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Abstract 

Stroke is one of the leading causes of physical disability around the world, resulting in 

significant motor deficits and ultimately reduced gait performance. In order to regain or 

improve motor function, stroke patients will undergo rehabilitation. Current rehabilitation 

techniques are labour-intensive and time-consuming for both the therapist and the patient. 

Therefore, not all patients receive the recommended quantity and quality of rehabilitation. To 

improve the gait rehabilitation process, robot-assisted gait rehabilitation has been receiving 

increased interest over the past few years. 

The research in this thesis aims to demonstrate feasibility of robotic gait rehabilitation devices 

which are designed to be easy to use, simple and compact. The Linkage-based Gait Trainer 

(LGT) was the first device developed and is an overground gait rehabilitation device consisting 

of a four-bar linkage end-effector mechanism. The literature review suggested the design could 

be an effective gait rehabilitation device while minimising the components required. The design 

of the LGT was validated with a healthy human participant, and kinematic data showed that the 

device successfully constrained the user’s foot motion to a pre-defined gait trajectory. 

The imposed trajectory of the LGT is set by the linkage design and cannot be changed. To allow 

for modification to the trajectory a subsequent device (robotic Re-Link Trainer [rRLT]) was 

developed. The rRLT also uses a four-bar linkage, however the spatiotemporal parameters of 

gait, such as walking speed, stride length and cadence, can be varied to accommodate a wider 

range of users with different limb lengths and desired walking speeds. A trial with healthy 

participants was carried out to validate the rRLT’s design and its function. The results 

confirmed the device’s ability to vary the spatiotemporal parameter of the gait pattern the device 

imposes on the user. 

One of the limitations of both the LGT and rRLT is that the constrained gait path is not variable. 

To make the device available for more users with different gait trajectories, a new gait 

rehabilitation device with a five-bar linkage called PRO-GaiT was developed. A trial with 

healthy participants confirmed the ability to change and constrain different gait trajectories 

during walking exercises. 

The research in this thesis confirmed the ability of a linkage-based overground gait 

rehabilitation device to constrain a user’s footpath to a desired trajectory. Such devices can 

vary the footpath and spatiotemporal parameters of gait to accommodate many different users. 

The devices developed in this research could improve the effectiveness of the gait rehabilitation 
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by potentially increasing the time and intensity of each session while reducing the number of 

staff required. A rehabilitation device based on this research could be compact, easy to use and 

low cost thus can be widely adopted by many hospitals and clinics. 
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Chapter 1 Introduction 

1.1 Background 

1.1.1 Stroke 

A stroke results from disruption of the blood supply to the brain, which can occur from the blood 

vessel being blocked by a clot, or from bleeding into the brain from a ruptured vessel [1]. The 

former is an ischaemic stroke which accounts for 83% of all strokes; the latter is a haemorrhagic 

stroke which accounts for 17% of all strokes [1, 2]. Every year, approximately 15 million people 

suffer stroke globally, among whom about one third are left permanently disabled according to 

the World Health Organisation [3]. In the US, about 795,000 people have a stroke every year, 

50% of which have reduced mobility due to hemiparesis and 26% are not independent in their 

activities of daily living [4, 5]. In New Zealand, approximately 6000 people suffer from a stroke 

each year, and there are about 32,000 stroke patients with only 30% of them are independent in 

activities of daily living [6, 7]. 

The effects of stroke vary significantly between patients [2]. Stroke patients can have a multitude 

of impairments and functional deficits, depending on the location of the infarct including, but 

not limited to, hemiparesis, communication disorders, cognitive deficits or disorders in 

visuospatial perception [8, 9]. Hemiplegia, paralysis of one side of the body, or hemiparesis, a 

slight paralysis or weakness on one side of the body, is one of the most common impairments 

after stroke and contributes significantly to reduced gait performance [10]. Although the 

majority of stroke patients can walk but use some form of mobility assistance, many do not 

reach a walking level that enables them to perform all their daily activities [10]. There is an 

increasingly ageing population in western societies, and it is estimated that by 2030 stroke-

related disability will be ranked as the fourth most important cause of reduced disability-

adjusted life-years (DALYs—the sum of life-years lost as a result of premature death and years 

lived with disability adjusted for severity) [11]. Patients undergo rehabilitation to retrain the 

affected functions, however 50-60% of patients will experience ongoing motor impairments 

despite rehabilitation [12]. 

1.1.2 Rehabilitation after Stroke 

The purpose of stroke rehabilitation is to assist each patient in achieving the highest possible 

degree of individual physical and psychological performance [13]. The recovery of affected 

functions after a stroke occurs with a combination of different processes. The processes include 

restitution (restoring the functionality of damaged neural tissue), substitution (reorganisation of 
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undamaged neural pathways to relearn lost functions), and compensation (recovery of the 

impaired skills by improvements on other body functions) [13]. 

Because every stroke is different, no single treatment works for everyone. If a patient is 

medically stable, they will be able to start rehabilitation within 24 hours after a stroke [14]. 

Research suggests that commencing rehabilitation within hours or days of stroke is feasible and 

may help recovery [15]. The duration and intensity of therapy that can be tolerated in this early 

phase remain to be determined [6]. However, a recent review found that at six months after 

stroke, 69% of patients who were managed in an acute unit will regain independent walking 

compared to 65% of patients who were managed in a rehabilitation unit receiving 

comprehensive care [16]. In terms of the rehabilitation method, a task-specific repetitive 

approach, which involves the repeated practice of specific functional tasks, along with high-

intensity training has become the most prevalent approach and has been proven to be effective 

in motor function recovery for stroke patients [17-20]. 

1.1.3 Robotic Gait Rehabilitation 

Task-specific and high-intensity training for gait rehabilitation post-stroke is labour-intensive 

as it requires multiple therapists manually moving or assisting the movement of the patients’ 

limbs [21]. Due to the physical limits of the therapists, the training sessions are often short, a 

systematic review found that the average length of a walking practice session patients received 

post stroke was between four and 14.7 minutes [22]. Furthermore, a study found that stroke 

patients were engaged in therapeutic activities for an average of only 37 minutes per day [23]. 

Moreover, the provided movement or assistance by the therapists is largely based on the 

therapists’ experience [24]. Thus it is difficult to achieve optimal consistency and repeatability 

between gait rehabilitation sessions. In recent years, researchers have attempted to address 

shortcomings in conventional rehabilitation practices by developing robotic devices to augment 

rehabilitation [25]. The field of rehabilitation robotics can be broadly classified into the 

development of robotic devices for three different purposes: 1) assisting sensorimotor functions 

(e.g. arm, hand, leg), 2) assisting in rehabilitation training, and 3) assessment of the sensorimotor 

performance of patients [26]. Devices can be designed for a single purpose or multiple purposes. 

Robotic devices designed for assisting rehabilitation have the potential to reduce the therapist 

workload and improve the speed and quality of recovery greatly by providing more consistent, 

intensive rehabilitation tailored to the particular patient [21]. The subjectivity of manually 

assisted training is eliminated by providing the measurement of interaction forces and limb 

movements to assess the motor function recovery in a quantitative manner. In clinical trials of 

robotic rehabilitation, it has seen shown that this form of therapy is effective for motor recovery 
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and has a high potential for improving functional independence of patients [21, 27, 28]. A 

systematic review by Mehrholz et al. has shown robotic gait rehabilitation in combination with 

physiotherapy after stroke is more likely to achieve independent walking (Functional 

Ambulation Category [FAC] score 4 or 5) than people who receive gait training without robotic 

devices [29]. There was an increase in the odds of participants who underwent robot-assisted 

gait training in becoming independent in walking (odds ratio 2.39, 95% confidence interval (CI) 

1.67 to 3.43; P<0.00001; I²=0%). However, there was no significant difference in the increase 

in walking velocity or walking capacity observed with the patients who received a robotic gait 

rehabilitation compared to the patients who received gait training without robotic devices [29]. 

Another systematic review done by Bruni et al. examined the difference in the post-stroke 

rehabilitation outcome between patients who received physiotherapy treatment in combination 

with a robotic device, such as Lokomat, and patients who received conventional gait training 

without robotic devices. Conventional training in this review included treadmill training with or 

without partial body weight support (BWS) and overground gait training assisted by 

physiotherapists. The primary measurement used for this review was the walking speed (m.s-1) 

after approximately five weeks of the therapy intervention. Patients who received rehabilitation 

therapy in combination with a robot-based intervention, particularly end-effector devices, had 

higher walking speed compared to the people who underwent conventional rehabilitation 

(standardized mean difference 0.38m.s-1 [95% CI 0.21; 0.55], p < .05) [25]. 

1.2 Research Motivation and Objectives 
Over the years, numerous robotic devices for gait rehabilitation have been developed, along with 

validation studies to assess the effectiveness of such devices [25, 29, 30]. However, despite 

reports suggesting the benefits of robotic devices in gait rehabilitation [25], they are not widely 

adopted in mainstream clinical practice. One of the main reasons for the slow adoption in the 

clinical scene is that the robotic devices are often large and expensive [31]. Some devices are 

seeking to address these issues by focusing and limiting some functions. For example, a device 

could assist the movement of one joint (e.g. knee joint) instead of an entire lower limb, or a 

device could be designed only for less impaired patients. This would reduce the engineering 

requirement and make the device more compact, however this would limit the potential patients 

who could use such devices. Additionally, the new devices are not always easy to operate and 

the therapist team would usually require training in the use and integrate them into their practice. 

Ideally, a new device is introduced into clinical practice with minimal training requirements for 

the therapist and patients. Wider adoption of robotic devices in rehabilitation could be possible 

if these issues are addressed, and intensive rehabilitation exercise would be more available to 
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stroke patients from the acute stage, potentially improving rehabilitation outcomes for these 

patients. 

Therefore, the primary goal for this thesis was to prove the feasibility of robotic gait 

rehabilitation devices that are easy to use, relatively simple and low cost, yet effective at 

assisting patients during gait rehabilitation, allowing them to be used by a more heterogenous 

group of post-stroke patients. The following objectives were developed to achieve the primary 

goal: 

Objective One: Design 

To identify the mechanism and design of a gait rehabilitation device that could 

meet all the requirements of the primary goal. 

 

Objective Two: Build 

To develop a device based on the design developed in Objective One, and test 

against the engineering requirements by evaluating the performance of the controller 

through comparing the actual device gait trajectory against the desired trajectory. 

 

Objective Three: Validate 

To conduct experimental trials to evaluate the performance of the device with 

human users. 

1.3 Thesis Outline and Contributions 
This thesis covers the development and evaluation of a series of gait rehabilitation devices that 

follow a design principle. Chapter 2 presents a review of the current literature focusing on the 

field of robotic gait rehabilitation, and the realisation of the design principle that would meet 

the research goal and underlines all the devices in this research. The main components of the 

principle are the linkage-based mechanism and overground walking capability for robotic gait 

rehabilitation devices. Chapter 3 presents the prototype development and preliminary 

assessment of the first linkage-based overground gait rehabilitation device. Chapter 3 describes 

the optimisation of the four-bar linkage mechanism based on the set criteria and the design of 

the device, then the construction of the prototype and the initial testing of the concept with a 

human participant. The data collected using a motion capture system validated the accuracy of 

the mechanical motion as well as analysing the gait kinematics of the user. Based on the results 

along with qualitative feedback from the participant from this study, the next iteration of the 

rehabilitation device was designed and constructed. The design and evaluation of the subsequent 

device are presented in Chapter 4 and 5. One of the main limitations of the first device was that 
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the stride length of the walking pattern imposed by the device is fixed. Therefore, the device can 

only be used by the people with the same stride length otherwise major redesign work has to be 

done to accommodate people with different stride length. The iteration presented in Chapter 4 

and 5 has the same four-bar linkage mechanism but has a powered mechanism with the 

capability to alter the stride length generated by the constraint while walking in the device. 

Chapter 4 presents the design of the device and the evaluation of the performance with human 

participants, and the effect on their gait parameters and lower limb kinematics using a motion 

capture system. Chapter 5 examines the effect of the device on users by looking at muscle 

activation patterns using surface electromyography (EMG). The results of the study in Chapter 

4 and 5 shows the new mechanism was capable of imposing different stride lengths to the 

constrained limb of the user, but the available gait pattern that can be imposed by the device 

were limited as four-bar linkage can only generate a single trajectory pattern. One of the aims 

of this research was to develop an assistive device for gait rehabilitation that can be sued by 

more heterogenous group of post-stroke patients, and the devices so far were not meeting the 

criteria. Therefore, another iteration of the device was developed, and the process and the study 

are presented in Chapter 6. Chapter 6 presents a further iteration of the linkage-based overground 

gait rehabilitation device with a new five-bar linkage mechanism that can generate different gait 

trajectories with various spatiotemporal parameters. The performance of the system was 

evaluated by assessing position errors of the gait trajectories, and interaction force measurement 

data was used to analyse the effect of the device on the users. Chapter 7 concludes this thesis by 

highlighting the scientific contributions of this research. Limitations of this research and 

possible future work are also discussed. 

1.3.1 Thesis Format 

This thesis is written in a format of a thesis with publication which can be used under the 

University of Auckland doctoral thesis regulations. A thesis with publication can have published 

or unpublished research papers as chapters of the thesis, provided they are written by the 

doctoral candidate under the research. Chapter 3, 4, 5 and 6 of this thesis are published and 

unpublished journal and conference papers written during the research and contain some 

duplicating contents particularly in the introduction. 

1.3.2 List of Publications 

Following works form the main chapters for this thesis: 

K. Kora, J. Stinear, and A. McDaid, "Design, Analysis, and Optimization of an Acute Stroke 

Gait Rehabilitation Device," Journal of Medical Devices, vol. 11, p. 014503, 2016. 
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K. Kora, S. Ward, and A. McDaid, "Assessing the effect of walking with a linkage-based gait 

trainer by analysing muscle activation," in 2018 IEEE International Symposium on Medical 

Measurements and Applications (MeMeA), 2018. 

K. Kora, S. Ward, and A. McDaid, "Evaluating the performance of a robotic linkage-based gait 

trainer," Disability and Rehabilitation: Assistive Technology, submitted in Sep 2018. 

K. Kora, S. Ward, and A. McDaid, "Evaluating an overground robotic gait trainer with 

controllable spatiotemporal gait parameters," Assistive Technology, submitted in Feb 2019. 
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Chapter 2 Literature Review 

2.1 State of the Art in Stroke Rehabilitation 
In Europe, the most widely used approach for rehabilitation after stroke for the hemiplegic 

patient is the Bobath concept, a neurophysiological approach to rehabilitation [32]. It is well 

known and frequently used in many countries, including the USA, Canada, Japan, Australia and 

Israel [32-35]. There are many comprehensive treatment methods have been developed using 

the concept and published for wider use, one example is “Steps to Follow: The Comprehensive 

Treatment of Patients with Hemiplegia” written by Davies [36, 37]. The book contains relevant 

therapeutic activities based on the Bobath concept for stroke patients described in detail 

including 750 photos showing the treatment action. 

The primary aim of the Bobath concept is to re-educate normal movement. The therapist usually 

works on the patient’s ability to recover balance upright against gravity in sitting (Figure 2.1a) 

and standing (Figure 2.1b). The patient may then progress to making selective movements, for 

example by practising pelvic tilt, knee flexion and extension and stepping with the unaffected 

leg in preparation for walking with the therapist controlling the movements (Figure 2.1c) [35]. 

 

Figure 2.1: Illustration of exercises used in the Bobath concept [35]. (a) Teaching the patient to sit up using the normal 
movement of the pelvis (left); (b) Assisting the patient (centre); (c) Working (right). 

 

The Bobath approach regards the emergence of basic synergies as pathological, unwanted 

manifestations of spasticity, which the therapy should suppress [36]. When using the Bobath 

concept, the patient learns to consciously exert control over his or her muscle tone during 

activities of daily living (ADL), achieved through reflex-inhibiting patterns or positions [38]. 

However, there is no standardised procedure for the rehabilitation therapies based on the Bobath 

concept, and the training and applications of the therapy are mainly experience-based [39]. A 

randomised control trial (RCT) with 22 stroke patients by Kilinc et al. examined the 

effectiveness of the treatment based on the Bobath concept [40]. The study compared the 

walking and balance functions of stroke patients who have received Bobath based treatment and 
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conventional therapies (strengthening and stretching exercises, mat activities, and range of 

motion exercises (trunk flexion, extension, left-right rotation, lateral flexion)). The results show 

significant gains in 10m walking test (10MWT) and Berg Balance Test (BBT) scores by patients 

who have received Bobath based treatment compared to the control group of patients [40]. 

Other rehabilitation techniques developed in the past include Brunnstrom technique [41], Rood 

technique [42], and proprioceptive neuromuscular facilitation (PNF) [43, 44]. They are well-

known but not as widely adopted as the Bobath technique. Wagenaar et al. compared the 

recovery of maximum walking speed for seven stroke patients during the first 21 weeks post 

stroke between the Bobath approach and the Brunnstrom method [38]. The results show no 

significant differences between the recovery of walking speed between the two methods [38]. 

Compared to the Bobath and other previously discussed techniques, a task-specific repetitive 

approach or repetitive task training (RTT) has become a prevalent approach in stroke and other 

neurological rehabilitation [17]. RTT involves the repeated practice of specific functional tasks 

(e.g. lifting a cup or walking) [17]. Task-specific and context-specific training are well-accepted 

principles in motor learning [45, 46] as opposed to the conventional approach focusing on 

strengthening and practising single movements [17, 47]. An RCT with 61 stroke patients by 

Langhammer and Stranghelle compared motor function outcome measures after early 

intervention using the Bobath approach and task-specific training programme [18, 19]. The 

study showed that patients treated using both methods improved in the Motor Assessment Scale 

and the Sødring Motor Evaluation Scale, but the improvement in motor function was 

significantly better in the group received task-specific training. A systematic review by Hollands 

et al. investigated patients’ coordination of walking after stroke and concluded that rehabilitation 

involving repetitive task-specific practice appeared to be the most promising approaches to 

restore gait coordination after stroke [48]. A subsequent systematic review by Langhorne et al. 

examined motor recovery after stroke. Various therapy methods including constraint-induced 

moment therapy, electromyography biofeedback, mental practice with motor imagery and 

robotics were examined, and it concluded that therapies that have focused on high-intensity and 

repetitive task-specific practice show promise for improving motor recovery [20]. 

2.1.1 Stroke Rehabilitation Clinical Practice Guidelines 

Clinical practice guidelines (CPGs) are systematically developed statements that assist 

practitioners in providing appropriate evidence-based care. The majority of published guidelines 

for stroke rehabilitation recommend ’organised stroke care’, expert stroke rehabilitation 

clinicians working in teams, and the use of guidelines for common problems following stroke 

[6, 49, 50]. The current NZ Stroke Management Guideline recommends the provision of a 
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minimum of one hour per weekday physical therapy with the stroke person during inpatient 

rehabilitation [6]. The UK National Institute of Clinical Excellence (NICE) guidelines 

recommend 45 minutes per day (five days per week) of ’each relevant therapy’, (within a 

dedicated stroke rehabilitation unit), but recognise that more intensive therapy may deliver 

better outcomes [51]. They further recommend that people with ongoing disability from a stroke 

should subsequently receive rehabilitation in the community from a specialist stroke team [52]. 

A survey conducted in New Zealand found that the capacity for accommodating stroke patients 

was generally satisfactory, but the intensity of therapy input was below recommended levels. 

Furthermore, post-discharge rehabilitation services are available in the majority of the regions 

but significant delays (mean 14 days) are common [53]. One of the reasons for the delays or the 

below-recommended levels of therapy intensity is the shortage of resources particularly the 

number of staff as the rehabilitation is labour-intensive and time-consuming [54]. A potential 

solution to this issue is the use of robotic devices for assisting rehabilitation as they have the 

potential to reduce the therapist workload and providing more consistent, intensive rehabilitation 

tailored to the particular patient [21]. 

