol for a full 

recovery. 

Note that this work focuses on the recovery stages of the later sub-acute phase (5 

weeks to 6 months) and the chronic phase (≥ 6 months) after stroke onset [163], in 

which spasticity has significantly decreased [8], and the muscle strength, muscle 

activity and motor control can all be improved significantly through continuous 

passive or active training protocols [24, 25, 164]. 

6.3 Validation Based on Previous Experiment 

The performance of the BSE was tested with experimental results of shoulder 

flexion/extension exercises from previous work (Chapter 5), prior to experimental 

validation in the current study. According to the experimental results, the right anterior 

deltoid muscle was selected for detecting sEMG signals as it is a primary contributor 

for shoulder movements. Meanwhile, in order to extract additional features of the 

proposed BSE, the results of the averaging method with the same rules-based selector 

was calculated compared to those of the BSE; that is, fuzzy logic and magnitude 

definer would be replaced by the averaging method but the rules-based selector is the 

same. Note that only Z-direction’s interaction force would be calculated since the Z-

direction is the main direction in shoulder flexion/extension exercise. Furthermore, the 
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accuracy of the proposed evaluator would be improved and the results would be more 

objective if other muscles were recruited. However, in this chapter, the proposed 

evaluator is only designed to explore the concept or possibility of robot-based 

assessment tools, so only one muscle is included. 

6.3.1 Interface of the BSE 

The BSE is programmed and operated in LabVIEW, and an interface is shown in Fig. 

6.5. In the BSE program, the interaction force as well as the participation level would 

be extracted automatically from the database of the SPT. After processing, the results 

of the interaction force, participation level, and recommended training would appear 

on the interface, as well as the dialog of the recommended training. 

 

Figure 6.5: The interface of the BSE. 

6.3.2 Results 

The interaction force and related participation level of the participants are shown in 

Figs. 6.6 and 6.7, which would be utilised as the inputs for the BSE. In addition, the 
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mean values of the abovementioned IF and PL (Table 6.6) would be used as the inputs 

for the averaging method. The results of the BSE and the averaging method are 

presented in Table 6.7, and the analytical results of the BSE are shown in Table 6.8 as 

well. 

In general, there are two messages that can be derived from the results. First, the BSE 

can distinguish the intensity of IF and PL of each participant, and thus contribute to 

the selection of different training protocols. It can be seen from Table 6.7 that three 

different results are obtained: BCT for participants 1, 2, 3, 5, 7, 8 and 9, BCPT for 

participants 6 and 10, and BAT for participant 4. Accordingly, it can be seen from 

Table 6.8, that the percentages of Big in both IF and PL of participant 4 are biggest 

and thus BAT is recommended. Second, the BSE can provide more detailed 

information about recovery stages through the percentages of IF and PL. In Table 6.8, 

participants 2 and 3’s percentages of IF and PL are almost the same and thus the same 

training protocol is assigned even though their trajectories of IF and PL are different 

(Fig. 6.6). These percentages can provide useful information for therapists to better 

understand the recovery stage of each participant, thus making informed, objective 

and personalised training protocols. 

In addition, one feature of the BSE can be extracted based on these results: the BSE 

focuses on the whole training process. It can be seen from Table 6.7 that most of the 

BSE results are the same as the averaging method results, except for participants 7 to 

10. For participant 7 in particular, the difference is PL, which is treated as Small by 

the BSE, was distinguished as Big by the averaging method. The trend of PL for 

participant 7 can be seen in Fig. 6.7, in which a trajectory increases or decreases 

rapidly and it cannot be maintained for very long. Therefore, it is acceptable that 

participant 7’s percentages of Big and Small are 32.866% and 67.134% respectively 

for PL (Table 6.8). However, the mean value of PL of participant 7 is 0.167 which 
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belonged to the set of Big and thus a different training is recommend by the averaging 

method. As for participant 10, the explanation of PL is the opposite. It can be seen 

from Fig. 6.7, the trajectory of PL can be maintained for a while without unexpected 

increases or decreases, which presents a certain level of overall muscle strength rather 

than muscle explosive force. Therefore, it is also acceptable that the percentages of 

Big and Small are 50.198% and 49.802%, respectively. However, the mean value of 

PL of participant 10 is 0.146 which is treated as Small. As for participants 8 and 9, the 

same explanations can be applied. 

Table 6.6: The mean interaction force and participating level of the participants 

Participant 

No. 

Mean interaction 

force (N)* 

Mean participation 

level (%MVC) 

P1 23.400 0.130 

P2 23.403 0.131 

P3 23.973 0.130 

P4 48.656 0.278 

P5 17.292 0.112 

P6 26.754 0.227 

P7 25.145 0.167 

P8 16.275 0.178 

P9 37.800 0.190 

P10 24.419 0.146 

                         *The absolute value of the interaction force 
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Figure 6.6: The selected interaction force (Blue, Z-direction) and related participation level 

(Red) of the right anterior deltoid muscles of five participants during shoulder 

flexion/extension exercise (participants 1 to 5). 
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Figure 6.7: The selected interaction force (Blue, Z-direction) and related participation level 

(Red) of the right anterior deltoid muscles of five participants during shoulder 

flexion/extension exercise (participants 6 to 10). 
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Table 6.7: The results of the BSE and the averaging method of the participants 

ST=Selected Training, IF=interaction Force, PL=Participation Level, BPT=Bilateral-Passive Training, 

BCT= Bilateral-Cooperative Training, BCPT= Bilateral-Cooperative Plus Training, and BAT= 

Bilateral Active Training. 

 

 

 

 

 

 

 

 

No. 

BSE Averaging Method 

ST IF PL ST IF PL 

P1 BCT Medium Small BCT Medium Small 

P2 BCT Medium Small BCT Medium Small 

P3 BCT Medium Small BCT Medium Small 

P4 BAT Big Big BAT Big Big 

P5 BCT Medium Small BCT Medium Small 

P6 BCPT Medium Big BCPT Medium Big 

P7 BCT Medium Small BCPT Medium Big 

P8 BCT Medium Small BCT Small Big 

P9 BCT Medium Small BAT Big Big 

P10 BCPT Medium Big BCT Medium Small 
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Table 6.8: The analytical results of the BSE of the participants 

No. 
Interaction Force Participation level 

Big% Medium% Small% Big% Small% 

P1 2.667 85.333 12.000 41.555 55.445 

P2 24.391 43.902 31.707 45.782 54.218 

P3 21.951 51.220 26.829 37.611 62.389 

P4 76.190 14.286 9.524 87.034 12.966 

P5 4.000 76.000 20.000 26.977 73.023 

P6 21.569 58.824 19.608 64.291 35.709 

P7 11.765 70.588 17.647 32.866 67.134 

P8 2.223 64.444 33.333 44.006 55.994 

P9 22.581 64.516 12.903 47.225 52.775 

P10 24.391 43.902 31.707 50.198 49.802 

6.4 Experimental Validation 

In order to further test the proposed BSE, five healthy participants were recruited to 

perform the SPT in three different conditions (tasks) in this section. The interaction 

force and raw sEMG signals were continuously acquired throughout the experiment. 

6.4.1 Participants 

Five healthy male participants, between 27 and 29 years old, with no known nervous 

system diseases or upper-limb disorders, participated in this research. The 

demographic information for these participants is listed in Table 6.9. All 

experimental procedures were approved by the University of Auckland Human 

Participants Ethics Committee (reference 015256). Furthermore, each participant 

received a participant consent form and a participant information sheet, and verbal 

information about the robot and the EMG device. An emergency button for the robot 

was kept close to the researchers and the participants all the time for safety purposes. 
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Table 6.9: The demographics of the participants 

Participant Gender Age Height (cm) Weight (kg) 

1 Male 28 187 81 

2 Male 29 172 60 

3 Male 27 180 85 

4 Male 29 175 70 

5 Male 28 171 72 

Mean  28.2 177 73.6 

Standard Deviation  0.75 5.90 8.78 

6.4.2 Testing Protocol 

The SPT was completed through the revised bilateral rehabilitation system (half) 

which contained one UR robot (UR10, Universal Robots A/S, Denmark), one 6-axis 

force sensor (SRI M3713C, Sunrise Instruments LLC, China) and one customised 

handle (Fig. 6.8 (b)). Before testing, disposable Ag-AgCI electrodes (3M Red Dot, 

3M Health Care, Germany) were placed in pairs over the skin with an inter-electrode 

spacing of 0.02m [184]. Prior to sEMG electrode placement, each participant’s skin 

was shaved off any hair if necessary, and vigorously cleansed with alcohol wipes until 

erythema was attained [185]. sEMG electrodes were then placed along the main 

direction of the muscle fibre based on recommendations by SENIAM (the European 

project on sEMG) [184]. The right anterior deltoid (RAD) muscle was selected with 

the same reason explained in section 6.3. After fully instrumented, each participant 

was asked to do a MVC. Subsequently, he was invited to sit on an adjustable chair and 

grasp onto the handle attached to the robot to do the SPT (Fig. 6.8 (b)). 

