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Gait, a method of locomotion, is a process that an animal moves itself 

from one position to another. The human gait serves an individual’s basic need 

to move from place to place. As such, the gait is the most common in all 

human movements. It also can provide independence and in the many 

activities of daily life. The importance of gait as an ability of humans has been 

emphasized for a long time by many researchers.  

The rapid-onset gait disorder represents the combined effects of more 

than one coexisting condition. Therefore, many kinds of gait training methods 

have been applied to recover or improve the walking abilities of patients with 

gait disorders. However, various conventional gait training methods have some 

limitations due to the inappropriateness and the ineffectiveness in the 

rehabilitation training.  
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In this dissertation, a new hybrid robotic gait training system (HRGT) 

with an adaptive training program for the patients with a gait disorder was 

developed. Predefined joint motions of hip and knee were applied using 

robotic driving parts including AC servo motors and linear actuators. 

Functional-electrical-stimulation (FES) could be also applied to the system to 

control ankle dorsi/ plantarflexors based on the individual’s gait cycle during 

training. A graphic-user-interface (GUI) for the control algorithm and training 

program was also designed to provide patient information, personalized 

adaptive gait training pattern, and FES timing.  

Experimental validation was also conducted to assess the compatibility 

of the newly developed system for gait training. The kinematic validation 

confirms the correctness of the provided trajectory in static and dynamic 

conditions during gait training. The kinetic validation calculates joint moments 

provided by the developed gait training system. FES validation confirms the 

accuracy of the provided FES trigger signal during gait training.  

It is very difficult to measure various biomechanical parameters and the 

effects experimentally during gait training. Therefore, the gait training 

simulation was also performed to enable to estimate effects of gait training 

using CAD models of the RGT with the human musculoskeletal model and the 

multi-body dynamics.  

We expect that the developed HRGT system with FES could be applied 

very practically to recover walking abilities of patients with a gait disorder and 

the gait training simulation also could provide useful information and proper 

guidelines for the rehabilitation training of patients with a gait disorder.  

 

 

Key Word: Hybrid, Robotic gait training, Functional-electrical-stimulation, 

Adaptive, Gait disorder, CAD, Multi-body dynamics, Gait training simulation 
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1. Introduction 

 

Gait, a method of locomotion, is a process that an animal moves itself 

from one position to another. While this includes running, hopping, skipping, 

and perhaps even swimming and cycling, walking is the most frequently used 

gait. The human gait, as walking, serves an individual’s basic need to move 

from place to place. The human generally spend most of time of the movement 

for walking in a day. As such, the gait is the most common in all human 

movements and it also can provide independence in many activities of daily 

living. Therefore, the importance of gait as a human ability has been 

emphasized for a long time by many researchers [1-10]. 

Gait disorders are the major causes of functional impairment and 

morbidity in the elderly population. Gait disorders in elderly patients often lead 

to falls and disability. At least 20% of non-institutionalized older adults have 

troubles in walking or require the assistance of other persons or the special 

equipment to walk. Limitations in walking also increase with age. In some 

samples of non-institutionalized adults age 85 and older, the prevalence of 

limitation in walking can be over 54%. While age-related changes such as gait 

speed are most apparent after age 75 or 80, most gait disorders appear in 

connection with underlying diseases, particularly as disease severity increases. 

For example, age over 85, three or more chronic conditions, and the 

occurrence of stroke, hip fracture, or cancer predict “catastrophic” loss of 

walking ability. Most gait disorders in older persons are multi-factorial and 

have both neurologic and non-neurologic components [11]. The rapid-onset 

gait disorder represents the combined effects of more than one coexisting 

condition. Therefore, many kinds of gait training methods have been applied to 

recover or improve walking abilities of patients with gait disorders.  
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In rehabilitation, “gait training” refers to therapies to help the patients 

with gait disorders walk, after they have experienced a circumstance that 

affects their ambulation. Comprehensive care by specialists in different fields 

was requested for the rehabilitation training in order to recover the walking 

abilities of these patients. In addition, repeated and systematic gait trainings 

were also required to improve the sense of balance and the perseverance of the 

patients. Although various gait training methods have been used to restore the 

gait ability of patients with gait disorders, three typical gait training methods 

showed significant clinical effects in many previous studies. Typical gait 

training methods include manually assisted body-weight-support treadmill 

training (BWSTT), using functional electrical stimulation (FES) for gait 

training and using an electromechanical/robotic gait training system. However, 

they have some limitations due to the inappropriateness and the ineffectiveness 

for gait training, and the necessity of a new gait training system became rapidly 

apparent.  

In this dissertation, a new hybrid robotic gait training system (HRGT) 

with an adaptive training program for the patients with a gait disorder was 

developed. Predefined joint motions of hip and knee were applied using 

robotic driving parts. Functional-electrical-stimulation (FES) could be also 

applied to the system to control ankle dorsi/ plantarflexors based on the 

individual’s gait cycle during training. A graphic-user-interface (GUI) for the 

control algorithm and training program was also designed to provide patient 

information, personalized adaptive gait training pattern, and FES timing. 

Experimental validations which are kinematics, kinetics and FES timing were 

also conducted to assess the newly developed system for gait training. It is very 

difficult to measure various biomechanical parameters and the effects 

experimentally during gait training. Therefore, the gait training simulation was 

also performed to enable to estimate effects of gait training. 
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This dissertation consists of 7 chapters and appendices. Chapter 2 

provides the background information about gait rehabilitation needed to 

understand this dissertation. Section 2.1 introduces definitions and key features 

of gait in human walking. Section 2.2 introduces various causes of pathologic 

gait patterns and classifications of major gait disorders. Section 2.3 reviews the 

merit and limitations of conventional gait training methods. The necessity of 

an HRGT system is also mentioned in this section. 

Chapter 3 introduces the purpose and composition of this study. The 

purpose is clarified, and the study’s composition is explained in order to 

convey the flow of the study. 

In Chapter 4, major mechanical and functional choices of the developed 

HRGT system are described. Section 4.1 introduces the mechanical design and 

the system composition of the HRGT system. Section 4.2 introduces the 

control algorithm and the training program of the HRGT system. 

In Chapter 5, the experimental validation to assess the compatibility of 

the newly developed system for gait training is presented. Section 5.1 

introduces kinematic validation of the correctness of the provided trajectory 

during gait training. Section 5.2 introduces the kinetic validation to calculate 

joint moments and determine the appropriateness for gait training. Section 5.3 

introduces FES validation for the accuracy of the provided FES trigger signal 

during gait training. 

In Chapter 6, the RGT modeling using the human musculoskeletal 

model and the gait training simulation to analyze various biomechanical 

parameters and to estimate the effects of gait training is introduced. Section 6.1 

introduces RGT modeling with human musculoskeletal model. Section 6.2 

introduces multi-body dynamic analysis, and Section 6.3 introduces gait 

training simulation. 

Finally, brief conclusions and perspectives are made in Chapter 7. 



 

- 4 -

2. Gait Rehabilitation: an Overview 

 

 This chapter describes basic background information needed to 

understand this dissertation and consists of three sections. Section 2.1., ‘Gait 

as human walking,’ introduces the fundamentals of the gait, as well as the 

major attributes and gait cycle of normal gait, which are frequently lost in the 

pathological gait. Section 2.2., ‘Pathologic gait of gait disorders,’ explains the 

main causes of pathologic gait patterns. Additionally, typical characteristics 

and clinical presentations of major gait disorders are also classified. Section 

2.3., ‘Gait trainings in rehabilitation,’ presents brief conventional and current 

gait training techniques in rehabilitation. In addition, the limitations of 

conventional gait training methods and the necessity of the hybrid robotic gait 

training system are also maintained.  

 

2.1. Gait as human walking 

 

2.1.1. Fundamentals of the gait 

 

Locomotion, a feature of all animals, is the process by which the animal 

moves itself from one geographic position to another. Locomotion includes 

starting, stopping, changes in speed, alterations in direction, and modifications 

for changes in slope. These events, however, are transitory activities that are 

superimposed on a basic pattern. In walking and running animals, this pattern 

can be defined as a rhythmic displacement of body parts that maintains the 

animal in constant forward progression [1].  
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Gait can be defined as any method of locomotion characterized by 

periods of loading and unloading of the limbs. While this includes running, 

hopping, skipping and perhaps even swimming and cycling, walking is the 

most frequently used gait [2]. 

The majority of mammals show the quadric-pedal gait as seen in Figure 

2.1. The quadric-pedal gait is inherently fast and stable. Quadrupeds’ center of 

mass (COM) is located just under the trunk, inside the base of support. A long 

stride is possible because the body is interposed between the front and back 

limbs [3]. On the contrary, humans employ the bipedal gait which is less 

efficient and less stable than the quadric-pedal gait. Bipeds are unstable 

because their center of mass is located just in front of the s2 vertebra [4]. In 

order to remain upright, the center of mass must be maintained in balance over 

the base of support. Speed and stride length are also constrained because the 

trunk musculature is not used extensively in gait, and the body is not 

interposed between the limbs in the line of progression. However, pelvic 

rotation is used to partially interpose the pelvic width into the line of 

progression during gait, as seen in Figure 2.2. In addition, bipedal gait has the 

significant advantage of freeing the upper extremities for other use.  

 

 

Figure 2.1. Quadrupedal gait of the dog 
 

 

Figure 2.2. Pelvic rotation in human gait [5] 
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2.1.2. Normal gait 

 

The human gait serves an individual’s basic need to move from place to 

place. As such, the gait is the most common of all human movements. It 

provides independence in the many activities of daily living. Gait also 

facilitates many social activities and is required in many occupations. The 

importance of gait as a human ability has been emphasized for a long time by 

many researches [6-10]. Patla eloquently expressed the importance of gait in 

our lives: “Nothing epitomizes a level of independence and our perception of a 

good quality of life more than the ability to travel independently under our 

own power from one place to another. We celebrate the development of this 

ability in children and try to nurture and sustain it throughout the 

lifespan.”[11]. 

Ideally, the gait, a process of locomotion in which the erect, moving 

body is supported by first one leg and then the other, is performed both 

efficiently, to minimize fatigue, and safely, to prevent falls and associated 

injuries. As the moving body passes over the supporting leg, the other leg 

swings forward in preparation for its next support phase. One foot or the other 

is always on the ground, and the support of the body is transferred from the 

trailing to the leading leg in a brief period when both feet are on the ground. 

This cyclic alternations of the support function of each leg and the existence of 

a transfer period when both feet are on the ground are essential features of the 

locomotion process, known as the human normal gait.  

First of all, major attributes and the gait cycle of the normal gait should 

be arranged in order to understand differences between characteristics of the 

normal gait and the abnormal gait for the effective gait training method of gait 

disorders. In this section, major attributes and the gait cycle of the normal gait 

are introduced and presented.  
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2.1.2.1. Major attributes of normal gait    

 

The normal gait has five major attributes which are frequently lost in 

pathological gait: (i) stability in stance, (ii) sufficient foot clearance during 

swing, (iii) appropriate swing phase pre-positioning of the foot, (iv) adequate 

step length, and (v) energy conservation [12-13]. 

 Standing stability is challenged by two factors: the body is top heavy, 

as the center of gravity lies above the base of support in front of the s2 vertebra, 

and walking alters segment alignment continuously, which means that the 

body must constantly alter the position of the trunk in space to maintain 

balance over the base of support [14].  

Perry described walking as being like controlled falls in which the body 

falls forward from the position of stability provided by the stance limb onto the 

advancing contra-lateral limb [15]. This gives one a useful mental picture of 

the eccentric action of muscles acting to decelerate the body against gravity. 

Forward momentum is not constant during the gait cycle. The body must slow 

down and then speed up again during each step. This occurs because the 

support provided by the lower limbs does not remain directly under the body at 

all times. When the supporting foot is in front of the trunk, the center of 

gravity (COG) must be lifted over the base of support, and, hence, the body 

slows down. As the COG passes over the base of support, gravity accelerates it 

so that the peak of forward velocity is reached during double support when the 

vertical height of the COG is at its minimum [16]. Progression is 

accomplished by the forward fall of the body from its high point at mid-stance 

to its low point at double support, thereby converting potential energy to 

kinetic energy. In order to allow the COG to again ascend to its high point at 

mid-stance, kinetic energy must be supplied [17].  
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In order to make gait efficiency, energy must be conserved. During 

normal walking, the vertical and horizontal displacement of the center of mass 

(COM) are almost sinusoidal and are equal and opposite [17]. The peak of 

vertical movement occurs at the point of minimal horizontal movement and 

vice versa. Such a pattern means major conservation of energy within the trunk 

[16]. Walking involves a constant interplay between kinetic energy and 

potential energy. Potential energy is energy that can be recovered once stored, 

like the energy stored in a spring. Although there are probably more, three 

mechanisms by which the body conserves energy are currently known: by 

minimizing the excursion of the COG, by controlling momentum, and by 

actively or passively transferring energy between segments [18]. By using 

three pelvic rotations (rotation, tilt and obliquity), plus coordinated knee and 

ankle motion, the vertical excursion can be reduced to approximately 4.4 cm (a 

savings of 116%) [19]. If interference with these mechanisms occurs, then 

energy costs rise quickly. During the last half of stance in normal gait, the 

ground reaction force (GRF) is maintained in front of the knee. This produces 

an extension moment around the knee which allows it to remain stable without 

the use of the quadriceps. In controlling momentum in this manner, the body 

makes major use of an eccentric (lengthening) contraction of the soleus in 

which the muscle does negative work [20]. The assumption inherent in the 

calculation of mechanical power is that there is a torque generator at each joint 

which is independent of what is happening at adjacent joints [21]. On the basis 

of this analysis, it has been shown that passive flow of energy across joints is a 

major component which almost entirely accounts for energy changes of the 

more distal segments at the beginning and end of swing [22]. In addition, 

active energy transfers across muscles are quite significant when adjacent 

segments are rotating in the same direction [23].  
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2.1.2.2. Gait cycle of normal gait    

 

Walking is the result of a cyclic series of limb motions to move the body 

forward while simultaneously maintaining stance stability. As such, walking 

can be conveniently characterized by a detailed description of its most 

fundamental unit: a gait cycle (Figure 2.3).  

A complete gait cycle of normal gait begins when one foot strikes the 

ground and ends when it strikes the ground again. The gait cycle is divided 

into two major phases, stance and swing. The stance phase begins with initial 

contact, which, in normal gait, is with the heel and ends at toe-off when the 

swing phase begins. Events in the gait cycle are defined sequentially as 

occurring at specific percentages of the cycle. Initial contact (IC) corresponds 

to the beginning of stance when the foot first contacts the ground at 0% of the 

gait cycle. Opposite toe off (OTO) occurs when the contra-lateral foot leaves 

the ground at 10% of the gait cycle. Heel rise (HR) corresponds to the heel 

lifting from the ground at approximately 30% of the gait cycle. Opposite initial 

contact (OIO) corresponds to the foot contact of the opposite limb, typically at 

50% of the gait cycle. Toe off (TO) occurs when the foot leaves the ground at 

60% of the gait cycle. Feet adjacent (FA) takes place when the foot of the 

swing leg is next to the foot of the stance leg at 75% of the gait cycle. Tibia 

vertical (TV) corresponds to the tibia of the swing leg being oriented in the 

vertical direction at 85% of the gait cycle. The final event is also the initial 

contact, the start of the next gait cycle. 

These eight events divide the gait cycle into seven periods. Loading 

response, between initial contact and opposite toe off (0 to 10% of gait cycle), 

corresponds to the time when the weight is accepted by the lower extremity, 

initiating contact with the ground. Mid stance is from opposite toe off to heel 

rise (10 to 30% of gait cycle). Terminal stance begins when the heel rises and 
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ends when the contra-lateral lower extremity touches the ground, from 30% to 

50% of gait cycle. Pre swing takes place from foot contact of the contra-lateral 

limb to toe off of the ipsi-lateral foot, which is the time corresponding to the 

second double-limb support period of the gait cycle (50 to 60% of gait cycle). 

Initial swing is from toe off to adjacent foot placement, when the foot of the 

swing leg is next to the foot of the stance leg (60 to 75% of gait cycle). Mid 

swing is from adjacent feet to when the tibia of the swing leg is vertical (75 to 

85% of gait cycle). Terminal swing is from a vertical position of the tibia to 

immediately prior to heel contact (85 to 100% of the gait cycle). The first 10% 

of the gait cycle corresponds to a task of weight acceptance when body mass is 

transferred from one lower extremity to the other. Single-limb support, from 

10 to 50% of the gait cycle, serves to support the weight of the body as the 

opposite limb swings forward. The last 10% of the stance phase and the entire 

swing phase serve to advance the limb forward to a new location. 

 

 

Figure 2.3. The events, periods, tasks, and phases of the gait cycle 
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2.2. Pathologic gait of gait disorders 

 

Normal gait requires sufficient range of motion and strength at each 

participating joint. Walking also requires sophisticated control of movement 

through the central nervous system. The complexity of walking creates many 

opportunities for the normal gait pattern to be affected by impairment. There 

are many kinds of gait disorders by various impairments who show pathologic 

gait. In this section, common causes of pathologic gait are introduced and 

major gait disorders are classified.  

 

2.2.1. Causes of pathologic gait pattern 

 

Typically, there are three common causes of pathologic gait patterns: (i) 

pain, (ii) central nervous system disorders, (iii) Musculoskeletal system 

impairments. Each includes various specific and general pathologies which are 

to be introduced in following section [24].  

Pain can cause an abnormal gait pattern that is often referred to as an 

abnormal gait. The pattern of weight avoidance on the painful limb often leads 

to characteristic features [25]. The primary findings are a shorter step length, 

shorter stance time on the painful side, and shorter swing time on the 

uninvolved side. If the pain is related to hip joint compression from muscle 

activation, then lateral displacement of the head and trunk toward the painful 

weight-bearing lower extremity occurs [26]. If the source of pain is other than 

the hip, then the trunk may lean slightly toward the swing leg in an attempt to 

alleviate weight bearing on the injured stance leg [27]. 