2.1.2 Early Mobilisation and Clinical Hypothesis 

Early mobilisation (i.e., sitting out of bed, standing and walking within 24 hours of stroke onset) 

is considered an important component of stroke unit care [55]. A Cochrane review of very early 

mobilisation (defined as out of bed mobilisation within 48 hours of stroke) versus delayed 

mobilisation after stroke identified one RCT [15]. This Phase II study found that early 

mobilisation was feasible and safe, with those in the intervention group tolerating earlier and 

more frequent mobilisation well [15]. Based on this same trial, very early mobilisation was 

associated with a reduced likelihood of depression at seven days (Odds Ratio 0.14, 95% CI 

0.03–0.61) [56], and with reduced costs of care [57]. Non-significant trends in patient outcomes 

(death or disability at three months) were found; however, the trial was not powered to detect 

changes in these outcomes, and a large Phase III trial is ongoing [15]. Another recent small 

(n=32) RCT of early mobilisation versus intensive monitoring post stroke found that patients in 

the early mobilisation group (aimed to get patients up to sit, stand and walk within 24 h of the 

stroke) were more likely to walk independently by day five and less likely to have immobility-

related complications [58]. 

According to New Zealand Clinical Guidelines for Stroke Management 2010, it is recommended 

that patients should be mobilised as early and as frequently as possible and rehabilitation should 

be structured to provide as much practice as possible within the first six months after stroke [6]. 

However, in reality, due to the limitation of resources particularly the number of staff, not every 
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stroke patients get the recommended amount and quality of rehabilitation [59]. This may be 

contributing to poorer than expected motor function and ADL outcomes for some stroke patients. 

Using robots in rehabilitation could enable better intensive therapy and improvements 

rehabilitation outcomes. 

2.2 Robotic Gait Rehabilitation 
The early implementation of robotics in rehabilitation utilised industrial robotic manipulators to 

assist the movements of the patient’s limb during gait retraining [60-62]. These devices are 

powerful enough to support and move the weight of the limb, and the motion is accurate; thus 

subsequent devices were produced. Examples of these devices are REHAROB [63, 64] and 

Mirror-Image Motion Enabler (MIME) [65]. However, industrial robots are generally large and 

bulky, and it is difficult to provide soft and flexible movement required to for safe and 

comfortable assisted training [62]. Some earlier rehabilitation robots had completely fixed 

hips/pelvis which also did not translate well into overground walking ability [66]. Newer devices 

address some of these issues by adding more degrees of freedom (DOF) in some joints, for 

example, The Lower Extremity Powered ExoSkeleton (LOPES) has three DOF between the 

patient’s pelvis and the fixed apparatus (actuated left/right and forwards/backwards; passive 

up/down) [67]. Another approach is making the device back-drivable and compliant to adjust 

with the versatile motion of human and safely interact with the users [68-70]. An additional 

benefit of a compliant mechanism is to provide softer support while the user’s motion is close 

to the desired trajectory but increase the stiffness if the trajectory deviates too far. This could 

develop and encourage more active participation by a patient, thus improving the rehabilitation 

outcome [68]. Most of these devices are designed in such a way to attach securely to the body 

of the patient and effectively transfer the driving motion from the actuator to the user. The setup 

is usually in the form of wearable exoskeleton or orthosis devices (e.g. Lokomat, Hybrid 

Assistive Limb [HAL], LOwer Extremity Powered ExoSkeleton [LOPES]) [24, 71, 72]. In 

addition to these active devices that utilise various actuators to provide forces to support the 

movement of the patient, there are also many passive orthoses or devices that work alongside 

the active components. These include a Gravity Balancing Orthosis (GBO) which assists the 

patient by fully or partially eliminating the effect of gravity by the use of springs or a 

counterweight system [73-75]. Active Leg EXoskeleton (ALEX) is a subsequent gait 

rehabilitation device developed from GBO research by adding actuators to enhance the assistive 

ability [76]. 

Robotic-based gait rehabilitation devices can be differentiated into two broad categories: 

exoskeletons and end-effectors [29]. Exoskeletons generally attach to the entire lower limb and 
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control each joint, whereas end-effectors attach to only one point, usually the foot for gait 

devices, allowing the knee and hip to generate their trajectory [77][47]. Some notable devices 

are presented in the following sections, alongside the key features for a design that would 

achieve the goal for this PhD project. Those devices listed are some of the most well-known gait 

rehabilitation devices with clinical trial results. There are many factors to consider with 

rehabilitation robots from the size, the complexity, the cost, and the effectiveness for clinical 

applications. The key features are summarised in Table 2.1 for exoskeletons and Table 2.2 for 

end-effector devices. As a reference, the size of the devices are compared against the Lokomat, 

325 x 155 x 254 cm (L x W x H), as it is the most common robotic gait rehabilitation device. 
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Table 2.1: Summary of common exoskeleton gait rehabilitation devices. 

Name Lokomat AutoAmbulator ALEX HAL (HAL-5) LOPES ReWalk Tibion 

PK100 

Type Stationary 

Treadmill 

Stationary 

Treadmill 

Stationary 

Treadmill 

Overground or 

Treadmill 

Stationary Treadmill Overground Overground 

DOF (Total Actuated) 4 4 4 4 8 4 1 

DOF (Location) Hip (FE), Knee 

(FE) 

Hip (FE), Knee 

(FE) 

Hip (FE), 

Knee (FE) 

Hip (FE), Knee 

(FE) 

Hip (FE&AA), Knee 

(FE), Pelvis 

Hip (FE), Knee 

(FE) 

Knee(FE) 

Gait Trajectory (Path) Variable Variable Variable Variable Variable Variable N/A 

Variable Spatiotemporal 

Parameters 

WS, SL, CA WS, SL, CA (max. 

5km/h) 

WS, SL, CA WS, SL, CA WS, SL, CA WS, SL, CA WS, SL, CA 

Size (cm) (L x W x H) (including 

BWS & treadmill if uses) 

325 x 155 x 254 313 x 131 x 275 

[78] 

* 43 x 47 x 123 

[79] 

* * * 

Size (% volume of Lokomat) 100 88.1 * 1.9 * * * 

ALEX - Active Leg Exoskeleton; HAL - Hybrid Assistive Limb; LOPES – LOwer Extremity Powered ExoSkeleton 
FE - Flexion/Extension; AA - Abduction/Adduction; WS – Walking speed; SL – Stride length; CA – Cadence; N/A – not applicable  
* - Information could not be found in literature 
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Table 2.2: Summary of common end-effector gait rehabilitation devices 

Name ARTHuR LokoHelp GT I HapticWalker G-EO Lyra RLT 

Type Stationary 

Treadmill 

Stationary Treadmill Stationary Stationary Stationary Stationary Overground 

DOF (Total actuated) 2 per foot * 2 per foot 6 per foot 6 per foot * 0 

Gait trajectory (path) Variable Fixed Fixed Variable Variable Variahble Fixed 

Variable Spatiotemporal 

parameters 

WS, SL, CA 

(max. 0.6 m, 480 

steps/min) [80] 

WS, CA (max. 2 

km/h) 

Fixed SL (0.4 m) [81] 

WS, CA (max. 

1.12 m/s, 140 

steps/min) [82] 

WS, CA (max. 5 

km/h, 120 

steps/min) [83] 

WS, SL, CA (max. 

2.3 km/h, 55 cm, 70 

steps/min) 

WS, SL, CA (max. 

4 km/h, 67 cm, 100 

steps/min) 

None 

Size (cm) (L x W x H) 

(including BWS & 

treadmill if uses) 

* 377 x 164 x 278 [84] * * 409 x 124 x 280 [85] 250 x 240 x 260 

[86] 

97 x 70 x 97 

Size (% volume of 

Lokomat) 

* 134.3 * * 111.0 121.9 5.1 

ARTHuR - Ambulation-assisting Robotic Tool for Human Rehabilitation; GT I – Gait Trainer I; EO – I walk (Latin); RLT – Re-Link Trainer 
WS – Walking speed; SL – Stride length; CA – Cadence 
* - Information could not be found in literature 

 



14 
 

2.2.1 Robotic Orthoses and Exoskeletons 

Robotic orthoses or exoskeletons are attached to the limbs at multiple interaction points, and the 

movements of these devices are transferred to the limb segments and in turn control the joint 

movement. They can apply specific torques and accurately measure the motion of targeted joints 

[67]. For exoskeletons to function as intended, the alignment of the joint axis of the device with 

the user’s joint is important as any misalignment could cause inaccurate measurement of joint 

angles or application of an inappropriate force and potentially cause injuries to the patient [24]. 

Accurate measurements of joint angles are crucial for the control system on any exoskeleton to 

guide the user’s feet to the desired trajectory and apply the correct amount of force, thus the 

inaccuracy could lead to ineffective or potentially unsafe therapy [87]. Achieving the correct 

alignment is often difficult as the attachment mechanism between the device and the user is not 

rigid, and slippage between the device and the limb could occur during use [87]. 

The development of robotic orthoses consisting of standard braces with added actuation 

mechanisms started in the late 1960s [88]; the Kinematic Walker designed by Vukobratovic et 

al. had one actuated DOF for each leg (rotation of hip in the sagittal plane). A trial on two 

paraplegic patients showed the patients could walk with the device and assistance by two nurses 

[88]. The first full lower limb robotic orthoses began to appear in the early 1970s [89]. The 

“Complete Active Exoskeleton” was designed for rehabilitation of a patient with paraplegia and 

had six pneumatic actuators, six DOF for hip, knee and ankle in the sagittal plane for both legs 

[88]. A prototype of the Complete Active Exoskeleton was constructed, and a trial was 

performed with a healthy participant. The result shows that the system can function reliably for 

trials of two hours or more. Many devices have developed over the years utilising different 

actuation mechanism and training strategies. 

2.2.1.1 Lokomat 

One of the most well-known robotic exoskeletons for gait rehabilitation is the Lokomat 

(Hocoma AG, Volketswil, Switzerland) shown in Figure 2.2a. It is commercially available and 

is the most widely used rehabilitation robot worldwide with about 700 units sold as of 2015 [90]. 

Lokomat consists of a computer controlled lower limb exoskeleton, a BWS system and treadmill. 

Linear drives integrated into the exoskeleton control the hip and knee joint angles in the sagittal 

plane, and the ankle dorsiflexion during the swing phase is supported by a passive lifter 

mechanism [90]. The exoskeleton is fixed to the user by straps around the waist, thighs and 

shanks, and the mechanism is suspended by the BWS system which allows passive vertical 

movement. The integrated sensors measure the hip and knee joint trajectories as well as the joint 

torques at both locations. A multitude of studies using Lokomat have been conducted to examine 
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the feasibility of robotic gait rehabilitation [91-95], and effectiveness of different control 

strategies and algorithms [96-98]. Hussemann et al. conducted an RCT with 30 acute stroke 

patients and compared the improvement in motor function (FAC score) and walking speed 

(10MWT) between patients who have received treatment with Lokomat and control group of 

patients. The Lokomat treatment group received 30 minutes of robotic training daily for four 

weeks, and the control group received 30 minutes of conventional therapy per day involving 

treadmill training with the help of one or two therapists. The result shows that patients from 

both groups improved the FAC score and walking speed after four weeks. However, there was 

no significant difference in the gain of the measurements between the groups [91]. An RCT by 

Mayr et al. utilised a range of objective assessments to examine the outcome of stroke patients 

using the Lokomat versus conventional gait rehabilitation techniques [92]. The conventional 

rehabilitation in this study was based on the Bobath concept consisting of some general 

movement exercise for turning, rolling, kneeling, sitting, standing, and so on and some 

overground walking exercise. Significant gains in EU-Walking Scale and Rivermead Motor 

Assessment (RMA) Scale during gait rehabilitation with Lokomat, indicating better functional 

mobility improvements compared to the conventional therapy. The walking speed measured in 

6-minute timed walking distance test increased more after rehabilitation with Lokomat. Muscle 

strength (Medical Research Council [MRC] Scale and Motricity Index [MI]) has also shown 

improvement following Lokomat training compared to conventional therapy [92]. A subsequent 

RCT by Schwartz et al. included 67 subacute stroke patients and compared the ambulatory 

capacity using the FAC, and National Institutes of Health Stroke Scale (NIHSS) scores of 

patients who received conventional physiotherapy combined with Lokomat training, and 

conventional therapy alone. The results demonstrated that when robotic rehabilitation with the 

Lokomat is combined with conventional rehabilitation, patients had significant gains in FAC 

and NIHSS [93]. 

2.2.1.2 AutoAmbulator 

AutoAmbulator (Healthsouth inc. USA) is a commercially available exoskeleton device shown 

in Figure 2.2b [99]. It has been used for rehabilitation therapies to patients recovering from a 

stroke and other neurological disorders in 57 HealthSouth rehabilitation centres in the US as of 

2008 [100]. In Europe, the device is marked at the ReoAmbulator [101]. It is similar to Lokomat, 

based on an exoskeleton, treadmill and BWS system, and has the same features, four DOF 

mechanism controlling the hip and knee joint angles for both legs in sagittal plane [90, 102]. 

There are only two published clinical trials that have used AutoAmbulator [102, 103]. The first 

RCT with 20 patients with central nervous system (CNS) injury investigated the difference in 

the balance and mobility between patients who received rehabilitation with AutoAmbulator and 
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conventional therapy. The conventional therapy consisted of stretching and strengthening 

exercises of the affected lower extremity, as well as overground walking exercises using durable 

medical equipment such as canes. The mobility and balance of patients were measured before 

and after the treatment in an 8-m walk test, a 3-minute walk test, and the Tinetti balance 

assessment. The result shows significant improvement in balance and walking speed by all 

patients, but there was no significant difference between the two groups [103]. The second RCT 

was conducted by the same author with 20 stroke patients with the same procedure as the first 

study. The results also show significant improvement in all three outcome measures following 

treatment, but there was no difference between groups [102]. 

2.2.1.3 ALEX 

ALEX is an exoskeleton developed by Banala et al. [71, 76, 104] shown in Figure 2.2c. The 

system is designed to be used on a treadmill, and the device only attaches and controls one leg 

of the user and is fixed to the suspended support structure that also acts as a back support for the 

patient. There are seven DOF in the system catering for all lower limb movements during gait 

but only the hip and knee joints are controlled with actuators. All other DOFs are passively held 

with springs [76]. Studies with both healthy participants and stroke patients have evaluated 

ALEX. A study with two stroke patients found that the gait pattern of the patients improved and 

became close to a healthy user’s gait pattern when using the device [71]. A subsequent study 

with nine stroke patients using ALEX found improvements in the walking pattern in terms of 

walking speed and lower limb kinematics. Additionally, the Dynamic Gait Index and Timed up 

and Go (TUG) also improved [105]. However, both of the studies did not have the control group 

for comparisons; therefore it cannot be concluded that the improvements were from using ALEX. 

2.2.1.4 HAL 

HAL is an exoskeleton designed to assist users walking or used in physical rehabilitation, 

developed by researchers in Tsukuba University, Japan [106-108]. HAL is one of the few 

exoskeleton devices that can be used on both overground and a treadmill. The initial prototype 

consisted of a lower limb exoskeleton actuating hip and knee joints in the sagittal plane for both 

legs, later models added upper limb exoskeleton making it a whole-body support system, as 

shown in Figure 2.2e [109]. Feasibility of using HAL in gait rehabilitation has been investigated 

in several studies. A study of one stroke patient by Yamawaki et al. showed an improvement in 

the gait and balance ability of the patient after gait training with the HAL [108]. Kubota et al. 

looked at using the HAL in gait rehabilitation with 32 patients with limited mobility due to 

stroke, spinal cord injury (SCI) and other diseases. 10MWT was performed before and after 

eight weeks of rehabilitation with HAL, and patients had significant improvements in gait speed, 
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number of steps and cadence. The study concluded that intensive rehabilitation training with the 

HAL could be performed safely and effectively without serious adverse events [110]. Another 

study with eight acute to subacute stroke patients by Nilsson et al. also found that all patients 

improved their walking ability during the training period with HAL [111]. In this trial, one 

patient started using HAL six days after their stroke; the median time from stroke for all 

participants was 35 days. None of the three studies discussed had a control group of patients 

who did not receive HAL in their therapy to compare the results to. However, an RCT with 22 

stroke patients by Watanabe et al., showed that patients who used HAL had improvements in 

FAC scores after four weeks of training. Although the results also showed no difference in the 

improvements in walking speed, TUG test, and 6-minute walk test (6MWT) between HAL and 

conventional therapy groups [112]. 

2.2.1.5 LOPES 

LOPES is an exoskeleton designed for gait rehabilitation training on a treadmill [68]. Bowden-

cable driven series elastic actuators control hip and knee joint motions of both legs; also the 

position of the hip in medial/lateral and anterior/posterior directions are controlled by actuators. 

The setup of the system is shown in Figure 2.2d [67]. A clinical trial with five chronic stroke 

patients was conducted to evaluate the feasibility of LOPES in gait rehabilitation [113]. All 

patients received rehabilitation with LOPES for six weeks and an increase in walking speed was 

observed in all patients. Fleerkotte et al. carried out a clinical trial involving twelve SCI patients 

using the LOPES and compared the ability and quality of walking before and after an eight-

week trial. The result shows an improvement in walking ability, total hip range of motion and 

most spatiotemporal parameters by the participants [114]. The result shows the LOPES can be 

used in rehabilitation but does not prove the improvement was attributed to the use of the LOPES 

as there is no control group of patients who did not use the device to compare the result and it 

is hard to make clinical conclusions with such small sample sizes. 

2.2.1.6 ReWalk 

The ReWalk is a lower limb powered exoskeleton that allows thoracic or lower level motor-

complete individuals with SCI to walk independently [115]. The entire system is compact and 

designed to be carried by the user as shown in Figure 2.2f. Actuators for the joints are integrated 

into the exoskeleton, while the battery back and the control module are in the form of a backpack 

[115]. The users are assisted by crutches instead of a typical BWS system for the standing and 

walking support. This feature allows the device to be utilised while walking overground, 

increasing task-specificity of the therapy exercise, as opposed to being confined to a treatment 

room and walking on a treadmill. A number of clinical trials have been conducted using ReWalk 
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with SCI patients [115-118]. All studies have reported the device was safe to use for 

rehabilitation on the intended target patients (thoracic or lower level motor-complete SCI 

patients), and improvements were observed after using the device for rehabilitation, specifically, 

an improvement on walking speed. The combination of compact design and overground 

capability is a unique feature of the ReWalk, but it requires the user to have functioning upper 

limb and balance to use crutches safely and effectively. Stroke affects not only the lower limb 

function but upper limb and other motor functions like balance. Therefore, ReWalk is more task-

specific and potentially more effective than other exoskeletons but would not be suitable for the 

vast majority of acute stroke patients. 

2.2.1.7 Tibion Bionic Leg 

The Tibion PK100 Bionic Leg orthosis is shown in Figure 2.2g [119]. The device is an 

exoskeleton that is more compact compared to those previously discussed, achieved by only 

actuating and assisting the motion of one knee joint. The device is designed for assisting stroke 

patients to perform gait rehabilitation, and it is commercially available [120]. Many clinical 

trials with stroke patients using the device have been conducted, however these have all been 

on chronic post-stroke patients as the design of the device requires the end-user to be ambulatory 

[121-124]. Two studies by Wong et al. and Li et al. with three stroke patients each reported 

improvement in balance after rehabilitation using the Bionic Leg. There were significant 

improvements in the Berg Balance Scale (BBS) after three- [124] and six- weeks [121] of using 

the device. Another study with three stroke patients reported a clinically significant increase in 

the gait speed after four weeks of training with the Bionic Leg [122], however, these three 

studies are all non-RCT without the control groups to compare the results, and small sample 

sizes. An RCT with 24 stroke patients were conducted by Stein et al. comparing the 

improvements in mobility by measuring the gait speed in 10MWT between the patients used the 

Bionic Leg in rehabilitation and patients who did not use the device after six weeks. The result 

shows no significant differences in the gait speed between the two groups [123]. 
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(a)    (b) 

  
(c)     (d) 

   
(e)   (f)   (g) 

Figure 2.2: Robotic orthoses: (a) Lokomat [97] © 2004 IEEE; (b) Autoambulator [102]; (c) ALEX (Reproduced from 
[125] © 2010 Springer Nature); (d) LOPES [67] © 2007 IEEE; (e) HAL [111]; (f) ReWalk[126] © 2011 IEEE; (g) 

Tibion PK100 [119] © 2009 IEEE. 
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2.2.2 End-effector Devices for Gait Rehabilitation 

The definition of an end-effector principle is that the feet of a patient is attached to a foot plate 

with a trajectory that will simulate the stance and swing phases of the gait cycle [77]. End-

effector devices are inherently less susceptible to the joint alignment issue compared to 

exoskeleton devices. End-effectors only attach to one point on each limb, generally footplates 

on the feet as opposed to each limb segments for exoskeletons [87]. Because all the forces are 

transferred through the footplates, some end-effectors can mimic a ground reaction force and 

limb loading even when the patient is suspended in the BWS [127]. However, the trajectories of 

the knee and hip joints of the user are not directly controlled with end-effectors [87]. This 

inability to control each joint angle trajectory is one disadvantage of end-effectors. Furthermore, 

many end-effectors do not monitor all the joint angles so the therapist must supervise the patient 

to prevent knee hyperextension and other undesirable movements while using the devices [128]. 