The movement in the SPT was designed based on muscle strength testing [212, 213] 

of the anterior deltoid muscle, that is, the robot will move the right arms of the 

participants passively along a predefined trajectory: shoulder flexion/extension with 
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the range of [-60o, 0o] at a speed of 10o/s (Fig. 6.8(a), 0o means horizontal position) 

[187]. Furthermore, three different tasks were performed based on the SPT with 

randomised orders: RPT, RNAT and RMAT. “RPT” referred to the robot-based 

passive task, “RNAT” referred to the robot-based normal active task, and “RMAT” 

referred to the robot-based max active task. The difference between these three tasks 

was that there was no force applied by the participants in RPT, but normal force and 

max force would be performed to impede the movements of the robot in RNAT and 

RMAT, respectively. Meanwhile, the participants were asked to perform 3 rounds for 

each task, bringing the total training time to approximately 15 minutes. This included 

one acclimation stage, three different tasks, six short breaks (a one-minute break after 

each round) and two long breaks (a two-minute break after each task). Note that breaks 

were used to avoid muscle fatigue, and the participants were only asked to apply force 

during the movement from 0o to -60o (extension) rather than the movement from -60o 

to 0o (flexion). Moreover, in a normal SPT, only RMAT with 3 rounds is needed. 

(a) (b)

Figure 6.8. Testing protocol and experimental setup: (a) shoulder flexion/extension exercise 

and (b) a healthy participant during the SPT. 

6.4.3 Data Reduction and Analysis 

In the SPT, the interaction force was recorded by the 6-axis force sensor at 50 Hz and 

the raw sEMG signals were collected with a g.USBamp at 1200 Hz (24 Bit biosignal 
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amplification unit, g.tec Medical Engineering GmbH, Austria), which were all anti-

alias filtered [188]. Subsequently, the linear envelope of sEMG signals was obtained 

by: 1) a second-order high-pass Butterworth filter with a cutoff frequency at 20 Hz; 2) 

a full-wave rectification; 3) a fourth-order low-pass Butterworth filter with a cutoff 

frequency at 4 Hz; and 4) normalised by dividing peaks with MVC [184], which are 

the same procedures as in Chapter 5. Meanwhile, in order to calculate the ensemble-

averaged interaction force and participation level waveforms, the processed 

interaction force and sEMG linear envelope were divided by each round and then 

averaged. Furthermore, the comparison between the BSE and the averaging method 

would still be performed to extract additional features of the BSE. 

6.4.4 Results 

The averaged interaction force and related averaged participation level of five 

participants in different tasks are shown in Figs. 6.9 to 6.11. These signals were used 

as the inputs for the BSE. Meanwhile, the mean values of the abovementioned IF and 

PL (Table 6.10) were used as the inputs for the averaging method. The results of the 

BSE and the averaging method are presented in Table 6.11, and the analytical results 

of the BSE are shown in Table 6.12 as well. 

The same messages can be derived from the results. First, the BSE has the ability to 

distinguish the intensity of IF and PL of each participant, and thus select different 

training protocols. It can be seen from Table 6.11 that the BSE can select different 

training protocols through IF and PL, and in-depth information can be explored 

through the analytical results of the BSE (Table 6.12): BPT is selected for tasks in 

which participants do not apply force (RPT); BCT is recommended for tasks in which 

participants apply medium force (RNAT) and; BAT is chosen for tasks in which 

participants apply max force (RMAT). Second, the BSE can provide more detailed 

information about recovery stages through the percentages of IF and PL, even if the 
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same training protocol is recommended for different participants. To be specific, in 

RNAT, the participants are only asked to perform medium force, which means that 

the actual IF and related analytical results can be different due to individual differences. 

Accordingly, as shown in Table 6.12, the Medium percentage of each participant in 

RNAT is different and participant 3 even showed a certain percentage of Big for IF 

(38.462%). Therefore, it is acceptable that the related PL of participant 3 is treated as 

Big, because the percentages of Big and Small being 65.213% and 34.787%, 

respectively. The same situation is found in RMAT, in which the IF of participants 1 

and 5 are treated as Medium even though they tried their best. The evidence can be 

found in Table 6.12, in which the percentages of Big of participants 1 and 5 for PL are 

86.071% and 99.883%, respectively. 

In addition, the same feature of the BSE can be observed from these results. In Table 

6.11, for RMAT, the BCPT is recommended to participants 1 and 5 rather than the 

BAT recommended by the averaging method. Accordingly, the same situation (as 

described in section 6.3.2) can be seen from Fig. 6.11 that participants 1 and 5 apply 

large force initially; however, this cannot be maintained. At the same time, IF is 

assigned to the Big cluster due to the high mean value in the averaging method, even 

though there is a negative change in IF. However, for the BSE, the negative change of 

IF means that if the force is reduced and the participant cannot maintain the large force 

for the entire duration. This might be due to problems with their muscle strength or 

muscle control, and so the IF is not assigned to the Big cluster. Therefore, it is 

acceptable that participants 1 and 5’s percentages of Big and Medium for IF are 15.385% 

and 69.231% (Table 6.12), respectively. Moreover, as discussed above, wild 

fluctuations in the trajectories of IF show muscle explosive force rather than muscle 

strength, which is not the design purpose of the BSE. 
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Figure 6.9: The averaged interaction force (Blue, Z-direction) and related averaged 

participation level (Red) of the right anterior deltoid muscles of five participants in RPT. 
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Figure 6.10: The averaged interaction force (Blue, Z-direction) and related averaged 

participation level (Red) of the right anterior deltoid muscles of five participants in RNAT. 

 



 

 

 169 

Biolog ica l  Signal -based  Evalua tor  

P1

P2

P3

P4

P5

Time(s) Time(s)

N

%
M

V
C

 

Figure 6.11: The averaged interaction force (Blue, Z-direction) and related averaged 

participation level (Red) of the right anterior deltoid muscles of five participants in RMAT. 
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Table 6.10: The mean interaction force and participating level  

of five participants in different tasks 

Tasks 
Participant 

No. 

Mean interaction 

force (N)* 

Mean participation 

level (%MVC) 

RPT 

P1 6.204 0.031 

P2 2.909 0.009 

P3 9.209 0.011 

P4 3.666 0.004 

P5 10.851 0.005 

RNAT 

P1 23.726 0.162 

P2 19.203 0.152 

P3 32.457 0.203 

P4 21.239 0.120 

P5 21.594 0.133 

RMAT 

P1 37.530 0.264 

P2 41.522 0.299 

P3 44.667 0.393 

P4 44.093 0.254 

P5 33.486 0.308 

          *The absolute value of the interaction force. 
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Table 6.11: The results of the BSE and the averaging method  

of five participants in different tasks 

Tasks No. 

BSE Averaging Method 

ST IF PL ST IF PL 

RPT 

P1 BPT Small Small BPT Small Small 

P2 BPT Small Small BPT Small Small 

P3 BPT Small Small BPT Small Small 

P4 BPT Small Small BPT Small Small 

P5 BPT Small Small BPT Small Small 

RNAT 

P1 BCT Medium Small BCT Medium Small 

P2 BCT Medium Small BCT Medium Small 

P3 BCPT Medium Big BCPT Medium Big 

P4 BCT Medium Small BCT Medium Small 

P5 BCT Medium Small BCT Medium Small 

RMAT 

P1 BCPT Medium Big BAT Big Big 

P2 BAT Big Big BAT Big Big 

P3 BAT Big Big BAT Big Big 

P4 BAT Big Big BAT Big Big 

P5 BCPT Medium Big BAT Big Big 

ST=Selected Training, IF=interaction Force, PL=Participation Level, BPT=Bilateral-Passive Training, 

BCT= Bilateral-Cooperative Training, BCPT= Bilateral-Cooperative Plus Training, and BAT= 

Bilateral Active Training. 
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Table 6.12: The analytical results of the BSE of five participants in different tasks 

Tasks No. 
Interaction Force Participation level 

Big% Medium% Small% Big% Small% 

RPT 

P1 0 0 100 13.776 86.224 

P2 0 0 100 0 100 

P3 0 0 100 0.014 99.986 

P4 0 0 100 0 100 

P5 0 0 100 0 100 

RNAT 

P1 0 84.615 15.385 36.009 63.991 

P2 0 76.923 23.077 34.245 65.755 

P3 38.462 46.154 15.385 65.213 34.787 

P4 0 84.615 15.385 12.512 87.488 

P5 0 69.231 30.769 20.803 79.197 

RMAT 

P1 15.385 69.231 15.385 86.071 13.929 

P2 61.538 23.077 15.385 91.432 8.568 

P3 69.231 30.769 0 99.847 0.153 

P4 53.846 38.462 7.692 88.016 11.984 

P5 15.385 69.231 15.385 99.833 0.167 

 

6.5 Discussion 

To date, the development of robot-based assessment tools remains stagnant for several 

reasons. First, robot-based assessment tools are difficult to evaluate in traditional ways 

due to their specificity [34]; that is, many robot-based assessment tools are specifically 

designed for specific systems or robots rather than universal devices. Second, also due 

to their specificity, the performance of existing robot-based assessment tools cannot 

be well confirmed. Therefore, these tools cannot be widely accepted and utilised in 

comparison with traditional clinical scales such as FMA, FIM and MAS [29, 30]. 

However, as discussed in the introduction section, robot-based measures are objective 

and repeatable with high resolution, and can reduce assessment time drastically [29]. 
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Therefore, it is still an attractive option to explore this new technology, which might 

be a useful assistive tool for therapists, and can provide valuable information during 

stroke rehabilitation. Based on the desire for this new technology, and the need to 

establish a baseline to assess the results performed by stroke patients later, in this 

chapter, an upper-limb function evaluator is designed for selecting training protocols 

according to different biological signals from each participant. 