Many neurologic disorders, such as cerebrovascular accidents (CVA), 

Parkinson’s disease (PD), and cerebral palsy (CP), can cause abnormal gait 



 

- 12 -

patterns [28]. Spasticity of muscles, defined as increased tone and resistance to 

stretch, often affects the extensor musculature of individuals with CP and 

CVA. As a result, the gait pattern appears stiff-legged and is often 

accompanied by atendency to circumduct and to scuff the feet. A scissoring 

gait pattern due to hyperactive hip adductors may also be noted. Parkinson’s 

disease often causes a hurried small-step gait pattern, also called a festinating 

gait. Apraxia, defined as a disorder of voluntary movement, occurs in some 

disease processes affecting the elderly. Gait apraxia may result in an 

ambulation pattern characterized by a wide base of support, short stride, and 

shuffling. Individuals with impaired sensory function and balance may show 

an unstable gait pattern [29]. With neurologic disorders, the primary cause of 

gait dysfunction is an inability to generate and control an appropriate level of 

muscle force. Eventually, muscle weakness and joint contracture may 

compound the primary neuromotor deficit [30]. 

Deficits in the musculoskeletal system also result in a wide variety of 

gait deviations. Abnormal (excessive or limited) joint range of motion can 

cause gait deviations [31]. Abnormal joint range of motion may occur 

secondary to injuries, tightness, or contracture of connective tissues and 

muscles, abnormal joint structure, joint instability, or congenital connective 

tissue laxity [32]. In most cases, abnormal range of motion in one joint leads to 

some form of compensation in one or more surrounding joints. Muscular 

weakness may be due to disuse atrophy following an injury or a limited neural 

drive secondary to a peripheral neural injury [33]. For example, the knee 

hyperextension and the forward trunk lean with an ankle plantar flexion 

contracture [34] and drop foot during the swing phase is reflective of weak 

dorsiflexors [35]. 

Whatever the cause, weakness ultimately leads to modification of the 

gait pattern, and, as a result, requires the gait training. 
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2.2.2. Classification of major gait disorders 

 

2.2.2.1. Stroke 

 

Stroke is the most common of all neurological deficits and the leading 

cause of gait disorder in rehabilitation facilities [36]. At least 80% of stroke 

survivors are left with motor function deficits, and approximately 50% with 

impaired mobility, with approximately 25% being wheelchair-bound 3 months 

after stroke [37, 38]. Stroke is the rapidly developing loss of brain functions 

due to disturbance in the blood supply to the brain. This can be due to 

thromboembolism (in 80% of cases) or hemorrhage (20%) of an artery 

supplying the cerebral cortex of the brain. As a result, the affected area of the 

brain is unable to function, leading to inability to move one or more limbs on 

one side of the body, inability to understand or formulate speech, or inability to 

see one side of the visual field [39]. In the past, stroke was referred to as 

cerebrovascular accident (CVA), but the term “stroke” is now preferred.  

One of the major effects is hemiparesis, or weakness on one side of the 

body [40]. For example, at 6 months post-stroke 50% of survivors at least 65 

years of age had some hemiparesis, 30% were unable to walk, and 26% were 

dependent upon others in activities of daily living (ADLs) [41]. Hemiplegia is 

a condition in which half of the body is paralyzed, which is more severe than 

hemiparesis, wherein one half of the body is weakened but not paralyzed [42].  

The stroke shows a selective loss of muscle control with the emergence 

of primitive patterned movements. Typically, there is increased extensor tone 

in the affected lower-limb, with an equinovarus and stiff knee. Vaulting and 

circumduction are frequent compensations for the reduced clearance. Muscle 

imbalance and spasticity may result in joint contractures [43]. 
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2.2.2.2. Cerebral palsy 

 

Cerebral palsy (CP) is a perinatal disorder (occurring before, during or 

shortly after birth) of idiopathic aetiology, meaning that no cause has yet been 

elucidated [44-45]. There are three basic types of CP: (i) spastic (around 70%), 

involving the pyramidal tracts and causing either hemiplegia (Winters et al., 

1987) or diplegia (bilateral involvement, with lower-limbs affected more than 

the upper limbs); (ii) athetoid or dyskinetic (20%), which affects the 

extrapyramidal system, causing involuntary movements; and (iii) ataxic (10%), 

involving the cerebellum and resulting in balance problems [46]. There are 

three fundamental problems in CP: weakness, spasticity, and loss of selective 

motor control with retained primitive reflexes and postural reactions. Equinus, 

excessive knee and hip flexion, early heel-rise, foot-drop and excessive limb 

flexion during swing are common gait deviations). In weaker patients, 

excessive pronation, excessive dorsiflexion, knee and hip flexion (crouch gait) 

and toe drag occur [47-50]. 

 

2.2.2.3. Spinal cord injury 

 

Spinal cord injuries (SCI) cause myelopathy or damage to white matter 

or myelinated fiber tracts that carry signals to and from the brain. This type of 

traumatic injury could also damage the gray matter in the central part of the 

cord, causing segmental losses of interneurons and motorneurons [51-52]. 

There are approximately 30 to 50 SCI cases per million each year with mild to 

severe injuries. Injuries occur most commonly in regions of maximal spinal 

curvature: cervicothoracic (C5-7), midthoracic (T4-6), and thoracolumbar 

(T12-L1). One of the primary effects of a SCI on the motor system is a loss of 

mass and function of the muscles below the level of the injury. In complete 
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paraplegia, all of these muscle groups are paralyzed, although low-level lesions 

often retain some weak hip flexion from the trunk musculature. In addition, 

higher-level lesions may have impaired trunk control. As a result, gait analysis 

and therapy tend to be focused on those with a low-level or incomplete lesion, 

who can often walk with the assistance of AFO or KAFO [53]. 

 

2.2.2.4. Parkinson’s disease 

 

About 1% of people over the age of 50 have Parkinson’s disease (PD), a 

degenerative disease of the dopamine-producing cells of the basal ganglia 

which is part of the extrapyramidal system [54]. It is usually idiopathic, but 

may be induced by drugs, such as phenothiazine antipsychotics. Unlike 

pyramidal disorders, strength is relatively preserved, and, instead, there is 

rigidity, bradykinesia (slow movement), and tremor. Gait is impaired by 

postural instability and is typically festinating in character, with forward trunk 

flexion and short steps of rapid cadence. Difficulty with gait initiation can 

occur, which can sometimes be helped by drawing lines on the floor [55]. 

 

2.2.2.5. Poliomyelitis 

 

Poliomyelitis, often called polio or infantile paralysis, is an acute viral 

infectious disease spread from person to person, primarily via the fecal-oral 

route [56]. The virus attacks and destroys the anterior horn cells of the spinal 

cord, causing paralysis, flaccidity, and atrophy. Knee hyperextension 

(recurvatum) and foot-drop are common, and contractures occur due to 

imbalance between agonist and antagonist muscle groups. Fatigue often limits 

rage. Orthosis (AFO, KAFO) and walking aids are popular [57].  
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2.3. Gait trainings in rehabilitation 

 

In its most general form, gait training is the act of learning how to walk. 

However, the term is more often used in reference to a person learning how to 

walk again after injury or with a disability. Gait training used to refer to using 

the remaining senses and neuromotor function to reacquire the ability to walk 

independently for the peoples who have problems in the walking. Physical 

therapists, or physiotherapists, generally help their patients with gait training 

[58]. In rehabilitation, “gait training” refers to therapies to help patients with 

gait disorders to walk after they have experienced a circumstance that impairs 

their ambulation. Comprehensive care by specialists in different fields was 

requested for the rehabilitation training to help patients recover independent 

walking ability. In addition, repeated and systematic gait trainings were also 

required to improve the sense of balance and the perseverance of the patients. 

Conventional gait training methods in rehabilitation are briefly described 

in this section. Although various gait training methods have been used to 

restore the walking ability of patients with gait disorders, three typical gait 

training methods showed significant clinical effects in many previous studies. 

Typical gait training methods are manually assisted body-weight-support 

treadmill training (BWSTT), using functional electrical stimulation (FES) for 

gait training and using an electromechanical/ robotic gait training (RGT) 

system.  

Also in this section, limitations of conventional gait training methods 

and the necessity of a hybrid robotic gait training system (HRGT) are also 

indicated to support the development of new gait training methods which 

could complement weakness and problems of conventional gait training 

methods. 
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2.3.1. Conventional gait training methods 

 

2.3.1.1. Body-weight-supported treadmill training  

 

Manually-assisted body-weight-supported treadmill training (BWSTT) 

is a contemporary approach to gait rehabilitation wherein an individual walks 

on a treadmill with his or her body-weight partially supported by an over-head 

harness (Figure 2.4) [59]. Locomotor training on a treadmill usually starts 4 to 

6 weeks after a spinal cord injury, when the patients are not yet capable of 

moving their legs themselves. They, therefore, have to be suspended by a 

harness over the treadmill, with their body totally or partially unloaded by a 

suspension system. Currently, during the first phase of the training, the leg 

movements of the patient have to be manually assisted in a physiological way 

by two (at least) physiotherapists sitting on either side of the patient. 

Therapists manually facilitate paretic limb and trunk control in an effort to 

normalize upright, reciprocal stepping, and dynamic postural control. In this 

way, the patient can perform stepping movements on the treadmill. These 

movements are associated with a pattern of leg muscle activation that appears 

to be generated by locomotor centers within the spinal cord that become 

activated by an appropriate afferent input [60, 61]. 

 

     

Figure 2.4. Manually-assisted body-weight-supported treadmill training 
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There is no consensus regarding the optimal treatment to reestablish 

normative gait after stroke. A variety of techniques are applied in clinics, from 

traditional techniques to newer technologies [62]. 

There is a growing body of evidence that BWSTT may be an effective 

method of improving gait quality, velocity, and trunk stability after stroke [63-

66]. The application of BWSTT in subjects with neurologic impairment was 

first proposed in 1985 [67], with early clinical applications in stroke and spinal 

cord injury [68]. Since those initial studies, small clinical trials have been 

performed to establish the feasibility and safety of the intervention [69-73]. 

Over the past two decades, the use of BWSTT to enhance motor function and 

ambulation in individuals with SCI, stroke, or other neurological injuries has 

received considerable attention [74, 75]. In clinical studies involving gait 

disorders, BWSTT has been shown to provide greater improvements in gait 

ability, motor function, and balance than previous manual treatments for 

overground walking [60, 66]. In a Cochrane Review by Moseley et al.[59] 

fifteen studies were reviewed with respect to the cost, effectiveness, and 

acceptability of treadmill training with and without BWS for walking after 

stroke. Hiscks et al. found good improvement in treadmill walking for patients 

with SCI, but limited improvement in overground walking [76].  

Several advantages of gait training with BWSTT have been highlighted 

in early studies. The intervention allows the manipulation of postural 

instability and balance through a weight-bearing progression while facilitating 

stepping [77]. It also makes gait training possible for people who cannot safely 

be guarded during overground gait training [78], and the intervention can be 

initiated earlier than conventional methods [79]. Additionally, BWSTT has 

been shown to reduce the cardiovascular demands on persons after stroke [80, 

81] and also has the advantage of eliminating the fear of falling that is 

common [82].  
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2.3.1.2. Functional electrical stimulation gait training  

 

Drop-foot is one of the pathologies that may develop in hemiplegic 

patients as the result of inadequate activation of the dorsiflexor muscles, due to 

impaired selective control and/or calf muscle spasticity [83]. Essentially, the 

inability to properly dorsiflex the ankle results in a dropping and dragging of 

the foot on the ground during the swing phase of the gait cycle and the 

development of compensatory gait mechanisms [84]. Circumduction, swinging 

of the hemiplegic limb in an arc motion, contra-lateral vaulting with early heel 

off and hip hiking by lifting the pelvis on the affected side, are some of the 

compensatory methods used by hemiplegic subjects to complete gait.  

Functional electrical stimulation (FES) is another important method 

used in gait rehabilitation to correct drop-foot and enhance push-off. FES was 

first proposed by Liberson et al., who applied single-channel electrical 

stimulation to the peroneal nerve in order to prevent drop-foot [85]. Drop-foot 

prevention with a stimulator that activates the tibialis anterior, resulting in 

ankle dorsiflexion, has received substantial attention during the last 50 years 

[86]. Lyons et al. presented about 30 clinical studies, including more than 

1,200 stroke patients treated with peroneal stimulation [87]. They showed that 

almost 15,000 stimulators were distributed between 1961 and 2001 and that 

this technology was accepted and reimbursed by health care providers in some 

countries. The main findings from clinical applications suggest strong orthotic 

effects, but little or only short-term carry-over effects. 

Severely affected stroke individuals cannot be assisted with only drop-

foot stimulation since they also lack a stance on the paretic leg. The 

application of multi-channel electrical stimulation assists both stance and 

swing phases, as was originally described by Stanic et al. [88]. Based upon 

analyses of the performance of 11 patients, they concluded that the typical 
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abnormalities of stroke gait were corrected when the intensity and timing of 

stimulation to multiple muscles were appropriately set.  

Postans et al. presented the use of two channels of stimulation for 

assisting stance (quadriceps stimulation) and swing (peroneal nerve 

stimulation). The durations of the stimulations were set as fractions of the 

durations of the stance and swing phases, and the durations of the swing and 

stance phases were controlled by a powered treadmill [89]. Tong et al. [90, 91] 

and Ng et al. [92] presented the use of two-channel stimulation integrated into 

the electromechanical gait trainer walking exercise. The control paradigm was 

similar to the one introduced by Postans et al. [89]: external activation of the 

quadriceps and peroneal nerve for predefined fractions of the duration of the 

stance and swing phases. The use of percutaneous stimulation allows for better 

selectivity and activation of many more muscles. This technology has been 

evaluated in combination with body weight support systems and was presented 

by Daly et al. [93, 94] and Daly and Ruff [95]. In addition, FES was also used 

to enhance push-off ability of gait disorders in pre-swing of the gait cycle by 

stimulated plantarflexors, such as the gastrocnemius and soleus [96]. Popovic 

et al. proposed multi-channel electrical stimulation to the quadriceps, 

gastrocnemius, and tibialis anterior in order to provide support during the 

stance, push-off at the end of the stance, better stability at foot contact, and 

foot clearance during the swing phase [97, 98]. 

 

 

Figure 2.5. FES gait training 
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2.3.1.3. Electromechanical/Robotic gait training 

 

Recently, the field of rehabilitation has been adapting electromechanical 

devices to help deliver mass-practive therapy to individuals with various 

types of neurological disorders [99]. For applications targeting gait training, 

the electromechanical or robotic devices present numerous potential 

advantages over therapist-assisted training, as these devices can deliver time-

unlimited training sessions, and the parameters through which the subjects 

are trained can be accurately controlled. Furthermore, the instrumentation on 

these devices makes it possible to quantify walking performance and track 

recovery in an unsubjective manner [100].  

In a first attempt to enable the practice of a most physiological gait 

pattern without overstraining the therapists, Hesse et al. developed an 

electromechanical gait trainer, GT I (Reha Stim, Germany) that enabled 

patients who were unable to walk with minimal assistance from a therapist, as 

shown in Figure. 2.6. The main feature of this first electromechanical gait 

trainer was the simulation of stance and swing, with a ratio of 60%/40% 

between stance and swing phases based on normal walking speed. The trainer 

consisted of electromechanical devices (motors and planetary gears) and two 

foot plates, moving in an alternate fashion, thereby simulating the phases of 

gait. The plates moved forward and backward in a symmetric fashion on an arc 

-like basement without actual lifting of the foot during swing, and the vertical/ 

horizontal movements of the pelvis were controlled in a phase-dependent 

manner by ropes attached to the harness. A rope attached to the crank 

controlling the vertical CoM displacement served as the central suspension of 

the patient. A second rope connected to the crank controlling the horizontal 

CoM displacement was attached to the left lateral aspect of the patient harness 

at the level of the pelvic crest [101, 102]. 
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Figure 2.6. The first electromechanical gait trainer, GT I [102] 

 

According to developing engineering and computer technologies, many 

kinds of electromechanical devices of gait training system were upgrading to 

various robotic devices. Therefore, many researchers have chosen RGT as 

another solution of electromechanical-assisted gait training. Reinkensmeyer et 

al. developed the Ambulation-assisting Robotic Tool for Human Rehabi-

litation and the pelvic assist manipulator (known as ARTHuR and PAM, U. S. 

A.) as shown in Figure 2.7. The ARTHuR provides high-bandwidth force 

control at one attachment point in the para-sagittal plane (i.e., bottom of foot, 

lower shank, or knee) and uses a linear motor with two moving coil forcers 

and a V-shaped linkage to accommodate and drive the motion of the apex in 

the parasagittal plane. The apex is attached through a padded cuff and revolute 

joint to the subject’s lower shank or foot bottom [103]. The PAM consists of 

two or three DOF pneumatic robots that attach to the back of an adjustable belt 

worn by the subject. For each robot, the pneumatic cylinders are anchored to a 

support pillar via ball-joints, and attach to a point through their lines of center 

to a revolute joint on the belt [104, 105]. 
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Figure 2.7. ARTHuR and PAM [105] 

 

A gait simulator integrated with virtual reality simulation was also 

developed for gait training. Boian et al. developed the Dual Stewart Platform 

Mobility Simulator (DSPMS, U.S.A.) which used two 6DOF prototype 

Rutgers Mega-Ankle (RMA) pneumatic robots [106]. Each robot has a Stewart 

platform configuration with six dual-acting pneumatic pistons. Each piston is 

mounted in parallel with a linear potentiometer, which provides information on 

the smaller mobile platform position vs. the larger fixed one. The mobile 

platform has a foot attachment plate and a 6DOF force sensor. Force data are 

used when the Rutgers Mega-Ankle robot is in force control mode. The 

Mobility Simulator also incorporates an electro-pneumatic control interface, an 

un-weighting frame, a graphical workstation and a large screen custom display, 

as shown Figure 2.8 [107]. The user stands with each foot secured with straps 

to the top of a platform, while the VR simulation is displayed on the large 

screen facing the user. To improve performance and safety, the user’s body is 

secured in a harness and connected to the un-weighting frame placed above the 

two platforms. Handlebars mounted on the frame’s posts are available for 

upper extremity support. In this setup, the user can walk on top of the RMA 

platforms with small steps limited by the platform’s workspace. The control 
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interface handles the low-level servo control of two robots, and provides the 

simulator with the position of each foot, calculated through forward kinematics. 