One of the oldest devices specifically developed for walking exercise is designed in late 1800 

[129]. It could guide the feet in a set trajectory by using foot plates that move along tracks as 

shown in Figure 2.3. The patient powers the mechanism by rotating the flywheel which is 

connected to the footplates by cranks. 

 

Figure 2.3: Passive-motion Walking-machine [129] 

 

2.2.2.1 Gait trainer GT I 

Gait Trainer GT I shown in Figure 2.4 is an example of an end-effector device developed by 

Hesse et al. [8, 77, 82, 130, 131]. GT I is designed to be used with the integrated BWS system 

which can control the shifting of the centre of mass of the patient both horizontally and vertically, 

as the pelvic movement is key for a more natural walking pattern [82, 130]. A crank-and-rocker 

mechanism generates the desired gait trajectory and moves the footplates. The crank and rocker 
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dimensions determine the footpath, but the desired stride length and walking speed of the gait 

trajectory are adjustable [82, 130]. An RCT with 56 acute stroke patients (less than ten days 

after stroke onset) by Peurala et al. compared the effect of gait therapy using the GT I, walking 

training overground, and conventional treatment [132]. The patients with GT I and overground 

walking therapy remained in an acute care hospital for three weeks and received intensive 

therapy whereas the patients in the conventional therapy group transferred out of acute care and 

to the health centre or home and received one or two physiotherapy sessions daily according to 

individual needs. FAC scores of all patients who received intensive therapy with both GT I and 

overground walking improved significantly compared to the conventional group after three 

weeks; no significant difference between the gait trainer group and the overground walking 

group were observed. The secondary measurements including 10MWT and 6MWT also showed 

better improvements with using GT I and overground walking over conventional therapy but no 

significant difference between the first two. 

 

Figure 2.4: Electromechanical Gait Trainer GT I with movable footplates [8]. 

 

2.2.2.2 LokoHelp 

The LokoHelp developed by Freivogel et al. (Figure 2.5) is another end-effector device designed 

to be used with a treadmill [133]. Tracks are built onto either side of the device simulating the 

desired foot trajectory. The end-effectors (foot braces for LokoHelp) move along the tracks in 

sync with the treadmill movement to generate the gait motion. The end-effector tracks are not 

adjustable; thus the step length is fixed at 0.4m, but the walking speed can be changed as well 

as the cadence to a limited extent [134]. An RCT with 16 non-ambulatory patients (after stroke, 

severe brain injury or SCI) was conducted by Freivogel et al. [133]. The study compared the 

walking ability of the patients after rehabilitation treatment using LokoHelp and locomotor 

training with a treadmill or task-oriented gait training. FAC scores, walking speed, Motricity-
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Index, Rivermead-Mobility-Index, number of therapists needed, and discomfort and effort of 

patients and therapists during training are used as the metrics. The result shows gait ability and 

the other motor outcome related parameters improved for patients in both groups and there was 

no significant difference between the methods. However, significantly fewer therapists were 

needed for therapy when using LokoHelp compared to normal treadmill training [133]. 

 

Figure 2.5: Patient engaged in treadmill training with the Lokohelp device [133]. 

 

2.2.2.3 HapticWalker 

HapticWalker developed by Schmidt et al. in Figure 2.6a is a stationary end-effector device 

offering up to six DOF movement per foot and able to provide accurate trajectories and forces 

on gait rehabilitation. [83]. All trials of this device were on healthy participants, and the safety 

and the performance including advanced patient adaptive control system were analysed [8, 135, 

136]. Due to the design and the direct driving nature, the loads applied to the actuators were 

large as they also have to partially bear the weight of the user. As a result of this the drivers and 

the mechanism set up became bulky. This is an example of a trade-off between a large, elaborate 

system for accurate gait trajectories and a simple system with limited trajectory option. 

2.2.2.4 G-EO 

G-EO Systems (EO meaning ‘I walk’ in Latin) shown in Figure 2.6b developed by Hesse et al. 

is a successor to HapticWalker system and can provide training for not only floor walking but 

also stair climbing up and down [47, 137]. The designers have addressed the size issue of 

HapticWalker by making the device more compact with reducing the required maximum speed 

and acceleration of actuators as they were excess for the intended training. A study with eight 

healthy participants was performed to validate the performance of the system. The result shows 

the device can enforce the repetitive practice of floor walking, stair claiming and stair 

descending to the users [137]. 
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Figure 2.6: (a) HapticWalker with SCI patient and physiotherapist [8], (b) The G-EO Systems device [137] © 2011 
IEEE. 

 

2.2.2.5 Lyra 

Lyra shown in Figure 2.7 is one of the few commercial end-effector devices and was developed 

by ABILITY, Switzerland [138]. Their patented mechanism allows the device to generate many 

suitable gait trajectories catered for patients with different age, size and training process [138, 

139]. Step length and the amount of BWS are also adjustable. There is no clinical trial results 

have been published to date. 

 

Figure 2.7: Lyra, an automated gait rehabilitation system developed by ABILITY (Reproduced from [140] Copyright 
© 2014 ability-switzerland.com). 

 

2.2.2.6 Re-Link Trainer 

The Re-Link Trainer (RLT) is an end-effector gait rehabilitation device designed for acute 

stroke patients [141, 142]. The device consists of a modified walking frame with a linkage 

mechanism that constrains the paretic limb of the user to a normative gait pattern during 

overground walking [141, 142]. The device is the only end-effector gait rehabilitation device 
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designed for walking overground to date. The linkage mechanism geometry is optimised for a 

specific gait trajectory [143] and powered by the movement of the user, thus significantly 

simplified the design compared to all other gait rehabilitation devices discussed previously. The 

results from preliminary studies with healthy participants [141, 142] show the device can impose 

and effective kinematic constraint but generates asymmetries in the spatiotemporal measures 

and gait kinematics [141, 142]. 

  

(a)                                                                       (b) 

Figure 2.8: (a) Schematic of first frame design showing linkage concept; (b) Constructed re-link trainer [141]. 

2.2.3 Exoskeleton versus End-effector Robotic Gait Rehabilitation Devices 

A systematic review by Louie and Eng assessed 11 clinical trials with 216 total participants and 

reported that gait training with exoskeletons is equivalent to traditional therapy, including 

stretching, range of motion exercise and overground walking training, for chronic stroke patients. 

Subacute stroke patients (less than six months post-stroke) might experience some added benefit 

from exoskeletal gait training [144]. However, a large number of actuated joints in exoskeletons 

increases the number of actuators and other components thus increasing the complexity and cost. 

For example, a commercially available Lokomat cost approximately US$250,000 [145]. Some 

devices have reduced the number of actuated joint and minimised the complexity like Tibion 

PK100. However, the user of PK100 needs to have a functioning limb and able to self-support 

and walk as it can only assist the movement of a knee joint, thus reducing the complexity also 

limits the type of patients who could use the device. 

One benefit of end-effectors is that they could control the whole limb movement while having 

less DOF in the mechanism, potentially reducing the complexity and the cost. Moreover, a 

systematic review by Mehrholz and Pohl compared 18 clinical trials involving 885 patients 

undergoing rehabilitation after stroke using exoskeleton-based and end-effector devices [146]. 
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The review found that there are higher rates of independent walking in end-effector compared 

with exoskeleton-based training. In this review, the authors noted fewer patients were able to 

walk in the end-effector group than the exoskeleton group at the start of the study, but the end-

effector group achieved higher rates of independent walking at the end [146]. However, the 

duration of training could be a confounding factor on the results, but details of the number of 

trained steps during rehabilitation were not measured and reported in all the studies included in 

the review. Another systematic review by Chang and Kim reported that for patients with 

subacute stroke (less than six months post-stroke), end-effector gait rehabilitation device 

assisted therapy in combination with conventional physiotherapy produced greater improvement 

in gait function than conventional gait training alone [147]. The review also states that for 

chronic stroke patients, the outcome with robotic gait rehabilitation devices are not conclusive 

for both end-effector type and exoskeleton type as many studies reported comparable effects on 

gait function between the robot-assisted therapy and conventional gait training [147]. This result 

suggests that for chronic stroke patients, the type of rehabilitation therapy have less effects on 

the outcomes. Both systematic reviews reported better outcomes with end-effector devices, 

however they could not clearly identify why the end-effectors achieved better outcomes but 

potential factors were discussed. One factor is that the end-effectors might allow the patient to 

extend their knee with more freedom, and also the task of maintaining the balance might be 

more demanding [146]. The freedom in the knee movement may engage the patient more on the 

exercise and the demanding nature reduces a potential “slacking”, a user heavily relying on the 

support of the assistive device, by the patient increasing the potential rehabilitation outcome 

[98]. 

2.2.4 Overground Devices and Walkers 

Gait rehabilitation devices can be further classified into two groups, stationary devices and 

overground devices [148]. A stationary device is fixed to one place and uses either a treadmill 

or an end-effector to allow walking exercises to be performed on one spot [148]. An overground 

device, on the other hand, is designed for the users to walk a distance during gait rehabilitation. 

Walking frames are commonly used by stroke patients with fewer impairments to mobilise them 

without much therapists’ assistance, but there is also some use in gait rehabilitation applications 

[149]. There are many different styles of walkers which include an anterior walker, more 

traditional type, and posterior walkers which are commonly used for children with Cerebral 

palsy [150]. Examples of them are shown in Figure 2.8. 



26 
 

 

Figure 2.9: Examples of walkers. (a) Anterior walker [151]; (b) Posterior walker (Reproduced from [152] © 2018 
Rifton Equipment). 

 

Active subject participation in robot-driven gait therapy is vital to many of the potential recovery 

pathways and is an important feature of gait training [153]. With treadmill training, the walking 

speed is the constant speed of the treadmill controlled by the therapist, and the patients cannot 

move freely and determine their walking speed [154]. Compared to a treadmill exercise, the 

realistic nature of overground training is thought to enhance the active patient engagement on 

the therapy, which increases the intensity of the training and in turn improves rehabilitation 

outcomes [155]. A clinical trial by Peurala et al. compared the effect of different therapy 

methods on stroke patients early after stroke, a total of 56 patients with a mean of eight days 

post-stroke [132]. After three week trial, patient groups trained with the more task-specific 

overground walking training modes showed greater improvements in FAC scores than the 

conventional therapy group (individually tailored therapies at the health centre or home 

involving less overground walking), indicating better improvement in walking function with 

more overground walking [132]. However, the stationary system has some benefits; notably it 

is easier to integrate the BWS system into a stationary device. Walking frames can provide some 

assistance for patients with reduced mobility to walk, but a BWS system can accommodate 

patients with very limited mobility to participate in gait rehabilitation [156]. 

In recent years, instead of passive support devices like the walking frames, more sophisticated 

devices in the form of moveable BWS for overground walking rehabilitation have been 

developed. KineAssist, as shown in Figure 2.9a, consists of an omnidirectional base and a 

harness connected to an active BWS designed for assisting stroke patients to perform 

overground walking exercise [157]. Andago is another moveable BWS device designed for 

overground walking rehabilitation as shown in Figure 2.9b. Both of these devices only provide 

support for balance and some pelvic movement but not the movement of the legs during walking 
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rehabilitation. RLT [142], HAL [108], and ReWalk [158] are some of very few robotic gait 

rehabilitation devices currently available that can provide assistance for leg movement and can 

be used overground . 

  

Figure 2.10: (a) KineAssist [159] © 2005 IEEE, (b) Andago (Reproduced from [160] © 2019 Hocoma). 

 

2.2.5 Mechanism to Generate End-effector Gait Trajectory 

HapticWalker and G-EO use similar mechanism with two actuators to generate accurate human 

gait trajectory for rehabilitation [47, 83]. The mechanism for each footplate shown in Figure 

2.10 consists of an end-effector arm connected to two sliders actuated separately by servomotors 

[47]. The mechanism can generate variable gait trajectory within the workspace with varying 

stride length and walking speed. However the system is relatively large compared to the other 

gait rehabilitation robots, G-EO being 11% larger than Lokomat (Table 2.2), and high power 

requirements for the actuators, 1500W for each servomotor [47]. The end-effector mechanism 

of LokoHelp is significantly smaller than the other end-effector devices, but the gait trajectory 

path and stride length are not adjustable (Table 2.2). 

 

Figure 2.11: G-EO mechanism [47]. The components are numbered as follows: 1. principal drive, 2. relative drive, 3. 
drive for the foot angle, 4. principal sledge, 5. relative sledge, 6. linear guide, 7. screw axle. 



28 
 

 

Another method to generate human gait trajectories is by combining multiple rockers and cranks. 

Example of these mechanisms can be seen on some of the walking exercise devices as shown in 

Figure 2.11. The mechanism is relatively simple, but the trajectories generated are elliptical path 

rather than the exact replica of the human gait trajectory. 

  

Figure 2.12: Walking Exercise Devices using Cranks and Rockers to generate Elliptical Motion [161, 162] 

 

Lyra uses a combination of two multi-joint crank-rocker mechanisms as shown in Figure 2.12 

to generate a gait trajectory [139]. The output gait trajectory, stride length, and walking speed 

are adjustable [138], but the device is relatively large, 22% larger in volume than Lokomat 

(Table 2.2). 

 

Figure 2.13: Lyra end-effector mechanism [139]. 

 

GT I also uses a crank and rocker mechanism but simpler than Lyra’s mechanism. GT I’s 

mechanism consists of one planetary gear and one rocker as shown in Figure 2.13. The power 

requirement of the mechanism is relatively low, one 750W motor to actuate both footplates [82]. 
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However, the output gait path is not adjustable and fixed for each set of the gears. The gait path 

and stride length can be changed by replacing the gears in the mechanism [82]. 

 

Figure 2.14: GT I mechanism [77]. 

 

To get a more accurate reproduction of human gait trajectory using a linkage mechanism, Ji and 

Manna investigated obtaining linkage parameters by optimising the objective functions [31]. 

The study used a four-bar linkage system and presented a conceptual design for a gait 

rehabilitation device as shown in Figure 2.14. The trajectory generated by the linkage was very 

accurate to the desired human gait pattern, the sum of the distance errors of the 50 points on the 

desired and the actual trajectory was 0.118m [31]. However, the timing at each stage of the gait 

could not be controlled accurately with the constant movement of the crank, and this resulted in 

slower movement in swing phase relative to the speed of the movement in the stance phase. The 

inaccurate timing could cause the user to feel the gait pattern to be unnatural. The authors later 

implemented multiple gear mechanism to solve this issue, an optimisation followed by 

simulation with a CAD model showed better timing at each phase of the gait cycle than the 

original design [163]. 
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Figure 2.15: CAD model of the gait rehabilitation system: (a) integration of mechanical timing mechanism with the 
gait generation mechanism and (b) assembly of the complete system (Reproduced from [163] © 2012 SAGE 

Publications). 

 

One of the drawbacks of using a four-bar linkage mechanism to generate a gait trajectory is that 

the trajectory is a single fixed path and not variable [164]. The gait trajectory can differ 

significantly between patients depending on some factors such as their limb length and the 

desired walking speed. To be able to adjust the gait trajectory for a different user without 

increasing the complexity significantly, McDaid et al. have designed a five-bar linkage 

mechanism for a gait rehabilitation device [127]. Their two DOF five-bar linkage mechanism 

could generate any gait trajectory within the workspace. The prototype was tested on four 

healthy subjects and the motion capture result shows the position errors were small relative to 

the overall workspace [127]. 

2.3 Summary 
There are many different types of robotic gait rehabilitation devices developed for both research 

and commercial purposes, and a stationary exoskeleton is one of the most popular configurations. 

Exoskeleton devices can constrain each joint angle and can impose accurate gait kinematics, but 

this usually increases the complexity of the system; also human-robot alignment is another issue 

exoskeleton devices typically face. End-effector devices cannot control each limb joint but 

inherently eliminate human-robot misalignment issue. Two recent systematic reviews 

comparing the effectiveness of exoskeleton and end-effectors show equivalent performances by 

both mechanisms for gait recovery in stroke patients. 

The literature on stroke rehabilitation showes the rehabilitation therapy should start as early as 

possible after stroke as the therapy is most effective at the acute stage. Some devices like 

Lokomat and GT I can be used by stroke patients from acute stage, within days of stroke onset 

[91, 132]. On the other hand, Tibion Bionic Leg requires the users to be ambulatory [119] thus 
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not suitable for acute stage stroke. The systematic review by Chang and Kim showed subacute 

stroke patients had greater improvements in gait function with robotic rehabilitations whereas 

chronic patients had comparable outcomes against therapies without robots. Therefore, the 

robotic device designed and available for an acute stage stroke patient would be more effective 

for the recovery, and the devices developed for this PhD research should target acute stroke 

patient cohorts. A suitable device that could be widely used in acute stroke rehabilitation would 

need to be easy to use by both patient and therapist, and the system should be simple and low 

cost to be deployed to many hospitals and clinics. A system with a minimal number of actuators 

and other components are ideal so exoskeleton devices are generally do not fit this requirement. 

The literature showed some end-effector devices achieved all of their function with only one or 

two actuators: such devices with linkage-based mechanisms. The four-bar linkage mechanism 

requires one actuator and very few components but can be optimised closely to a human gait 

trajectory. Another factor for consideration when designing robotic gait rehabilitation devices 

is whether the device is stationary or overground. There is a plethora of stationary exoskeleton 

and end-effector devices as well as some overground exoskeleton devices. However, there is 

only one overground end-effector device developed for gait rehabilitation to date. The literature 

showed overground walking rehabilitation is more effective compared to exercises on the 

treadmill as it provides task-specific realistic walking experience, increasing the active 

engagement of the patient and intensity which is a key for the best rehabilitation outcome. 

Therefore, the robotic gait rehabilitation devices developed for this research consists of linkage-

based end-effector mechanism and designed to be used during an overground walking exercise. 
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Chapter 3 Design, Analysis, and Optimization of an Acute Stroke 

Gait Rehabilitation Device 

3.1 Introduction 
Stroke is one of the leading causes of physical disability with hemiparesis affecting many 

survivors [1, 2]. This common impairment contributes significantly to low velocity, asymmetric, 

and inefficient gait [10]. 

Stroke patients undergo rehabilitation therapy to regain their mobility. However only 39% of 

patients will regain independent walking by three months post-stroke, 26% will not have 

achieved independent walking at 12 months and many of those who can walk have persistent 

and inefficient hemiparetic gait patterns [16]. 

Gait rehabilitation involves moving the limb repeatedly in a near normal trajectory to restore 

normal movement. This therapy is time-consuming and labour intensive for both patients and 

therapists. Robotic gait rehabilitation has recently been introduced to reduce therapists’ 

workloads as well as provide a higher dose of more repeatable and consistent therapy than can 

be delivered by therapists. Robotic gait training combined with physiotherapy has been shown 

to increase the likelihood of regaining the ability to independently walk after stroke [29], and 

various non-paretic limb constraint-induced therapies have shown promise [165, 166]. 

There are two major types of robotic gait rehabilitation devices, an end-effector device and an 

exoskeleton device [29]. Robotic exoskeletons are attached to human limbs at multiple 

interaction points and movement of these devices affect movements of the patient’s joints. 