The pilot experimental results show that fuzzy logic algorithm and rules-based selector 

have the ability to process complex biological signals as well as provide objective and 

repeatable results. Therefore, the proposed BSE has the ability to distinguish the 

intensity of IF and PL, thus selecting different training protocols. Moreover, one 

feature of the BSE which can be found from the results (Tables 6.7 and 6.8) is that the 

BSE focuses on the process instead of the outcome compared with the averaging 

method; that is, the assessment of the BSE is based on the overall performance rather 

than the mean values, which could be affected by unexpected wild fluctuations. At the 

same time, based on the percentages of biological signals, the BSE has the ability to 

distinguish IF and PL more precisely; that is, IF and PL can be quantified more 

objectively and reliably (and displayed for therapists), thus improving the accuracy of 

the training recommendation. 

However, the selected interaction force and related participation level are not 

specifically measured for the BSE; that is, the applied force carried out by the 

participants is arbitrary. Therefore, in order to further test the proposed BSE, 5 healthy 

male participants were recruited, and the SPT with three different tasks were 

performed for measuring the muscle strength of the right anterior deltoid muscle. The 

experimental results (Tables 6.11 and 6.12) show the same conclusion about fuzzy 

logic algorithm and rules-based selector. Meanwhile, the BSE shows a high reliability 

and repeatability, and it can select different training protocols for different participants 
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based on their averaged interaction force and related averaged participation level. 

Furthermore, the same feature of the BSE is also presented in comparison with the 

averaging method. The different results in Table 6.11 have also been analysed in 

section 6.4.4 and shown to be more reasonable than the results of the averaging method. 

In a word, the proposed BSE can provide different training protocols objectively, 

repeatedly and quickly, as well as present in-depth information of IF and PL through 

percentile results, thus providing useful information for further studies. 

6.5.1 Limitation 

There are some limitations for the proposed BSE. First, only healthy participants were 

recruited, which can only test the reliability rather than the validity of the BSE. The 

reason for not using patients is that none of the authors have the background of clinical 

applications. Furthermore, adopting patients for the proposed BSE involves the 

interdisciplinary collaboration with other medical groups. Second, only one muscle 

was used to measure the sEMG signals. There is no doubt that the accuracy of the BSE 

could be improved with the acquisition of additional biological signals such as other 

muscles, velocity, and the angle information for each joint. Third, the proposed BSE 

might be only suitable for the proposed rehabilitation robot device and training 

protocols proposed in Chapter 3 and Chapter 4, respectively. 

6.5.2 Future work 

According to the experimental results and limitations, future work would be done in 

two aspects. First, more muscles would be considered in the BSE, and the weight of 

each muscle would be obtained and optimised by the genetic algorithm, thus 

improving the accuracy of the BSE [214]. Second, stroke patients would be recruited 

through collaboration with other medical groups and hospitals, meaning the results of 
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the BSE could be compared with those obtained from traditional clinical scales to 

further validate the BSE. 

6.6 Summary 

In this chapter, a biological signal-based evaluator is developed for selecting robotic 

training protocols for upper-limb bilateral rehabilitation. The evaluator contains two 

fuzzy logic algorithms, two magnitude definers and one rules-based selector, and the 

interaction force and the participation level are used as the inputs. The pilot and 

follow-up experimental results show that the proposed BSE has the ability to 

distinguish the intensity of the inputs and select robotic training protocols objectively 

and quickly. Furthermore, the BSE shows the feature of evaluation accounting for the 

whole training process and would not be influenced by wild fluctuations. Last but not 

least, due to the percentages of “Big, Medium and Small”, information from muscles 

(strength and control) can be presented and thus the recovery stages of participants 

can be better understood. 
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Chapter 7 

Conclusions and Future Work 

This chapter summarises the main scientific contributions and conclusions of this 

thesis. This chapter also discusses the future research direction to advance the studies 

presented in this thesis. 
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7.1 Research Contribution and Conclusion 

This thesis presents a bilateral rehabilitation system for upper limbs, which contains 

an industrial robot-based bilateral rehabilitation device, an intelligent bilateral training 

subsystem and a biological signal-based evaluator. In addition, muscle activation 

patterns during different robot-assisted bilateral training mdoes were analysed, which 

is an important component of the proposed evaluator, and can also provide useful 

information for the proposed bilateral rehabilitation device and training protocols. To 

date, 18 healthy participants have been recruited for assessing the proposed 

rehabilitation system (13 participants tested the device and 5 participants tested the 

evaluator). The results of the experiments show that the proposed bilateral 

rehabilitation device is safe and stable, the training protocols are reliable and 

interesting, the evaluator is objective, repeatable and time-saving, and the muscle 

activation patterns are informative. The major contributions and outcomes are 

summarised in the following sections. 

7.1.1 Industrial Robot-based Bilateral Rehabilitation Device 

As explicitly discussed in Chapter 2 and Chapter 3, the existing rehabilitation devices 

cannot sufficiently fulfil the requirement for safe and affordable rehabilitation for 

upper limbs, especially for bilateral modes [17-19]. Therefore, an industrial robot-

based bilateral rehabilitation device (IRBRD) is proposed in Chapter 3 as a solid 

platform to host the research. To the best of the author's knowledge, this is the first 

time using the UR robot in the rehabilitation field. The proposed IRBRD can provide 

true bilateral exercises with different training protocols in 3D space, while master and 

slave sides can be switched at any time, thus suiting different participants. Moreover, 

the proposed IRBRD can present the bio-signal data (e.g. position and interaction force) 

and variables in real time, and different training protocols and related variables can be 

adjusted before each exercise. Furthermore, the IRBRD is also aimed at delivering 
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task-based repetitive bilateral training in clinical applications, so a protection module 

is conducted in both hardware and software levels to provide a superior safety training 

environment in comparison with other rehabilitation devices. Last but not least, the 

cost of IRBRD is lower than other same level rehabilitation devices. 

7.1.2 Intelligent Bilateral Training Subsystem 

As mentioned in Chapter 3 and Chapter 4, there are some issues with existing 

industrial robot-based bilateral devices: the dynamic models of industrial robots and 

their low-level controllers are inaccessible, participants’ dynamic models are variable, 

and the effectiveness of bilateral devices might not be fully verified due to the 

inconsistent training approaches [21, 64, 83, 155, 157]. Therefore, an intelligent 

bilateral training subsystem is proposed in Chapter 4, containing three patient-

cooperative bilateral training protocols and one adaptive admittance controller. These 

three bilateral training protocols are specifically designed to actualise true bilateral 

exercises. At the same time, the adaptive admittance controller is developed to solve 

the above-mentioned issues of industrial robots and variable dynamic models of 

participants as well as to actualise the proposed patient-cooperative training, which 

contains an admittance control scheme and three fuzzy logic algorithms. 

Preliminary results through simulations and pilot experiments with 3 healthy 

participants show that the bilateral rehabilitation device is stable and safe, and the 

patient-cooperative bilateral training protocols can be actualised with the proposed 

rehabilitation device. Meanwhile, the voluntary efforts of the participants can be 

represented by the adjusted trajectories and thus the enthusiasm for training can be 

enhanced. In addition, a follow-up experiment was performed on 10 healthy 

participants through formal rehabilitation movements. The follow-up experimental 

results also show that the proposed bilateral rehabilitation device and the controller 
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are stable and safe, and the bilateral training protocols can be treated as new and 

interesting training methods for further clinical applications. 

7.1.3 Muscle Activation Patterns during Different Robot-assisted 

Bilateral Training Protocols 

According to Chapter 2 and some reviews [13, 17, 70, 71], most research related to 

the bilateral training focuses on robotic devices and clinical results [177, 178], rather 

than muscle activation patterns during different training protocols. However, the 

investigation of muscle responses to different bilateral training conditions (with or 

without robots or different movements) is the fundamental to the development of 

bilateral devices, control strategies, and training protocols [174, 188]. Therefore, the 

muscle activation patterns of healthy participants during different robot-assisted 

bilateral training protocols were investigated. The activation correlations of different 

muscles are also explored within one arm and between two arms to establish the set of 

‘standard’ criteria that could be utilised as the baseline to assess results exhibited by 

stroke survivors through the same bilateral rehabilitation device and training protocols 

later. 

The experimental results on 10 healthy participants show that the activity of the arm 

muscles was reduced to a lower level in the robot-assisted training while increased to 

a higher level in the active force-involved robot-assisted training compared to the 

robot-unassisted training in both exercises. Furthermore, an activation correlation 

between different muscles under different exercises was represented by the results as 

well; that is, a specific muscle has the strongest correlation to the same muscle of the 

contralateral arm with and without robots’ assistance. These findings contribute to our 

understanding of bilateral recovery processes during different training protocols and 

different exercises as well as human-robot interactions. In addition, the results and the 



 

 181 

Conclusions and Future Work  

corresponding explanations could possibly be the primary baseline of bilateral 

exercises to assess the results carried out by stroke survivors in later experiments. 

7.1.4 Biological Signal-based Evaluator 

An industrial robot-based bilateral rehabilitation device and patient-cooperative 

bilateral training protocols are proposed in Chapter 3 and Chapter 4, respectively. 