For performance purposes, the control interface also takes care of switching 

between certain functioning modes based on the forces applied by the foot as 

measured by the RMA 6DOF force sensor. The current functioning mode of 

each RMA platform is also sent to the graphics workstation [108]. 

 

  

Figure 2.8. Dual Stewart Platform Mobility Simulator [106, 108] 

 

While there are some a few electromechanical-assisted or RGT systems 

being used around the world, the Lokomat (Hocoma AG, Switzerland) is by 

far the most widely adapted system, where it is now being used by over 130 

rehabilitation centers world-wide to treat patients following stroke, spinal cord 

injuries, Parkinson’s disease, poliomyelitis, and cerebral palsy. The Lokomat 

consists of a treadmill, a dynamic unloading system, and two light-weight 

robotic actuators that attach to the subject’s leg, as shown in Figure 2.9. The 

hip and knee joints are actuated by small DC motors and linear ball screw 
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assemblies. The kinematic trajectories of the Lokomat are fully programmable, 

and are adjusted to each individual’s size and step preference. The complete 

device resides on a large parallelogram, which is counter-balanced by a passive 

spring. The pretension in the spring is adjusted so that the weight of the 

Lokomat is compensated for, limiting upward or downward external forces to 

the subject during training [61].  

A number of small pilot studies have been evaluating the clinical 

benefits of Lokomat training. For example, following 12 weeks of Lokomat 

training, subjects with incomplete spinal cord injuries were showed improve 

ments in walking ability, endurance, and lower extremity function, as reported 

by Wirz et al. [109]. Similar effects have been reported in incomplete spinal 

cord injury (SCI) by Hornby et al. [110], acute brain injured subjects by Mayr 

et al. [111], 2002), and acute stroke by Da Cunha et al. and Mayr et al. [71, 

112, 113]. Hidler and Wall reported that quadriceps leg muscles walking in the 

Lokomat resulted in substantially higher activation patterns, while the 

gastrocnemius and tibialis anterior ankle muscles resulted in significantly less 

activity [114].  

 

 
Figure 2.9. Lokomat [61] 
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2.3.2. Limitations of conventional gait training methods 

 

2.3.2.1. Limitations of body-weight-supported treadmill training 

 

Body-weight-supported-treadmill training (BWSTT) with manual assist 

enables gait disorders to repetitively practice gait cycles. Some clinic studies 

have reported advantages and effectiveness of BWSTT over conventional 

overground gait training with respect to gait ability and cardiovascular fitness 

[64-66, 71, 115]. Despite these potential benefits, BWSTT has serious 

limitations with regard to accurate and effective training.  

The first limitation of BWSTT is that it requires excessive physical 

efforts of two or three therapists for manual assist. They have to assist the gait 

of severely affected subjects, setting the paretic limb and controlling the trunk 

movements. They often experience back pain and are easily exhausted because 

the training is performed in an ergonomically unfavorable seating posture.  

Therefore, training duration, which is the second limitation of BWSTT, 

is usually very limited by personnel shortages and therapist, not patient, fatigue. 

Because the gait training involves repetitive gait cycles, a longer training 

duration could be appropriate and effective to treat gait disorders.  

The third limitation is that a less physiological and reproducible gait 

pattern was provided in BWSTT. Each therapist assists the legs of patients 

according to his or her experience, and the performance of a single therapist 

may even differ from day to day. Consequently, no reproducible and constant 

afferent input for the locomotor centers is provided, and patients cannot 

optimally profit form manually assisted BWSTT. The last limitation of 

BWSTT is the impossibility of measuring a patient’s performances to monitor 

and assess various parameters of gait training quantitatively.  



 

- 27 -

2.3.2.2. Limitations of functional electrical stimulation gait training 

 

The trigger timing of functional electrical stimulation (FES) is the most 

important and critical problem in FES gait training. Patients with gait disorders 

could receive clinically effective training by having their paralyzed muscles 

stimulated at the appropriate times in the gait cycle during FES gait training. 

In the early FES gait training, either the physiotherapist or the patient 

manually triggered the electrical stimulation [116]. When the physiotherapist 

performed the triggering, the patient was able to focus on gait performance, 

while the physiotherapist remained focused on the estimation of walking 

quality. Therefore, the instant of triggering was based on the physiotherapist’s 

experience and may vary from step to step. Consequently, the patient’s 

walking performance depended on the physiotherapist’s skills.  

In order to overcome this undesired dependency, FES-triggering should 

be automatic, i.e., linked with a selected gait event or gait phase. Therefore, 

various sensors have been used to detect gait events and to trigger FES 

automatically. Liberson et al. used a heel sensor, known as the foot-switch or 

force-sensing-resistor (FSR), to switch simulation on and off [85]. Burridge et 

al. also described the use of a single-channel hard-wired stimulator and a heel 

sensor, the Odstock drop foot stimulator (ODFS, England) [117]. Heel sensors 

have been used subsequently in many studies with both surface and implanted 

stimulators [118-122]. However, heel sensors also present challenges to 

practical use. The heel sensor must be connected to the rest of the electronics 

either by a wire or a telemetry link. In addition, the heel sensor also has 

drawbacks. Patients wanting to walk with bare feet or with other footwear do 

not allow easy attachment of the sensor and associated electronics [123].  

Various other types of sensors were adapted to trigger FES for gait 

training since a few years ago. Evans et al. used the uniaxial accelerometer 
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sensor in telling heel contact [124], and Lee et al. analyzed the gait patterns of 

stroke patients using accelerometers [125]. While Tong et al. detected gait 

phases by measuring the angular velocity of the shank and thigh and 

inclination against the rotation axis of the gyrosensor by using two gyrosensors 

[126]. Ahn et al. detected gait phases in level waking and stair walking by 

using the resistive sensor attached to the sole of the foot and the gyrosensor 

attached to the heel and assessing their reliability [127].  

Recently, the idea of a tilt sensor, which could measure the orientation 

of the leg with respect to the vertical, was introduced as a more convenient and 

reliable way to control a foot-drop stimulator. When the lower leg is tilted 

back at the end of stance (between the heel-off and toe-off), the tilt sensor 

turns on and then the tilt sensor turns off when the leg tilts forward just after 

the foot strikes the ground [128]. Richard et al designed a stimulator (Walkaid, 

Canada) using a tilt sensor, which has now received FDA approval for sale in 

the U.S. [123]. However, many studies evaluating the relevance of tilt sensors 

for FES gait training are still in progress [129-132].  

Another limitation of FES gait training is that muscles tend to fatigue 

very rapidly due to the continuous activation of the muscle of the lower 

extremity. This counter-effect is due to the direct and repeated stimulation of 

major muscles directly and repeatedly, as well as the excessive working of the 

stimulated muscles to accomplish other activities, such as supporting the body 

weight and push-off. Thrasher et al. reported that FES-induced muscle fatigue 

could be reduced by randomly modulating the pulse frequency, amplitude, and 

pulse width in a range of ±15% [133].  

Therefore, applying only FES to gait disorders for gait training is 

inefficient, and other training methods should be combined with FES for 

synergic effects with complementary passive and active gait training of gait 

disorders and accurate trigger timing of FES also have to be considered.  



 

- 29 -

2.3.2.3. Limitations of electromechanical/robotic gait training 

 

Current automated (electromechanical-assisted or robotic) gait training 

systems, such as GT I, ARTHuR & PAM, DSPMS, and Lokomat, have a 

common limitation, which is providing only one fixed gait pattern for gait 

training without considering walking abilities and characteristics of 

individuals’ gait disorders. Van de Port et al. and Christoph et al. insisted that 

each patient with a gait disorder has his or her own gait pattern due to variance 

in walking ability. Therefore, an optimal personalized gait pattern, which could 

involve improved walking ability, gradually should be adapted to treat each 

patient with a gait disorder for effective and safe gait training [134-136]. 

In addition, some gait training systems provided training for movements 

of one to two specific joints (e.g. hip, knee or ankle) of the lower limbs rather 

than for all joints. The GT I training system moved the patient’s foot and ankle 

by using a doubled crank and rocker gear system. The system provided a gait-

like movement simulating stance and swing phases with an actual lifting of the 

foot. However, the system could not control the knee joint or hip joint but 

rather only the ankle joint during gait training. ARTHuR & PAM provided the 

translation of the ankle joint and pelvic movements. It could not provide a 

normal gait pattern for patients with gait disorders during gait training. 

DSPMS also controlled only the foot movements of gait disorders, not major 

joints of the lower limbs by using two foot-plates that controlled the positions 

and forces to each foot in 6DOF. Lokomat could provide the nearest-to-normal 

gait pattern to control knee joints and hip joints during gait training. However, 

Lokomat also could not control ankle joints actively and used only a moving 

treadmill and passive foot lifters. The torque of the ankle joint is greater than 

the one needed at the hip and knee joints; therefore, the ankle had to be 

controlled actively during gait training [137].  
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2.3.3. Necessity of a hybrid robotic gait training system 

 

The assistance of leg movements during gait training seems to be of 

crucial importance. An optimal afferent input to the spinal cord is only 

achieved if the legs are moved in a reproducible, rhythmical, and physiological 

manner. Adequate afferent input is necessary to stimulate the locomotor 

centers within the spinal cord to activate leg muscles that cannot be moved 

voluntarily.  

In this regard, robotic gait training (RGT) is most appropriate and 

effective, as compared with previously mentioned gait training methods by 

increasing the total duration of training, reducing physiotherapist’s labor-

intensive assistance, and providing the correct normal gait pattern as adequate 

afferent input to gait disorders.  

Nevertheless, until now, most developed RGT systems use passive 

guidance to control movements of the knee and hip joints. Hidler et al. 

reported relative effectiveness in controlling movements of the knee and hip 

joints by using robotic power because a patient’s thigh and tibia segments are 

somewhat heavy to move by the patient’s remaining strength or the 

physiotherapist’s assistance [115]. In addition, Joseph et al. reported that 

activity in the quadriceps and hamstrings was significantly higher during the 

swing phase of Lokomat walking than treadmill walking, while activity in the 

ankle flexor and extensor muscles was reduced throughout most of the gait 

cycle in the Lokomat [138].  

To generate active movement in patients’ paralyzed lower-limb muscles 

(i.e., sensorimotor coupling), the combined use of functional electrical 

stimulation (FES) with the RGT system is absolutely necessary. Many clinical 

studies reported synergistic effects of FES and body-weight-support-training 

(BWSTT) [89- 91, 93-95], However, the RGT system, combined with FES, 
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has not yet been developed. If precision robotic control signals of the RGT 

system will be used to trigger FES, then we can significantly overcome the 

uncertainty and errors in detecting gait events by using various existing sensors.   

Additionally, there is no RGT system applied to gait training program 

that has considered walking abilities and characteristics of individual gait 

disorders until now. Various existing RGT systems provided only one fixed 

gait pattern for gait training without considering the walking ability and the 

characteristic of each individual gait disorder. These training methods may 

impose a heavy training load over and over again, or may repeatedly provide 

an insufficient and insignificant training load. Moreover, motivation and 

accomplishment could be reduced during training due to repeating the same 

pattern.  

Two or more different things, aimed at achieving the same objective or 

goal have been termed as ‘hybrid’. Based on considerations mentioned above, 

the hybrid RGT (combined FES-RGT) system, able to provide the proper gait 

pattern and was able to induce active movements of the ankle and foot by 

using FES during gait training. Hence, such a system is very necessary for gait 

training in the rehabilitation. 

 

 
Figure 2.10. Meaning of hybrid robotic gait training system
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3. Purpose and Composition of the Study 

 

3.1. Purpose of the study 

 

Through reviewing some major conventional gait training methods in 

the previous chapter, we could understand some advantages and limitations of 

each method. Additionally, we could recognize the necessity of a hybrid 

(combined FES) RGT system with a personalized adaptive gait training 

program according to the walking abilities of the patients with gait disorders. 

This hybrid RGT system should be able to provide not only passive guidance 

to control movements of the knee and hip joints based on the generated gait 

pattern, but also active movements of ankle and foot by FES during gait 

training.  

In this dissertation, a new hybrid robotic gait training system (HRGT) 

with an adaptive training program for the patients with a gait disorder was 

developed. Predefined joint motions of hip and knee were applied using 

robotic driving parts including AC servo motors and linear actuators. 

Functional-electrical-stimulation (FES) could be also applied to the system to 

control ankle dorsi/ plantarflexors based on the individual’s gait cycle during 

training. A graphic-user-interface (GUI) for the control algorithm and training 

program was also designed to provide patient information, personalized 

adaptive gait training pattern, and FES timing.  

Experimental validation was also conducted to assess the newly 

developed system for gait training. The kinematic validation confirms the 

correctness of the provided trajectory in static and dynamic conditions during 

gait training. The kinetic validation calculates joint moments provided by the 
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developed gait training system. FES validation confirms the accuracy of the 

provided FES trigger signal during gait training.  

It is very difficult to measure various biomechanical parameters and the 

effects experimentally during gait training. Therefore, the gait training 

simulation was also performed to enable to estimate effects of gait training 

using CAD models of the RGT with the human musculoskeletal model and the 

multi-body dynamics.  

 

 

 

Figure 3.1. Concept of a hybrid robotic gait training system 
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3.2. Composition of the study 

 

This study was composed of three main parts: (i) the development of a 

new HRGT system, (ii) experimental validation, and (iii) gait training 

simulation, as shown in Figure 3.2.  

The development of a new HRGT system is the most important and 

central part of this study. The robotic driving parts control both knee and hip 

joints for the predetermined gait pattern to correct gait disorders using the 

personalized adaptive gait training program. In addition, the parallelogram 

with an air pressure lifting device, body weight support system, safety devices, 

and constituted hardware devices for motor control and data acquisition were 

developed. A control algorithm of the HRGT system and gait training program 

were also designed to control the developed system and to provide the 

personalized adaptive training pattern, FES timing, and patient information.  

Secondly, experimental validations were performed to assess the 

accuracy of the new gait training system for patients with a gait disorder. Three 

different validations were carried out: kinematics, kinetics and FES timing. 

Kinematic validation was done by measuring joint angles in the static and 

dynamic conditions during gait training to compare between the input gait 

patterns and the output gait pattern. Its result is very important, since joint 

motions are most influential in gait training. Kinetic validation was done by 

calculating joint moments provided by the developed gait training system. 

Finally, the last experimental validation, FES timing was carried out to 

determine the accuracy of the generated FES trigger signal during gait training.  

Finally, the gait training simulation was performed to estimate the gait 

training effects by using CAD models of RGT system with the human muscu-

loskeletal model and the multi-body dynamics. Joint moments, muscle length, 
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and muscle force during gait training were analyzed by using the multi-body 

dynamic analysis with the RGT system and the human musculoskeletal model. 

Additionally, we performed a gait training simulation of the specific gait 

training of a patient with a gait disorder to estimate the effects of gait training 

and to provide useful information and guidelines for the rehabilitation training 

of gait disorders. 

 

 

 

Figure 3.2. Composition of this study 
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4. Development of the New Hybrid RGT System 

 

4.1. Mechanical design and system composition 

 

4.1.1. Robotic driving part 

 

The robotic driving part drives the robotic gait training system to control 

knee and hip joints of the patients with a gait disorder. The robotic driving part 

was designed using the commercial CAD software (AutoCAD 2006, Autodesk, 

Inc., U.S.A.) in such a way that provides the generated gait patterns in the 

hybrid RGT system, as shown in Figure 4.1.  

In order to provide an optimal proper input to the system, the gait pattern 

applied by the robotic driving part should be as similar to normal as possible. 

Robotic driving parts for knee and hip joints have to be strong and fast enough 

to move the limbs with proper strength and speed.  

Therefore, a small and lightweight AC servo motor (HC-MFS23, 

MITSUBISHI ELECTRICS Corp., Japan) was selected for the robotic driving 

part (Table 4.1 and Figure 4.2). Its maximum torque is 1.9N·m/kg and 

maximum rotation speed is 4500rpm. It could induce enough maximum joint 

moment (required hip joint moment: 1N·m/kg, required knee joint moment: 

0.5N·m/kg) and also adequate rotation velocity (up to 400deg/sec) during gait 

training [4]. A servo motor can be either DC or AC and is usually comprised 

of a drive section and a resolver/encoder. A servo motor is much smoother in 

motion than a comparable stepper and has a much higher resolution for 

position control. AC servo motors are used in applications requiring rapid and 

accurate response characteristics. To achieve these characteristics, these AC 
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servo motors have small-diameter, high-resistance rotors. The AC servo 

motor's small diameter provides low inertia for fast starts, stops, and reversals. 

High resistance provides nearly linear speed-torque characteristics for accurate 

servo motor control. Therefore, for our practical considerations, AC servo 

motor rather than the DC servo motor or stepper was chosen for this study. 