Examples of this type include Lokomat [97], LOPES [67], Autoambulator [167], and HAL [108]. 

On the other hand, with end-effector devices, the feet of a patient are placed on foot-plates that 

are designed to follow normal gait trajectories [77]. There are many devices developed using 

this concept. For example Gait Trainer GT I [82], LokoHelp [133], HapticWalker [83], G-EO 

[47, 137], Lyra (ABILITY, Switzerland) and elliptical exercisers [168, 169]. 

A review reported by Mehrholz and Pohl compared 18 trials involving 885 stroke patients using 

exoskeleton and end-effector devices [146]. This review reported significantly higher rates of 

independent walking in end-effector compared with exoskeleton-based training. Other literature 

also supports the advantages of using end-effector devices [128, 131]. 

Many of the robotic gait rehabilitation devices are often large and expensive because they use 

sophisticated sensors, actuators, and controllers. This also makes them difficult to use and 
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therapists require special training, making them less desirable for hospitals and clinics to 

incorporate into their practice. 

This paper introduces a concept for a new, relatively inexpensive gait rehabilitation device, 

designed for the acute stage of stroke that is expected to be effective while being simple and 

easy to use. The contents of this thesis include the design and optimisation of the device’s four-

bar linkage system, and preliminary results from the use of the device by a healthy participant. 

3.1.1 Clinical hypothesis 

Rehabilitation therapy encourages surviving neural pathways to regain motor control. This 

ability to recover or re-learn is called ‘neuroplasticity’ [170]. Numerous studies and clinical 

guidelines support and recommend starting rehabilitation as early as possible for the most 

effective recovery [6, 15, 55, 56, 171].  

When a person experiences a stroke, many cortical neurons die while others survive but are 

temporarily affected and may resume functioning at least to a limited extent. In some cases, the 

brain can reorganise and a region of the brain will ‘take over’ for a region of the brain that was 

damaged by the stroke. Early after stroke, patients are encouraged to try and ‘re-learn’ to walk, 

typically with the help of a physiotherapist and aids such as walking sticks and frames. It is 

suggested that because they are initially unable to produce a correct gait pattern, their neural 

reorganisation in response to sub-optimal practice results in sub-optimal re-programming of the 

neuromuscular control of gait. This likely happens during the critical acute stage of recovery 

when the potential for brain repair is at its peak [58]. Although patients can often regain adequate 

strength and balance to walk, it is rare for a stroke patient to fully regain their original gait 

pattern. Even intensive therapy (including robotic therapy [29]) in the chronic stage makes little 

permanent change to gait patterns developed soon after stroke [172]. 

The main hypothesis of this project is that constraining the paretic leg of a stroke patient in a 

physiologically normal trajectory and symmetrical gait pattern at the acute stage of recovery 

will result in a persistent and more normal spatiotemporal gait pattern than when the constraint 

is not imposed.  

The Linkage design Gait Trainer (LGT) device is expected to prevent a patient’s motor system 

from learning an abnormal gait pattern or at least minimise the likelihood of them developing 

an abnormal gait pattern. Once the initial major neural reorganisation under these constraints 

has been completed, it is expected that the acquired gait pattern will persist and be closer to 

normal. 
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3.1.2 Clinical design specification 

The aim is to design a walking assistive device that can guide the paretic leg of the patient 

through correct gait patterns during gait rehabilitation. The target population for the device is 

stroke patients with hemiparesis, particularly at the early stage of rehabilitation. The device was 

designed to be used as a tool in the clinic as well as for in-home walking training. It has the 

following design specifications. 

• Easy to get into and setup (can be used at home without a therapist’s help) 

• Inherently stable (i.e., very difficult to tip over, and supports patients with poor balance) 

• Ability to support body weight 

• Able to negotiate small inclines on even terrain 

• Fits a range of patient sizes 

• Ability to constrain hip position to avoid knee hyperextension. 

• Removable arm supports (designed to assist with weight bearing when appropriate) 

• Portable for walking in everyday life as well as in acute stroke units 

• Low manufacturing costs to encourage clinics and some patients to purchase the device.  

3.2 Device design, optimisation, and analysis 
The main structure of the device is based on an overground walking frame. Walking frames or 

walkers are widely used in gait rehabilitation to aid mobility [149]. They can support up to 50% 

of a person’s weight and provide a much more stable base for people with impaired balance 

[150]. Normally, therapists assist the movement of the impaired foot while the patient tries to 

walk. A typical gait training session requires three therapists. Instead, this device provides 

support using an end-effector powered by a simple mechanism. The illustration of the device 

concept is shown in Figure 3.1. 

One limitation of using a walking frame instead of using a stationary device like a treadmill is 

that it requires space to move forward, and requires help from someone to turn the device around 

with the current design. 

The current device is designed to be used mainly in a clinic where the training can be supervised 

by a therapist. It also provides real-world “optical flow” (the perception of movement of objects, 

floor, walls etc.) thought to be important visual input for locomotor adaptation [173].” 
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Figure 3.1: Schematic of first frame design: (a) 2D side view and (b) 3D view. 

 

3.2.1 Linkage mechanism 

Most end-effector gait rehabilitation devices, as mentioned in the introduction, use multiple 

actuators to generate gait trajectories [47, 83, 137]. However, it is possible to replicate this with 

a simple ‘passive’ mechanical system; one method is to use a simple linkage mechanism [164]. 

Ji and Manna developed a four-bar linkage mechanism [31] to track the normative gait trajectory 

of healthy people. The device parameters were optimised and a conceptual design for a 

treadmill-based gait rehabilitation device was presented. 

The present research proposes a new four-bar linkage mechanism that is coupled to a walking 

frame to kinematically constrain the paretic leg of a person to a selected over-ground gait pattern. 

3.2.2 Linkage design gait trainer (LGT) device 

The LGT shown in Figure 3.1 consists of a four-bar linkage, where the fixed link is the frame 

(grey) and the three remaining links (red, blue and yellow) are free to rotate around their pivot 

points at each end. The paretic leg of the patient is strapped on to the foot-plate (green) which 

has a padded sole to enable soft contact with the floor. The joint connecting the red link and the 

grey frame is driven by a belt coupled to the wheels of the frame such that the foot-plate moves 

the ankle in the desired trajectory (black dotted line). Joint angular velocities are timed when 

the patient or therapist pushes the walking frame forward at a constant speed. Figure 3.2 shows 

the step by step progression of the four-bar linkage. Gait symmetry and phase are achieved 

through a complementary linkage on the non-paretic side of the frame acting as a cue to help 

guide the timing and step length for the non-paretic leg. An integrated cradle in the frame will 

allow partial body weight support and help with weight shifting. This can be removed as the 
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patient progresses. The LGT is expected to gradually train the somatosensory system by 

reintroducing walking-related visual and proprioceptive cues. This may also occur in patients 

who have some sensory neglect and cognitive impairment. The design inherently encourages 

patient engagement since the paretic leg will hinder the movement of the frame if it does not 

contribute to walking. 

 

Figure 3.2: Design parameters of a crank-rocker mechanism. 

 

3.2.3 Kinematic analysis 

The four-bar linkage is a common mechanism and can be kinematically defined by nine 

independent parameters. The parameters are the coordinates of the fixed base 𝐴𝐴 and 𝐷𝐷 relative 

to the ground coordinate system, ((𝑥𝑥𝐴𝐴, 𝑦𝑦𝐴𝐴) and (𝑥𝑥𝐷𝐷, 𝑦𝑦𝐷𝐷), respectively), three link length (𝑎𝑎, 𝑏𝑏, 𝑐𝑐), 

and length (𝑒𝑒) and angle (𝛾𝛾) for the coupler point 𝑃𝑃 as shown in Figure 3.2. Ground point 𝐴𝐴 

and the linkage member (𝑎𝑎) act as the crank. 

3.2.4 Linkage optimisation 

The parameters above were optimised so that the coupler point 𝑃𝑃 follows the ankle trajectory 

during gait rehabilitation. Stroke patients using a walking frame typically have a short step 

length, thus a scaled normative ankle trajectory [174] was used as the desired trajectory for the 

optimization. The trajectory was represented in 100 coordinate points 𝑄𝑄𝑖𝑖(𝑥𝑥𝑖𝑖,𝑦𝑦𝑖𝑖). 

The aim of the optimisation is to minimise the mean-square distance between the prescribed 100 

points and the coupler point curve. A point 𝑝𝑝(𝑥𝑥𝑃𝑃 ,𝑦𝑦𝑃𝑃) on the coupler curve can be expressed as: 
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𝑥𝑥𝑃𝑃 = 𝑥𝑥𝐴𝐴 + 𝑎𝑎cos𝜃𝜃 + 𝑒𝑒cos𝜑𝜑 

𝑦𝑦𝑃𝑃 = 𝑦𝑦𝐴𝐴 + 𝑎𝑎sin𝜃𝜃 + 𝑒𝑒sin𝜑𝜑 
(3.1) 

On the coupler curve, there is the point 𝑃𝑃𝑖𝑖 which is closest to point 𝑄𝑄𝑖𝑖(𝑥𝑥𝑖𝑖, 𝑦𝑦𝑖𝑖) of the given ankle 

trajectory. The sum of the squared error between these paired points can be used to establish an 

objective function to be minimized. 

𝑓𝑓(𝑧𝑧) = �[(𝑥𝑥𝑃𝑃,𝑖𝑖(𝑧𝑧) − 𝑥𝑥𝑖𝑖)2 + (𝑦𝑦𝑃𝑃,𝑖𝑖(𝑧𝑧)− 𝑦𝑦𝑖𝑖)2]
𝑚𝑚

𝑖𝑖=1  (3.2) 

where 𝑧𝑧 is a vector of the nine linkage parameters. 

A constrained nonlinear multivariable function using a Trust-Region-Reflective algorithm is 

used to find the optimal parameters. The optimisation is terminated when the difference in the 

objective function values, Eq. (3.2), for two consecutive iterations is less than 10−8𝑚𝑚2. The 

initial condition for the optimization is shown in Table 3.1. 
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Table 3.1: Initial condition of the linkage parameters 

Symbol Parameter Initial Condition, 𝒛𝒛𝟎𝟎 

𝑥𝑥𝐴𝐴 𝑥𝑥 coordinate of point A (m) 0.3642 

𝑦𝑦𝐴𝐴 𝑦𝑦 coordinate of point A (m) 0.1294 

𝑥𝑥𝐷𝐷 𝑥𝑥 coordinate of point D (m) 0.4982 

𝑦𝑦𝐷𝐷 𝑦𝑦 coordinate of point D (m) 0.5818 

𝑎𝑎 Link length 𝐴𝐴𝐴𝐴 (m) 0.1200 

𝑏𝑏 Link length 𝐴𝐴𝐵𝐵 (m) 0.1795 

𝑐𝑐 Link length 𝐵𝐵𝐷𝐷 (m) 0.5110 

𝑒𝑒 Link length 𝐴𝐴𝑃𝑃 (m) 0.2393 

𝛾𝛾 End effector angle (rad) 0.6476 

 

3.2.5 Analysis of the driving mechanism 

The linkage mechanism shown in Figure 3.2 has a single degree of freedom (DOF) where the 

rotational power is provided to the crank point 𝐴𝐴 . The mechanism can be powered either 

passively (either a therapist or patient pushing the frame forwards) or active actuation e.g., an 

electric motor. With a passive actuation, the forward propulsion of the frame rotates the wheels 

that are linked using a belt to the crank link. 

The overground velocity is coupled to the gait pattern and hence must be synchronised to time 

the step length of the linkage and walking frame. This eliminates the addition of sensors and 

controllers to detect and synchronise the device’s motion with the user. The disadvantage is that 

the links must be fixed for a given gait trajectory. 

3.3 Device manufacture and experiment setup 

3.3.1 Device prototype 

A prototype of the device concept was manufactured using the results from the optimisation for 

a 60% scaled normative gait trajectory [174] (846mm step length) as shown in Figure 3.3, in 

order to mimic a typical rehabilitation stride length. A commercially available walker (model 
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Pacer Gait Trainers, Rifton) was used as the base to build the linkage mechanism for the left leg. 

The linkage is manufactured from acrylic sheet. A foot-plate is also made of acrylic and mounted 

at coupler point 𝑃𝑃 of the mechanism. The acrylic is transparent and allows the motion of the 

legs to be observed easily. A custom wheel assembly was made with a wheel having a diameter 

of 125mm and a gear ratio of 28/15. 

 

Figure 3.3: Prototype of linkage design gait trainer (LGT). 

 

3.3.2 Trajectory analysis of the mechanism prototype 

To confirm that the mechanism follows the desired trajectory, the device was analysed with a 

VICON Motion Capture System, consisting of eight high-speed cameras running at 100Hz. 

14mm diameter markers were placed on each joint 𝐴𝐴,𝐴𝐴,𝐵𝐵,𝐷𝐷 and linkage member 𝑎𝑎, 𝑏𝑏, 𝑐𝑐,𝑑𝑑, 𝑒𝑒 

and the coupler point 𝑃𝑃 to record their kinematics. 

3.3.3 Testing with a human participant 

The prototype was then tested with a healthy human participant (details in Table 3.2.). This 

experiment was approved by the University of Auckland Human Participants Ethics Committee 

(UAHPEC application number 011451). The motion capture system was used to record the 

kinematics of the gait of the participant walking with and without the device. A Plug-In-Gait 

(PIG) marker set and model were used for the setup and analysis. The model was constructed 

using the measurement data shown in Table 3.2. PIG was selected as it has accurate and 

consistent model output compared to other marker sets and models [175], and it is also readily 

available with the VICON Motion Capture system. 
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To record baseline hip and knee angles the participant first walked normally without the LGT 

at the same step length as the design of the mechanism (𝐿𝐿𝑠𝑠 = 846𝑚𝑚𝑚𝑚), ensured by placing 

stickers on the ground to match the step length. The participant was then asked to use the 

assistive device prototype to walk the same distance. Both experiments were performed over the 

distance of 7m and repeated fifteen times each to calculate measure averages. 

Table 3.2: Details of the participant 

Height (mm) 1780 

Weight (kg) 75 

Leg length (mm) 930 

Knee width (mm) 110 

Ankle width (mm) 90 

 

3.4 Results and discussion 

3.4.1 Ankle trajectory kinematics 

The trajectory of the ankle joint of the prototype device was compared against the desired 

trajectory and the trajectory from the linkage optimisation. Results shown in Figure 3.4 indicate 

that they all follow a very similar trajectory with minimum deviation from the desired path. This 

finding confirms the prototype has been manufactured to the specification derived by the 

optimisation. The small variations are attributed to manufacturing tolerances and component 

flexibility. 
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Figure 3.4: The desired ankle trajectory, trajectory from the optimization result and the actual ankle trajectory of the 
walker. 

 

3.4.2 Comparing hip and knee angles 

3.4.2.1 Simulation 

Figure 3.5 shows the simulation of the hip and knee angle of the participant walking with 60% 

scaled step length, compared against the hip and knee angle of the normative gait pattern from 

[173] (where 0% - 60% corresponds to the stance phase and 60% - 100% corresponds to the 

swing phase). This simulation shows the hip and knee angles that the LGT will enforce the 

participant to follow. 

The top plot in Figure 3.5 shows that hip flexion during the swing phase is equivalent to the 

normative magnitude whereas hip extension is much smaller with a maximum difference of 

25.7° between the simulation and the normative pattern. It can be seen in the bottom plot that 

the magnitude of knee range of motion is not as large as normal, which is expected due to the 

scaling of the step length. The overall deviation in the hip angles between the simulation and 

the normative pattern measured in root mean square (RMS) error is 12.8° and the deviation in 

knee angles are 16.2° RMS. 
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Figure 3.5: Simulation of hip and knee angles of the participant walking with 60% scaled step length (dotted line) 
against the normative gait pattern (solid line with one standard deviation in dashed lines). 

 

3.4.2.2 Participant walking without the device 

The top plot on Figure 3.6 shows the simulation of hip angle (dotted line) and the experimental 

hip angle of the human participant for a complete gait cycle (solid black line) with one standard 

deviation (SD) (dotted line). The hip angle of the participant is similar to the simulation result 

throughout the gait cycle with an RMS error of 3.6° overall. The knee angle on the other hand 

has an offset flexion angle between the results from experiment and simulation and overall 

deviation is 21.8° RMS. However, the range of motion (peak to peak amplitude, 26.1° for 

simulation and 30.6° for the participant) as well as the timing of the knee joint are similar. 
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Figure 3.6: Simulation of hip and knee angles the participant walking with 60% scaled step length (dotted line) against 
hip and knee angles of the participant walking without the LGT (solid line with one standard deviation in dashed line). 

 

3.4.2.3 Participant walking with the device 

The top plot on Figure 3.7 shows the simulation of the hip angle of the participant, walking at 

the stride length of 846mm. The hip motion of the participant using the LGT has a similar shape 

and magnitude compared to the simulation results but it is shifted up in the graph resulting 20.1° 

RMS error overall. This was observed as being the result of the participant slightly bending 

forward while holding the handle of the LGT, i.e.; the hip is more flexed. This will be improved 

by adding more robust hip positioning and support in the next design iteration of the device. The 

knee angle shown on the bottom of Figure 3.7 has similar shape compared to the simulation 

results with the overall RMS error of 12.8° but has much less extension from the end of swing 

phase to the beginning of stance phase with the maximum error of 24.2°. 
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Figure 3.7: Simulation of hip and knee angles the participant walking with 60% scaled step length (dotted line) against 
hip and knee angles of the participant with the LGT (solid line with one standard deviation in dashed line). 

 

3.4.2.4 Comparison between walking with and without the device 

The hip angle in Figure 3.8 shows the participant walking with the LGT (red), and without the 

LGT (dotted line), for a complete gait cycle. The hip motion of the participant using the LGT is 

a similar shape and magnitude compared to the hip motion of the participant walking without 

the device, but it is shifted up in the graph. The overall RMS error is 20.5°. The possible reason 

for this shift is described in the previous section as the participant is slightly bending forward 

while holding the handle of the LGT.  

The bottom plot on Figure 3.8 shows the knee angle of the participant walking with the LGT in 

red, and without the LGT in blue, for a complete gait cycle. The knee motion of the participant 

using the LGT is different to the motion when the participant is walking without the device, as 

the participant is flexing the knee more than expected at slightly different times in the gait cycle 

compared to the normal gait pattern. The overall RMS error is 14.8°. The bottom plot in Figure 

3.8 shows the knee starts to flex as soon as the leg of the participant enters the stance phase and 

continues to flex until it enters the swing phase. The knee motion during the swing phase is 

relatively similar to the motion without the device. 
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One hypothesis that explains this result is that the constrained gait trajectory is slightly different 

to the participant’s natural gait pattern; the participant tries to compensate the difference by 

actively moving their knee. Another possible reason, reported by the participant, is that due to 

the prototype construction quality he was not confident to bear weight through the footplate. 

The mechanism also had some backlash in the belt drive that caused the motion to be uneven, 

and this may also have contributed to the participant’s lack of confidence.  

 

Figure 3.8: Hip and knee angles of the participant with the LGT (solid line) against hip and knee angles of the 
participant walking without the LGT (dotted line). Dashed lines show 1SD from both results. 

 

3.5 Discussion and conclusions 
A gait rehabilitation device for the acute stage of stroke using a walking frame and a four-bar 

linkage mechanism was designed. The linkage mechanism was optimised and the design 

parameters were obtained for walking training with a particular gait pattern. The gait pattern 

used was scaled from normative gait and not directly optimised for the participant’s geometry, 

although individual scaling is planned for the next study. It was found that this gait pattern 

differed slightly from the participant’s natural gait pattern at the chosen step length when 

walking normally without the LGT. The prototype was constructed using a commercially 

available walker and the linkage mechanism was manufactured based on an optimisation 
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algorithm. The device was constructed to the specification derived by the optimisation result. 

This was confirmed by the motion capture analysis. 