However, how to select different training protocols for different participants with the 

proposed bilateral rehabilitation device is unaddressed. To this end, an evaluator is 

specifically designed for selecting training protocols according to the biological 

signals of each participant. Based on the goals of proposed bilateral training protocols 

and the experimental findings of muscle patterns in Chapter 5, interaction force and 

related participation level (processed sEMG signals) are chosen as the key biological 

signals for the evaluator. 

The proposed evaluator was firstly tested by the experimental data measured in 

Chapter 5. After that, 5 healthy participants were recruited to perform standardised 

performance testing (SPT) with three different tasks. The pilot and follow-up 

experimental results show that the proposed evaluator has an ability to distinguish the 

intensity of the inputs and thus select different training protocols accordingly. 

Meanwhile, compared with the averaging method, the evaluator shows the key feature 

of considering the whole training process, which would not be influenced by wild 

fluctuations. Furthermore, due to the percentages of “Big, Medium and Small”, 

information about muscle activations (both strength and control) can be represented 

and thus the recovery stages of participants can be better understood. 
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7.2 Publications Arising from this Thesis 

The following papers have been published or are under review in peer-reviewed 

journals or conference proceedings (others which are not related to this thesis are not 

included): 

Journal articles: 

 Sheng, B., Zhang, Y., Meng, W., Deng, C. & Xie, S. (2016). Bilateral robots 

for upper-limb stroke rehabilitation: State of the art and future prospects. 

Medical Engineering and Physics, 38(7), 587-606. 

 Sheng, B., Zhang, Y., Tang, L., Deng, C. & Xie, S. An Industrial Robot based 

Bilateral Rehabilitation System. Medical Engineering and Physics (Under 

review). 

 Sheng, B., Tang, L., Xie, S., Deng, C. & Zhang, Y. Alterations in muscle 

activation patterns during different robot-assisted bilateral training modes: a 

pilot study. Proceedings of the iMeche, Parh H: Journal of Engineering in 

Medicine (Under review). 

 Sheng, B., Tang, L., Deng, C., Xie, S.& Zhang, Y. A Biological Signal-based 

Evaluator for Robot-assisted Upper-Limb Rehabilitation. Journal of Medical 

and Biological Engineering (Under review). 

Conference papers 

 Sheng, B., Meng, W., Deng, C., & Xie, S. (2016, July). Model-based 

kinematic & dynamic simulation of 6-DOF upper-limb rehabilitation robot. In 

Intelligent Robot Systems (ACIRS), Asia-Pacific Conference on (pp. 21-25). 

IEEE. 
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 Sheng, B., Zhang, Y., Tang, L., Xie, S., & Deng, C. A bilateral training system 

for upper-limb rehabilitation: a follow-up study. The 2018 IEEE/ASME 

International Conference on Advanced Intelligent Mechatronics (AIM 2018) 

(Accepted). 

7.3 Future Work 

In the area of bilateral upper-limb rehabilitation, the author will further improve the 

proposed bilateral rehabilitation system through the following avenues. 

Firstly, the proposed bilateral rehabilitation device will be modified to accommodate 

the tele-rehabilitation (remote rehabilitation) [215, 216]. Tele-rehabilitation 

(managing therapy remotely) provides opportunities to undertake therapeutic 

interventions at a distance for patients [217]. Patients might benefit from an increase 

in treatment through tele-rehabilitation without having to go to the hospital regularly, 

as well as reducing expenditure considerably (the cost of travel and healthcare cost) 

[217, 218]. Several researchers have demonstrated the possibility of managing 

rehabilitation exercises using tele-rehabilitation [215-218]; however, the effectiveness 

of this new technology has not been addressed yet. In addition, more slave devices 

(patient side) can be linked to the master device (therapist side), thus realising the 

treatment of ‘one to many’ and further reducing the time and cost of both therapists 

and patients [219]. However, there are two main problems for popularising the tele-

rehabilitation. The first one is time delay. It is well known that any data 

communication over the computer network experiences transmission delay. The 

second one is the safety and stability of devices, which is a very important aspect of 

rehabilitation. 

Secondly, virtual reality techniques could be involved within training protocols to 

make rehabilitation training more interesting and thus improving the enthusiasm of 
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patients. According to review [220], the major effect of virtual reality games is to 

eliminate the boredom of participants, and participants show greater interest if given 

the chance to play games and in turn complete their routine rehabilitation exercises. 

Additionally, as discussed above, the voluntary efforts-involved exercises are more 

effective on motor functional improvement than passive exercises [24, 25]. 

Furthermore, if the reviews of recent movie ‘Ready Player One’ are to be believed, 

people seem to show irresistible enthusiasm for this new technology. To date, several 

researchers have reported clinical applications with VR equipment [221-223], and the 

effectiveness of those have been confirmed as well. As for bilateral training, VR can 

even provide an immersive environment for patients to practice some two-arm 

movements for ADLs and therefore significantly improve their abilities to return to 

normal living. 

Thirdly, more healthy participants with different gender, race, age and degree of 

healthiness, and stroke survivors would be recruited for evaluating the effectiveness 

of the proposed bilateral rehabilitation device, training protocols, and evaluator, as 

well as to explore different muscle activation patterns. In this thesis, only healthy 

participants were included, which means that the experimental results can only 

confirm the safety, stability and usability of the proposed bilateral rehabilitation 

system. Meanwhile, the measured sEMG signals can only reflect the muscle activation 

patterns of healthy participants, which are similar to each other. Stroke survivors’ 

muscle activation patterns would be more complex and varied. These different muscle 

activation patterns can enhance the understanding of bilateral recovery processes and 

thus improving the proposed rehabilitation device, training protocols and controller. 

In addition, the proposed rehabilitation system is still an engineering prototype mainly 

for conducting research; more tests are needed through different participants (healthy 

and unhealthy) before clinical applications. 
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Other future work includes the integration of wireless EMG equipment to provide a 

more comfortable training environment, thus measuring more precise sEMG signals 

in real time. Meanwhile, some wireless EMG equipment contains a 3-axis 

accelerometer, which can provide useful bio-signal information for further studies as 

well as to be the inputs for the proposed evaluator. As for the evaluator, except for 

new inputs coming from the EMG equipment, more muscles could also be recruited, 

and the weights of each muscle would be obtained and optimised by a genetic 

algorithm, thus improving the accuracy of the evaluator [214]. 
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Appendix A  The House of Quality 

 

Figure A.1 The House of Quality [137, 138]. 
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Appendix B 

B Mathematical Analysis and Simulation for UR10 

B.1 Kinematic and Dynamic Analysis for UR10 

B.1.1 Kinematic Analysis 

In order to make sure that UR robot can accomplish tasks, it is necessary to do a 

kinematic analysis. In this research, the Denavit-Hartenberg (D-H) parameters method 

is used to establish a mapping relationship between the joint coordinate system and 

the Cartesian coordinate system of UR10, thus a position relationship between the 

TMB (the top of robot arm) and other joints can be extracted in real time, which is a 

critical part for planning optimal trajectories. The D-H parameters method is a kind of 

simple method for modelling the link and joint of a robotic device, which can be used 

for any mechanical configuration, regardless of the structural order or complexity of 

the device [224]. The establishment principle of the Cartesian coordinate system and 

the definition of joint variables are as follows. 

1) All joints are represented by Z axis. If a joint is a rotating one, Z axis follows 

the right-hand rule; if a joint is a sliding one, Z axis follows the direction of 

linear movement. Meanwhile, nZ  represents 1n th Z axis. 

2) If na represents a common perpendicular between 1nZ  and nZ , the direction of 

nX  is from na to nZ . 

3) The direction of nY  is based on the right-hand rule, which will not be shown in 

Fig. 1 for simplification. 

4)   represents the rotation angle of Z axis, d  represents a distance between two 

adjacent common perpendiculars of Z axis, a   represents the length of each 
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common perpendicular and   represents a joint torsion angle between two 

adjacent Z axes. 

Furthermore, in this research, UR10 consists of seven revolute joints: base, shoulder, 

elbow, wrist-1, wrist-2, wrist-3 and TMB, and the whole system is a typical serial 

robot. In addition, each joint is driven by a motor separately to actualise the relative 

motion of adjacent links, it means that only   is variable parameter when describing 

each joint. So for UR10, only six joint variables (revolute variables, except TMB 

which is on the top of link6) are needed to calculate the changes of the whole system, 

and other twenty-four parameters are used to represent the fixed parts of kinematics. 

The joint parameters for UR10 are shown in Table B.1 and the definition of UR10’s 

centroid parameters can be found in Fig. B1. 

(a)

(b)

 

Figure B.1 The Definition of centroid parameters of UR10 [225]: (a) the 3-D sketch of D-H 

parameter and (b) the 2-D sketch of D-H parameter. 
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Table B.1: The D-H parameters of UR10 [225] 

𝐉𝐨𝐢𝐧𝐭𝒊 𝛂𝒊(deg) 𝒂𝒊(mm) 𝜽𝒊 

(deg/sec) 

𝐝𝒊(mm) Joint type Offset 

angle(deg) 

1 90 0 𝜃1 127.3 rotation 0 

2 0 -612 𝜃2 0 rotation 0 

3 0 -572.3 𝜃3 0 rotation 0 

4 90 0 𝜃4 163.941 rotation 0 

5 90 0 𝜃5 115.7 rotation 0 

6 0 0 𝜃6 92.2 rotation 0 

Here, 𝜃𝑖 is the velocity-time function (inputs). 