 

 
Figure 4.1. CAD model of the robotic driving part 

 

 

 
Figure 4.2. Photographs of the AC servo motor selected for this study 
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Table 4.1. Specifications and performance of the AC servo motor for this study 

Motor options Values (units) 

Rated torque 0.64 (N·m) 

Peak torque 1.9 (N·m) 

Output power 1.2 (kW) 

Mass 0.99 (kg) 

Maximum continuous speed 4,500 (rpm) 

Rated speed 3,000 (rpm) 

 

Hip and knee joints are driven by custom-designed robotic actuators 

with precision ball screws and ball nuts (HL5135M20552, Dahwa Engineering, 

Korea). The nut on the ball screw is driven via a toothed belt by the AC servo 

motor. The ball screw and the ball nut convert rotations of a motor into 

translational movements of actuators, thus it is possible to vary the length of 

the robotic driving part, as shown in Figure 4.3.  

 

 

Figure 4.3. Movement mechanism of the robotic driving part 
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The robotic driving part has to be applied should differently for different 

patients. Therefore, it should be adjustable to the anatomy of each subject, and 

several parameters have to be kept variable in order to allow an optimal fitting 

of the robotic driving part to the individual patient (Figure 4.4). The width of 

the pelvic (Figure 4.4, index 1) could be adjusted by a spindle which moves 

the tow legs apart. The band that is fixed around the breast of the patient was 

mounted to a back pad which again could be positioned vertically and 

horizontally (Figure 4.4, indices 2 and 3). The length of the thigh and the 

shank of the orthosis could be changed as well. Both limbs consisted of 

rectangular tubes that could be fixed in different positions by a bolt (Figure 4.4, 

indices 4 and 5). Finally, the position and the size of straps (Figure 4.4, index 

6) could also be adapted to individual requirements. The straps were connected 

to a right-angled tube that was fixed to the robotic driving part (Figure 4.4, 

index 7 and 8). In order to prevent skin pressure sores, all straps around the 

patient were wide and soft enough. At all sites of contact between the patient 

and robotic driving parts, a soft pad was mounted to reduce the possibility of a 

skin sore.  

 

 

Figure 4.4. Adjustments of the robotic driving part to individual size 
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The rotary encoder (E40H8-3600-6L-5, Autonics, Korea) was placed at 

hip and knee joints to measure joint angles (Table 4.2 and Figure 4.5). A rotary 

encoder, called as a shaft encoder, is an electro-mechanical device that 

converts the angular position of a shaft or axle to an analog or digital code, 

making it an angle transducer. The rotary encoder in our system could convert 

the rotation angle of the hip and knee joints to digital pulses. Therefore, pulses 

could be counted and calculated for joint angles of the hip and knee in units of 

0.1 degree.  

 

 

Figure 4.5. Photographs of the rotary encoder used in this study 

 

Table 4.2. Specifications and performance of the rotary encoder for this study 

Rotary encoder options Values (units) 

Resolution (pulse/rotation) 3600 (pulse/rotation) 

Supply voltage 5 (VDC) 

Maximum response frequency 300 (kHz) 

Mass 160 (g) 
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Additionally, the four loadcell (U2D, KOREA LOADCELL & 

SYSTEM, Korea) were used to measure forces from the robotic driving part to 

the joint during gait training. A load cell is an electronic device (transducer) 

that convert, a force into an electrical signal. This conversion is indirect and 

happens in two stages. Through a mechanical arrangement, the force being 

sensed deforms a strain gauge. The strain gauge converts the deformation 

(strain) to electrical signals.  

 

 

Figure 4.6. Photographs of the loadcell used in this study 

 

Table 4.3. Specifications and performance of the loadcell for this study 

Loadcell options Values (units) 

Rated capacity 200 (kgf) 

Rated output 2±0.005 (mV/V) 

Hysteresis 0.15 (%) 

Repeatability 0.10 (%) 

Non-linearity 0.15 (%) 
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In addition, the proximity sensor (PR12-4DN, Autonics, Korea) was 

applied to detect the initial position of the actuator. Each one proximity sensor 

was placed at each end of the linear actuator of the robotic driving part. A 

proximity sensor is a sensor able to detect the presence of nearby objects 

without any physical contact. This proximity sensor emits an electromagnetic 

and looks for changes in the field or return signal. The object being sensed is 

often referred to as the proximity sensor's target. The maximum distance that 

this sensor can detect is defined as the "nominal range". It has adjustments of 

the nominal range or means to report a graduated detection distance.  

 

 

Figure 4.7. Photographs of the proximity sensor used in this study 

 

Table 4.4. Specifications and performance of the proximity sensor for this study 

Loadcell options Values (units) 

Detection distance 2mm±10% 

Supply voltage (Operating range) 12-24VDC(10-30VDC) 

Control output 2~200mA 

Frequency response 1.5KHz 

Weight 30g 
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4.1.2. Parallelogram with air pressure lifting device 

 

The upper body of the subject has to be stabilized in the vertical 

direction during gait training due to the trunk in stability. Therefore, a rotatable 

parallelogram, as shown in Figure 4.8, was developed. 

This device enables the robotic driving part to move only in the vertical 

direction and prevent from tilting to one side. The parallelogram also keeps the 

robotic driving part in a fixed position over the treadmill and prevents 

backward movement induced by the moving treadmill belt. Nevertheless, this 

device allows the upward and downward movements of the body that occur 

during walking naturally by using a passive spring. Perry reported the body 

center of mass (COM) oscillates sinusoidally with an amplitude of 

approximately 2 cm at a frequency of two periods per gait cycle in the vertical 

direction [10]. Therefore, vertical movement induced by the spring was very 

appropriate to imitate the normal gait pattern.  

 

 

Figure 4.8. Parallelogram and its fixation 
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The setup with the parallelogram has several advantages. First, it makes 

the control of the robotic driving part simple, because leg movements have to 

be controlled only in a sagittal plane. It also allows the therapist to perform 

training with tetraplegic patients, because with this setup, these patients do not 

have to keep their upper body in a vertical position themselves. In addition, an 

air pressure lifting device (Festo AG & Co, KG, Germany) was mounted at the 

parallelogram in order to compensate for the total weight of the robotic driving 

part by holding and lifting up the parallelogram, as shown in Figure 4.9.  

In this way, the patient does not have to carry the weight of the robotic 

driving part, and reducing the downward slipping of the robotic driving part is 

possible. Additionally, the air pressure lifting device could assist ascending 

and descending the robotic driving part to open the entrance of the system 

more easily and more comfortable without the therapist’s manual assistance. 

After ascending the robotic driving part using the air pressure lifting device, 

the entrance could be opened, and then the patient could enter into the system. 

Then, the patient was finally fitted to the system after descending the robotic 

driving part.  

 

 

Figure 4.9. Air pressure lifting device 
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4.1.3. Body weight support system 

 

In addition, the body weight support system was established, consisting 

of seven pulleys, ropes, suspensions, counterweights, a worm reducer, and the 

harness. It could support up to 200kg enough for the patient’s body weight 

during gait training (Figure 4.10).  

The harness was well-fitted and easily adjustable, and the body weight 

support system could provide constant weight support using suspensions and 

counterweights during gait training. Patients could be lifted out of the 

wheelchair easily and partially unloaded from their body weight safely during 

gait training. The worm reducer (Model no.75, Samyang Co., Korea), which 

has the ratio of reduce as 30:1, helped the therapist to lift patients more easily 

with less effort. In addition, the body weight support system assisted vertical 

movements of patient’s body center of mass (COM) by a passive spring of the 

parallelogram with counterweights and suspensions.  

 

   

Figure 4.10. Body weight support system and harness 
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4.1.4. Motor control hardware device 

 

The motor control hardware device was set in an industrial PC (Intel(R) 

Pentium(R) Dual CPU E2160@1.80GHz 1GB RAM, O/S: Windows XP) to 

control the HRGT system.  

A motion control module (PCI-4V04, AJINEXTEK, Korea), with 4-axes 

of motion control IC (CAMC-QI, AJINEXTEK, Korea), was used to control 

four AC servo motors of robotic driving parts. CAMC-QI, a four axes pulse 

output type chip, could be applicable to the servo driver that received pulse 

train input. Also, it could maximum output 13MHz pulse high enough to 

control fast movements. The control of four axes of AC servo motors can be 

set with only one CAMC-QI chip and this chip is able to control each axis by 

interpolation, synchronization drive or multi axes drive. Specially, it can 

reserve a maximum of seven motion drive parameters and thus it is possible to 

interpolate continuous driving of velocity profile into specified position by the 

specified velocity. Therefore, we could easily obtain fast reaction with high-

resolution for arbitrarily generated gait pattern.  

 

  

Figure 4.11. Motion control module and IC for the robotic driving part 
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Another motor control module (SMC-2V03, AJINEXTEK, Korea) with 

a single-chip 1-axis motor control LSI (CAMC-FS, AJINEXTEK, Korea) to 

control the base treadmill was established in the PC. The CAMC-FS was a 

one-axis pulse output-type chip. Also, it could generate a maximum output as 

4MHz pulse high enough to control the base treadmill.  

 

 

 

 

Figure 4.12. Motion control module and IC for the base treadmill 
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4.1.5. Data acquisition hardware devices 

 

The DAQ and A/D Board (PCI-6259, NI Cop., U.S.A.) were also used 

to measure various analog data, such as load cell data during gait training. PCI 

is one of the most widely adapted internal buses for PCs. This device has four 

16-bit analog outputs (2.8MS/s) for triggering of FES and thirty-two analog 

inputs (1.25MS/s) for measuring of various analog data during gait training. In 

this study, four analog outputs were used to generate FES trigger signal for 

control dorsi/ plantarflexors of each limb, and four analog inputs measured 

four load cell data of the hip and knee joints, which could be used to calculate 

joint moments of the developed system. Additionally, they were also used to 

monitor the timing of the output signals for FES trigger at the same time 

during gait training. 

 

 

  

Figure 4.13. Analog data acquisition and the A/D board with a connector block 
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4.1.6. Functional electrical stimulation device 

 

As mentioned above, all the developed RGT systems have used only 

passive guidance to control movements of the knee and hip joints. Hidler et al. 

reported that it could be relatively effective to control the movements of the 

knee and hip joints using robotic power, since a patient’s thigh and tibia are 

somewhat heavy to move by the patient’s remaining power or the 

physiotherapist’s assistance [115]. In addition, Joseph et al. reported that the 

activity in the quadriceps and hamstrings was significantly higher during the 

swing phase of Lokomat walking than treadmill walking, while activity in the 

ankle dorsi/ plantarflexor muscles was reduced throughout most of the gait 

cycle in the Lokomat [138]. 

In order to generate an active movements in the patients’ paralyzed 

lower-limb muscles (i.e., sensorimotor coupling), the combined use of 

functional electrical stimulation (FES) with the RGT system is absolutely 

necessary. Many clinical studies reported synergic effects of FES and body-

weight-support-training (BWSTT) [89-91, 93-95]. However, the FES-RGT 

combined system has not been developed yet. If precision robotic control 

signals of the RGT system will be used to trigger FES, we can significantly 

overcome the uncertainty and errors to detect gait events by various existing 

sensors. 

As already reported in other studies, the moment necessary to move the 

ankle joint is greater than the one for hip and knee joints if an orthosis or an 

assist system is designed to provide forward propulsion of the body. Therefore, 

we took advantage of the moving treadmill and used FES for an active drive at 

the ankle. Ankle dorsiflexion during the swing phase and ankle plantarflexion 

of the ankle joint during pre-swing phase was achieved by the FES.  
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Thus, we adapted precision robotic control signals of the developed 

RGT system to FES for active gait training of the HRGT system. Precision 

robotic control signals of the RGT system could be used to significantly 

overcome the uncertainty and errors to detect gait events by using various 

existing sensors. Because the main characteristic of the RGT system is 

providing a constant repetition of the same gait training pattern, the developed 

HRGT system could provide constant FES at the exact timing after inputting 

individual trigger timing according to one’s gait pattern using precision robotic 

control signals without using other additional sensors to detect gait events 

during gait training.  

In this study, we chose four channels FES to the gastrocnemius and 

tibialis anterior in both limbs in order to provide active push-off at the end of 

the stance (red thick bar), better stability at foot contact, and foot clearance 

during swing phase (blue thick bar), as shown in Figure 4.14. Shades mean 

muscle activations of normal persons during a gait cycle and thick lines mean 

muscle activations of the patient with a gait disorder during a gait cycle.   

 

 

Figure 4.14. Ankle muscles and EMG in a gait cycle 
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4.1.7. System composition 

 

The whole size of HRGT system was designed as 2.80m(heigh 

t)＊2.30m(length)＊1.35m(width). The base treadmill used a AC servo motor 

(C08CA-1, Doosan Infracore CO., Ltd., Korea), which had a maximal speed of 

1.4m/s (5km/h) and was controlled in units of 0.1m/s. Its maximum 

permissible load was 250kg, the rated torque was 370N·m, and the rated 

revolution was 2000rpm. Other devices were also manipulated for the safety 

and convenience established in the HRGT system. The safety bar was set to 

help the patient position his or her hands. The emergency stop button was also 

installed to avoid unexpected dangerous situations during gait training. Figure 

4.15 shows the HRGT system composition, and Figure 4.16 shows the 

developed HRGT system in this study.  

The robotic driving part can be lifted on the parallelogram so that the 

two rotatable bars become positioned in a vertical direction. The parallelogram 

is connected to a fixed point that can be rotated horizontally. Therefore, the 

entire system can be swung off the treadmill. To fit the patient into the robotic 

driving part, first the harness for the RGT system is applied. After this, the 

wheelchair, with the subject seated, is pushed up a slope access into the base 

treadmill where the patient is lifted out of the wheelchair by the body-weight-

support system. The robotic driving part is moved back onto the base treadmill 

and is lowered from behind towards the subject. All straps are loosened in 

front and can be fastened around the thigh and tibia of each leg. During the 

adjustment of the straps to the correct positions, the subject is still fully 

unloaded. After the FES system has been applied, the body-weight-support is 

reduced, and the training can be started. 
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Figure 4.15. HRGT system composition 

 

  

Figure 4.16. The developed HRGT system 
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4.2. Control algorithm and training program 

 

4.2.1. Concept of control algorithm 

 

Various existing RGT systems provided only one fixed gait pattern for 

gait training without considering the walking ability and the characteristic of 

each individual gait disorder. These training methods may impose a heavy 

training load over again, or may provide an insufficient and insignificant 

training load repeatedly.  

Regarding these points, we designed the control algorithm of a 

developed HRGT system, as shown in Figure 4.17. The main focus and 

purpose of this control algorithm is to be available to use the individual gait 

pattern as input data for a personalized adaptive gait training program which 

could provide the proper gait pattern, gait speed, and FES trigger timing during 

gait training to each individual subject.  

The control algorithm is composed largely of three parts: the gait pattern 

capture, gait disorder database, and system control. First of all, the gait pattern 

capture is the most important for understanding the initial walking ability and 

the gait pattern of the subject before starting HRGT. Additionally, the initial 

gait pattern was used as input data of the developed system for the gait training 

of subjects. We measured joint angles of the knee and hip, gait events, gait 

cycle, and gait speed of subjects to generate proper gait training patterns for 

personalized adaptive gait training and then assessed subject’s walking ability. 

As for gait disorder DB, the subject registration was conducted at first. Next, 

the initial gait pattern of the registered subject was chosen by using the 

personalized individual gait pattern from gait pattern capture. Then, a 

personalized adaptive gait training pattern was created based on the subject’s 
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walking ability. Personalized training stages, a normal or gradually close-to-

normal walking pattern, were established based on the subject’s walking 

ability before gait training. In system and training control, the system 

initialization were performed at first, and user search, training level setting, 

FES & DAQ setting, and training parameter setting were also performed 

sequentially, according to the output of the gait disorder database. Then, gait 

training simulation was conducted to ensure the safe of gait training. Finally, 

the gait training with DAQ could be started when every condition was satisfied. 

All results of gait training were saved and transmitted to assess of walking 

ability, as well as to update the database.  

 

 

Figure 4.17. Concept of control algorithm 
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4.2.2. Gait pattern capture 

 

It is most important to understand the initial walking ability and gait 

pattern of the patient with a gait disorder before starting gait training. In 

addition, the initial gait pattern was used as the input data of the developed 

system for gait training of the subject. Knee and hip joint angles during the 

subject’s one gait cycle were used for the initial input gait data.  

In order to measure the subject’s gait pattern, the 3D motion analysis 

system (VICON612, Vicon Motion Systems, U.K.) was used. It consists of six 

infra-red cameras (Mcam2, Vicon Motion Systems, U.K.), four force plates 

(Kistler, Switzerland; AMTI, U.S.A.), and a movie camera (Panasonic, Japan), 

as shown in Figure 4.18. Six infra-red cameras were used to measure 

kinematic parameters (joint angles, gait events, stride length, step width and 

walking speed) by capturing the trajectories of reflective markers, which were 

attached to the subject. 