One healthy human participant was engaged to provide feedback regarding the feasibility of the 

device. Although the gait pattern that was optimised for the device differed from the 

participant’s natural gait pattern at that step length, the results show the mechanism of the device 

does force the foot to follow a prescribed gait pattern. However, hip and knee angles do not 

exactly follow the predicted path. This difference is thought to be due in part to the design, and 

the prototypic construction of the LGT. Hip angles exhibited more flexion than extension while 

walking with the assistive device. This can be rectified to follow the correct path by adjusting 

the LGT so that the user does not bend forward excessively. The knee angle deviated from the 

correct path while walking with the assistive device. This is due to a number of reasons as 

explained in the previous section. In the next design iteration of the device, the mechanism 

should be constructed using much more rigid material, and the design may be modified so the 

entire mechanism is sturdier and reassuring to the user. 

Another point raised by the participant was the difficulty of initially using the device. The 

actuation mechanism is linked to the wheel of the LGT, so the user has to set the mechanism to 

a certain point in the gait cycle and start walking exactly at the point in the gait cycle. This 

required some practice at the beginning but most people get used to the start and stop after 

several practice runs. Separating the actuation mechanism and controlling the linkage 

mechanism independently is expected to eliminate this problem. However, to manage this new 

design would require a separate power source, an actuator, a sensor to detect the gait of the user, 

and a controller. 

Other limitations include that the device needs adequate space to move forward and the floor 

needs to be relatively flat to prevent the linkage from hitting or hovering over the ground; 

however, these types of space are typically available in clinics. Wheel slip could also disrupt the 

timing of the linkage with the patient’s gait cycle. Based on our pilot studies this rarely occurs 

due to the high friction coefficient of the wheel coupled with the weight of the user pushing the 

device down. The potential for foot drop, a common issue with stroke patients is prevented by 

adding a passive spring between the foot plate and the linkage. 

Overall, the device supports the concept that a gait rehabilitation device with a simple linkage 

mechanism can guide the leg to move through the desired gait pattern during general over-

ground walking and walking training. 
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Chapter 4 Evaluating the performance of a robotic linkage-based 

gait trainer 

4.1 Introduction 
Stroke is a leading cause of physical disability in adults [5], with hemiparesis being one of the 

most common impairments. Hemiparesis contributes to the characteristic low velocity, 

asymmetric, and inefficient gait seen following stroke [10]. Conventional gait rehabilitation 

involves physiotherapists manually moving a patient’s limb repeatedly in a close-to-normal 

walking pattern, in order to restore movement in the limb [17]. Many current guidelines 

recommend initiating rehabilitation early after stroke [49, 50], as it may be more effective and 

patients are more likely to have better functional gains compared to starting rehabilitation late 

[58, 176]. Conventional gait rehabilitation is time-consuming, and labour intensive for both 

therapists and patients [177]. Robotic-based gait rehabilitation has been gaining traction as 

means to reduce therapists’ workloads, as well as provide a higher dose of more repeatable and 

consistent therapy than can be delivered by conventional methods [25]. 

Current robotic gait rehabilitation devices can be broadly classified as either end-effectors or 

exoskeletons [29]. Exoskeletons are anthropomorphic devices and have multiple connection 

points to the user in order to guide the movement of each individual limb segment [178]. In 

comparison, end-effector devices have footplates or similar mechanisms that attach to the users’ 

foot or both feet to guide them through a gait pattern [25]. Typically, the foot attachment is the 

only place the end-effector devices constrain the users’ limb, this leaves knee and hip free to 

generate their own movements (as well as keeps the upper body free for body weight support if 

required). This configuration makes end-effector type devices less complex compared to 

exoskeletons. However, end-effector devices are generally larger than exoskeletons, and most 

end-effectors are stationary treadmill based, ‘PRO-GaiT’ is one of the only overground end-

effector trailers [127], whereas exoskeletons can be either be treadmill based or overground. In 

general, most of the commercially available robotic gait rehabilitation devices are large and 

expensive due to the design and components involved [147]. Being large and complex could 

also make them difficult to integrate into hospitals/clinics and use by the patient and the 

therapists. 

The “passive” Re-Link Trainer (RLT) previously designed by the authors is an end-effectors, 

developed to potentially provide a cost-effective solution for retaining gait during the acute post-

stroke state [141, 143]. The main structure consists of a custom-made overground walking frame 

with an end-effector mechanism attached to one side. The mechanism is a four-bar linkage and 
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is designed to impose a kinematic constraint on one limb of the user by moving it through a 

normalised gait path. 

One disadvantage of the RLT and similar four-bar linkage devices is that the gait trajectory 

generated is fixed to one specific path [143]. The ability to change the stride length could make 

the device more suitable to wider patient population in terms of body size as well as adapt to a 

specific patient as their stride lengths change as they progress through rehabilitation [179]. 

In this study, we present a new robotic version of the RLT [141], by adding a powered linkage 

mechanism which is decoupled from the RLT wheels, and a simple controller to address these 

issues. This study aimed to evaluate the robotic Re-Link Trainer (rRLT) and its controller 

performance by examining the linkage positions determined from sensor data from the rRLT, 

and evaluate selected gait parameters and lower limb kinematics while using the rRLT. The first 

hypothesis is that the controller will be able to move the linkage and track the desired path 

closely, (small errors between the actual and desired linkage positions) with the different 

controllers that will be tested. Secondly, that there will be differences in the walking pattern and 

gait parameters between different controllers and stride lengths when walking in the rRLT, and 

there will also be differences in peak lower limb kinematics when users are walking with and 

without the rRLT. 

4.2 Device design 
The rRLT is shown below in Figure 4.1. The frame of the rRLT is made of aluminium extrusions 

to improve the rigidity of the system, and the linkages are constructed using a 5mm stainless 

steel plate. The linkage dimensions and hence ankle footplate path are based on the passive 

device in [143]. A stainless-steel footplate was constructed and connected to the end of the 

linkage mechanism. The crank member of the linkage system is connected to a DC motor (max. 

output: 5Nm) using a 10mm diameter aluminium shaft (Figure 4.1b). The motor unit is mounted 

to the frame of the walker and has a worm gear to increase the torque output (Figure 4.1d). The 

motor is driven by a motor driver integrated circuit (IC) with a power MOSFET full bridge. 

Additionally, multiple sensors are installed onto the device as part of the control system; three 

rotary encoders (resolution of 1024 pulse per revolution) are mounted to the device, one on each 

rear wheel and one on the crankshaft of the linkage as well as an electric current sensor 

connected in series with the DC motor for estimating the torque output of the motor. To control 

the torque output and the speed of the motor, a MyRio (National Instruments, Texas, US) was 

used as the main system controller (Figure 4.1c). The motor is powered by a 24V battery 

mounted opposite side of the frame to the motor (Figure 4.1a), while the rest of the system 
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including the controller and sensors are powered by a separate lithium polymer battery (2 Cell, 

7.4 V, 2150 mAh). 

 

Figure 4.1: Photo of rRLT with a) main battery, b) linkage mechanism, c) controller d) electric motor. 

 

4.3 Controller design 

4.3.1 Closed loop control 

The aim of the baseline control system was to constrain the path of the foot to the desired 

trajectory by controlling the position of the footplate. To achieve this, a simple linear control 

system was designed for the motor. The system consists of a proportional–integral–derivative 

(PID) controller, taking the error between the desired crank angle and the actual crank angle 

measured using an encoder and control the motor speed by varying the pulse width modulation 

(PWM) input to the motor controller. The gains of the controller were iteratively tuned through 

pilot experiments. 

4.3.2 Feedforward compensation 

It was hypothesised that a simple PID controller is sufficient for a single degree of freedom 

system (DoF) operating at very low speed (approx. 30 steps/min), but the gait training with 

rRLT is aimed to be faster to deliver more comprehensive rehabilitation. To improve the 

responsiveness of the controller, a feedforward (FF) component was added to the system. For 

the purposes of the current study, only the static component of the system is implemented, which 
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was designed to effectively compensate for the effect of the gravity force on the end-effector 

[180]. 

A system identification test was carried out to determine the required torque output for the motor 

throughout the gait cycle. This involved a 2.5 kg weight attached to the footplate while the motor 

was run at very slow speed (approx. 15rpm) to minimise the dynamic effect. This weight was 

used as the device design is not intending to fully support the user’s full body weight, rather 

provide assistance and guide the foot during walking exercise. The electric current through the 

motor was measured and recorded through five cycles. The result was averaged to create the 

required motor current output at each point in the gait cycle as sown in Figure 4.2. 

The data from the system identification was used to create a FF block placed parallel to the PID 

controller as shown in Figure 4.3. 

 

Figure 4.2: Torque requirement for rRLT motor through a gait cycle determined from the average of five cycle static 
trial. 

 

 

Figure 4.3: Schematic of the rRLT control system including the information flow between the inputs, controllers and 
the device. 
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4.3.3 Varying stride length 

One advantage of the robotic device over the passive RLT is the ability to change the speed of 

the linkages relative to the overground trainer speed, due to the overground motion being 

mechanically decoupled from the robot’s driven linkage. Changing the speed ratio will alter the 

overground distance it takes for the linkage to complete a full cycle, thus effectively changing 

the stride length. The control system allows the patient or clinician to input (and adapt) the 

desired stride length and will adjust the linkage speed to match the length. In this study, three 

different stride length conditions were selected; normative (0.733m) and ±10% of normative 

stride length [143]. 

4.4 Methods 

4.4.1 Procedures 

Five healthy adults were recruited from the university student population to undertake a pilot 

evaluation of the rRLT performance. The participants had no history of lower limb injury within 

the previous 6-months (n = 5; mean ± SD: Height 1.75 ± 0.055m; Weight 71.2 ± 2.88 kg; BMI 

23.2 ± 1.93 kgm2; Age 24.6 ± 3.13 years). All participants provided written informed consent, 

and the university ethics committee approved the study procedures. Participants were provided 

with custom sandals to wear for the testing session, and the left foot was attached to the end-

effector using Velcro attached to the ankle and the sandal. 16 retro-reflective markers (14mm) 

were placed on participants following the Plug-in-Gait lower body marker guideline. A Vicon 

motion capture system (Vicon Motion Systems Ltd) was used to record the lower limb 

kinematics of the participants. Participants were asked to walk normally (without the RLT) at a 

self-selected speed over a 5m measurement space at least five times. They were then asked to 

walk with the rRLT in the same space at least five times for each of the four trial conditions. A 

period of familiarisation with the rRLT was provided for each participant in between overground 

walking trials without rRLT and trials with rRLT. The duration of the familiarisation was 5 

minutes and the same between all the participants. 

4.4.2 Trial conditions 

Four different rRLT control system conditions were assessed, (1) Normal stride length with PID 

only (Normative), (2) Normal stride length with PID and FF path (FF_Normative), (3) Shorter 

stride length with PID only (Short) and (4) Longer stride length with PID only (Long). 

4.4.3 Controller performance 

The desired and the actual crank linkage position data were collected to evaluate the controller 

displacement accuracy with five participants walking in the trainer. The data were segmented 
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into gait cycles then each gait cycle was linearly interpolated into 101 data points to normalise 

from 0% to 100% of each stride (0% being the time of heel strike). The Euclidean error was 

calculated by subtracting the current position of the crank link from the desired position for all 

the interpolated data points. The mean and the standard deviation (SD) were calculated for each 

data point for each trial condition. The average root-mean-square-errors (RMSE) for each 

participant for each condition were also calculated. These were done on all four conditions. 

4.4.4 Spatiotemporal parameters & gait kinematic analysis 

Bilateral 3D kinematic data were collected at 100 Hz using a twelve camera Vicon motion 

capture system. All the trials were recorded by two Bonita video cameras (Vicon Motion 

Systems Ltd) and the videos were used to manually identify and label the gait events, 

specifically the initial contact and toe-off. All the motion capture data were processed using 

Nexus software version 2.6 (Vicon Motion Systems Ltd) and the kinematic variables and gait 

parameters were extracted. The data were imported into MatLab (R2016a, Mathworks, MA) for 

analysis offline using a custom algorithm. Constrained limb peak hip flexion and extension, 

peak knee flexion and extension, and peak ankle plantarflexion and dorsiflexion were extracted 

for each trial and averaged for each participant. The hip, knee and ankle sagittal plane kinematic 

waveforms for each limb were time normalised to 100% of the gait cycle [181]. The following 

gait parameters for both constrained and unconstrained legs were also extracted from the motion 

capture data: stride length (𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖𝑆𝑆𝑆𝑆), step length (𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆), walking velocity, and cadence. Those 

parameters were calculated for each trial by the Nexus software. The mean and SD for 

participant in each RLT condition were calculated using MatLab. Additionally, stride length 

ratio (𝑅𝑅𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) and step length ratios (𝑅𝑅𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) were calculated using the following equations (4.1, 

4.2) [182]: 

𝑅𝑅𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖𝑆𝑆𝑆𝑆_𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑆𝑆𝑆𝑆𝑐𝑐𝑖𝑖𝑐𝑐𝑆𝑆𝑆𝑆/𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖𝑆𝑆𝑆𝑆_ 𝑐𝑐𝑐𝑐𝑐𝑐−𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑆𝑆𝑆𝑆𝑐𝑐𝑖𝑖𝑐𝑐𝑆𝑆𝑆𝑆 (4.1) 

𝑅𝑅𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆_𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑆𝑆𝑆𝑆𝑐𝑐𝑖𝑖𝑐𝑐𝑆𝑆𝑆𝑆/𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆_ 𝑐𝑐𝑐𝑐𝑐𝑐−𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑆𝑆𝑆𝑆𝑐𝑐𝑖𝑖𝑐𝑐𝑆𝑆𝑆𝑆  (4.2) 

4.4.5 Statistical analysis 

The Shapiro-Wilk test and Levene’s test were used to check for normality and homogeneity of 

variance. The primary hypothesis was then examined with a series of one-way analyses of 

variance (ANOVA) to examine between-condition differences for the controller RMSE, gait 

kinematic variables and gait parameters. Tukey post hoc tests were used in the event of a 

significant between-group difference. The level of significance was set a priori at P < 0.05. All 

the statistical analysis was done on Statistical Package for Social Sciences (SPSS) Version 25 

(IBM Corporation, Chicago IL). Results are reported as mean ± SD unless otherwise stated. 
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4.5 Results 

4.5.1 Controller performance 

Figure 4.4 shows the average error between the desired and actual crank link positions 

throughout a gait cycle from all trials with all participants in this study. Table 4.1 contains the 

average RMSE for each trial conditions. There were statistically significant differences in the 

RMSE between Normative and FF_Normative conditions, and FF_Normative and Long 

conditions (F3,16 = 4.10 P = 0.025). The average RMSE for the FF_Normative condition was 

0.32 rad more than the Normative condition (P = 0.042), and the average RMSE for the 

FF_Normative condition was also 0.32 rad more than Long condition (P = 0.042). The standard 

deviation of the errors with FF_Normative is larger than with the other conditions indicating the 

system is tuned to be more responsive but this results in higher variation in errors. 

 

Figure 4.4: Crank position error between the desired and actual positions from all rRLT trial conditions throughout 
gait cycles (0% on the gait cycle represents time of heel strike) with all participants in this study. 
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Table 4.1: Average RMSE for all rRLT conditions. 

 Normative FF_Normative Short Long 

Average RMSE 

(rad) 

0.33 ± 0.18 0.65 ± 0.24 0.36 ± 0.12 0.33 ± 0.12 

 

4.5.2 Spatial-temporal parameters of gait 

4.5.2.1 Stride lengths and Step lengths 

Figure 4.5 shows the stride lengths for walking with and without the rRLT. The mean stride 

length with rRLT Normative condition was 0.72 ± 0.05 m (left) and 0.73 ± 0.03 m (right); the 

rRLT controller was targeted to constrain the stride to 0.733 m. 

Altering the speed of the linkage changed the stride lengths of the participants for both 

constrained and unconstrained sides as shown in Figure 4.5. With the same controllers but 

different stride length settings: the mean stride length for the Short condition was 0.079m 

(10.8% of 0.733 m) shorter than the Normative condition for constrained limb (F3,88 = 35.7 P < 

0.001), and 0.106 m (14.5%) shorter for the unconstrained limb (F3,88 = 12.4 P < 0.001). 

Similarly, the mean stride length with Long condition was 0.057 m (7.8%) longer than 

Normative condition for constrained limb (P < 0.001), and 0.048 m (6.5%) longer for 

unconstrained limb although this was not statistically significant (P = 0.224). It can also be 

visually identified that the stride length variance of the constrained limb is less than that of the 

unconstrained limb, and very interestingly even less than that when walking freely without the 

rRLT. This provides evidence that the rRLT can accurately constrain stride length of a user. 

Figure 4.6 shows the stride length and step length ratios. The stride length ratio for normal 

overground walking without rRLT is 0.99 and the step length ratio is 0.98. When walking in the 

rRLT with Normative condition, the stride length ratio is 1.00 and the step length ratio is 1.78. 

When the FF controller was enabled with the Normative condition, the step length ratio changed 

to 1.65, closer to 1, but the difference in the mean between the Normative and FF_Normative 

was not statistically significant. These step length ratios identify the constrained step length is 

larger than the unconstrained step length, which indicates users are adopting more of a “step-

to” style gait pattern rather than a symmetric “step-through” pattern. 
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Figure 4.5: Average stride lengths of all participants for the constrained left limb (a) and unconstrained limb (b). The 
dotted lines show the target stride lengths for each condition. 

 

 

Figure 4.6: Average stride length ratio (a) and step length ratio (b) of all participants. 

 

(a) (b) 

(a) (b) 
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4.5.2.2 Walking velocity and cadence 

The average walking velocity and cadence of the participants when using the rRLT are shown 

in Figure 4.7 and Figure 4.8. The mean walking velocity with the Normative condition was 0.19 

± 0.05 m/s. The average cadence was 30.9 ± 9.0steps/min for constrained side and 31.2 ± 7.1 

steps/min for unconstrained side. There was a significant difference between conditions with 

different walking velocities (F3,180 = 5.673 P = 0.001). The post hoc result showed there were no 

significant differences between Normative, Short and Long conditions (P > 0.05), but there were 

significant differences between FF_Normative and all other conditions (FF_Normative vs 

Normative: P = 0.004, Short vs Normative: P = 0.002, Long vs Normative: P = 0.21). On 

average, the participants were able to walk 0.04 m/s faster with FF_Normative condition than 

with Normative condition. 

 

Figure 4.7: Average walking velocity of all participants. 
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Figure 4.8: Average cadence of all participants for the constrained limb (left) and unconstrained limb (right). 

 

4.5.3 Gait kinematics 

The Long and Short conditions are designed to achieve different stride lengths by changing the 

overground speed ratio with the same linkage trajectory for the ankle (relative to the trainer), 

and walking without rRLT is at a self-selected walking velocity and stride length. Because of 

these very different constraints, we expect to see differences in joint kinematics between the 

walking conditions. The sagittal plane waveforms for the lower limb joint angles are in Figure 

4.9, Figure 4.10 and Figure 4.11. The mean and standard deviations for all peak joint angles are 

in Table 4.2. 

No significant differences were found for the peak kinematic variables between all four rRLT 

conditions (P > 0.05), therefore the peak kinematic variables from the Normative condition was 

used to compare the peak kinematics of rRLT walking against overground walking without 

rRLT. 
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Figure 4.9: Sagittal plane constrained hip angle across the full gait cycle for all rRLT conditions and walking without 
rRLT 
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Figure 4.10: Sagittal plane constrained knee angle across the full gait cycle for all rRLT conditions and walking 
without rRLT. 
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Figure 4.11: Sagittal plane constrained ankle angle across the full gait cycle for all rRLT conditions and walking 
without rRLT. 
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Table 4.2: Peak constrained joint angles (mean±SD). 