The transformation matrix T of the coordinate system from link  i to link  1i  can 

be named as link transformation matrix [226]: 

                  
1

cos sin cos sin sin cos

sin cos cos cos sin sin
T

0 sin cos

0 0 0 1

     

     

 



 
 


 
 
 
 

i i i i i i i

i i i i i i ii

i

i i i

a

a

d
                  (B.1) 

So for n links, the transformation matrix T can be written as: 

                                                
0 0 1 1

1 2T = T T T   n

n n                                                 (B.2) 

Furthermore, combined with the parameters in Table B.1, Equation (B.1) and Equation 

(B.2), the transformation matrix can be transferred as: 

                                         
0T=  

0 0 0 1

 
 
 
 
 
 

x x x x

y y y y

n

z z z z

n o a P

n o a P

n o a P
                                             (B.3) 
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s c c s s  

Here, n, o and a are the direction vectors from link  n to the base (link  0 ), P is a 

distance vector from link  n to the base (link  0 ), ic is the abbreviation of cos i ,

is is the abbreviation of sin i , 23 2 3 2 3sin cos cos sin    s and

23 2 3 2 3cos cos sin sin    c . 

B.1.2 Dynamic Analysis 

The UR10 is a complex dynamic system, which consists of many joints and links with 

multiple inputs and outputs. It means that the UR10 owns perplexing coupling 

relationships and non-linearity relationships. Moreover, during training, the 

movements of patients’ upper limbs cannot follow a fixed trajectory strictly, so the 

joint torque requirements of UR10 should be calculated in real time to provide the 

stable interaction force, and thus confirming the safety of training [227]. To date, 

several dynamic analysis methods for robots have been developed, such as Newton-
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Euler method, Lagrangian mechanics method, Kane method, Gauss method, 

Roberson-Wittenburg method and so on [228]. 

In general, Newton-Euler method, Lagrangian mechanics method and Kane method 

are the most commonly used methods for dynamic modelling [228]. Newton-Euler 

method focuses on the representative of vector mechanics, and each part of a robot 

will be isolated to establish a relevant Newton equation and Euler equation. However, 

even though this method is intuitive and has a clear concept, it requires a large 

computational capacity by considering the internal force and internal moment which 

are not doing any work [229]. As for the Lagrangian mechanics method, it relies on a 

generalized coordinate and its function principles. In this method, all of the external 

force, external moment and internal interaction force would be excluded if they do not 

do any work. So the dynamics of the whole system can be described as a closed 

mathematical expression. However, in order to the calculate the dynamic energy of 

the system, calculating processes are difficult and a larger computational capacity is 

needed compared to that of Newton-Euler method [230]. As for the Kane method, 

some recursion formulae are used to calculate joints’ velocity and acceleration, 

centroid velocity and acceleration, and links’ angular velocity and angular acceleration. 

The advantage of this method is that it can easily get the dynamic equations of the 

whole system without derivation [231]. In addition, the requirements of computational 

capacity for analysing a 6-DOF robot system through three above-mentioned methods 

have been shown in Table B.2. 

Table B.2: The comparison of three dynamic methods [225] 

Methods Addition Multiplication 

Lagrangian method 66271 51548 

Newton-Euler method 852 738 

Kane method 646 394 
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It can be seen from Table B.2, Kane method needs a lower computational capacity, 

which can improve the computational efficiency. Furthermore, dynamic equations 

expressed by Kane method are more simple and clearly than those of other methods. 

So in this research, Kane method will be employed to do a dynamic analysis. 

In simple terms, Kane method can be descried as: the summation of generalized active 

force ( jF ) and generalized inertia force (
*

j
F ) is zero [231]. 

                                                    
* 0 j jF F                                                         (B.4) 

At the same time, the angular velocity, angular acceleration, joint velocity, joint 

acceleration, centroid velocity and acceleration of link i can be represented by 

recursion formulae [232] as follows. 

                                             1 1( )    i

i i i i iR k                                                  (B.5) 

                                   1 1 1 1( )          i i

i i i i i i i i iR R k k                                    (B.6) 

                                              1 1    i

i i i i i
v R v l                                                   (B.7) 

                                   1 1 ( )        i

i i i i i i i iv R v l l                                      (B.8) 

                                                 ci i i civ v l                                                       (B.9) 

                                        ( )       ci i i ci i i civ v l l                                    (B.10) 

Wherei is the angular velocity, i is the angular acceleration, iv is the joint velocity, 

iv is the joint acceleration, civ is the centroid velocity and civ is the centroid acceleration. 

Here, 
1

1 ( )

 i i T

i i
R R , and 

1i

i
R is a rotational transformation matrix from a coordinate 

system i to a coordinate system 1i ; i is the rotational velocity of join i ; ik is a 3 1
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rotational axis vector, and  0 0 1
T

ik ; il is the vector of link i and  0 0
T

i il l ;

cil is the position vector of link i ’s centroid in a coordinate system, and

 1 1 0 0
T

c cl l . In addition, the driving torque equation of a link is: 

                                                   



j j

n

q i q

i j

T M                                                      (B.11) 

Where the equation of the partial moment  ji qM is: 

                                             
j j ji q i ci ci q i i qM m v v N                                       (B.12) 

And some related equations are: 
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Where m is the mass of link i , iI is the inertia tensor of link i , g is the gravitational 

acceleration,  jci qv is the centroid partial velocity of link i  (relative to jq ),   ji q is the 
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centroid partial angular velocity of link i  (relative to jq ), and  ji qv  is the partial 

velocity of link i  (relative to jq ). 

So the angular velocity, angular acceleration, joint velocity and joint acceleration of 

the base (link 0) can be got as follows. 

                                                    0 0 0 0 
T

                                                (B.18) 

                                                   0 0 0 0 
T

                                                (B.19) 

                                                    0 0 0 0
T

v                                                 (B.20) 

                                                    0 0 0
T

v g                                                 (B.21) 

In addition, according to the D-H parameters method [224], a rotational transformation 

matrix
1

0R can be got: 

                                           

1 1

0

1 1 1

0

( ) 0

0 0 1

 
 

 
 
  

T

c s

R s c                                               (B.22) 

Therefore, link1’s angular velocity, angular acceleration, joint velocity, joint 

acceleration, centroid velocity, centroid acceleration, centroid partial velocity relative 

to 1q  and centroid partial angular velocity relative to 1q can be got as follows. 

                                                 
1 10 0    

T

                                                (B.23) 
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11 0 0 1  
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q                                                  (B.29) 

                                             
1 1 1 10 0  

T

c q cv l l                                              (B.30) 

Meanwhile, according to Equation (B.11), the driving torque of link 1 can be obtained 

as follows. 

                     
1 1 1 1 1 1 1 1

6

1 2 3 4 5 6
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Where
1 1 1

2

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1( ( )) ( ( ) )            q c c q q zz cM m v v I I I m l l  

Similarly, other partial moments (
12qM ,

13qM ,
14qM ,

15qM ,
16qM ) relative to 1q , 

and driving torques (
2qT ,

3qT ,
4qT ,

5qT ,
6qT ) can be got. 
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B.2 Kinematic and Dynamic Simulation 

B.2.1 Kinematic Simulation 

In order to confirm the correctness of Kinematic analysis, two kinds of MATLAB-

based software are used. The first one is MUPAD which would be used for calculating 

Equation (B.3). Another one is Robotics Toolbox [233] which is employed to simulate 

a mathematical model, and thus comparing its results with those of MUPAD. 

According to the D-H parameters listed in Table B.1, a mathematical model for UR10 

can be built in the Robotics Toolbox as follows: 

L1=link([pi/2 0 0 127.3 0 0]); 

L2=link([0 -612 0 0 0 0]); 

L3=link([0 -572.3 0 0 0 0]); 

L4=link([pi/2 0 0 163.941 0 0]); 

L5=link([pi/2 0 0 115.7 0 0]); 

L6=link([0 0 0 92.2 0  0]); 

r=robot([L1 L2 L3 L4 L5 L6], ‘Universal Robot 10’); 

Furthermore, the random angle parameters of each joint in Table B.3 are used as the 

inputs for the MUPAD and the Robotics Toolbox, and the calculation results of TMB 

can be seen in Table B.4 and Figs. B.2 to 4. 
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B.3: The random groups of each joint’ angle 

Set No. 1  2  3  4  5  6  

1 0 0 0 0 0 0 

2 0   / 2  / 4  / 2  / 4  

3 / 2    / 2    / 2  / 4  

 

Table B.4: The calculation results of TMB’s position  

by MUPAD and Robotics Toolbox 

Set No. 
MUPAD Robotics Toolbox 

X(mm) Y (mm) Z (mm) X(mm) Y (mm) Z (mm) 

1 -1184.3 -71.741 11.6 -1184.300 -71.741 11.600 

2 464.993 -163.941 682.983 464.991 -163.941 682.982 

3 163.941 727.7 791.8 163.939 727.698 791.800 

 

(a)

(b)

(c)

Figure B.2 The results of first data set: (a) the calculation results of MUPAD, (b) the 

simulation results of Robotics Toolbox and (c) the related posture of UR10. 
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(a)

(b)

(c)

Figure B.3 The results of second data set: (a) the calculation results of MUPAD, (b) the 

simulation results of Robotics Toolbox and (c) the related posture of UR10. 