 

 

Figure 4.18. 3D motion analysis system for gait pattern capture 
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We adapted the plug-in-gait marker set to measure and calculate knee 

and hip joint angles. A total of thirty-nine reflective markers were attached on 

anatomical positions of the subject’s body, as shown in Figure 4.19. The 

location of reflective markers were left front head (LFHD), right front head 

(RFHD), left back head (LBHD), right back head (RBHD), the spinous process 

of the 7th cervical vertebrae (C7), jugular notch where the clavicle meets the 

sternum (CLAV), spinous process of the 10th thoracic vertebrae (T10), the 

xiphoid process of the sternum (STRN), left mid scapula (LBAK), left 

shoulder marker (LSHO), left upper arm (LUPA), left elbow (LELB), left fore-

arm (LFRA), left wrist bar thumb-side (LWRA), left wrist bar pinkie-side 

(LWRB), left finger (LFIN), right shoulder marker (RSHO), right upper arm 

(RUPA), right elbow (RELB), right fore-arm (RFRA), right wrist bar thumb-

side (RWRA), right wrist pinkie-side (RWRB), right finger (RFIN), left 

anterior superior iliac spine (LASI), right anterior superior iliac spine (RASI),  

 

 

Figure 4.19. Plug-in-gait marker set 
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left posterior superior iliac spine (LPSI), right posterior superior iliac spine 

(RPSI), left knee joint (LKNE), right knee joint (RKNE), left thigh (LTHI), 

right thigh (RHTI), left ankle joint (LANK), right ankle joint (RANK), left 

shank (LTIB), right shank (RTIB), left toe (LTOE), right toe (RTOE), left heel 

(LHEE), and right heel (RHEE). 

Force plates were used to measure the ground reaction forces and to 

detect gait events (initial contact and toe off) during gait. In addition, the 

measured ground reaction forces were used to calculate kinetic parameters 

(joint moments and joint power) by using inverse dynamic analysis. 

In this study, five repeated measurements on totally fifty normal subjects 

were made for the normal standard of gait training. Table 4.5 lists 

characteristics and spatio-temporal gait parameters of the normal standard, and 

Figure 4.20 shows joint angles in the sagittal plane, averaged from the normal 

gait patterns. The hip joint angle pattern is very simple and can be seen as a 

single, sinusoidal curve, going from flexion at the initial contact to extension 

at the opposite initial contact (50% of gait cycle) and back to flexion for the 

next ipsilateral initial contact. One leg oscillates forward in order to advance 

the body, while the other remains behind to support the body. This motion 

occurs primarily at the hip. Maximum hip flexion of approximately 32° occurs 

in terminal swing, followed by slight extension just before initial contact. Hip 

extensor muscles decelerate the thigh and diminish hip flexion in preparation 

for weight acceptance. Maximum extension of approximately 11° occurs at the 

opposite initial contact. As soon as the opposite foot strikes the ground, weight 

is transferred to the forward limb, and the trailing leg begins to flex at the knee 

and hip, while pivoting on the forefoot. Preswing is synonymous with the 

second double-limb support and describes this period. The knee angle pattern 

shows two peaks in flexion, each starting in relative extension, progressing 

into flexion, then returning again to the starting point in extension. 
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Table 4.5. Characteristics and spatio-temporal normal gait parameters 

Characteristics of the normal (n=50)  Mean ± SD 

Age (years) 24.6 ± 2 

Height (m) 1.74 ± 4.5 

Weight (kg) 70.3 ± 5.8 

Leg length (m) 0.81 ± 0.02 

Spatio-temporal gait parameters of the normal (n=50) 

Walking speed (m/s) 1.21 ± 0.15 

Step length (m) 0.68 ± 0.05 

Cadence (steps/min) 108.22 ± 6.38 

Stance time (% cycle) 60.35 ± 1.26 

 

 

Figure 4.20. Joint angles in a normal gait pattern 
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The first knee flexion wave, or stance phase knee flexion, occurs as a shock 

absorber to aid in weight acceptance and also to effectively shorten the limb 

length and prevent excessive vertical translation of the body center of mass. 

This curve peaks is approximately 18° in the early stance at opposite toe-off. 

The second flexion wave is necessary in order to clear the foot in early swing 

phase. Flexion at the knee actually begins during late single limb stance while 

the heel begins to rise from the ground and precedes the onset of hip flexion at 

opposite heel strike. The knee is rapidly flexed beginning just after heel rise to 

a maximum of approximately 60° in the swing phase, just as the swinging foot 

passes its opposite side. This flexion effectively shortens the limb allowing for 

foot clearance of the swinging limb to prevent foot dragging. The knee joint is 

then rapidly extended by a combination of inertial forces of the compound 

inverted pendulum (thigh and shank) and the activity of the gluteus maximus, 

hamstrings, and quadriceps muscles. Nearly full extension is achieved just 

prior to next initial contact.  

Stroke is the most common of all neurological deficits and the leading 

cause of gait disorder and the most common symptom of stroke is the 

hemiplegia. Hemiplegia is a condition in which half of a body is paralyzed 

which is more severe than hemiparesis, wherein one half of the body is 

weakened but not paralyzed [42]. A hemiplegic patient was selected as a 

representative gait disorder in this study.  

Additionally, ten measurements were also made for a right hemiplegic 

patient as one of the abnormal gait pattern. Table 4.6 shows clinical 

characteristics and spatio-temporal gait parameters of the patient, and Figure 

4.21 shows joint angles in the sagittal plane, averaged from gait patterns of the 

subject.  

 



 

- 60 -

Table 4.6. Characteristics and spatio-temporal gait parameters of a right hemiplegic patient 

Characteristics of a right hemiplegic patient 

Age (years) 52 

Height (m) 1.665 

Weight (kg) 68.5 

Time after injury (months) 39 

Pathological side Right 

Spatio-temporal gait parameters Right Left 

Walking speed (m/s) 0.09 ± 0.01 0.11 ± 0.02 

Step length (m) 0.12 ± 0.02 0.23 ± 0.02 

Cadence (steps/min) 30.23 ± 2.43 37.07 ± 1.58 

Stance time (% cycle) 65.35 ± 5.26 80.57 ± 3.83 

 

 

Figure 4.21. Joint angles in a gait pattern of a right hemiplegic patient 
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4.2.3. Personalized adaptive gait training program 

 

As mentioned earlier, current automated (electromechanical-assisted or 

robotic) gait training systems, such as GT I, ARTHuR & PAM, DSPMS, and 

Lokomat, have a common limitation, which is providing only one fixed gait 

pattern for gait training without considering the walking ability and individual 

characteristics of the patient with a gait disorder. Van de Port et al. and 

Christoph et al. insisted that each individual patient with a gait disorder has its 

own gait pattern due to walking ability; therefore, an optimal personalized gait 

pattern to improve walking ability, gradually should be adapted to the 

individual patient for effective and safe gait training [134-136]. 

Therefore, we designed a personalized adaptive gait training program, 

which could enable adapting each personalized gait pattern to each individual 

patient with a gait disorder according to his or her walking ability. 

Personalized training stages, which gradually approached the normal walking 

pattern, were established according to the walking ability of the patient with a 

gait disorder before beginning gait training, as shown in Figure 4.22. We 

designed the training program to first receive the initial gait pattern of the 

patient, and then to be set to the number of the training for the appropriate 

stage of training. If the therapist plans to train a patient with a gait disorder in 

twelve stages (generally, it takes from 12 to 16 weeks for gait training), the 

training will be divided into twelve stages, as compared with the normal gait 

pattern. Through this personalized adaptive gait training program, the patient 

with a gait disorder could receive the proper amount of gait training based on 

his or her walking ability and training schedule. Figure 4.23 shows the 6th 

training stage of the patient with a gait disorder. All results of the personalized 

adaptive gait training program were saved to the subject database after gait 

training.  
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Figure 4.22. Personalized adaptive gait training program of the patient with a gait disorder 

 

 
Figure 4.23. Example of application (6th training stage of the patient with a gait disorder) 
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4.2.4. Main GUI for visual feedback 

 

A main GUI (graphic user interface) was developed to control the 

HRGT system with the personalized adaptive gait training program using a 

commercial language software (C++bulider2006, Borland, U.S.A.). As shown 

in Figure 4.24, the gait training could be started, stopped, canceled and saved 

in the main GUI easily by the therapist or the operator. Real-time knee and hip 

joint angles during gait training are shown in graphic pattern. In addition, the 

animated pendulum displays movements of the robotic driving part and FES 

for visual feedback. The process bar represents the progression from 0% to 

100% in a gait cycle. Joint forces from the loadcell and analog data from DAQ 

were also displayed in the main GUI. Motor status and patient information 

were displayed for the therapist or the operator.  

 

 

 

Figure 4.24. Main GUI for visual feedback 
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This program has two modes: the simulation mode and the training 

mode. In simulation mode, the pendulum model displayed just the input gait 

pattern, triggered timing of FES without operating the system and acquiring 

analog data to check the input gait pattern, and FES triggered timing before 

gait training starts. Thus, it could help provide safe and efficient training to the 

patient and the therapist. On the contrary in training mode, the system was 

operated, and analog data also were acquired, in real-time with display of the 

visual feedback.  

 

 

Figure 4.25. Gait simulation mode and gait training mode 
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4.2.5. System control setting 

 

Various parameters (e.g. maximum load, maximum/minimum angle, 

maximum belt speed) were determined in the system control setting. Threshold 

values of the FES trigger and loadcell calibration were also set in the system 

control setting, as shown in Figure 4.26. 

 

 

Figure 4.26. GUI of system control setting 
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4.2.6. Training parameter setting  

 

Before starts gait training, the system initialization was first performed, 

and then the selection of the subject, training level, FES & DAQ, and training 

parameters were set in training parameter setting, as shown in Figure 4.27. The 

therapist or the operator could allow gait training to proceed, confirming of the 

adequacy of the selected personalized adaptive gait training stage. All training 

parameters were saved and updated to subject database, after gait training. 

 

 

Figure 4.27. GUI of gait training setting 
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4.2.7. Database 

 

The database of the HRGT system was also established to save a variety 

of information on gait disorders and training logs, as shown in Figure 4.28. At 

first, subject or a patient registration had to be conducted. Next, a therapist or 

an operator had to select the initial gait pattern of the registered subject by the 

personalized individual gait pattern from gait pattern capture. Then, a 

personalized adaptive gait training pattern was generated based on the walking 

ability of the patients with gait disorders. Subject information and training 

information were always saved, and updated in database after training.  

 

 

Figure 4.28. GUI of database 
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5. Experimental Validation 

 

In this chapter, experimental validations were performed to assess the 

accuracy of the developed system for the new gait training system of the 

patient with a gait disorder. Three different validations were carried out: 

kinematics, kinetics and FES timing. Kinematic validation was done by 

measuring joint angles in the static and dynamic conditions during gait training 

to compare between the input gait patterns and the output gait pattern. Its result 

is very important, since joint motions are most influential in gait training. 

Kinetic validation was done by calculating joint moments provided by the 

developed gait training system. Finally, the last experimental validation, FES 

timing was carried out to determine the accuracy of the generated FES trigger 

signal during gait training.  

 

5.1. Kinematic validation 

 

Kinematics is the term used to describe the movement itself independent 

of the forces, both internal and external that caused the movement. Because 

gait is a repetitive event, one cycle is used as the time period to describe the 

movement. Many kinds of measurement techniques and devices have been 

used for kinematic analysis. Specially designed goniometers have been 

developed to give a direct record of the joint angular histories [139-148]. 

However, existing electro-goniometers had very low resolution and thus the 

encoder was used since it had very high resolution and more accurate (about 

0.1°±0.02°) than electro-goniometers for the kinematic validation. 
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5.1.1. Experimental methods 

 

We measured joint angles in static and dynamic condition during gait 

training to compare between input gait patterns and actual provided gait 

pattern for the kinematic validation, as shown in Figure 5.1.  

 

 

 

Figure 5.1. Encoders to measure joint angles 
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For kinematic validation in static condition, hip joint angles of the 

system were measured from -10° to 30° by 1° interval and knee joint angles of 

system were measured form 0° to 60° by 1° interval according to input angle 

data. Measurement ranges in the static condition were selected as the 

maximum and the minimum joint angle in normal gait. For kinematic 

validation in dynamic conditions consisted of two conditions, without subject 

and with subject, were adapted to each gait pattern, normal gait pattern and 

abnormal gait pattern of selected gait disorder as shown Figure 5.2. We 

inputted a normal gait pattern and an abnormal gait pattern to the developed 

system and compared output (means measured) angles of each joints from 

encoder of developed system. Totally 100 cycles of each gait pattern were used 

for comparison, and Pearson correlation tests (SPSS 16.0, SPSS Inc., U. S. A.) 

were performed between input gait patterns and actual output gait patterns. 

 

 

Figure 5.2. Kinematic validations without subject (left) and with subject (right) 
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5.1.2. Results 

 

Figure 5.3 showed results of kinematic validations in the static condition. 

Measured joint angles in static condition were almost equal to input joint 

angles. Additionally, Correlations between input joint angles and measured 

angles was calculated in Table 5.1. Pearson correlation tests showed that very 

significant correlations were found between input angle and the actually 

measured angle (p<0.01).  

In addition, the kinematic validation in two dynamic conditions of 

developed HRGT system was performed. Two dynamic conditions were 

driving of HRGT system without subject and with subject in each normal gait 

pattern and abnormal gait pattern.  

Figure 5.4 and Table 5.2 showed the kinematic validations and the 

correlations between input joint angles and measured angles in normal gait 

pattern without the subject. Figure 5.5 and Table 5.3 showed the kinematic 

validations and the correlations between input joint angles and measured 

angles in normal gait pattern with the subject. Figure 5.6 and Table 5.4 showed 

the kinematic validations and the correlations between input joint angles and 

measured angles in abnormal gait pattern which was from the selected gait 

disorder without the subject. Finally, Figure 5.7 and Table 5.5 showed the 

kinematic validations and the correlations between input joint angles and 

measured angles in abnormal gait pattern with the subject.  

All measured joint angles in normal gait pattern without/with the subject 

were almost equal to input joint angles. All measured joint angles in abnormal 

gait pattern without/with the subject were also almost equivalent to input joint 

angles. All Pearson correlation tests showed that very significant correlations 

were found between input angle and the actually measured angle (p<0.01).  
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Figure 5.3. Kinematic validations in static condition 

 

Table 5.1. Correlations between input joint angles and measured angles 

Input joint angles Measured joint angles 

Left hip joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

0.999** 

0.000 

101 

Left knee joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

1.000** 

0.000 

101 

Right hip joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

0.999** 

0.000 

101 

Right knee joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

1.000** 

0.000 

101 
**. Correlation is significant at the 0.01 level (2-tailed). 
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Figure 5.4. Kinematic validations in normal gait pattern without the subject 

 

Table 5.2. Correlations between input joint angles and measured angles 

Input joint angles Measured joint angles 

Left hip joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

1.000** 

0.000 

101 

Left knee joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

0.999** 

0.000 

101 

Right hip joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

1.000** 

0.000 

101 

Right knee joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

0.999** 

0.000 

101 
**. Correlation is significant at the 0.01 level (2-tailed). 
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Figure 5.5. Kinematic validations in normal gait pattern with the subject 

 

Table 5.3. Correlations between input joint angles and measured angles 

Input joint angles Measured joint angles 

Left hip joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

0.999** 

0.000 

101 

Left knee joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

0.998** 

0.000 

101 

Right hip joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

0.999** 

0.000 

101 

Right knee joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

0.998** 

0.000 

101 
**. Correlation is significant at the 0.01 level (2-tailed). 
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Figure 5.6. Kinematic validations in abnormal gait pattern without the subject 

 

Table 5.4. Correlations between input joint angles and measured angles 

Input joint angles Measured joint angles 

Left hip joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

0.999** 

0.000 

101 

Left knee joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

0.997** 

0.000 

101 

Right hip joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

0.999** 

0.000 

101 

Right knee joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

0.998** 

0.000 

101 
**. Correlation is significant at the 0.01 level (2-tailed). 
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Figure 5.7. Kinematic validations in abnormal gait pattern with the subject 

 

Table 5.5. Correlations between input joint angles and measured angles 

Input joint angles Measured joint angles 

Left hip joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

0.999** 

0.000 

101 

Left knee joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

0.997** 

0.000 

101 

Right hip joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

0.999** 

0.000 

101 

Right knee joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

0.998** 

0.000 

101 
**. Correlation is significant at the 0.01 level (2-tailed). 
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5.1.3. Discussion 

 

The main goal of RGT is to provide the correct normal gait pattern as an 

adequate afferent input to patients with a gait disorder and to help patients 

achieve a natural normal gait pattern including increasing the total duration of 

training, reducing physiotherapist’s labor-intensive assistance. Patients with a 

gait disorder could improve their walking abilities and could be adapted to the 

normal gait pattern by provided gait pattern from RGT system repeatedly 

during RGT. Therefore the accuracy and the adequacy of provided gait pattern 

from RGT system as an input parameter is very crucial and important factor to 

assess the RGT system.  

Many previous researches have studied differences in leg kinematics 

between during RGT and during overground walking or BWSTT [61, 149-

151]. Colombo et al. reported differences of trajectories of hip and knee angles 

during RGT compared to walking on the treadmill [61]. Their results showed 

differences of about 5° in hip joints and about 10° in knee joints during RGT 

compared to the gait pattern during walking on the treadmill. They reported the 

deviations for the different angles depended on the amount of unloading. 

Gordon et al. measured ankle joint angle during RGT and they found 

differences of about 8° in dorsiflexion and about 10° in plantarflexion 

between during RGT and overground walking [149]. They insisted the 

treadmill and robotic driving parts affected push-off and foot-clear in gait 

training. Lee et al. also compared gait patterns between the overground 

walking and the treadmill walking. Overall ROM of joint during the treadmill 

walking was slightly larger than during the overground walking. They 

mentioned that the treadmill walking provided the propulsion to subjects and 

as a result the propulsion made larger ROM of joint during gait training [150]. 
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Our developed system showed very high accuracy to provide gait pattern 

for gait training compared to previous RGT systems such as Lokomat. 