Conditions Normative FF_Normative Short Long Without 
rRLT 

Peak hip flexion 

(°) 

40.8±6.42 40±4.39 40.4±5.84 43.8±6.44 34.8±6.62 

Peak hip 

extension (°) 

11.7±10.1 11.4±9.82 11.3±9.28 12.4±7.98 -12.9±5.57 

Peak knee 

flexion (°) 

60.0±9.22 60.2±10.0 59.9±8.57 64.1±9.26 67.5±5.27 

Peak knee 

extension (°) 

15.6±9.82 14.8±7.81 14.0±9.29 7.62±9.16 0.166±6.64 

Peak ankle 

plantarflexion (°) 

-0.0692±4.78 -3.71±8.29 -1.04±7.42 -2.36±2.58 -16.4±5.58 

Peak ankle 

dorsiflexion (°) 

17.0±4.17 17.0±5.01 17.8±4.04 18.5±3.08 11.9±2.63 

 

4.5.3.1 Hip kinematics 

Peak hip extension was significantly different between the rRLT and overground walking 

without rRLT (F4,20 = 7.994 P < 0.001). The constrained limb demonstrated 24.6° less hip 

extension compared to overground walking (P = 0.002). The timings of the peak hip extension 

were different between overground walking and walking with rRLT as seen in the waveform in 

Figure 4.9. The peak hip extension happens sooner when walking with rRLT than normal 

overground walking. There was no significant difference between normal overground walking 

and the rRLT for peak hip flexion (F4,20 = 1.478 P = 0.246). 

4.5.3.2 Knee kinematics 

There was a significant difference in peak knee extension (F4,20 = 3.013 P = 0.043). However, 

although peak knee extension in the constrained limb was smaller when using the rRLT 

compared to overground walking, the difference was not statistically significant on post hoc 

tests (P = 0.061). The point peak knee extension is pronounced in overground walking trial but 

there were more timing variations (when the peak extension occurs in the gait cycle) in rRLT 
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trials, also the peak knee extension seems to happen slightly sooner with rRLT. These can be 

seen in the waveform results in Figure 4.10. There was no significant difference in peak knee 

flexion during overground walking and the rRLT (F4,20 = 0.761 P = 0.563). 

4.5.3.3 Ankle kinematics 

There was a significant difference between walking with the rRLT and walking without for peak 

ankle plantarflexion (F4,20 = 6.022 P = 0.002). When walking in the rRLT, peak ankle 

plantarflexion in the constrained limb was reduced by 16.3° (P = 0.003). This can be seen in the 

waveform in Figure 4.11 where the plantarflexion of ankle does not go beyond the neutral 

position for all rRLT conditions. The peak ankle dorsiflexion did not differ between overground 

walking and walking in the rRLT (F4,20 = 2.253 P = 0.100). However, the timings of the peak 

ankle dorsiflexion are different between the overground walking and rRLT trials as shown in 

Figure 4.11 and happen sooner with rRLT than walking without rRLT. 

4.6 Discussion and conclusions 
The aim of this study was to evaluate the rRLT controller performance with healthy participants, 

and evaluate the effect of the rRLT on user’s gait parameters and lower limb kinematics. 

The findings from this study support the first hypothesis in that the controller used for the 

Normative, Short and Long conditions (controller without FF block) worked successfully with 

the average crank position error were small, being approximately 0.3 rad throughout the cycle. 

The result shows the position error was almost constant and the variation of the position errors 

were predictable with more error during fast movement (i.e. swing phase). However, it was clear 

that with the addition of the FF block to compensate for gravity, the mean error was significantly 

increased and the SD was also increased suggesting more variability. This can be expected as 

adding the FF block was aimed to provide more responsiveness (and hence movement freedom) 

of the system to improve overground walking velocity. It is evident this increased 

responsiveness has resulted in faster overground walking with feedforward controller, holding 

promise for this controller architecture to achieve rRLT walking velocity closer to a natural 

walking velocity. Also, from the feedback provided by the participants after the trials, some 

reported they felt the FF_Normative condition was more active and provided more positive 

assistive force, making the system feel more responsive than other rRLT trial conditions. The 

linkage moving faster in the feedforward condition can also be a contributing factor for larger 

variation in the error with double the SD compared to the Normative because the controlling 

efforts increase as the speed increases. 
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The first part of evaluating the effect of participants using the rRLT was examining their 

spatiotemporal gait parameters, specifically stride and step lengths. One feature of this device is 

the ability to control the stride length of the user by altering the linkage speed. The results 

suggest the system was able to accurately control the stride length between the designed (0.733 

m) and ± 10% changes in the stride lengths. This could be useful as the device can potentially 

be adapted to broader patient population with different limb lengths and heights, and stages of 

rehabilitation as they affect the stride lengths. It was also interesting to observe that the rRLT 

can more closely constrain stride length than voluntary human motor control in the free walking 

condition at a self-selected speed without the trainer.  

The result of this study also showed the participants were walking asymmetrically with step 

length ratio of 1.78 when comparing left and right limbs in Normative condition. The result 

suggested adding FF block to the controller slightly improves the symmetry but the change was 

not statistically significant. The asymmetric walking could be a result of many factors, one being 

participants adopting different walking pattern strategies. A previous study using an analogous 

gait trainer found that the device could impose an asymmetrical constraint to lower limb 

kinematics [141]. Asymmetric gait may be associated with inefficient gait and risk of 

musculoskeletal injury to the non-paretic limb [183, 184]. However, recent studies have 

suggested an asymmetric gait is not as detrimental as previously thought, as the longer step 

lengths on the non-paretic limb encourage muscle activation [185]. In this study and the previous 

study, it was observed that participants were frequently walking in a step-to gait pattern [141]. 

This pattern involves the person takes a normal step with one foot and takes a shorter step with 

the other foot. With normal walking, following foot moves beyond the position of the other foot, 

as opposed to ending next to the other foot [186]. However, asymmetric gait is only one aspect 

of human gait. To fully determine the effectiveness of the gait rehabilitation, many other 

components such as joint angles, walking velocity, muscle activation, etc. need to be looked at 

together [66]. 

The gait kinematics results show that there were clear differences in the trajectories between 

different trial conditions. The differences between the trial with and without rRLT were 

expected as the participants walked at their own self-selected stride lengths and walking velocity 

during no rRLT trials. The hip and knee kinematics during rRLT trials indicate the knee doesn’t 

straighten at heel strikes suggesting improper weight acceptance. This could be due to the lack 

of confidence of walking in the rRLT. The ankle kinematics result shows the ankle movement 

is significantly small and there is almost no toe off when walking with rRLT, suggesting 

participants were adopting very different walking strategies. However, the result also shows that 
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there were no significant differences in peak joint angles between the various control conditions 

of the rRLT, especially for the hip and knee joints, although there was also no significant 

difference in the peak ankle angles, the trajectories were quite different. No significant 

difference in the gait kinematics and the small SD of the trajectories suggest that the rRLT can 

successfully constrain a limb to a specific trajectory while allowing for small adjustments in 

stride length (± 10%) to account for individual user geometry. Further improvement of the 

system can focus on refining the design to ensure it imposes the correct constraint. 

Additionally, the results demonstrate that walking velocity and cadence were similar between 

different stride lengths suggesting the change in linkage speed has only affected stride length 

and not other aspects gait. Changing the stride length is one of the primary motives to decouple 

the linkage from the wheel and control them independently, so the device can be used by users 

that are different sizes and at different stages of rehabilitation with different stride lengths. 

There were several limitations in this study. Firstly, the sample size is relatively small which 

may impact statistical power. Secondly, all the participants in this study were healthy subjects 

thus they all have an already optimised habitual walking pattern. This would have influenced 

the results as using the trainer forces them to a particular gait pattern that may be disrupting their 

habitual motion [125]. Additionally, the tuning of the PID controller and the FF block will have 

a notable effect on the result but only one set of controller gains were used for this study as 

changing the controller parameters while conducting trials with participants significantly 

increases the time required. The controllers were tuned before the trials but not all parameters 

such as different participant sizes and walking velocities were explored. This could have limited 

the performance of the controller. 

In conclusion, the control system of the linkage mechanism was able to control the position of 

the end-effector and the footplate and successfully guided the users’ foot through a specific 

trajectory to achieve variable stride lengths. The gait kinematics of the participants showed the 

rRLT was able to constrain a limb to a particular gait pattern and also able to change the effective 

stride length of the training by adjusting the linkage speed. 
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Chapter 5 Assessing the effect of walking with a linkage-based gait 

trainer by analysing muscle activation 

5.1  Introduction 
In the US, nearly 800,000 people will have a stroke each year. It is one of the leading causes of 

walking disability in adults [5] and over one-quarter of patients will not have achieved 

independent walking at 12 months [16]. Stroke patients undergo gait rehabilitation to retrain the 

ability to walk. This generally involves moving the limb repeatedly, ideally in a “normal” 

trajectory, to restore appropriate movement patterns. This therapy is time-consuming and labour 

intensive for both patients and therapists [187]. 

In recent years, robotic gait rehabilitation has been introduced to reduce therapists’ workloads 

and provide more intensive therapy than can be delivered manually [25]. Robotic gait training 

combined with physiotherapy has been shown to increase the likelihood of regaining 

independent walking ability after stroke [25, 29], and various non-paretic limb constraint-

induced therapies have shown promise [165, 166]. However, most robotic devices are large and 

expensive due to the design and components they use. It is desirable that as many patients as 

possible can complete early and intensive rehabilitation [15]. To do that, devices need to be both 

effective at assisting gait rehabilitation, but also accessible by being cost-effective. The robotic 

Re-Link Trainer (rRLT) was developed to be a cost-effective device for assisting gait 

rehabilitation in stroke patients, particularly at acute post-stroke stage [143]. The device consists 

of an overground walking frame with an end-effector mechanism that moves the constrained 

foot along a normalised gait path. The mechanism utilises a four-bar linkage to generate the 

desired gait trajectory. 

The rRLT as shown in Figure 5.1 is made of aluminum frames. The basic linkage mechanism 

and the dimensions are the same as previously published studies [141, 143]; however, in this 

iteration the linkage is powered by an electric motor (geared DC motor, max. torque output: 

5Nm) rather than passively powered by the motion of the walker. This is done so that the patient 

does not need to provide power to move the linkage, as patients at acute stage post-stroke may 

not have enough strength to operate the passive device [188]. Furthermore, the speed at which 

the linkage move relative to the walker motion can be adjusted to alter the effective stride length 

of the kinematic constraint it imposes. 

The four-bar linkage mechanism by design can only move the foot at a fixed trajectory, and 

cannot adapt the movements to the activity of the user [31]. This strict position constraint may 

not be suitable for patients who are capable of some of their own voluntary motor control, as 
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this allows them to remain passive and train with less muscle activity [189]. This ‘slacking’ 

effect has been found in some cases of robotic gait rehabilitation, where patients rely on the help 

of the device to move their legs [98]. Moreover, if the trajectories of the mechanism are not 

suited for the user, they could work against the path that the device is trying to impose, and this 

could lead to abnormal muscle activities [95]. To fully assess the effects of an assistive 

rehabilitation device, examining muscle activation is a key measure [190]. Electromyography 

(EMG) can be used to measure the muscle activation while walking in the rRLT. Due to the 

design of the device imposing strict constraints on the foot motion, it is possible that the lower 

limb muscles (e.g. quadriceps femoris or gastrocnemius) may not fully engage when walking 

with the rRLT. Therefore, the aim of this study is to evaluate the effect of using the rRLT on 

lower limb muscle activation in the constrained limb of healthy individuals. The first hypothesis 

is that muscle activation may be reduced when using the rRLT due to the constraints imposed 

by the device. Secondly, that the walking pattern of the users may be different from the design 

as participants are healthy with well-established gait pattern. 

 

Figure 5.1: The robotic Re-Link Trainer (rRLT) mechanism diagram (above) and photo (below) 
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5.2 Methods 
The study procedures have been approved by the university ethics committee, and all 

participants provided written informed consent to take part in the study. The participants were 

healthy adults with no history of lower limb injury within the previous 6-months (N = 5 1F/4M; 

mean ± SD: Height 1.75 ± 0.05 m; Weight 71.2 ± 2.9 kg; BMI 23.2 ± 1.9 kgm2; Age 34.6 ± 3.1 

years). 

5.2.1 Trial Conditions 

Participants walked without the device at a self-selected speed over a 5 m walkway at least five 

times, then walked over the same walkway in the rRLT at least five times for each control 

condition. A period of familiarization with the rRLT was provided for each participant in 

between overground walking trials and rRLT trials. Three different rRLT control conditions 

were assessed: 1) Normal Stride length (Normal), 2) Shorter Stride length (Short) and 3) Longer 

Stride length (Long). For the Short condition the configuration of the controller was changed so 

the speed of the linkage movement is 10% faster, i.e. the effective stride length is 10% shorter. 

The Long configuration had an effective stride length that was 10% longer. 

5.2.2 EMG Analysis 

Wireless EMG Myon AG (Schwarzenberg, Switzerland) with Vicon (Oxford, UK) Nexus 2.6 

sampling at 1000 Hz was used to measure the muscle activation. Pre-gelled, bipolar Ag/AgCl 

electrodes were attached to the skin surface of the constrained limb for the following muscles: 

vastus medialis (VM), tibialis anterior (TA), and the lateral gastrocnemius (LG). These were 

selected as they are generally most affected for stroke patients [191]. Skin sites were prepared 

using abrasive paste and shaved if necessary to lower the skin impedance. Electrodes placement 

followed the recommendations of SENIAM [192]. The EMG signal was high- then low-pass 

filtered with a 4th order Butterworth filter at cut off frequencies of 400 Hz and 20 Hz 

respectively. It was then smoothed by calculating the root-mean-square (RMS) value for each 

100ms sliding window of data. EMG channel data with excessive noise were discarded from the 

final result. The TA EMG from one participant (CTRL3) was removed from further analysis 

due to the high noise in the result. The processed EMG data were separated into complete gait 

cycles (from 0 to 100%) of each muscle from each participant walking with different rRLT 

conditions. The average EMG activation over the gait cycle was calculated by taking the mean 

of all the EMG data for the muscle from the participant walking in the rRLT condition. The 

maximum EMG obtained in the overground walking trial for each subject was used to normalize 

the EMG for each muscle when using the rRLT. The difference in maximum amplitude (%) 

between overground walking and the rRLT was examined, alongside the shift in when the 
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maximum EMG activation occurred between the rRLT and overground walking trial, expressed 

as a percentage of the gait cycle. 

5.2.3 Statistical Analysis 

Data were checked for normality and homogeneity of variance using the Shapiro-Wilk test and 

Levene’s test respectively. The primary hypothesis was examined with a series of two sample 

independent T-test between the EMG from overground walking and each rRLT condition. The 

level of significance was set a priori at P < 0.05. Statistical Package for Social Sciences (SPSS) 

Version 23 (IBM Corporation, Chicago IL) was used for all analyses. Results are reported as 

mean ± SD unless otherwise stated. 

5.3 Results 

5.3.1 EMG over a gait cycle 

Figure 5.2 shows the muscle activation patterns for normal overground walking, and each rRLT 

condition for all muscle groups measured. For all three muscles the activation intensities are 

generally less when using the rRLT than during normal overground walking. Additionally there 

are alterations in the timing of peak muscle activations. During normal overground walking 

there are visually distinct peaks, but the peaks during rRLT trials were less obvious, and possibly 

occurring at different times compared to overground walking. Muscle activation for VM and 

TA during rRLT trials have more variation (larger standard deviation), while LG appears 

consistent for all participants. 
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Figure 5.2: Mean and SD of each muscle activation for all participants over a gait cycle for normal walking, and all 
trial conditions. Muscle measured: vastus medialis (VM), tibialis anterior (TA), and the lateral gastrocnemius (LG). 

 

5.3.2 Maximum EMG activation 

Figure 5.3A shows activation for all three muscles when using the rRLT in normal gait trajectory 

is less than overground walking. On average, the peak activation on VM was 47.9 ± 42.9% (t(4) 

= -2.50, p = 0.067), TA was 50.3 ± 38.5% (t(3) = -2.61, p = 0.080), and LG was 83.1 ± 2.8% 

(t(4) = -29.6, p = 0.000) less than the peak when walking without the device. However, only the 

difference in LG was statistically significant. Figure 5.3B shows the peak muscle activation for 

VM and TA occur 18.2 ± 9.9% (t(4) = 4.09, p = 0.015) and 16.9 ± 31.0% (t(3) = 1.09, p = 0.356) 

later on average respectively compared to overground walking, and 10.4 ± 13.3% (t(4 )= -1.74, 

p = 0.156) earlier in the gait cycle for LG, though the shifts for TA and LG were not statistically 

significant. 
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Figure 5.3: (a) The difference in maximum amplitude (%) between overground walking and the Normal condition 
(left). (b) The shift when the maximum EMG activation occurred between the Normal condition and overground 

walking trial. 

 

When the rRLT changed the gait trajectory to shorter stride length, the activation of all three 

muscles was still less than overground walking, and these differences were all statistically 

significant (p<0.05). Figure 5.4A shows that the maximum activation on VM was 61.0±29.3% 

(t(4)=-4.66, p=0.010), TA was 54.7±28.5% (t(3)=-3.833, p=0.031), and LG was 86.5±8.47% 

(t(4)=-22.8, p=0.000) less than the maximum when walking without the device. Furthermore, 

the peak muscle activation occurs later for VM and TA, and earlier for LG however none of 

these shifts were statistically significant. Figure 5.4B shows the peak muscle activation for VM 

and TA occurring 4.4±23.9% (t(4)=0.409, p=0.704) and 11.2±30.4% (t(3)=0.738, p=0.514) later 

on average respectively compared to when the peak occurs in overground walking, and 

12.4±13.8% (t(4)=-2.005, p=0.115) earlier in the gait cycle for LG. 

(a) (b) 
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Figure 5.4: (a) The difference in maximum amplitude (%) between overground walking and the Short condition. (b) 
The shift in when the maximum EMG activation occurred between the Short condition and overground walking trial. 

 

Muscle activation for all three muscles when using the rRLT in longer gait trajectory was 

significantly less than the activation during overground walking (Figure 5.5A). On average, the 

maximum activation on VM was 64.6±21.2% (t(4)=-6.806, p=0.002), TA was 54.7±25.9% 

(t(3)=-4.221, p=0.024), and LG was 82.2±17.8% (t(4)=-10.316, p=0.000) less than the 

maximum when walking without the device. Additionally, peak muscle activation for VM, TA 

and LG occur on average 3.0±18.1% (t(4)=-0.366, p=0.733), 8.0±18.4% (t(3)=-0.866, p=0.450) 

and 9.0±29.4% (t(4)=-0.686, p=0.531) earlier in the gait cycle compared to when the peak 

occurs in overground walking (Figure 5.5B) however the shift was not statistically significant 

for any muscle. 

(a) (b) 
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Figure 5.5: (a) The difference in maximum amplitude (%) between overground walking and the Long condition. (b) 
The shift in when the maximum EMG activation occurred between the Long condition and overground walking trial, 

expressed as a percentage of the gait cycle. 

 

  

(a) (b) 
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5.3.3 Individual adaptation to the rRLT 

The average EMG activation over the gait cycle during normal walking for each participant is 

shown in Figure 5.6. Each color represents one participant. All five participants demonstrate 

very similar muscle activation patterns for the three muscles during each gait cycle. 

 

Figure 5.6: Average EMG activation over a gait cycle for individual participants during overground walking. 
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Figure 5.7 shows the average EMG activation for each participant when using the rRLT in the 

Normal condition. CTRL3 demonstrates higher VM activation than the other participants, while 

CTRL4 demonstrates higher TA activation compared to the other participants. 

 

Figure 5.7: Average EMG activation over a gait cycle for individual participants when walking in the rRLT with 
Normal condition (normalised to maximum EMG obtained in the overground walking). 
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Figure 5.8 demonstrates again that CTRL3 was using VM more than the other participants, while 

CTRL4 was using TA more than the other participants. However, for the Short condition, 

CTRL1 was using LG more than the other participants. 

 

Figure 5.8:Average EMG activation over a gait cycle for individual participants when walking in the rRLT with Short 
condition (normalised to maximum EMG obtained in the overground walking). 
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Figure 5.9 shows the average EMG activation for each participant when using the rRLT in the 

Long condition. VM and TA show similar activation to other conditions. CTRL3 appears to use 

LG to a greater extent than other participants. 

 

Figure 5.9: Average EMG activation over a gait cycle for individual participants when walking in the rRLT with Long 
condition (normalised to maximum EMG obtained in the overground walking). 