(a)

(b)

(c)

Figure B.4 The results of third data set: (a) the calculation results of MUPAD, (b) the 

simulation results of Robotics Toolbox and (c) the related posture of UR10. 

 

It can be seen from Table B.4 and Figs. B.2 to 4, the positions of TMB are the same 

in both MUPAD and Robotics Toolbox, and the corresponding postures of UR10 can 

be accomplished without mechanical singularities. In addition, the trajectory of TMB 

should be simulated based on the mathematical model built above, which is another 

way to confirm the correctness of Kinematic analysis. Therefore, the trajectory of 

TMB in Cartesian space is simulated by Robotics Toolbox and is shown in Fig. B.5. 
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Figure B.5 The simulation results of TMB in Cartesian space. 

In Fig. B.5, the blue solid line is the reference trajectory and the green dotted line is 

the actual trajectory of TMB. It can be seen from the picture, two trajectories are 

almost the same. The little deviation is caused by the inaccuracy of Jacobian matrix’s 

approximate solution. Some corresponding codes are attached in section 1.3. 

Furthermore, another trajectory simulation is conducted to test the stability of each 

joint when moving the TMB between two points (in this case, from one point 

[200,100,100] to another point [100,200,110]), and the simulation results are shown 

in Figs. B.6 to 7. 
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Figure B.6 The trajectory of TMB’s position. 
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Figure B.7 The angular velocity of each joint. 

It can be seen from Fig. B.7, changes of each joint’s angular velocity are stable and all 

joints cooperated well, which can guarantee the stability of UR10 during training. The 

corresponding codes are attached in section 1.3 as well. So from these simulations 

above, the kinematic analysis for UR10 is correct, and the mathematical model could 

be used in simulations for primary tests of the proposed bilateral rehabilitation system 

later. 

B.2.2 Dynamic Simulation 

In order to confirm the correctness of Dynamic analysis, one kind of MATLAB-based 

software is used: SimMechanics [234]. The simulation model of UR10 can be 

established by the SimMechanics with the D-H parameters of UR10 (Table B.5), and 

simulation results could be compared with those of MUPAD. 
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Table B.5: The D-H parameters of UR10 [225] 

𝐋𝐢𝐧𝐤𝒊 Name Mass(g) Lc(mm) 

1 Base 7100 3.42 

2 Upper Arm 12700 41.154 

3 Low arm 4270 24.945 

4 Wrist1 2000 1.931 

5 Wrist2 2000 1.931 

6 Wrist3 365 2.6 

Here, Lc represents the Length from a gravity centre to a rotation centre. 

For this dynamic model, inputs coming from six subsystems which represent different 

joints, respectively. The detailed information of inputs is shown in Table B.6. 

Table B.6: The inputs for the dynamic model 

𝐉𝐨𝐢𝐧𝐭 𝒊 Formula 𝐉𝐨𝐢𝐧𝐭 𝒊 Formula 

𝜃1 sin( )
90


t  𝜃4 sin( )

25.71


t  

𝜃2 sin( )
60


t  𝜃5 sin( )

25.71


t  

𝜃3 sin( )
60


t  𝜃6 sin( )

25.71


t  

The simulation results by SimMechanics and MUPAD are shown and compared in 

Fig. B.9, in which the simulation results of SimMechanics are the same as those of 

MUPAD. 
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Figure B.8 The dynamic model of UR10. 
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(a) (b)

(c) (d)

Figure B.9 The simulation results of SimMechanics and MUPAD: (a) the results of joints 1-

3 by SimMechanics, (b) the results of joints 4-6 by SimMechanics, (c) the results of joints 1-

3 by MUPAD and (d) the results of joints 4-6 by MUPAD. 

 

In addition, another dynamic simulation is conducted to figure out the stability of each 

joint when applying torque to each joint, which is another way to confirm the 

correctness of Dynamic analysis. For this simulation, the torques of joints are inputs: 

20 N*m for Joint 1, 20 N*m for Joint 2, 15 N*m for Joint 3, 10 N*m for Joint 4, 5 

N*m for Joint 5 and 5N*m for Joint 6. The simulation result in Fig. B.11 shows that 

the angular velocity trajectories of Joints 1-5 are stable except Joint 6. While due to 

the small ROM of Joint 6, the angular velocity of Joint 6 has a little effect on the whole 

movement of UR10. So based on two simulations above, the dynamic analysis for 

UR10 is correct, and the dynamic model can be used as a foundation for simulations 

later. 
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Figure B.10 The dynamic model of UR10. 

 

Figure B.11 The simulation results of Joints 1-6. 
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B.3 Simulation Codes 

% This program is designed for simulation 1(Figs.B.5-7). 

L1=link([pi/2 0 0 127.3 0 0]); 

L2=link([0 -612 0 0 0 0]); 

L3=link([0 -572.3 0 0 0 0]); 

L4=link([pi/2 0 0 163.941 0 0]); 

L5=link([pi/2 0 0 115.7 0 0]); 

L6=link([0 0 0 92.2 0  0]); 

r=robot([L1 L2 L3 L4 L5 L6],’Universal Robot 10’); 

drivebot(r); 

**************************************************************************

************** 
% This program is designed for simulation 2(Fig.B.8). 

L1=link([pi/2 0 0 127.3 0 0]);  

L2=link([0 -612 0 0 0 0]); 

L3=link([0 -572.3 0 0 0 0]); 

L4=link([pi/2 0 0 163.941 0 0]); 

L5=link([pi/2 0 0 115.7 0 0]); 

L6=link([0 0 0 92.2 0  0]); 

r=robot([L1 L2 L3 L4 L5 L6],’Universal Robot 10’); 

dt=2*pi/100; 
t=0:dt:2*pi; 
N=length(t); 
x=-1000+100*cos(t);ax=0*t; 
y=-75+100*sin(t);ay=0*t; 
z=20+100*sin(t);az=0*t; 
for k=1:N-1 

    tc=transl(x(k),y(k),z(k));  

    q(k,:)=ikine(r,tc);        

    JT=pinv(jacob0(r,q(k,:))); 
    s1=[x(k),y(k),z(k),ax(k),ay(k),az(k)]'; 
    s2=[x(k+1),y(k+1),z(k+1),ax(k+1),ay(k+1),az(k+1)]'; 
    ds=s2-s1; 
    q(k+1,:)=(JT*ds)'+q(k,:); 
end 
tc1=fkine(r,q); 
xc=tc1(1,4,:); 
yc=tc1(2,4,:); 
zc=tc1(3,4,:); 
plot3(x,y,z,xc(:),yc(:),zc(:),'g.'); 
grid on; 
hold on 
set(gcf,'color','white'); 

**************************************************************************

************** 
% This program is designed for simulation 3(Figs.B.10-11). 

L1=link([pi/2 0 0 127.3 0 0]); 

L2=link([0 -612 0 0 0 0]); 

L3=link([0 -572.3 0 0 0 0]); 

L4=link([pi/2 0 0 163.941 0 0]); 

L5=link([pi/2 0 0 115.7 0 0]); 

L6=link([0 0 0 92.2 0  0]); 

r=robot([L1 L2 L3 L4 L5 L6],’Universal Robot 10’); 

T0=transl(200,100,100); 
T1=transl(100,200,110); 
t=[0:0.056:10]; 
m=jtraj(0,1,t); 
TC=ctraj(T0,T1,m); 
x=TC(1,4,:); 
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y=TC(2,4,:); 
z=TC(3,4,:); 
subplot(3,1,1);plot(t,x(:));xlabel('Time(s)');ylabel('X(m)'); 

grid on; 

subplot(3,1,2);plot(t,y(:));xlabel('Time(s)');ylabel('Y(m)'); 

grid on; 

subplot(3,1,3);plot(t,z(:));xlabel('Time(s)');ylabel('Z(m)'); 

grid on; 

hold on; 
set(gcf,'color','white'); 

 

q=ikine(r,TC); 

subplot(6,1,1);plot(t,q(:,1));ylabel('Joint 1(rad)'); 
grid on; 
subplot(6,1,2);plot(t,q(:,2));ylabel('Joint 2(rad)'); 
grid on; 
subplot(6,1,3);plot(t,q(:,3));ylabel('Joint 3(rad)'); 
grid on; 
subplot(6,1,4);plot(t,q(:,4));ylabel('Joint 4(rad)'); 
grid on; 
subplot(6,1,5);plot(t,q(:,5));ylabel('Joint 5(rad)'); 
grid on; 
subplot(6,1,6);plot(t,q(:,6));xlabel('Time(s)');ylabel('Joint 

6(rad)'); 
grid on; 
hold on; 
set(gcf,'color','white'); 

************************************************************************** 
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Appendix C  The Mechanical Drawing of Handle (version 

one) 

 

Figure C.1 The mechanical drawing of handle [137, 138] (version one). 
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Appendix D  The Specifications of Force Sensors 

 

Figure D.1 The specifications of force sensor (M3713C). 
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Figure D.2 The specifications of force sensor (M3715C). 
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Appendix E  Ethics Approval 

E-1 Consent Form 

Participant Consent Form 

This form will be held for six years. 

Project Title: Development of Robotic Upper Limb Rehabilitation Device Using the 

Universal Robot  

Name of Researchers: Dr. Lihua Tang, Bo Sheng, Yun Ru Ma 

 I have read the Participant Information Sheet and understood the nature of the 

research.  