Lokomat showed about 7° difference in hip joints and 5° difference in knee 

joints during gait training [152]. On the other hand, our developed system 

showed difference of less than 1° in the normal gait pattern and showed 

difference of less than 3° in the abnormal gait pattern during gait training in 

the regardless of subject. The Pearson correlations between inputted joint 

angles and measured angles were from 0.997 to 1.000 during gait training in 

our developed system.  
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5.2. Kinetic validation 

 

Kinetics by definition deals with those variables, as forces and moments 

that are the cause of the specific walking or running pattern that we observe or 

measure in kinematics. The understanding of the kinetics of gait is essential to 

proper interpretation of human gait. The kinematics describes visually 

observable quantities, although in many cases these are accurately measured 

only by the use of instrumentation. The kinetics of human gait, however, is not 

visually observable and must always be either measured with instrumentation 

or calculated from kinematic data through the inverse dynamics. Kinetic 

quantities that have been studied by human gait researchers include parameters 

such as the reaction force between the foot and ground, the load transmitted 

through the joints, the power transferred between body segments, and the 

mechanical energy of the body segments [153-156]. Kinetics provides insight 

about the cause of the observed kinematics of gait (as the effect). 

Especially, the joint moments or torques and the power which are kinetic 

values are very important essentially to develop or design the rehabilitation 

systems for the disorders. The rehabilitation system must provide enough joint 

moments for the disorders to keep their stabilities and compatibilities during 

using the rehabilitation system [157, 158]. Therefore, we selected the joint 

moments of the robotic driving parts as a parameter of kinetic validation to 

determine appropriate of developed system for gait training. As we mentioned 

above, the kinetic value, the joint moments, is very difficult to measure 

directly, so we used indirect method which was used force data from loadcell 

and calculated the joint moments through geometric analysis of robotic driving 

parts in developed system [159].  
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5.2.1. Experimental methods 

 

Figure 5.8 described the overall segment geometry of the robotic driving 

part and placements of linear actuators and force transducers (loadcells). One 

can see that the position of the robotic driving part is controlled by joint angles  

   and    . For the following explanation, we denoted the length and force 

within linear actuator 1 as x1 and F1, and analogous variables were also defined 

for linear actuator 2.  

 

 

Figure 5.8. Overview of geometry of the robotic driving part 

1θ 2θ
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First of all, it is necessary to calculate the rate of supportive work done 

(   ) by the machine itself. The work done by each actuator for a given 

movement is given simply by the product of the force exerted and the change 

in length of the relevant actuator. This means that the total work-done for 

infinitesimal changes (represented by ‘  ’ notation) in actuator length is, for 

each leg, 

 

(1) 

 

However, these actuator lengths are dependent on joint angles and 

therefore, using the total derivative, 

 

(2) 

 

The work done can be partitioned into those performed on upper and 

lower segments: 

 

(3) 

 

(4) 

 

 

When the equations are each divided by     and limit        taken, 

the variables are transformed into work rates (i.e. power): 
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In the above equations,    ,    ,    and     correspond to moment 

arm definitions. The equations governing the moment arms determined from 

the system geometry, as depicted in Figure 5.9 and Figure 5.10. 

  

 

Figure 5.9. Diagrams for upper segment of robotic driving part. (a) Upper 

segment geometry (b) Trigonometric relationships and variable definition 

 

 

Figure 5.10. Diagrams for lower segment of robotic driving part. (a) Lower 

segment geometry (b) Trigonometric relationships and variable definition 

1

1

θ∂

∂x

2

1

θ∂

∂x

1

2

θ∂

∂x

2

2

θ∂

∂x



 

- 83 -

 

(5) 

 

(6) 

 

(7) 

 

(8) 

 

are constant.     was zero because there was 

no relationship between changes of length in linear actuator 1 of hip joint (  ) 

and changes of angles in knee joint (  ). The quantities actually measured by 

the encoder of the developed system are     and    , which are the hip and 

knee joint angles of the developed system as displayed in Figure 5.9 and 

Figure 5.10. However, the angles used for the derivations here are the 

conventional counterclockwise angles, as shown in Figure 5.8.  

The different angular definitions are related by, 

 

(9) 

 

(10) 

 

Joint moments can be determined using above equations and checked. 
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5.2.2. Results 

 

For the kinetic validation, joint forces were measured in the developed 

system during training. Figure 5.11 showed joint forces measured in during 

RGT. Positive values in force represent compression from the linear actuator 

to the joint and negative values tension. Forces at both left and right hip joint 

were from about 350N to -200N in stance phase with hip extension and from  

-200N to 350N in swing phase with the hip flexion in a gait cycle. Forces of 

both left and right knee joint were from about -50N to 20N in stance phase, 

from 20N to 100N with the maximum flexion of knee joint in initial swing and 

from 100N to -40N in remainder swing phase in a gait cycle.  

 

 

Figure 5.11. Measurement of joint forces during RGT 
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Figure 5.12 showed joint moment arms,    ,    ,     and     from 

equations (5)-(8).  

Figure 5.13 showed joint moments from equation (1)-(4). Positive 

values in the figure represent extension moments and negative values flexion 

moments. The maximum hip extension moment was about 400N·m and the 

maximum hip flexion moment was about 220N·m. The maximum knee 

extension moment joint was about 70N·m and the maximum knee flexion 

moment was approximately 120N·m.  

Figure 5.14 showed normalized joint moments during the normal 

walking from the gait pattern capture to compare calculated moments from 

above equations.  

 

 

Figure 5.12. Calculation of moment arms in each joint during RGT 
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Figure 5.13. Calculation of joint moments during RGT 

 

 

Figure 5.14. Normalized joint moments during the normal walking 
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Figure 5.15. Comparison between joint moments of the gait pattern capture 
and HRGT 

 

Table 5.6. Correlations between joint moments of the gait pattern capture and 
HRGT 

Gait pattern capture HRGT 

Left hip joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

0.831** 

0.000 

101 

Left knee joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

-0.187** 

0.061 

101 

Right hip joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

0.843** 

0.000 

101 

Right knee joint angle 
Pearson Correlation 

Sig. (2-tailed) 

N 

-0.138** 

0.169 

101 
**. Correlation is significant at the 0.01 level (2-tailed). 
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5.2.3. Discussion 

 

Joint moments which are kinetic values are very important essentially to 

develop or design the rehabilitation systems for the disorders. The 

rehabilitation system must provide enough joint moments for the disorders to 

keep their stabilities and compatibilities during using the rehabilitation system 

[157, 158]. To obtain quantitative values for the joint moments, a 

mathematical equivalent of the system must be constructed using the Newton’s 

equations [4, 159]. The mathematical modeling can be a bit daunting at first, 

but it is very powerful in modern gait analysis and rehabilitation, so it is 

important to try to at least understand the principles involved and the cause of 

the observed kinematics of gait as the effect. Therefore, we selected the joint 

moments of the robotic driving parts as a parameter of kinetic validation to 

determine appropriate of developed system for gait training. 

In the normal walking, the extension moments are mainly responsible 

for supporting the body for the anti-gravity. Indeed, most of the moments are 

extensor for the most of the gait cycle. Flexor activity mainly occurs at the 

knee, and at the hip around toe-off. After being briefly dorsiflexor immediately 

after initial contact, the ankle moment becomes increasingly plantarflexor 

throughout stance phase, until contra-lateral initial contact, when it falls 

quickly to zero in swing phase. The knee moment shows an extensor followed 

by a flexor pattern in stance phase, with a final flexor pattern in terminal swing 

(indicating hamstrings activity). The initial flexor moment immediately after 

initial contact is most likely an artefact caused by discrepancies in filtering of 

the ground reaction and kinematics. The sagittal hip moment is mostly 

extensor, except for a brief period shortly after toe-off, when it is flexor 

(indicating iliopsoas activity) [2].  
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As we mentioned above, the kinetic value, the joint moments, is very 

difficult to measure directly, so we used indirect method which was used force 

data from loadcell and calculated the joint moments through geometric 

analysis of robotic driving parts in developed system [159]. The extension 

moment of hip joint occurred from 400N·m to zero in 0-40% of gait cycle, the 

flexion moment of hip joint occurred from zero to 220N·m in 40-70% of gait 

cycle and then the extension moment of hip joint occurred from zero to 

400N·m in 70-100% of gait cycle. The pattern of hip joint moments was 

almost exactly opposite to the pattern of hip joint angles, and it was very 

similar shape with the pattern of hip joint moments during the normal walking. 

It also could provide proper extension moment to support the body during the 

stance phase, enough flexion moment to progress from the stance leg to the 

swing leg and sufficient extension moment to adjust the velocity and the 

position of the swing leg. The extension moment of knee joint occurred from 

70N·m to zero in 0-45% of gait cycle, the flexion moment of hip joint occurred 

from zero to 120N·m in 45-85% of gait cycle and the extension moment of 

knee joint occurred from zero to 70N·m in 85-100% of gait cycle. The 

satisfactory extension moment was provided to absorb shocks from ground and 

resist the knee flexion during the stance phase, adequate flexion moment was 

provided to flex knee joint for the foot-clearance and the suitable extension 

moment was provided to control the velocity and the position of the swing leg. 

Its flexion moment was peculiarly larger compared to the normal walking 

because of passive knee flexion in swing phase during RGT. Especially, the 

extension moments of hip joint must be large because the weight of thigh is 

very heavy relatively. Each maximum moment was larger than normalized 

joint moments during the normal walking. The maximum extension moment 

of hip joint was 105N·m and maximum flexion moment of hip joint was 

84N·m with assuming the weight of subject was 70kg during the normal 
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walking. In addition, the maximum extension moment of knee joint was 

42N·m and the maximum flexion moment of knee joint was 49N·m with 

assuming the weight of subject was 70kg during the normal walking, as shown 

Figure 5.15. Through these results, we could confirm provided joint moments 

of our developed system were proper and sufficient enough to adapt to RGT 

for the patient with a gait disorder.  
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5.3. Functional electrical stimulation validation 

 

As we mentioned, the most important and critical problem is the trigger 

timing of functional electrical stimulation (FES) in FES gait training. Gait 

disorders could receive clinically effective training through being stimulated 

their paralyzed muscles at appropriate timing in gait cycle during FES gait 

training. In the early FES gait training, either the physiotherapist or patient was 

manually triggering the electrical stimulation. However, the instant of FES 

triggering was based on physiotherapist’s experience and may vary from step 

to step. Consequently, the patient’s walking performance entirely depended on 

physiotherapist’s skills. Therefore, FES triggering was to be automatic by 

adapting various sensors to detect gait events or gait cycles. Heel sensor, as 

known the foot-switch or force-sensing-resistor (FSR), was the first 

application to detect gait events during gait training. Accelerometer, 

gyrosensor and tilt sensor which could be alternative methods to solve many 

problems of heel sensor were also adapted to trigger FES for gait training since 

a few years ago. However, these alternative sensors still have another 

significant problem, accuracies and relevance for detecting gait events and 

adapting to gait training [129-132].  

In this study, we adapted precision robotic control signals of developed 

RGT system for triggering FES. It could be used to significantly overcome the 

uncertainty and errors to detect gait events by using existing various sensors 

and it could also provide constant FES triggering at the exact timing after 

inputting about individual trigger timing according to one’s gait pattern using 

precision robotic control signals without using additional other sensors to 

detect gait events during gait training. Therefore, we conducted FES validation 

was about the accuracy of provided FES trigger signal from developed system 

during gait training as the last experimental validation. 
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5.3.1. Experimental methods 

 

In this study, we used four analog outputs of developed system to 

provide four FES trigger signals to left and right tibialis anterior which was a 

dorsiflexor of ankle joints and gastrocnemius which was a plantarflexor of 

ankle joints respectively as shown in Figure 5.16.  

We decided each timing of the trigger signal for FES based on 

activations of dorsiflexors and plantarflexors during the normal gait and the 

abnormal gait. The trigger signals were occurs in each analog output as 5V 

(trigger on) and 0V (trigger off) at specific index as exact timing of triggering, 

which was from that a gait cycle was divided by 100 indexes using precision 

robotic control signals. Table 5.7 and Figure 5.17 showed assigned specific 

indexes of the normal gait to each four analog outputs of developed system for 

the FES trigger signals. Table 5.8 and Figure 5.18 showed assigned specific 

indexes of the abnormal gait to each four analog outputs of developed system 

for FES trigger signals. 

 

 

 

Figure 5.16. Experimental FES validation and trigger signals for FES 
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We calculate each success rates of trigger signals though measuring 500 

trigger signals of each analog output during gait training with normal and 

abnormal gait. Totally fifty gait cycles of each gait pattern were conducted ten 

times. The success of triggering was defined as the magnitude of signal was in 

5V±0.5V and the timing of signal was in exact index ± one index. 

 

Table 5.7. Assigned specific indexes of the normal gait for FES triggering 

Analog outputs Index for trigger ON Index for trigger OFF 

Left tibialis anterior FES 
5 15 

60 90 

Left gastrocnemius FES 30 45 

Right tibialis anterior FES 
10 40 

55 65 

Right gastrocnemius FES 80 95 

 

 

Figure 5.17. FES trigger signals of the normal gait 
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Table 5.8. Assigned specific indexes of the abnormal gait for FES trigger 

Analog outputs Index for trigger ON Index for trigger OFF 

Left tibialis anterior FES 
5 20 

80 90 

Left gastrocnemius FES 50 65 

Right tibialis anterior FES 
15 45 

55 70 

Right gastrocnemius FES 85 100 

 

 

 

Figure 5.18. FES trigger signals of the abnormal gait 
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5.3.2. Results 

 

Table 5.9 shows results of experimental validation of FES triggering to 

assess the accuracy of provided FES trigger signals in the normal gait. All 

analog outputs during normal gait training showed very high success rates to 

trigger FES in excess of 99%. The first trigger on/off of a gait cycle (Index 

no.5 and no.15) were showed low success rates relatively, it was due to very 

short delay time (about 10ms) before staring gait training.  

 

Table 5.9. Results of success rates of FES triggering in the normal gait  

Analog outputs Index 
no. 

Total 
triggering 

Detected 
triggering 

Success rates 
(%) 

Left tibialis anterior FES 

5 500 495 99.0 

15 500 496 99.2 

60 500 499 99.8 

90 500 499 99.8 

Left gastrocnemius FES 
30 500 498 99.6 

45 500 497 99.4 

Right tibialis anterior FES 

10 500 498 99.6 

40 500 500 100.0 

55 500 500 100.0 

65 500 500 100.0 

Right gastrocnemius FES 
80 500 497 99.4 

95 500 498 99.6 
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Table 5.10 shows results of experimental validation of FES triggering to 

assess the accuracy of provided FES trigger signals in the abnormal gait. All 

analog outputs during abnormal gait training showed also very high success 

rates to trigger FES in excess of 99% except the first trigger on (Index no.5). It 

was also due to very short delay time (about 10ms) before staring gait training.  

 

 

Table 5.9. Results of success rates of FES triggering in the abnormal gait 

Analog outputs Index 
no. 

Total 
triggering 

Detected 
triggering 

Success rates 
(%) 

Left tibialis anterior FES 

5 500 494 98.8 

20 500 497 99.4 

80 500 498 99.6 

90 500 499 99.8 

Left gastrocnemius FES 
50 500 500 100.0 

65 500 500 100.0 

Right tibialis anterior FES 

15 500 496 99.2 

45 500 499 99.8 

55 500 500 100.0 

70 500 500 100.0 

Right gastrocnemius FES 
85 500 497 99.4 

100 500 496 99.2 
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5.3.3. Discussion 

 

Dropping or dragging of the foot is the most typical symptom of the 

pathologies in patients with a gait disorder. These were as results of inadequate 

activation of the dorsiflexor muscles, due to impaired selective control and/or 

calf muscle spasticity. Fundamentally, the inability to properly dorsiflex the 

ankle results in a dropping and dragging of the foot on the ground during the 

swing phase of the gait cycle and the development of compensatory gait 

mechanisms. Circumduction, swinging of the hemiplegic limb in an arc 

motion, contra-lateral vaulting with early heel off and hip hiking by lifting the 

pelvis on the affected side, are some of the compensatory methods used by 

hemiplegic subjects to complete gait. [83-84].  

FES is another important method used in gait rehabilitation to correct 

drop-foot and enhance push-off. FES was first proposed by Liberson et al. who 

applied a single-channel electrical stimulation to the peroneal nerve in order to 

prevent drop-foot. Drop-foot prevention with a stimulator that activates the 

tibialis anterior, resulting in ankle dorsiflexion, has received substantial 

attention during the last 50 years. The main findings from clinical applications 

by Leberson et al. suggested strong orthotic effects, but little or only short-term 

carry-over effects [85-87]. In addition, FES also used to enhance push-off 

ability of gait disables in pre-swing of the gait cycle by stimulated 

plantarflexors such as gastrocnemius and soleus. Severely affected stroke 

individuals cannot be assisted with only drop-foot stimulation since they also 

lack a stance on the paretic leg. The application of multi-channel electrical 

stimulation assists both stance and swing phases have been proposed by many 

researchers [88-97]. Typically, Popovic et al. proposed multi-channel electrical 

stimulation to the quadriceps, gastrocnemius, and tibialis anterior in order to 
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provide support during the stance, push-off at the end of the stance, better 

stability at foot contact, and foot clearance during the swing phase [98]. 

In FES gait training, the trigger timing of FES is the major problem. 

Patients with a gait disorder could receive clinically effective gait training with 

proper stimulations at appropriate timing in gait cycle during gait training. In 

the beginning FES gait training, either the physiotherapist or patient was 

manually triggering the electrical stimulation. However, the instant of FES 

triggering was based on physiotherapist’s experience and may vary from step 

to step. Consequently, the patient’s walking performance entirely depended on 

physiotherapist’s skills. Therefore, FES triggering was to be automatic by 

adapting various sensors to detect gait events or gait cycles. Heel sensor, as 

known the foot-switch or force-sensing-resistor (FSR), was the first 

application to detect gait events during gait training. Liberson et al. and 

Burridege et al. used a heel sensor to switch simulation on and off [85, 117]. 