 

5.4 Discussion 
The primary aim of this study was to evaluate the effect of using the rRLT on lower limb muscle 

activation. There were two hypotheses. Firstly, that the muscle activation during walking with 

the rRLT may be reduced due to the constraint imposed by the mechanism, and secondly that 

the walking pattern may differ from design due to the trial participants being healthy with their 

own independent gait. The results support both hypotheses that on average lower limb muscle 

activation when using the rRLT was reduced compared to normal overground walking, and the 

EMG pattern over a gait cycle was also different between using the rRLT and not using the 

rRLT. The difference in the pattern can be observed visually with the mean EMG plot over a 

gait cycle, and the shift in the peak muscle activation between the overground walking and using 

the rRLT  
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During testing the participants wore sandals, and the sole of the left foot was attached to the 

footplate with Velcro strapped around the ankle joint. This method constrained the left ankle in 

a near neutral position, significantly limiting the available range of motion. EMG results show 

the muscle activation was reduced for all three muscles measured, but especially LG which is 

responsible for ankle plantar flexion when using the rRLT. This is expected from the hypothesis 

that the required work for the constrained leg is less when using the rRLT for walking exercise. 

This can be good for stroke patients at acute state who do not have full muscle strength on the 

paretic limb and the device can provide support to perform walking rehabilitation [188]. The 

rRLT is designed for the patients who are at early stage of post-stroke rehabilitation as starting 

rehabilitation early especially with conjunction with robotic devices were more likely to reach 

better result [190]. However, this is not always ideal as this also means the patients may ‘switch 

off’ their muscles when using the device, causing ‘slacking’ [98]. The patients should be as 

active as possible since the level of active participation in gait training has a strong impact on 

the recovery after stroke [153]. Therefore, the use of the current rRLT may not be desirable 

when the patients progress through the rehabilitation and start to regain ambulatory ability. 

The results also show the muscle activation pattern between the normal overground walking and 

walking with the rRLT were different, i.e. the peaks in muscle activation occur different point 

in a gait cycle. The purpose of the linkage is to guide the impaired limb through normal 

trajectory to restore appropriate movement patterns and to avoid the development of chronic 

gait deficits, so ideally the muscle activation pattern when using the device should be similar to 

normal walking pattern [193], and this could be a limitation to this device. However, the results 

had large standard deviations and most of the shifts observed were not statistically significant, 

so a conclusion cannot be drawn from these results alone. The variation was less so for the LG. 

This may be another effect of the constrained ankle to the footplate that the available range of 

ankle motion was very little. The large errors and variations could be the result of small sample 

size. Furthermore, some EMG data with excessive noise was removed from the analysis thus 

only four participants’ data was in the TA analysis. The cause of the noise is unknown but 

possibly due to the sensor placement error. More definitive results could be found with more 

participants and fewer errors. 

Another finding from the results was the difference between individuals when walking with the 

rRLT. The results show there were some participants adopting different walking pattern by 

activating particular muscles significantly more than the other participants. In some cases, the 

amplitude of the muscle activation was higher than when walking without the device. This could 

be due to the participants being healthy with their own well-developed movement patterns. The 
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designed constraint of the rRLT was derived from a single healthy person’s step data, so people 

with different leg lengths or stride lengths may needed more force required for some conditions, 

hence increased muscle activation in some results. However, the severe constraint may work 

better for the intended users, stroke patients who have had their movement patterns disrupted by 

the stroke. Further studies with a wider range of participants, and stroke patients may be required 

to confirm the cause. 

Another interesting observation that was made from the results was that although there were 

three different stride lengths tested with the rRLT conditions, the amplitudes of mean muscle 

activation were similar between all stride lengths. This indicates the device was able to constrain 

the gait to different stride lengths without causing excessively different muscle activation 

compared to the normal designed stride length. Being able to adjust the stride length was an 

important feature of this iteration of the rRLT and the result could support the feasibility of the 

system. However, this result is only qualitative as comparing different rRLT conditions were 

not the focus of chapter. 

In conclusion, to improve gait rehabilitation and the effectiveness of the rRLT, the control 

system for the linkage should be adjusted so it provides enough support while encouraging 

voluntary muscle activation in the correct gait pattern. To achieve this, addition of sensors as 

feedback to the system could be installed so the system can sense the force applied by the device 

and dynamically adjust the supporting force supplied by the system. Additionally, more trials 

with participants should be conducted to collect more data to improve the control system and 

evaluate the effectiveness. 
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Chapter 6 Evaluating an overground robot gait trainer with 

variable spatiotemporal gait parameters 

6.1 Introduction 
There are many neurological disorders which affect walking ability. One of the most common 

among adults is stroke, and in the US alone there are 800,000 new cases each year [5]. One of 

the most common impairments following stroke is hemiparesis, weakness on one side of the 

body, impacting gait performance [10]. Post-stroke patients undergo gait rehabilitation to restore 

walking ability. Conventional post-stroke rehabilitation is based on repeated practice of 

functional tasks (e.g. walking) often with support and manual guidance by physiotherapists [17]. 

The rehabilitation process can be time-consuming and labour intensive for therapists and 

patients alike [177]. Robotic gait rehabilitation is being introduced and gaining traction to reduce 

therapists’ workload, and provide a more repeatable higher dose of rehabilitation exercise than 

conventional methods [25]. 

The Pro-GaiT was developed by the authors and is a robotic overground gait trainer based on a 

nonanthropomorphic linkage design and walking frame [127]. The device uses an end-effector 

to guide the motion on a foot during overground walking. The end-effector consists of a two-

degree-of-freedom (two electrically powered actuators) 5 bar linkage mechanism and considers 

the human as part of the kinematic chain. This design inherently handles human-robot 

misalignment and simplifies clinical application compared to many exoskeleton type devices. 

The design of the linkage mechanism and torque/force outputs are optimised for multiple criteria 

including the desired clinical specification, workspace and physical size of the robot [127]. 

In this study, we present an iteration of Pro-GaiT with the ability to constrain an adult user’s 

gait kinematics as well as spatiotemporal parameters (stride length and walking speed). The 

ability to change the spatiotemporal parameters allows more users with different stride length 

and walking speed to use this device for their gait rehabilitation as the spatiotemporal parameters 

of gait vary significantly between individuals, the severity of stroke, the progress of 

rehabilitation. This study aimed to evaluate the viability of a linkage-based overground gait 

trainer used for patients with different stride lengths, walking speeds and cadences by analysing 

the gait parameters and interaction forces between the users and the device. The main hypothesis 

is that the device can constrain the user’s foot to a particular gait trajectory with specific 

spatiotemporal gait parameters while walking overground in the Pro-GaiT. 
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6.2 Gait trainer 

6.2.1 Mechanical design 

Figure 6.1 shows the picture of the prototype device. The linkage on the prototype device 

consists of mild steel members actuated by two Maxon motor units (Maxon EC60, brushless 

DC motors, with 51:1 reduction gearbox). A steel footplate attached at the end-effector is the 

only interaction point between the robot and the user’s lower limb. A two-axis load cell (Futek 

MBA-400, 200lb Bi-Axial Load Arm) is attached between the end-effector and the footplate to 

measure interaction forces between the device and the user. The sensor is mounted in an 

orientation that enables measurement of forces in the sagittal plane. The overall weight of the 

Pro-GaiT is 30kg, therefore motorised assistance is essential for usability in a gait rehabilitation 

setting. Two motorised wheels (units intended for electric wheelchairs, 180W each with 8” 

wheels, Golden Motor Technology, Changzhou, Jiangsu, China) were installed on the Pro-GaiT 

to assist in generating forward motion. All sensors and motor controllers are connected to the 

main controller (myRIO, National Instruments, USA). The configuration of the components and 

the software design for the main controller are described in the following sections. 

  

Figure 6.1: Picture of the PRO-Gait prototype and each component. 

 

6.2.2 Electronics and software design 

Figure 6.2 shows the control system design and the flow of the control signals between the 

components. The main controller, National Instruments myRIO has a real-time processor and 

FPGA units, and both are used for this application. The main real-time controller is configured 

to run at 200Hz and the FPGA runs at 4MHz. All programming was done in LabVIEW (National 

Instruments, Texas, United States). myRIO is connected to a PC wirelessly for programming 

and providing the user interface. 
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The motor driver for the Maxon motors (ESCON 70/10, maxon motor) is configured to the 

speed control mode. In this configuration, the input signal from the main controller in the form 

of the duty cycle of PWM signals commands the desired speed of the motors. The Maxon Motor 

Driver have PI speed controllers with a sampling rate of 5.36kHz, and the gains of these 

controllers are not configurable. 

The input to the motorised Wheel Driver is the desired speed represented in an analog voltage. 

The Wheel Controller calculates and generates the voltage based on the desired walking speed. 

 

Figure 6.2: The schematic of the control system showing the information flow between the input, controller and the 
device. 

 

6.2.3 Control system design 

For this study, the kinematics of the end-effector were the control signals. The inputs to the 

system are a desired stride length (𝑆𝑆𝐿𝐿) and a desired walking speed (𝑊𝑊𝑆𝑆) . The Trajectory 

Generator calculates the desired end-effector position,(𝑥𝑥, 𝑦𝑦) at the given time, (𝑡𝑡) based on 

desired 𝑆𝑆𝐿𝐿,𝑊𝑊𝑆𝑆 and the normative lower limb joint angles [174]. Figure 6.3 shows the ankle 

position relative to the hip joint with the normative gait pattern used (left) and an output example 

of the desired over-ground end-effector position relative to the world coordinate system (right). 

A converter function in the Motor Controller calculates the desired angular positions, 𝜃𝜃𝐴𝐴, 𝜃𝜃𝐸𝐸 and 

angular velocities �̇�𝜃𝐴𝐴, �̇�𝜃𝐸𝐸  using the inverse linkage kinematics [127]. Two PI controllers (one for 

each motor) which take the error between the desired 𝜃𝜃𝐴𝐴, 𝜃𝜃𝐸𝐸  and the actual 𝜃𝜃𝐴𝐴,𝜃𝜃𝐸𝐸  were used to 

minimise position errors caused by disturbances or user inputs. The gains of PI controllers were 

tuned experimentally. The Maxon Motor Driver uses the duty-cycle of a PWM signal as the 

desired speed of a connected motor. 10% duty-cycle corresponds to 0RPM and 90% duty-cycle 

corresponds to the maximum speed (78.4RPM in this case). A function in the Motor Controller 
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converted the desired speeds of the motors to the corresponding %duty-cycles and created the 

PWM signals. 

 

Figure 6.3: Ankle position relative to the hip joint with the normative gait pattern (left), ankle path for 1.0m SL & 
0.152m/s WS (right), both trajectories are on the sagittal plane looking from the right side. The trajectories start at the 

point indicated by the ‘x’. 

 

6.3 Methods 

6.3.1 Experimental procedures 

All study procedures were approved by the university ethics committee. For this study, 11 

healthy adults were recruited from the University of Auckland population (9M/2F; mean±SD: 

Height 172.5±7.2cm; Weight 70.9±13.6kg; BMI 23.6±2.9kg.m²; Age 27.1±4.5years), and all 

provided written informed consent. Participants wore their own shoe on their right foot and a 

custom-made sandal on the left foot to integrate with the device. A sandal was not used for the 

unconstrained foot because padding was added to the sole of the footplate for user comfort, and 

the sole of the original sandal was too thin to have matched height for walking. The sandal has 

Velcro on the sole which allows easy attachment to the footplate. One additional Velcro strip 

was wrapped around the foot and the footplate to further secure the contact between the foot and 

the footplate. 

The trials with the Pro-GaiT involved walking 10m with the device constraining the trajectory 

of the left foot and the overall walking speed. Participants were asked to complete the 10m walk 

three times for each condition. The proceeding order of each condition was randomised for each 

trial to minimise the effect of learning when using the device. Before recording the walking 

trials, all participants were provided with a period of familiarisation which involved walking in 

the Pro-GaiT over the 10m walkway twice. 
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6.3.2 Trial conditions 

Combinations of three different stride lengths (0.6, 0.8, 1.0m) and three different walking speeds 

(0.152, 0.190, 0.228m/s) were used for the trials. These speeds were selected as 0.19m/s was 

the average speed at which participants walked in a previous study with a linkage-based gait 

trainer system [194]. The two additional speeds are ±10% from the baseline speed of 0.19m/s. 

There are nine different combination of stride lengths and walking speeds, however the shortest 

stride with fastest walking speed was not used as the resulting speed of the linkage movement 

was too great for the motor drivers. A stride length was defined as the distance between a heel 

strike to the next heel strike or toe off to the next toe off of the same limb, so an increase in a 

stride length while maintaining the same walking speed results in a lower cadence. Conversely, 

cadence will increase if the walking speed increases while the stride length remained the same. 

Table 6.1 shows the combinations of stride lengths and walking speeds and resulting cadence. 

Table 6.1: List of the trial conditions with their stride lengths, walking speeds and cadences 

Condition No. Stride Length (m) Walking Speed (m/s) Cadence (steps/min) 

1 1.0 0.152 18.2 

2 0.8 0.152 22.6 

3 1.0 0.190 22.6 

4 1.0 0.228 27.3 

5 0.8 0.190 28.6 

6 0.6 0.152 30.8 

7 0.8 0.228 34.3 

8 0.6 0.190 37.5 

 

6.3.3 Data processing 

All control parameters and the sensor readings were recorded at 200Hz in the main controller 

on myRIO. All the data were imported into Matlab (Matlab 2018a, Mathworks) for further 

analysis. The data were segmented into gait cycles, then each gait cycle was linearly interpolated 

into 101 data points to normalise from 0% to 100% of each stride, 0% corresponds to the 

approximate timing of heel strike. 
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6.3.3.1 Control system performance 

The control system performance was evaluated by analysing the footplate position errors on 

each 101 data points throughout the gait cycle. The errors are the Euclidean distance between 

the desired end-effector position and the actual position in the 2D sagittal plane. The mean and 

the SD of the errors were calculated for each data point. The average RMSE were calculated 

using the mean for each condition. To compare the device performance between different 

participants, the average RMSE of all the conditions were calculated for each participant. 

6.3.3.2 Force measurements 

The load cell provided the measurement of the interactive forces between the footplate and the 

linkage in the sagittal plane. The magnitude of the force is the resultant of the forces measured 

in two axes (anterior/posterior and superior/inferior). The force measurement is processed as 

described for the position error, and the mean and SD force for each data point is calculated. 

The average RMS forces were then calculated using the mean for each condition. 

6.3.4 Statistical analysis 

One-way ANOVA was used to compare and examine the means of different conditions and 

different participants. Prior to the primary analysis, the Shapiro-Wilk test and Levene’s test were 

used to assess for normality and homogeneity of variance. Turkey post hoc tests were conducted 

when there was a significant between-group difference identified by the ANOVA. The level of 

significance was set to P<0.05. All analyses were done on Statistical Package for Social Sciences 

(SPSS) Version 25 (IBM Corporation, Chicago IL). Results are represented as mean±SD unless 

otherwise stated. 

6.4 Results 

6.4.1 Control system performance 

The footplate position errors between the desired and actual position were used to evaluate the 

control system performance to constrain walking motion. Figure 6.4 shows the average footplate 

position errors throughout a gait cycle for each participant. The patterns (position of the peaks, 

the size of SD at given % gait cycle, etc.) are visually very similar across all the participants. In 

general, the errors have two peaks throughout a cycle. The maximum error is at approximately 

15% into the gait cycle which is the start of the stance phase. The error is the smallest at the end 

of stance and the start of the swing phase. There is a further increase in error in the mid-swing 

phase. Participant 4 and 9 appeared to have slightly different timings for the second peak of the 

error. 
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Figure 6.4: The mean and SD of the footplate position errors between the desired and the actual throughout a gait 
cycle (0% at the heel strike) for each participant 
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Figure 6.5 shows the RMS position errors of the footplate for each participant. Visually, 

Participant 4 and 9 had noticeably higher errors overall but the differences were not statistically 

significant (𝐹𝐹10,87 = 0.621,𝑃𝑃 = 0.792). 

 

Figure 6.5: The RMS footplate position errors for each participant 
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Figure 6.6 shows the comparison of the mean and SD footplate position errors for all participants 

throughout a gait cycle for different walking conditions. Three rows are the different walking 

speeds and the three columns are the different stride lengths. The maximum error, particularly 

at a higher cadence (shorter SL and faster WS), occurred at the start of stance phase and 

decreased to the end of stance to the beginning of swing although the error variance is relatively 

high during this phase indicating inconsistency in the toe-off timing. However, in general, the 

SD is low showing the errors were consistent across different conditions. 

 

Figure 6.6: The mean and SD of footplate position errors between the desired and actual throughout a gait cycle (0% 
at heel strike) for each trial condition; Stride Length (SL) 0.6, 0.8, 1.0m; Walking Speed (WS) 0.152, 0.190, 0.228m/s 
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Figure 6.7 shows the comparison of RMS footplate position errors between the desired and 

actual position between different stride lengths, walking speeds and cadences, and for all 

comparisons, the differences were statistically significant. The error increases as the walking 

speed increases (𝐹𝐹2,87 = 6.289,𝑃𝑃 = 0.003) or stride length decreases (𝐹𝐹2,87 = 43.994,𝑃𝑃 <

0.001) or cadence increases (𝐹𝐹6,87 = 118.222,𝑃𝑃 < 0.001). For the errors at the different stride 

lengths, compared to walking at a 0.8m stride, the error was 0.34m less at longer 1.0m 

stride(𝑃𝑃 < 0.001), and 0.22m more at shorter 0.6m stride (𝑃𝑃 < 0.001). When the walking 

speeds were changed from slow (0.152m/s) to the baseline speed (0.190m/s), the error has 

increased by 0.02m (𝑃𝑃 = 0.006) and when increased to a faster speed (0.228m/s) the error also 

increased by 0.02m (𝑃𝑃 = 0.016). 

 

Figure 6.7: The RMS footplate position errors between the desired and actual, compared between different stride 
lengths, walking speeds, and cadences. 
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6.4.2 Interactive force between the robot and the user 

Figure 6.8 shows the mean and SD of the interaction force between the footplate and the robot 

throughout a gait cycle for each participant. 

 

Figure 6.8 The mean and SD of the interaction force between the footplate and the end-effector throughout a gait cycle 
for each participant. 
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Figure 6.9 shows the RMS interaction forces for each participant. The average across all 

participants was 106.6±21.8N. There were statistically significant differences between some 

participants (𝐹𝐹10,87 = 10.015,𝑃𝑃 < 0.001). Participant 2 had statistically higher interaction 

force than everyone else (𝑃𝑃 ≤ 0.007). The largest difference was between the participant 1 and 

2 and the latter has 61.1N more force than former on average in the trials (𝑃𝑃 < 0.001). 

 

Figure 6.9: The RMS interaction forces between the footplate and the end-effector for each participant 
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Figure 6.10 shows the comparison of the mean and SD interaction force between the robot and 

the footplate throughout a gait cycle for different walking conditions. Three rows are the 

different walking speeds and the three columns are the different stride lengths. Visually, there 

seem to be some similarities in the pattern across the same stride length, indicating that 

participants may change strategy depending on different stride length constraints.  

 

Figure 6.10: The mean and SD of the interaction force between the footplate and the end-effector throughout a gait 
cycle for each trial condition; Stride Length (SL) 0.6, 0.8, 1.0m; Walking Speed (WS) 0.152, 0.190, 0.228m/s 
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Figure 6.11 shows the comparison of RMS interaction forces between the footplate and the robot 

for different stride lengths, walking speeds and cadences. The RMS force increased as the 

walking speed increased (𝐹𝐹2,87 = 4.958,𝑃𝑃 = 0.009). On average, 18.1±5.7N greater force 

exerted to the robot by the users when they were walking at 1.0m stride than when walking at 

0.6m stride (𝑃𝑃 = 0.006). There were no statistically significant changes observed when the 

stride length increased, or cadence increased (𝑃𝑃 > 0.05). 

 

Figure 6.11: The RMS interaction force between the footplate and the end-effector, compared between different stride 
lengths, walking speeds, and cadences. 