 I understand that I can ask any questions about the research and have them answered 

to my satisfaction.  

 I understand that my participation is voluntary and that I can withdraw at any time 

during the trial. 

 I agree to take part in this research. 

 I agree to expose my upper limb as the picture in ‘Questionnaire before experiment’. 

 I agree to wear the vest or other sleeveless clothes during the experiment. 

 I understand that I will not be considered as a participant if I have some illness or 

health condition problems such as Occupational Overuse Syndrome 

(OOS)/Repetitive Strain Injury (RSI)/Carpel Tunnel Syndrome (CTS)/Alcohol 

Allergy and Any Existing Upper Limb Impairment/Any Surgery for Upper Limb, or 

I had ever used any orthosis in the past six months. 

 I understand that for the procedures of the experimental trials I will be required to 

hold onto a handle suspended in the air and possibly exert forces on it which may 

cause my hands and arms to tire. 

 I understand that during the experimental trials the robot may move my hand in a 

way that feels uncomfortable, in which case I can let go of the handle or press the 

emergency stop button. I can also inform the researchers and they will shut off the 

robotic device for me. 

 I understand that electronic data on the movement of the robotic device and my arm 

during the test will be collected from different sensors and the sEMG device, and 

will be used for analysis and calibration of the device and the experiment. 

 I understand that my identity will be kept anonymous. 

 I agree / do not agree to be videotaped (please circle which one applies to 
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you). 

 I understand the collection of data may involve using a camera to capture the motion 

of my arm and the footage would be retained for analysis. My face will not be shown 

in the footage. 

 I understand that I can pause and stop videotaping at any time. 

 I understand that I am free to view, edit or withdraw my individual video recordings 

of the trial within two weeks after the trial has taken place. 

 I wish / do not wish to have video recordings to be used in publications, thesis 

and presentations (please circle which one applies to you). 

 I understand that data collected including electronic data and video recordings will 

be securely stored on a computer with password protection and only the researchers 

will be able to access this information. 

 I understand that I may request to withdraw my data within two weeks after the trial 

has taken place. 

 I understand that data and video recordings will be retained for up to six years and 

will be destroyed after then. 

 I understand that the experimental trial will be expected to last up to 90 minutes. 

 I wish / do not wish to receive a copy of the summary of the results of this 

trial (please circle which one applies to you).  

 

 

Name …………………………………  .Email ………………………….. 

 

Signature ………………………………..Date ……………………….….. 

 

 

 

 

 

 

 

 

APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS ETHICS 

COMMITTEE ON 05/08/2015 for (3) years, Reference Number 015256. 
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E-2  Advertising Poster 

Participants Wanted for Experimental Trials  

on Upper Limb Rehabilitation Device 

 
Project Title: Development of Robotic Upper Limb Rehabilitation Device Using the 

Universal Robot 

Names of Researchers: Bo Sheng, Yun Ru Ma and Dr. Lihua Tang 

 

Human participants are currently being sought to take part in experimental trials for a 

research project. This research involves the development of a robotic device for upper limb 

rehabilitation and a sEMG device for muscle information collection. Invitation to participate 

in this research is extended to male students and staff members who are healthy individuals 

with no upper limb impairment. The experimental trial will involve physical interaction 

between the participant and rehabilitation devices. 

 

Every session of the experimental trials will take up to ninety minutes to complete and it will 

encompass two different parts. The first part requires you to grasp onto an orthosis attached 

to the robotic device and involves the passive movement of your upper limb through a 

predefined path. The second part requires you to grasp two orthoses and actively move one 

of the orthoses. The other orthosis will mimic the moving trajectory and move your upper 

limb accordingly. Different sensors and the sEMG device will be used for the further analysis 

of the experiment to collect the real-time electronic data, such as your upper limb movement, 

interaction forces and the muscle signals. 

 

If you are interested in participating in this research and/or would like to learn more about 

the experimental trials, please contact us through the contact details listed below and we will 

send you detailed information regarding the trial. 

 

Note you will not be considered as a participant if you have some illness or health condition 

problems such as Occupational Overuse Syndrome (OOS)/Repetitive Strain Injury 

(RSI)/Carpel Tunnel Syndrome (CTS)/Alcohol Allergy and Any Existing Upper Limb 

Impairment/Any Surgery for Upper Limb, or you had ever used any orthosis in the past six 

months. 

 

Researcher: 

Bo Sheng 

Email: 

bshe687@aucklanduni.ac.nz 

 

Yun Ru Ma 

Email: y.ma@auckland.ac.nz 

 

Your help is very much appreciated. Thank you. 

 

 

 

APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS 

ETHICS COMMITTEE ON 05/08/2015 for (3) years, Reference Number 015256. 
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E-3  Participant Information Sheet 

Principal Investigator 

Dr. Lihua Tang 

 

Students 

Bo Sheng, PhD Candidate 

Yun Ru Ma, PhD Candidate 

 

Participant Information Sheet 

(Participants) 

Project Title 

 

Development of Robotic Upper Limb Rehabilitation Device Using the Universal Robot 

 

Researcher Introduction 

 

This research will be conducted by Bo Sheng, who is currently a PhD candidate in the 

Department of Mechanical Engineering. This research will also be assisted by Yun Ru Ma, 

who is currently a PhD candidate in the Department of Exercise Sciences. The research is 

supervised by Dr. Lihua Tang in the Department of Mechanical Engineering. 

 

Project Description and Invitation 

 

The objective of this project is to design and implement an upper limb rehabilitation device 

for post-stroke patients using the supplied Universal Robot. This robotic device aims to 

provide a more efficient, interesting and cost-effective method of rehabilitation which cannot 

be provided by the conventional therapy methods. 

 

The Universal Robot has been mainly used as an industrial robot and almost no prior research 

has been done to develop its functionalities as a rehabilitation device. The development of the 

robotic device involves the design and implementation of a mechanical structure and advanced 

control strategies. The mechanical structure acts as an end-effector and provides comfortable 

and effective interaction between the patients and the Universal Robot. The control strategies 

are achieved by programming in the supplied user interface PolyScope. Another user interface 

is developed so that patients are able to rehabilitate through a series of novel virtual-reality 

games while physiotherapists are capable of obtaining useful information from patients. 

 

You are invited to participate in this research by carrying out a series of exercises using a 

prototype of this upper limb rehabilitation device. It is preferred that you are familiar or 

comfortable with the operation of robotic devices. You will be given a questionnaire to see if 

you are suitable for this experiment or not. If yes, then you will be shown the experimental 

setup and briefed about the operation of the prototype prior to your commitment to 

participation in this research. After the experiment, another questionnaire should be finished 

by you to help us to improve the device and the experiment. Your identity will be kept 

confidential from third parties. 

 

Project Procedures 

 

You will only be required to participate in one session of experimental trial to help the 

researching team test the developed rehabilitation device and control strategies. The duration 
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of the session is expected to span approximately ninety minutes or less. The experimental 

trials will be carried out in the Mechatronics Laboratory (Research) at the University of 

Auckland’s Faculty of Engineering. 

Before the experimental trial begins, you will be given a questionnaire to see if you are suitable 

for this experiment, then you will be given an explanation of how to terminate the robot 

operation and sEMG data collection when an emergency situation arises such as the 

mechanical failures or skin allergies. A brief demonstration of the prototype rehabilitation 

devices will also be given. Then you need to sign the Participant Consent Form which shows 

your right and duty. Your age, gender, height, weight and other information will also be 

collected for future analysis. 

 

After the questionnaire, collection and briefing, you will be asked to sit on a chair and grasp 

onto the handle attached to the robotic device. Then an alcohol swab will be used to remove 

surface oils and other contaminants above the target skin. After that, a surface sEMG electrode 

which is a cool round pre-gelled silver chloride electrode will be attached to the skin of your 

upper limb. Note that it isn’t a needle electrode and won’t cause any sense of pain, and it has 

a wire with amplifier and extremely slight electricity current which is at a very safe extent. 

 

One experimental trial consists of two parts and the first part involves passive movement of 

your upper limb within its range of motion. During this part of the trial, you should relax your 

upper limb and allow the robot to move your upper limb passively along a predefined motion 

path. 

 

In the second part of the trial, you will be asked to grasp onto the handle of a second robotic 

device while the other hand still hold the handle of the first robotic device. You will then be 

asked to actively move one of the robotic devices and the other one will mimic its movement 

and passively move the other upper limb of yours. 

 

During the experimental trials, the position sensors, force sensors and sEMG device will be 

utilized to collect different types of data for future analysis and further development of the 

robotic devices. Cameras and/or motion capture system may also be used to collect related 

information. 

 

After the trial, another questionnaire will be presented to you to evaluate your experience of 

the experimental session. 

 

During the experimental trial, should the level of discomfort exceed that of your liking, you 

can terminate the experimental trial by either indicating to the researcher or by using the 

emergency stop button provided. Once a stop button is pressed, the robotic device and the 

sEMG device will be immediately terminated. 