Heel sensors have been used subsequently in many studies with both surface 

and implanted stimulators [118-122]. However, heel sensors have also 

problems to use practically. The heel sensor must be connected to the rest of 

the electronics either by a wire or a telemetry link. In addition, the heel sensor 

also has drawbacks, if patients want to walk with bare feet or with other 

footwear that does not allow easy attachment of the sensor and associated 

electronics [123]. Various other types of sensors were adapted to trigger FES 

for gait training since a few years ago. Recently, accelerometer, gyrosensor and 

tilt sensor which could be alternative methods to solve many problems of heel 

sensor were also adapted to trigger FES for gait training [124-128]. However, 

these alternative sensors still have another significant problem, accuracies and 

relevance for detecting gait events and applying to gait training [129-132]. 

Hence, a new method which was enabled to detect gait events more accurately 

and simply with the complement existing sensors was needed.  
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In this study, we used precision robotic control signals of developed 

RGT system for triggering FES. The provided FES trigger signals showed vary 

high accuracy compared to previous studies. Daly et al. reported the feasibility 

of combining multi-channel functional neuromuscular stimulation with 

weight-supported treadmill training [95]. Their results showed about 90% of 

success rates to stimulate leg muscles during gait training. They also insisted 

that the method of combining FES and RGT was very useful and had many 

clinical advantages. Richard et al. studied about a multicenter trial of a foot-

drop stimulator controlled by a tilt sensor [123]. They didn’t analyse about 

success rates for the FES, however they mentioned some data were lost due to 

malfunction of the system. They also told about some errors of the tilt sensor. 

Ahn et al. developed and evaluated a new gait phase detection system using 

FRS sensor [127]. They showed good results about the success rates for the 

FES, however it based on FES sensor which must be need wearing shoes or 

socks with complex electronic lines between sensors and the controller. 

Hreljac et al. proposed an algorithm to determine event timing during normal 

walking using kinematic data [130]. Their algorithm was relatively suitable for 

the normal walking, however it was not suitable to abnormal walking of 

patients with a gait disorder. Our developed system showed very high success 

rates to trigger FES in excess of 99% during normal and abnormal gait training. 

The first triggering was showed a little error due to due to very short delay 

time (about 10ms) before staring gait training. Through these results, we could 

expect our developed system could be used to significantly overcome the 

uncertainty and errors to detect gait events by using existing various sensors 

and it could also provide constant FES triggering at the exact timing after 

inputting about individual trigger timing according to one’s gait pattern using 

precision robotic control signals without using additional other sensors to 

detect gait events during gait training.  
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6. Gait Training Simulation 

 

In this chapter, we performed the gait training simulation through the 

RGT modeling with human musculoskeletal model and multi-body dynamic 

analysis to estimate various effects of gait training. We introduced how to 

accomplish RGT modeling with human musculoskeletal model in Section 6.1. 

Additionally, we introduced multi-body dynamic analysis for calculating 

various biomechanical parameters in Section 6.2. Finally, the gait training 

simulation was introduced based on previous results in Section 6.3. The gait 

training simulation makes possible to analyze various biomechanical 

parameters which are very difficult to measure experimentally during gait 

training and it also possible to estimate effects of gait training by using CAD 

models of robotic gait training system with human musculoskeletal model and 

multi-body dynamics. 

 

 

Figure 6.1. Computer simulation of human gait 
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6.1. RGT modeling with human musculoskeletal model 

 

6.1.1. Introduction 

 

The diagnosis and treatment, especially training of gait disorder is very 

challenging. A combination of several factors, including muscle spasticity, 

muscle weakness, bony malalignment, and neurological impairment may 

contribute to a gait disorder’s movement abnormality. Theoretically, correcting 

these factors with the appropriate treatment will improve the gait disorder’s 

gait pattern. Identifying the set of factors to target with treatment is difficult, 

however, since the abnormal gait pattern and set of contributing factors differ 

between patients. Further, the human body can be supposed as a complex 3D 

linkage, and consequently muscles often have non-intuitive roles during gait 

that are difficult to discern from examining electromyography (EMG) and joint 

moments [160-164]. 

Recently, some investigators have presented various types of human 

modeling and gait simulations [165-169]. However, the human modeling and 

the simulation about the gait training have never been attempted as far as I 

know. Modeling and gait training simulation, especially robotic gait training in 

this study, with the human musculoskeletal model is a very powerful tool for 

quantifying muscle function during gait training, which can in turn help 

identify why a specific patient walks with an abnormal gait pattern, and enable 

us easily to design an appropriate gait training plan. Before such a practical 

simulation performed, it is necessary to develop RGT (robotic gait training) 

model which was facsimiled in developed system in this study and human 

musculoskeletal model. 
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6.1.2. RGT modeling 

 

First of all, we designed 3D modeling of robotic gait training using the 

commercial CAD software (Adams 2008, MSC.Software, U.S.A.) as shown in 

Figure 6.2. It was consist of the robotic driving part, the parallelogram and the 

base treadmill. The robotic driving part was simplified to linear actuators and 

limb segments. And it was designed to attach to the lower body segment of 

human musculoskeletal model. Each rotation joint of the robotic driving part 

was controlled as the hinge joint to allow movements of knee and hip joints 

only in sagittal plane. The parallelogram was modelled to fix the robotic 

driving part and to support the upper body segment of human musculoskeletal 

model. The ground was also designed as the base treadmill with the contact 

algorithm using the ellipsoid-plane contact method [170].  

 

 

Figure 6.2. 3D modeling of RGT using commercial CAD software 
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6.1.3. Human musculoskeletal modeling 

 

For human musculoskeletal modeling, we used the commercial CAD 

software (LifeMOD, LifeModeler, Inc., U.S.A.). The human musculoskeletal 

model was consist of total 19 segments which were a head, a neck, an upper 

torso (upper part of the spine), a central torso (lower part of the spine), a lower 

torso (pelvis), two scapulars, two upper arms, two lower arms, two hands, two 

upper legs (thighs), two lower leg (claves), and two feet as shown in Figure 6.3. 

In addition, the human musculoskeletal model was contained total 18 joints as 

shown in Figure 6.4. Joints were kinematic constraints which were used to 

connect two adjoining proximal and distal body segments with 6 DOF (degrees 

of freedom). Defined joints were located at the upper neck, the lower neck, the 

thoracic, the lumbar, both sides (left and right) of scapulars, elbows, wrists, 

hips, knees and ankles. Each joint had different limitations of ROM, the joint 

stiffness values and the joint damping values. Generally, the joint stiffness 

value was set to 10,000N/m and then the joint damping value was set to 

1,000N·sec/m for the normal human musculoskeletal model. 

 

   

Figure 6.3. 19 segments of the human musculoskeletal model 
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Figure 6.5 shows muscle models of the human musculoskeletal model. 

The Hill type muscle model and various parameters of muscle model [171] 

were adapted in this human musculoskeletal model. Major muscles which 

were psoas major as the hip flexor, gluteus maximus as the hip extensor, 

biceps femoris as the knee flexor, rectus femoris as the knee extensor, tibialis 

anterior as the ankle dorsiflexor and gastrocnemius as the ankle plantarflexor 

were selected to analyze changes of various muscle activities during RGT 

using the multi-body dynamic simulation.  

 

  

Figure 6.4. 18 joints of the human musculoskeletal model 

 

  

Figure 6.5. Muscle models of the human musculoskeletal model 
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Figure 6.6 shows the combination of RGT model and human musculo- 

skeletal model. Bushing joints were adapted between RGT model and human 

musculoskeletal model at actual fixing positions in developed system.  

 

  

 

Figure 6.6. The combination of RGT and human musculoskeletal model 
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6.2. Multi-body dynamic analysis 

 

6.2.1. Introduction 

 

Multi-body dynamics is an exciting area of computational mechanics, 

which merges and blends various disciplines such as structural dynamics, 

multi-physic mechanics, computational mathematics, robotics, control science 

and especially kinematics, kinetics and human muscular dynamics in this study 

in order to deliver methods and tools for the virtual prototyping of complex 

mechanical systems. Multi-body dynamics plays today a central role in the 

modeling, analysis, simulation and optimization of mechanical systems in a 

variety of fields and for a wide range of engineering applications [172-175]. 

Basically, the motion of bodies is described by its kinematics behavior. 

The dynamic behavior results due to the equilibrium of applied forces and the 

rate of change in the momentum. As an important feature, multi-body dynamic 

analysis usually offered an algorithmic, computer-aided way to model, analyze, 

simulate and additionally optimize the arbitrary motion of possibly thousands 

of interconnected bodies [176-180]. 

In this study, we performed multi-body dynamic analysis during gait 

training using developed RGT model and human musculoskeletal model to 

calculate various biomechanical parameters such as joint moments, changes of 

muscle length and muscle force which were impossible to measure 

experimentally. These parameters could provide very useful information to 

recognize multiple musculoskeletal factors to gait pattern of each gait disorder. 

Joint moments, changes of muscle length and muscle force during gait training 

were calculated by using the inverse dynamic simulation.  
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6.2.2. Methods 

 

The normal gait pattern was input to the developed RGT model to 

perform the multi-body dynamic analysis during gait training. Additionally, 

measured joint moment of developed RGT system (details in Chapter 5.2) was 

also input to the developed RGT model to apply actual moments during gait 

training for proper gait training simulation, as shown in Figure 6.7.  

Ground reaction forces during RGT were measured using insole-type 

pressure measurement system (Footscan insole, RSscan Int., Belgium) to input 

proper contact forces between the ground and feet of human musculoskeletal 

model , as shown in Figure 6.8. Principal areas during normal gait were heel, 

metatarsal head and hallux area, as shown in Figure 6.9. Therefore, peak 

pressure of principal areas during RGT were measured then converted to 

ground reaction forces by multiplying the contact area. 

Three contact ellipsoids which were placed at heel, metatarsal head and 

hallux on each foot of human musculoskeletal model were created, as shown 

in Figure 6.10. Each contact ellipsoid was controlled according to ellipsoid-

plate contact algorithm [170]. Measured ground reaction forces of each 

principal area were input to each contact ellipsoid as contact forces.  

 

  

Figure 6.7. Input normal gait pattern for the multi-body dynamics 
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Figure 6.8. Measurement of ground reaction force during RGT 

 

 

Figure 6.9. Peak pressure of principal areas during gait 
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Figure 6.10. Created ellipsoid on each foot of human musculoskeletal model 

 

The inverse dynamic analysis was performed to calculate joint moments, 

changes of muscle length and muscle force during gait training. The robust 

integrator was adopted to solve dynamic equations. The simulation time was 

set to 10sec and the time step was set to 1000.  

Simulated joint angles of developed RGT model were compared to 

measured joint angles of the normal gait pattern for the validation of developed 

RGT model. Joint moments from the human musculoskeletal model were 

calculated also by using inverse dynamic simulation.  

Changes of major muscles’ length and muscle force were also calculated 

from multi-body dynamics. Selected major muscles were psoas major, gluteus 

maximus, biceps femoris, rectus femoris, tibialis anterior and gastrocnemius. 

Positive value of changes of muscle length means muscle lengthening with 

eccentric contraction and negative value of muscle length means muscle 

shortening with concentric contraction. These results could provide 

information about positive work done or negative work done by major muscles 

during gait training. Muscle forces were also calculated from the Hill type 

muscle model. Changes of major muscles’ muscle force could represent 

activations and effects of major muscles during gait training.  
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6.2.3. Results and discussion  

 

Figure 6.11 showed the animation of multi-body dynamic simulation 

with the developed RGT model and human musculoskeletal model. Red 

arrows represent calculated reaction force vectors during simulation. The input 

joint angles provided trajectories of segments of RGT model and the input 

joint moments also controlled rotation velocities of segments of RGT model.  

In this multi-body dynamic simulation, the most important point was 

how to accurately reproduce the actual gait pattern of RGT. Therefore, 

correlation coefficients were calculated to compare between measured joint 

angles and simulated joint angles, as shown in Figure 6.12. Left hip joint 

correlation between measured joint angles and simulated joint angles was 0.98 

(p<0.01). Left knee joint correlation was 0.99 (p<0.01). Right hip joint 

correlation was 0.98 (p<0.01). Right knee joint correlation was 0.99 (p<0.01). 

 

 

Figure 6.11. The animation of multi-body dynamic simulation 
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Figure 6.12. Comparisons between measured and simulated joint angles 

 

High correlation between measured joint angles and simulated joint 

angles could prove high accuracy of the developed 3D CAD models to 

reproduce the actual gait training with the developed RGT system. Relatively 

low correlation value showed in both hip joints compared to both knee joints. 

Differences of hip joint angles were caused from constraints between robotic 

driving parts of RGT model and pelvic segment of human musculoskeletal 

model. Two constraints between lower segments of robotic driving parts and 

lower leg segments of human musculoskeletal model was adapted and another 

two constraints between upper segments of robotic driving parts and upper leg 

segments of human musculoskeletal model was adapted. Then each one fixed 

constraint between both pelvic support sides of robotic driving parts and pelvic 

segment of human musculoskeletal model was adapted to avoid pelvic tilting 

or rotating during gait training simulation. 
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Figure 6.13 showed calculated joint moments of human musculoskeletal 

model during gait training simulation by inverse dynamic analysis. Maximum 

hip extension moments were about 180N·m and maximum hip flexion 

moments were about 60N·m. Maximum knee extension moments were about 

10N·m and maximum knee flexion moments were about 390N·m.  

Enough extension moments were provided to support the body during 

the stance phase and small flexion moments were occurred to progress from 

the stance leg to the swing leg by robotic driving parts. In addition, sufficient 

extension moments also provided to adjust the velocity and the position of the 

swing leg. In knee joint, satisfactory flexion moments were occurred to flex 

knee joint for the foot-clearance. Its flexion moment was peculiarly larger 

compared to the normal walking because of passive knee flexion in swing 

phase during RGT. We could confirm provided joint moments were proper 

and sufficient enough to adapt to RGT for the patient with a gait disorder. 

 

 

Figure 6.13. Calculated joint moments during gait training simulation 
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Muscle forces of major muscles were calculated from multi-body 

dynamics using the Hill type muscle model of human musculoskeletal model, 

as shown in Figure 6.14. Changes of major muscles’ muscle force could 

represent activations and effects of major muscles during gait training. Rectus 

femoris, gluteus maximus and biceps femoris generated relative large muscle 

forces. Maximum muscle force of rectus femoris was about 230N from mid-

stance to mid-swing. Maximum muscle force of gluteus maximus was about 

180N from pre-swing to mid-stance. Maximum muscle force of biceps femoris 

was about 170N from terminal swing to mid-stance. Maximum muscle force 

of psoas major was about 10N during pre-swing. Muscle forces of ankle 

muscles, such as tibialis anterior and gastrocnemius, almost didn’t occurred. 

Knee muscles and hip muscles could be trained passively by RGT, however 

ankle muscle couldn’t be trained by RGT. Therefore, we could confirm that 

active gait training method, such as FES, has to be adapted to train actively 

ankle muscles with RGT.  

 

 

Figure 6.14. Calculated muscle forces during gait training simulation 
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Changes of major muscles’ length were also calculated from multi-body 

dynamics using the Hill type muscle model of human musculoskeletal model, 

as shown in Figure 6.15. Rectus femoris showed eccentric contraction during 

stance phase with positive work done by hip extension of RGT and showed 

concentric contraction during swing phase with positive work done by hip 

flexion of RGT. Bicepes femoris showed concentric contraction during stance 

phase with positive work done by knee flexion of RGT and showed eccentric 

contraction during swing phase with positive work done by knee extension of 

RGT. Gluteus maximus showed concentric contraction during stance phase 

with positive work done by hip extension of RGT. Psoas major showed little 

changes of muscle length. Gastrocnemius showed concentric contraction 

during pre-swing with positive work done by knee flexion of RGT. Tibialis 

anterior showed little changes of muscle length.  

 

 

Figure 6.15. Calculated muscle lengths during gait training simulation 
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6.3. Gait training simulation 

 

6.3.1. Introduction 

 

The computer-aided biomechanical modeling and simulations aim to 

understand and estimate various effects, which were difficult to be figured out 

experimentally, of the developed system or human during various situations. 

We could know biomechanical parameters such as joint moments, changes of 

muscle length and muscle force during gait training by performing multi-body 

dynamic analysis with developed RGT and human musculoskeletal model in 

previous section. 

Recently, some researchers adapted human musculoskeletal models and 

multi-body dynamic analysis to healthy subject and to clinical applications of 

gait disorders such as stiff knee gait, crouch gait [160-180]. Their results could 

provide useful information to establish the direction of treatment or surgery 

gait disorders through predicting in advance the effect of treatment or surgery 

by using the human musculoskeletal model and the multi-body dynamic 

analysis. However, the human modeling and the gait training simulation of the 

gait disorder have never been tried out as far as I know. Gait training 

simulation of the gait disorder with the human musculoskeletal model can be a 

very useful method to identify why a specific patient walks with an abnormal 

gait pattern, and enable us easily to design an appropriate gait training plan. 

In this study, we performed the gait training simulation of selected gait 

disorder to estimate the changes of various biomechanical parameters such as 

joint moments, changes of muscle length and muscle force adapted to designed 

gait training pattern by using multi-body dynamic analysis with developed 

RGT and human musculoskeletal model. 
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6.3.2. Methods 

 

Four gait training patterns of the patient with a gait disorder were 

typically selected for the gait training simulation to estimate the changes of 

joint moments, changes of muscle length and muscle force during gait training, 

as shown in Figure 6.16. Each pattern was defined by the personalized 

adaptive gait training program of the developed HRGT in this study.  