 

6.5 Discussion 
The aim of this study was to investigate whether a linkage-based overground gait trainer can 

constrain a user’s limb to desired gait trajectories including specific stride lengths, walking 

speeds and cadences when walking in the device. The hypothesis was that the device can 

constrain the limb to a gait trajectory with specific spatiotemporal parameters. The results from 

this study show Pro-GaiT was able to constrain the user’s foot very close to the desired gait 

pattern for conditions with a lower cadence. The RMS footplate position errors were less than 

0.05m for all the conditions with less than 30.7 steps/min. The RMS errors increased as the 
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cadence increased (increase in the walking speed, a decrease in the stride length, or both). A 

possible cause of the increase in the error is the limitation of the PI speed controller inside the 

Maxon motor drivers. As the desired cadence increases, the required rate of change of motor 

velocity increases. The command is sent to the drivers by the PWM signals from the main 

controller but the responses of the motors are controlled solely by the Maxon motor drivers and 

the controllers within the drivers were not tuneable by the user. Another possibility is that the 

user changes strategy at different cadences, essentially changing the system dynamics depending 

on cadence. This might be supported by the interaction force results. 

In addition, the results showed there was no significant difference in the intensity of the average 

interaction force between different trial conditions, indicating for the range of stride length and 

walking speeds tested, i.e. on average the robot did not need to supply extra force to constrain 

the foot path for different walking patterns. However, when comparing the interaction force 

pattern throughout a gait cycle between participants, some participants had very similar patterns 

to one another, and some people had unique patterns. This is a possible indication of some 

people adopting different walking strategies for walking with Pro-GaiT. The result for the 

footplate position error throughout a gait cycle also shows the adaptation of different walking 

strategies between participants, the error result shows two different walking patterns and 

participant 4 and 9 adopted one pattern and the rest of the participants adopted another pattern. 

Another interesting result from the force measurement is that one participant had significantly 

higher interaction forces, yet this was not correlated with higher position errors. With further 

data collection with human users, the ideal correct walking pattern with the device could be 

identified with the force measurement, and it can potentially be used to detect whether the user 

is walking correctly or not, along with the kinematics measurements. 

The ability to dynamically change the constrained spatiotemporal parameters of gait pattern is 

an advantage over other overground trainers like Re-Link Trainer [142]. The walking speed is 

a key measure of ambulation quality and the progress of gait rehabilitation [195, 196]. 

Depending on their limb lengths, the severity of the stroke, the stage of rehabilitation and the 

rehabilitation method, the walking speed for a gait rehabilitation varies significantly [197]. On 

the other hand, temporal gait symmetry is another key factor that affects walking performance 

and asymmetric gait associated with some negative consequences such as inefficient gait [183, 

198]. As such, it is desirable to train to a symmetric walking pattern and increase the walking 

speed as rehabilitation progresses. The stride length, walking speed and cadence of the 

constraints can be adjusted quickly and easily with Pro-GaiT with the current controller 

automatically generating the appropriate gait pattern in real-time based on the desired gait 
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parameters. For this reason, Pro-GaiT shows strong promise for application in gait rehabilitation 

for a wide variety of patients. 

Currently, the device can detect the spatiotemporal parameters of the constraint limb but not the 

unconstrained limb. An experienced physiotherapist could supervise and evaluate the walking 

exercise and recommend the desired settings for Pro-GaiT. However, for an accurate assessment 

of gait symmetry and walking speed, and the ease of use, the next iteration of Pro-GaiT should 

include and integrate additional sensors. For example, some inertial measurement unit (IMU) 

can measure the angle and position of each leg joint. 

The walking speeds capable by the device to constrain the user is between 0.14 and 0.46 m/s 

with the current configuration. The range covers the speeds considered to be a safe indoor 

ambulation speed (0.16 - 0.42 m/s) but far slower than unrestricted walking speeds in the 

community, 0.80 - 1.20 m/s [197]. In this study, the maximum walking speed tested was only 

0.228 m/s. This is because the linkage position errors increased significantly above 30 steps/min 

and the speed was determined to be the safe limit as the walking speed is closely related to the 

cadence. 

In conclusion, the linkage-based overground gait trainer was able to constrain a limb of the user 

to a specific gait trajectory with a particular stride length, walking speed and cadence during the 

trial with human participants. The device was able to vary the constraint stride length between 

0.6 and 1.0 m and walking speed between 0.152 and 0.228 m/s successfully with minimum 

position errors. 

 



95 
 

Chapter 7 Discussion and Conclusions 

7.1 Summary of Findings 

7.1.1 Feasibility of the Linkage-based Mechanisms 

The results from the studies in Chapter 4 and 6 suggest it is feasible for linkage-based 

mechanisms (both four-bar and five-bar linkage) to generate a gait trajectory for overground 

walking rehabilitation devices. The four-bar linkage mechanisms were able to generate a 

specific single gait trajectory and the five-bar linkage was able to generate a variable gait 

trajectory within a specified workspace. The accuracy of the actual end-effector trajectory when 

using the devices compared to the designed end-effector path was validated using a motion 

capture system or device telemetries (where available) during overground walking trials for each 

of the devices. The results of the studies confirmed that the errors between the desired and the 

actual positions of the end-effectors were minimal for all devices. 

7.1.2 Variable Spatiotemporal Gait Parameters 

It was possible to vary spatiotemporal parameters such as stride length, walking speed, and 

cadence of the constrained limb for only some of the devices developed within this thesis, 

without increasing the complexity of the design significantly. rRLT was a modified version of 

LGT and RLT. Results from Chapters 4 demonstrate that despite having the same four-bar 

linkage mechanism and fixed end-effector path, the effective stride length and cadence could be 

changed by altering the speed of the linkage movement relative to the overground walking speed. 

Three different stride length settings were explored for the rRLT (same as RLT and ±10% of 

RLT) with a small cohort of healthy participants. Motion capture data confirmed that the stride 

lengths of the participants’ constrained limb were successfully constrained to the desired length. 

While the physical dimensions of rRLT increased by 49% in volume from the LGT and RLT, 

every component of the rRLT system was attached to a walking frame and remained portable as 

a walker.  

PRO-GaiT was the next iteration of the linkage-based overground gait rehabilitation device, and 

the linkage mechanism can generate a gait trajectory with variable spatiotemporal parameters in 

addition to a variable end-effector path. Eight different spatiotemporal parameter settings on the 

PRO-GaiT were explored in healthy participants. Device telemetry demonstrated that the stride 

length, walking speed, and cadence of the participants changed to the desired sizes with minimal 

errors between the desired and actual values for the spatiotemporal parameters. 

Variable stride length on the constrained limb means that the device can accommodate users of 

different sizes, and if the patient has asymmetric gait, the constrained trajectory can be adjusted 
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so that the patient can train for symmetric gait pattern. One of the limitation the original RLT 

was that it was creating asymmetries [141]. It is beneficial to acquire symmetric walking pattern 

from a rehabilitation therapy as gait symmetry is a key factor affecting walking performance 

[183], and asymmetric gait is associated with negative consequences such as falls risk, poor 

community participation, and inefficient gait [199]. Likewise, walking speed is one of the key 

measures of ambulation quality [195] and the progress of gait rehabilitation [196]. User’s limb 

lengths, the severity of the stroke and the stage of rehabilitation all affect the walking speed 

during gait rehabilitation [197]. The changes needed on the mechanism to incorporate the ability 

to vary spatiotemporal parameters were small, but the benefit being able to do so is significant. 

7.1.3 Change in User’s Gait Kinematics 

When walking with these devices the gait kinematics of users were different from their normal 

walking patterns. Motion capture data from LGT and rRLT studies (Chapter 3 and 4) show the 

gait kinematics in terms of the hip, knee, and ankle trajectories were different to when 

participants walked naturally without the devices. In Chapter 5, EMG signals from three leg 

muscle groups were collected to analyse muscle activation patterns when using the rRLT. The 

EMG result shows the muscle activation pattern between walking with the device and without 

the device were significantly different, also indicating walking with the device alters the user’s 

walking pattern. One possible reason for the difference is that the designed gait trajectory was 

modelled on a normative gait pattern obtained from a single individual [194] and scaled to more 

closely replicate the stride length of stroke patients [141, 143]. All the participants are healthy 

individuals with their own developed walking pattern. Therefore, using the devices may disrupt 

their already optimised walking patterns, and manifest as differences in gait kinematics and 

muscle activity when using the devices. Another possible reason is that the design of the walkers 

may have forced the users to walk in a different posture to their natural walking posture. Visually, 

when participants were walking with LGT they tended to walk in a slightly slouched shape due 

to the height of the frame, and that would have affected the obtained hip angles due to how the 

motion capture data is processed. 

7.1.4 Individual Adaptation to the Devices 

Not all users adopted the same walking pattern even when the device applied the identical 

constrained gait pattern to the users’ constrained limb. The EMG data when using the rRLT 

users had very different muscle activation patterns to each other, suggesting they were adopting 

their own walking patterns within the limits of the constraint. When using the PRO-GaiT, the 

interacting forces between the user and the end-effector showed differences in the pattern 

throughout a gait cycle between some participants. One possible reason for the different 
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adaptation is that all participants were healthy with their own well-developed movement patterns, 

but were constrained to the same gait pattern disregarding their leg lengths or natural walking 

patterns, therefore, some participants required different muscle activation or showed dissimilar 

interaction force patterns when walking with the devices. However, this strict constraint may 

work better for stroke patients who have had their movement patterns disrupted by a stroke and 

want to enforce and relearn a correct walking pattern. 

7.2 Limitations 
The limitations to the design of the devices and the studies contained within this thesis are 

outlined below. 

7.2.1 Hardware Limitations 

Firstly, all the devices in this thesis can only control the movement of the constrained limb in 

the sagittal plane. Abduction and adduction movement of the hip is important for a natural 

walking motion [113]. The current design of the devices does not constrain the position of the 

pelvis in space, allowing the hip to move in the frontal plane. However, as the pelvic movement 

is not constrained by the device, a user’s resultant gait kinematics may differ to the desired 

motion due to deviation of the pelvis away from the normative motion that the device assumes. 

Currently the devices do not have a BWS system thus users must be able to balance themselves 

with the support of the walking frame, therefore the devices are not yet suitable for the patients 

who are severely affected by a stroke and (e.g. inability to stand and walk with a walker). A 

further hardware limitation is that all devices developed in this research do not have any sensors 

to monitor the motion of the unconstrained limb. To analyse gait kinematics and gait symmetry, 

the studies utilised a motion capture system to determine joint angle trajectories and 

spatiotemporal parameters while using the devices. This currently limits the analysis of the 

devices to research laboratory situations that do not accurately replicate real-world use-case 

scenarios. 

The design of the footplate is a potential limitation. For all devices the user will wear a modified 

sandal with Velcro on the sole. The user stands onto the foot plate, and is secured with the Velcro 

attachment to the end-effector, and as a result the movement of the ankle is slightly restricted. 

Studies with the rRLT demonstrate this ankle range of motion restriction, where ankle 

dorsiflexion and plantarflexion are less than the modelled normative gait pattern. Completely 

free movement of the ankle is not always desired for therapy with stroke patients as there is the 

potential for a foot-drop, a common issue with stroke patients [155, 200]. This could be 

prevented by adding a DOF and a passive spring between the foot plate and the linkage. For the 

devices with four-bar linkages (LGT, RLT and rRLT), when the constrained limb gait trajectory 
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needs to be adapted to accommodate users with different leg lengths the linkage geometry must 

be changed. The process of redesigning the linkage and replacing the parts on the device is not 

simple or time efficient yet. Additionally, the tuning of the PID controllers will have a notable 

effect on the result. Only one set of controller gains were used in this thesis, as changing the 

controller parameters while working with participants significantly increased the time required. 

The controllers were tuned before the study, but not all parameters (e.g. different participant 

size and walking speed) were explored. The limited time of tuning the controller could have 

limited the performance of the controller. 

7.2.2 Operation Limitations 

All the devices need adequate space to be used appropriately, and the floor needs to be relatively 

flat to prevent the linkage from hitting or hovering over the ground; however, these types of 

space are typically available in clinics and hospitals. The participants using any of the devices 

in this research would also need assistance turning around when they reach the end of a walkway 

as the paretic limb of the user is strapped to the end-effector and the linkage mechanism is not 

designed to generate the foot movement for turning a walking frame. Wheel slip could also 

disrupt the timing of the linkage with the users’ gait cycle. This was true for all the devices in 

this thesis, even the devices with motor powered linkages as the controllers use the wheel 

rotation to measure the overground walking speed and actuate the linkage accordingly. When 

using the device with clinical populations, supervision by a physiotherapist would be needed to 

ensure the safety of the patient and maintain the effectiveness by monitoring the progress. Hence 

they are not yet suitable as an in-home device. 

7.2.3 Experiment Limitations 

All the studies within this thesis were preliminary device assessments using healthy participants; 

thus they all had an already optimised habitual walking pattern. This would have influenced the 

results as using the trainer forces them to a particular gait pattern that may be disrupting their 

habitual motion [141, 201]. To analyse the effect of the devices to the targeted audience, trials 

with stroke patients are needed. The results from the trial with rRLT showed that the participants 

had asymmetric walking patterns, but the gait kinematics data could not be obtained real-time 

so the stride length of the constrained leg was not changed at the time to correct it. The trial with 

PRO-GaiT did not use a motion capture system to analyse the full gait kinematics of the users 

so their gait symmetry might not have been optimal. In general, the sample size of the trials was 

relatively small, and the participants were recruited from the university population which may 

impact statistical power and biases. The limitations specific to each study are listed in the 

associated chapter. 
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7.3 Contributions 
The goal of this research was to prove the feasibility of gait rehabilitation devices that are simple 

and low cost yet effective for assisting rehabilitation exercises for a stroke patient. There were 

three key scientific contributions made in this research and they are summarised as follows: 

1. To the authors’ knowledge, the first overground gait rehabilitation device with an end-

effector mechanism (LGT) was developed, and the feasibility was tested with a 

prototype device and a healthy participant. The end-effector consisted of a four-bar 

linkage mechanism, and a method to optimise the linkage parameters for the desired gait 

pattern for an overground walking rehabilitation device was established in the first study 

with the LGT (Chapter 3). The design method was validated using a prototype developed 

using the process, and a trial with the device confirmed that the four-bar linkage 

mechanism generates one desired gait trajectory while a user walks using the device. 

2. A new design of an overground gait rehabilitation device with a four-bar linkage 

mechanism that can vary the stride length of the constraint gait trajectory (rRLT) was 

developed. The ability to alter the stride length was tested with a prototype of the device 

and a trial with healthy human participants. The trial confirmed that the new design of 

the rehabilitation device could change the stride length of the constraint gait trajectory 

apply to the user. The new design has successfully achieved the function without 

significantly increasing the complexity and remained compact and portable. 

3. A new overground gait rehabilitation device with a five-bar linkage mechanism that can 

generate variable gait trajectory and spatiotemporal gait parameters (PRO-GaiT) was 

developed. The performance of the device was evaluated in a trial with healthy human 

participants, and the ability was confirmed with the constraint gait trajectories with eight 

different combinations of spatiotemporal gait parameters. The result showed the PRO-

GaiT has successfully constrained the users’ gait to the desired gait trajectories during 

overground walking trial. 

7.4 Conclusions 
The research in this thesis aimed to develop a robotic gait rehabilitation device that is easy to 

use and compact, yet effective in assisting patients in walking rehabilitation after stroke. The 

primary goal was accomplished through achievement of three objectives. 

• To identify the mechanism and design of a device that meets the requirements of the 

primary goal has been achieved through the literature review in Chapter 3. Overground 
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gait rehabilitation device incorporating a linkage-based end-effector mechanism was 

identified that meets all the requirements. 

• Three devices, LGT, rRLT and PRO-GaiT that are based on the design concept were 

successfully developed and the engineering requirements were verified through 

experiments in Chapter 4, 5 and 7. 

• The device performance and the effects on the users were successfully evaluated for all 

devices through human trials in Chapter 4 – 7. The results from these trials showed the 

effectiveness of the device at constraining the users’ gait during walking exercises, and 

the effects on users’ gait kinematics and the muscle activation patterns. 

Devices developed in this research and the key factors are summarised in Table 7.1. There was 

an increase in the complexity of the devices in this research as it progressed. The devices 

developed in this research are still relatively simple compared to commercially available devices, 

yet have the equivalent abilities to control and constrain gait pattern to a desired trajectory and 

vary spatiotemporal parameters of gait, all while keeping it very compact and fit on a portable 

walking frame. 

Table 7.1: Summary of gait rehabilitation devices developed in this PhD research 

Name Linkage 

design Gait 

Trainer (LGT) 

Re-Link 

Trainer (RLT) 

Robotic RLT 

(rRLT)/ Powered 

LGT 

PRO-GaiT 

Type (Stationary/ 

Overground) 

Overground Overground Overground Overground 

DOF (Total Actuated) 0 0 1 2 

Gait trajectory (path) Fixed Fixed Fixed Variable 

Variable 

Spatiotemporal 

parameters 

None None WS, SL, CA WS, SL, CA 

Size (cm) (L x W x H) 97 x 70 x 97 97 x 70 x 97 115 x 95 x 90 95 x 102 x 95 

Size (% 3D volume of 

Lokomat [12.8 𝒎𝒎𝟑𝟑]) 

5.1 5.1 7.7 7.2 

WS – Walking speed; SL – Stride length; CA - Cadence 
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7.5 Future Work 
Currently the gait rehabilitation devices in this research do not monitor the gait kinematics of 

the unconstrained limb and rely on external monitoring such as motion capture or observation 

by a physiotherapist to analyse gait symmetry. The results from this research showed the users’ 

gait symmetry is affected by using the device, and an integration of sensors to the device to 

monitor the kinematics would enable the controller to adjust the constraint kinematics or the 

spatiotemporal parameters in real-time and train for symmetric gait. 

PRO-GaiT currently only constrains the user’s limb to the desired gait trajectory with simple 

position control. An integrated force sensor on the footplate could be used to improve the control 

system to incorporate a more advanced control system like impedance control or assist-as-

needed control scheme. Those control systems could increase the user participation of the 

training by applying less force while the patients are on the correct trajectory and more support 

when they deviate away, thus encouraging the correct motion, improving the rehabilitation 

outcome. 

Other improvements that could be made on the software is creating a more user-friendly 

interface and control system. Currently, some of the parameters such as the controller gains for 

both the end-effector and the motorised wheels need to be manually entered into the system, and 

a test needs to be performed to confirm the device moves as intended (e.g. correct end-effector 

trajectory, no interference between the walking frame and the end-effector) before anyone uses 

the device. Ideally, the therapist could enter user measurements (e.g. height, weight, and limb 

length) and the desired walking speed, leaving the system to determine the optimal gait pattern 

for rehabilitation exercises. Further analysis needs to be performed to identify all possible values 

for the parameters (e.g. maximum and minimum walking speed, stride lengths, leg length) and 

automate all of the necessary calculations and adjustments to configure the controller 

appropriately. 

Furthermore, reliability and safety of the system are key factors for medical devices. The 

mechanism of the first linkage-based device, RLT is not powered by any actuators but by the 

motion of the user, so the system inherently prevents the mechanism from hurting the user, as 

the user would naturally stop moving if it causes discomfort. However, PRO-GaiT, on the other 

hand, requires active monitoring of the mechanism by both the device and the therapists to 

prevent the device from hurting the user in case of unexpected behaviour. An analysis into the 

safety of these devices is required, along with the necessary risk mitigation actions which should 

be subsequently implemented. This include improvements to the controller to enhance the 
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robustness, hardware limits are needed preventing movement of the end-effector beyond the 

safe range of movement for the patient. 

Finally, the adaptation of the gait trainer for different user needs to be further assessed. The 

results from this research suggests there is inter-individual variation in the adopted walking 

patterns when using these devices. The possible reasons for this effect are discussed in the 

relevant chapters and the summary of findings. This thesis only used health participants, while 

the devices are intended for use in rehabilitation of stroke patients. Prior to extending these 

devices to clinical practice situations, feasibility studies are needed with stroke patients as they 

may have a different response to the devices than healthy users. 
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