 

sEMG Device 

 

Due to the contraction of muscles, microvolt level electrical signals are created within the 

muscles that can be measured from the surface of body. A diagnostic procedure to assess the 

health of muscles, which acquires muscle activity from the skin, is referred to the surface 

electromyography (sEMG). The small electrical current or signal, which comes from active 

muscles, is detected by electrodes placed on the skin directly above the muscles. The strength 

and pattern of the signal is displayed on a monitor via the bandpass amplifier and the data is 

collected by a software that enable analyse varied data and create useful reports regarding 

muscle function. The sEMG device is an equipment which is utilized to record and analyse 

sEMG signals as mentioned above. In this research, the g.USBamp biosignal amplifier 

(version 2.0) and related monitoring electrodes are used as the sEMG device to acquire the 

data from the surface of the participants’ skins. The g.USBamp biosignal amplifier is a high-



 

 217 

Appendix  

performance and high-accuracy biosignal amplifier, and it allows the investigation of muscle-

activity and other physiological and physical parameters. 

 

The reason for using the sEMG device is that the sEMG signals reveal the information of 

neuromuscular activities, such as fatigue, motor unit recruitment, amplitude and sequence of 

muscle contraction activation. By pre and post robot-involved comparison, the utilized sEMG 

signals can be treated as evidence to acquire a better understanding of the target muscles’ 

changes and to figure out the effectiveness of the training protocol. 

 

Data Storage/ Retention/ Destruction/ Future Use 

 

Data will be recorded during the trials which include the measurements of position of your 

upper limb movements, interaction forces between the robotic device and your upper limb and 

electrical signals associate with the contraction of relevant muscles. Video recording of the 

trial will be taken, and your age, gender, body height, body weight and other information will 

be recorded by the first questionnaire in the beginning, and your experience and suggestion of 

the exercises will be collected in the end by the other questionnaire. 

 

All such data will be stored electronically on a hard drive of a computer. The computer will 

be password protected and located in a secure location. The data will be stored in such a way 

that a third party will not be able to identify you through the information stored on the data 

file. The information collected will be kept for a period of up to six years and it will be used 

for presentations, conference and journal papers, theses, posters, further calibration and 

development of the robotic device. When no longer required, such data files will be destroyed 

through permanent deletion. 

 

If you are interested, you can arrange with the researcher a suitable time to have a discussion 

about any information derived from the collected data. 

 

Right to Withdraw from Participation 

 

You may withdraw from the trial at any time without giving a reason. If you are not 

comfortable with the data collected, you may request to withdraw the data collected within 

two weeks after the trial has taken place. 

 

Use of Audio, Electronic or Other Media 

 

Video recording of the trial will be taken, but you are able to request the recording to be 

stopped at any time during the trial. The video recording will be taken in such a way that it 

will provide minimal features which can be used to reveal your identity. You will be given the 

opportunity to review the video recording at the end and within two weeks of the trial and 

request any editing that needs to be done for your satisfaction. After then only the researchers 

and supervisor are able to view the video. The video data will be used to improve the design 

and tune the device for better results. The video recordings could also be used in publications, 

posters, theses and presentations. 

 

Anonymity and Confidentiality 

 

Your identity will be kept confidential from all third parties. If the data collected is used in 

publications, you will be referred to using a generic identifier such as “participant A”. Videos 

recorded will contain items of clothing you are wearing at the time of the trial and therefore 

anonymity may not be guaranteed. However recording will be performed in a manner as to 

minimise the risk of identification. During the experiment your name will not be recorded. 

Instead a coding system (ULR001 – ULR999) will be used to link experimental data and the 

questionnaire to a specific participant. 
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Distress and Discomfort 

 

The robotic upper limb rehabilitation device is designed with safety as paramount. There are 

both hardware and software features that can stop the device immediately in case an 

emergency happens. Emergency stop button is accessible to both participants and researchers 

and the whole device terminates once the emergency stop button is pressed. In addition, the 

software user interface provides the researchers with the ability to stop to robotic device at 

any time. 

 

The maximum reach radius of the Universal Robot is 850mm measured from its base which 

shows the range of motion of the Universal Robot is similar to the human arm and it is not 

very likely for the Universal Robot to move your arm out of its range of motion. In addition, 

software program will set the maximum allowable range of motion based on the length of your 

arm. The maximum force applied to you is set to be 50N and any force above this range will 

terminate the robot. This maximum force can be adjusted according to your situation at any 

time. 

 

During the session, you may experience a small level of physical discomfort. However, should 

the level of discomfort exceed that of your liking, you can terminate the experimental trial by 

either letting go the handle or by using the emergency stop button provided. In addition, you 

can indicate to the researchers and they will shut off the robotic device for you. Once a stop 

button is pressed, the robotic device will be immediately terminated. If you are unwilling to 

continue, you may withdraw from the trial at any time without giving a reason. To ensure that 

prompt medical attention is available during emergencies, the trials will be conducted during 

the operating hours of the University Health Services clinic at the city campus. Additionally, 

a first aid kit will available in the room when the trial is taking place (for this application, the 

lab technician Marshall Lim will be within the research area who is a qualified First Aider). 

 

The likelihood and potential severity of physical harm to you are: pulling your arm out of your 

normal range of motion, or hitting you with a light force. However, the orthosis has just a 

handle with a lot of free space around it so you can easily remove your hand from it. About 

the ‘Light force’, due to the slow movement of the robot, the maximum of the exposed force 

will be less than 10N. So the only possible physical harm to you is the fatigue of your upper 

limb muscles. 

 

Moreover, before the experiment, you will be checked if you are suitable for sEMG data 

collection through the questionnaire. You will not be considered as a participant if you have 

some illness or health condition problems such as Occupational Overuse Syndrome 

(OOS)/Repetitive Strain Injury (RSI)/Carpel Tunnel Syndrome (CTS)/Alcohol Allergy and 

Any Existing Upper Limb Impairment/Any Surgery for Upper Limb, or you had ever used 

any orthosis in the past six months. 

  

Adverse Consequences and Compensation for Injury 

 

In the unlikely event of a physical injury as a result of your participation in this study, you 

may be covered by ACC under the Injury Prevention, Rehabilitation, and Compensation Act 

2001. ACC cover is not automatic, and your case will need to be assessed by ACC according 

to the provisions of the Injury Prevention, Rehabilitation, and Compensation Act 2001. If your 

claim is accepted by ACC, you still might not get any compensation. This depends on a 

number of factors, such as whether you are an earner or non-earner. ACC usually provides 

only partial reimbursement of costs and expenses, and there may be no lump sum 

compensation payable. There is no cover for mental injury unless it is a result of physical 

injury. If you have ACC cover, generally this will affect your right to sue the investigators. 

There will be no direct compensation from the University of Auckland to you. If you have any 

questions about ACC, contact your nearest ACC office or the investigator. 
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Closing Statement 

 

If there is anything that you would like to discuss please contact one of the following 

Researcher 

Bo Sheng 

Email: bshe687@aucklanduni.ac.nz 

Researcher 

Yun Ru Ma 

Email: y.ma@auckland.ac.nz 

Supervisor 

Dr. Lihua Tang  

Email: l.tang@auckland.ac.nz 

Head of Department 

Associate Professor Krishnan Jayaraman 

Email: k.jayaraman@auckland.ac.nz 

 

 

For any queries regarding the ethical concerns you may contact the Chair, The University of 

Auckland Human Participants Ethics Committee, The University of Auckland, Office of the 

Vice Chancellor, Private Bag 92019, Auckland 1142. Telephone 09 373-7599 extn. 83711. 

Email roethics@auckland.ac.nz. 
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E-4  Questionnaire before Experiment 

Development of Robotic Upper Limb Rehabilitation Device Using Universal 

Robots 

 

Questionnaire before Experiment 

 

Name                        Age                      Gender _____________ 

Height                       Weight                       Date_____________ 

 

□   Right Handed  □   Left Handed  

 

Please circle the relevant answer. 

 

Yes    No 

□    □  Occupational Overuse Syndrome 

□    □  Repetitive Strain Injury 

□    □  Carpel Tunnel Syndrome 

□    □  Alcohol Allergy 

□   □  Do you mind the exposure level of your upper limb as picture below 

□   □  Do you mind wearing a vest or other sleeveless clothes during the 

experiment 

 

 

In the past six months: 

Yes    No 

□    □  Any Existing Upper Limb Impairment  

□    □  Any Surgery for Upper Limb 

□    □  Any Orthosis had ever been used 
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Figure E.1. The measured muscles needed to be exposed. 
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E-5  Questionnaire after Experiment 

Development of Robotic Upper Limb Rehabilitation Device Using Universal 

Robots 

Questionnaire after Experiment 

 

Name                        Age                      Gender _____________ 

Height                       Weight                       Date_____________ 

 

For each question please select (tick) a rating from 1 – 5 based on how much you agree with 5 

being that you agree completely. You may also write any suggestions in the comment boxes 

beneath that relates to the question. 

Question 1. The orthosis was comfortable to use. 

1 2 3 4 5 
 

 

 

Question 2. The sEMG device didn’t influence the normal upper limb movements when using 

the orthosis simultaneously. 

1 2 3 4 5 
 

 

 

Question 3. The movements during the exercises felt natural and comfortable. 

1 2 3 4 5 
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Question 4. The program interface was intuitive and easy to use. 

1 2 3 4 5 
 

 

 

Question 5. I enjoyed the exercises. 

1 2 3 4 5 
 

 

 

Question 6. I felt safe around the robot and the sEMG device. 

1 2 3 4 5 
 

 

 

You may write down any more suggestions you have over here: 

 

 

 

 

 

 

APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS 

ETHICS COMMITTEE ON 05/08/2015 for (3) years, Reference Number 015256. 
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