The muscle force could be explained the sum of passive muscle force 

and active muscle force, as shown in Figure 6.17. The passive muscle force 

was required to stretch a relaxed muscle to a given length and built up by 

parallel elastic component. On the contrary, the active muscle force was 

generated by contractile element and was proportional to number of active 

actin/myosin biding sites. Total muscle force means the sum of the forces from 

both elements.  

Generally, paraplegic patients have impairment in motor and sensory 

function of the lower limbs; therefore they cannot move their lower limbs 

voluntarily. In the muscle model theory, the paralysis muscle cannot generate 

active muscle forces and can generate only passive muscle forces [181-185]. 

The right leg’s muscle parameters of passive muscle stiffness value and 

passive damping coefficient were adjusted in order to simulate a hemiplegic 

muscle model, as shown in Table 6.1.  

The inverse dynamic analysis of the gait training simulation was 

performed to calculate joint moments, changes of muscle length and muscle 

force of rectus femoris, biceps femoris and gluteus maxius during gait training. 

The robust integrator was adopted to solve dynamic equations. The simulation 

time was set to 10sec and the time step was set to 100. Results of the 

hemiplegic limb (right side) were compared with the unaffected side (left side). 
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Figure 6.16. Input gait training patterns for the gait training simulation 
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(a)                              (b) 

Figure 6.17. Characteristics of muscle model [171] 

(a) The relationship between muscle fiber length and passive muscle force  

(b) The relationship between muscle fiber velocity and passive muscle force 

( tF : Total muscle force, aF : active muscle force, pF : passive muscle force, 
M

OF : peak 

isometric force, 
M

Ol : optimal muscle fiber length, 
M

Ov : maximum muscle fiber velocity). 

 

 

Table 6.1. Modified parameters of a hemiplegic muscle model  

 Passive stiffness 
Passive damping 
coefficient 

Muscle resting 
load 

Hemiplegic side 

(Right) 
4.448 17.512 0.449 

Unaffected side 

(Left) 
0.448 1.751 0.449 
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6.3.3. Results and discussion 

 

Figure 6.18 showed the animation of gait training simulation with the 

developed RGT model and human musculoskeletal model. The input joint 

angles provided trajectories of segments of RGT model and the input joint 

moments also controlled rotation velocities of segments of RGT model. This 

animation could be useful to confirm the compatibility of gait training pattern 

for the patient with a gait disorder before starting gait training. Ok et al. also 

performed 3D human gait simulation with 3D space-shared communications 

system [186, 187]. Hase et al. also reported human gait simulation with a 

neuromusculoskeletal model and evolutionary computation [188, 189]. Hilal et 

al. studied human gait simulation using virtual reality [190]. Many previous 

studies demonstrated usefulness of human gait simulation on various aspects, 

however human gait training simulation didn’t conducted yet [191-200].  

 

 

Figure 6.18. The gait training simulation by using RGT and human 

musculoskeletal model 
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Figure 6.19 showed joint angles of a right hemiplegic patient during gait 

training simulation. The right hemiplegic patient showed relative left-side 

asymmetrical gait pattern in the initial walk. The stance time of left-side 

(unaffected side) was longer than right-side (hemiplegic side) due to tendency 

to maintain stability. We could confirm abnormal stance times of both limbs 

were gradually closed to 60% of the gait cycle according to increasing training 

stage. Joints of hemiplegic side showed small ROM (range of motion) in the 

initial walk. The ROM and pattern of joint angles were also gradually closed to 

the normal gait pattern according to increasing training stage. This result could 

be useful to confirm each gait pattern of each training stage for the patient with 

a gait disorder before starting gait training. 

 

 

Figure 6.19. Joint angles of a right hemiplegic patient during gait training 

simulation 
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Joint moments of a right hemiplegic patient during gait training 

simulation were calculated, as shown in Figure 6.20. Maximum left hip joint 

extension moment was about 210N·m and flexion moment was almost 0N·m 

in the initial walk. Maximum right hip joint extension moment was 

about180N·m and flexion moment didn’t occur in the initial walk. Maximum 

left knee joint extension moment was about 90N·m and flexion moment was 

about 300N·m in the initial walk. Maximum right knee joint extension 

moment was about 10N·m and flexion moment was about 150N·m in the 

initial walk. The amplitude and pattern of moment in each joint were gradually 

closed to joint moment of the normal gait according to increasing training 

stage. This result could be useful to estimate each joint moment of each 

training stage for the patient with a gait disorder before starting gait training. 

 

 

Figure 6.20. Joint moments of a right hemiplegic patient during gait training 

simulation 
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Figure 6.21 showed muscle forces and muscle lengths of rectus femoris 

of a right hemiplegic patient during gait training simulation. Rectus femoris is 

the biarticular muscle as an agonist for knee extension and hip flexion. Rectus 

femoris active in the very late stage of swing in preparation for heel contact. 

Eccenctric activation serves to cushion the rate of weight acceptance on the 

lower extremity and to prevent excessive knee flexion. Rectus femoris show 

increased activity immediately following toe off to assist hip flexion. We could 

confirm the muscle force and the muscle length of hemiplegic side were also 

gradually closed to the normal gait pattern according to increasing training 

stage. 

 

 

Figure 6.21. Muscle forces and muscle lengths of rectus femoris of a right 

hemiplegic patient during gait training simulation 
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Figure 6.22 showed muscle forces and muscle lengths of biceps femoris 

of a right hemiplegic patient during gait training simulation. Biceps femoris is 

the biarticular muscle as an agonist for knee flexion and hip extension. Biceps 

femois is most active from a period just before to just after heel contact. 

Before heel contact, the biceps femoris decelerate knee extension in 

preparation for the placement of the foot on the ground. During the loading 

response, the biceps femoris active in order to assist with hip extension and to 

provide stability to the knee through co-activation. We could confirm the 

muscle force and the muscle length of hemiplegic side were also gradually 

closed to the normal gait pattern according to increasing training stage. 

 

 

Figure 6.22. Muscle forces and muscle lengths of biceps femoris of a right 

hemiplegic patient during gait training simulation 
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Figure 6.23 showed muscle forces and muscle lengths of gluteus 

maximus of a right hemiplegic patient during gait training simulation. Gluteus 

maximus is a major agonist for hip extension. Activation of the gluteus 

maximus starts in an eccentric manner at terminal swing for decelerating hip 

flexion and preparing the musculature for weight acceptance at the beginning 

of stance. At heel contact, the gluteus maximus is strongly activated in order to 

extend the hip. The gluteus maximus remains active from heel contact to mid 

stance to support the weight of the body and produce hip extension. We could 

confirm the muscle force and the muscle length of hemiplegic side were also 

gradually closed to the normal gait pattern according to increasing training 

stage.  

 

 

Figure 6.23. Muscle forces and muscle lengths of gluteus maximus of a right 

hemiplegic patient during gait training simulation 
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7. Summary: Conclusion and Perspective 

 

In this dissertation, we reviewed some major conventional gait training 

methods to understand advantages and limitations of each method. Through 

the recognition of the necessity of a new gait training system, we developed a 

new hybrid robotic gait training (HRGT) system.  

Our developed system could provide a personalized training adapted to 

the walking ability of the patient with a gait disorder based on predefined 

continuous proper hip and knee joint movements using robotic driving parts 

and could provide the functional-electrical-stimulation (FES) to each ankle 

dorsiflexor/ plantarflexor based on individual gait cycle during gait training. 

We conducted the experimental validation which was about kinematic, 

kinetic and FES validation to assess the accuracy of our developed system. The 

results of kinematic validation showed very high correctness of controlling 

according to inputted gait patterns in static and dynamic condition during gait 

training. The results of kinetic validation showed our developed system could 

provide proper joint moments for gait training. The results of FES validation 

also showed very high accuracy of provided FES trigger signal during gait 

training. 

Finally, the gait training simulation which makes it was possible to 

analyze various biomechanical parameters which are very difficult to measure 

experimentally during gait training and possible to estimate effects of gait 

training was also performed by using CAD models of robotic gait training 

system with human musculoskeletal model and multi-body dynamics. We 

could analyze changes of joint moments, muscle forces and muscle lengths 

during RGT and estimate the proper training level of the patient with a gait 

disorder before starting gait training.  
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In summary, three typical conventional gait training methods, which are 

manually assisted body-weight-support treadmill training (BWSTT), using 

functional electrical stimulation (FES) for gait training and using with 

electromechanical or robotic gait training (RGT) system, have been showed 

significant clinical effects in many previous studies and researches. However, 

each method has some limitations for appropriate and effective gait training as 

rehabilitation training. Major limitations of manually assisted BWSTT are 

excessive physical efforts of two or three therapists for manual assist, short 

training duration and providing of less physiological and reproducible gait 

pattern during gait training. FES assisted gait training has some problems of 

detecting appropriate trigger timing of FES and occurring rapid muscle 

fatigues. Current automated gait training system such as electromechanical or 

RGT system have common limitation which is providing only one fixed gait 

pattern for gait training without considering the walking ability or the 

characteristic of individual gait disorder. In addition, most of automated gait 

training systems provided rather movements of one or two specific joints of 

lower limb than all joints (hip, knee and ankle) of lower limb and they use the 

passive guidance to control movements of lower limb joints. To generate 

active movement in patients’ paralyzed lower-limb muscles, the combined use 

of FES with RGT system is absolutely necessary. Based on considerations 

mentioned above, a hybrid (combined FES) RGT system with personalized 

training program adapted to the walking ability of patients with a gait disorder 

which is able to provide proper the gait pattern which was considered gait 

disorder’s walking ability and also able to induce active movements of ankle 

and foot by using FES during gait training is very necessary for gait training in 

the rehabilitation.  

First of all for development of new hybrid RGT system, we designed the 

robotic driving part which could control knee joints and hip joints of gait 
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disorders. The robotic driving part was consisted of AC servo motor and linear 

actuator. The selected AC servo motor was lightweight and small-sized, it also 

could induce enough maximum joint moment and also enough joint rotational 

velocity which were required during gait training. The linear actuator was 

consisted of precision ball screws and ball nuts and the nut on the ball screw is 

driven via a toothed belt by the AC servo motor. The ball screw and the ball 

nut convert rotations of a motor into translational movements of actuators, so 

it is possible to vary the length of the robotic driving part as specific length. 

The robotic driving part designed to be adjustable to the anatomy of each 

subject, and several parameters also designed be adjustable in order to allow a 

proper fitting of the robotic driving part to the individual patient. The rotary 

encoder was placed at each joint to measure angles of joints. The loadcell was 

used to measure forces from the robotic driving part to joint during gait 

training. In addition, the proximity sensor was applied to detect initial position 

of actuator for initialization of developed system. We also developed the 

parallelogram with air pressure lifting device, body weight support system, 

safety device and constituted hardware devices for the motor control and the 

data acquisition. We adopted FES system using precision robotic control 

signals of developed RGT system for the FES for the active gait training, so 

our developed system could provide constant FES at the exact timing after 

inputting about individual trigger timing according to one’s gait pattern using 

precision robotic control signals without additional sensors to detect gait 

events during gait training.  

A control algorithm of our developed system was also designed to 

control the system and provide the personalized adaptive gait training. It could 

afford to use individual gait pattern as input data for personalized adaptive gait 

training program which could provide proper gait pattern, gait speed and FES 

trigger timing during gait training to each individual gait disorder. 
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Personalized training stages which gradually get to normal walking pattern 

could be established according to gait disorders’ walking abilities before 

beginning gait training. We designed a main GUI which could display the 

results of gait training in real time for the visual feedback. Various limit 

parameters could be set in the system control setting and user search, training 

level setting, FES & DAQ setting, training parameter setting could also be set 

in the training parameter setting. The database of our system was also 

established to save a variety of information of gait disorders and training logs.  

After development of our system, we conducted experimental validation 

to assess the accuracy of our developed system. For the kinematic validation, 

we measured joint angles in static and dynamic condition during gait training 

to compare between inputted gait patterns and actual gait pattern using the 

encoder. The Pearson correlation between inputted joint angles and measured 

joint angles was 0.999-1.000 in the static condition. The Pearson correlation 

between inputted joint angles and measured joint angles was 0.998-1.000 in 

the normal gait pattern of the dynamic condition, was 0.997-0.999 in the 

abnormal gait pattern of the dynamic. As a result, our developed system 

showed very high accuracy to provide exactly inputted gait pattern for gait 

training compared to previous RGT systems. For the kinetic validation, we 

used indirect method which was used force data from loadcell and calculated 

the joint moments through geometric analysis of robotic driving parts in 

developed system because the joint moments as a kinetic value, was almost 

impossible to measure directly. Our developed system could provide proper 

extension moment to support the body during the stance phase, enough flexion 

moment to progress from the stance leg to the swing leg and sufficient 

extension moment to adjust the velocity and the position of the swing leg. The 

satisfactory extension moment was provided to absorb shocks from ground and 

resist the knee flexion during the stance phase. The adequate flexion moment 
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was provided to flex knee joint for the foot-clearance and the suitable 

extension moment was provided to control the velocity and the position of the 

swing leg. Each maximum moment was larger than normalized joint moments 

during the normal walking. As a result, we could confirm that joint moments 

of our developed system were proper and sufficient to adapt to RGT through 

the kinetic validation. For the FES validation, we calculate each success rates 

of trigger signals which were precision robotic control signals of our 

developed system. We decided each timing of the trigger signal for FES based 

on activations of dorsiflexors and plantarflexors during normal and abnormal 

gait. As a result, our system showed vary high success rate which was in 

excess of 99% compared to previous studies. Further studies with long-term 

clinical evaluation of various gait disorder is necessary to confirm clinical 

effects of the developed system. 

Finally, we carried out the gait training simulation, as a biomechanical 

application which makes it was possible to estimate effects of gait training and 

to analyze various biomechanical parameters which are difficult to measure 

experimentally during gait training and possible. A RGT system CAD model 

which showed our developed system’s characteristics and a human 

musculoskeletal model were modeled in this study. We could analyze joint 

moments, muscle length and muscle force during gait training by using multi-

body dynamic simulation with RGT system and human musculoskeletal model. 

Additionally, we performed a gait training simulation of specific gait training 

of a gait disorder to estimate effects of gait training and to provide useful 

information and guidelines for rehabilitation training of gait disorders. 

We expect that the developed hybrid robotic gait training system with 

FES could be applied practically to recover walking abilities of gait disorders 

and the gait training simulation could also provide useful information and 

guidelines for rehabilitation training of gait disorders.  
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Abstract in Korean 

 

보행 장애인을 위한 맞춤 훈련 프로그램 기반 
하이브리드 로봇형 보행훈련 시스템 

 
 

연세대학교 대학원 의공학과 

황성재 

 

      

보행(gait)은 개체의 기본적 요구에 따라 한 장소에서 다른 장소로 

움직이는 것을 의미하며, 이는 인간의 고유한 신체적 기능 중 가장 중요한 

기능이다. 보행은 그 자체만으로도 가장 일반적인 운동이자 사람이 매일 

기본적으로 하는 활동이다. 이러한 보행능력을 상실한 보행 장애인들에게 

보행훈련은 생활의 독립 수준과 삶의 질을 좋게 향상시키는데 있어 매우 

중요한 부분을 차지한다. 보행훈련은 이동에 제약이 있는 보행 장애를 

가진 환자들에게 잔존 감각을 활용하여 독립보행에 필요한 능력을 

습득시키기 위하여 수행된다. 기존의 보행훈련은 한 명의 환자에 대해서 

여러 명의 치료사에 의해 수동적인 촉진과 감각 자극으로 주로 이루어져 

왔으나, 이는 정량적이지 못하고 비효율적인 단점을 가지고 있었다. 최근 

환자가 보다 능동적으로 훈련을 할 수 있게 해주는 다양한 전기-기계적 

보행훈련 시스템들이 개발되었지만, 대부분 특정 관절 훈련만 가능하거나, 

환자에게 단순한 훈련 패턴만 일방적으로 반복하여 제공하는 문제점을 

가지고 있었다. 이러한 문제점을 해결하기 위해 보행 장애인의 보행능력 

및 보행패턴에 맞추어서 능동적으로 훈련할 수 있는 보행훈련 시스템의 

필요성이 대두되기 시작했다.  
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본 연구에서는 AC 서보모터(AC servo motor)와 선형 액츄에이터(linear 

actuator)로 구성된 로봇형 구동부를 사용하여 척수 손상 혹은 뇌졸중 

환자와 같은 보행 장애인의 엉덩관절과 무릎관절을 정상보행 특성에 맞게 

제어하고, FES(Functional Electrical Stimulation)을 발목관절의 저굴/배굴근에 

가하여 능동적 보행훈련을 유도할 수 있는 새로운 하이브리드 로봇형 

보행훈련 시스템을 개발하였다. 또한 환자의 보행능력 및 보행패턴 특성에 

맞추어 보행훈련 패턴을 제공하는 보행 능력별 맞춤형 훈련 프로그램과 

환자의 보행훈련을 확인하고 제어할 수 있는 GUI(Graphic User Interface)와 

훈련 정보 및 결과를 저장할 수 있는 데이터베이스를 설계하였다.  

또한, 본 연구에서 개발된 시스템의 정확성 및 유효성을 실험적으로 

검증하였다. 운동학적 검증을 위해서 개발된 시스템에 입력되는 보행훈련 

패턴과 실제 움직이는 시스템의 각 관절 각도를 측정하여 비교하였는데 

약 0.99 이상의 높은 상관관계를 보였다. 운동역학적 검증을 위해서 개발된 

시스템이 제공하는 모멘트를 기구학적으로 계산하여 최대 엉덩관절 신전 

모멘트가 400N·m, 최대 엉덩관절 굴곡 모멘트가 220N·m, 최대 무릎관절 

신전 모멘트가 70N·m, 최대 무릎관절 굴곡 모멘트가 120N·m 을 발생됨을 

확인하였다. 또한, FES 가 보행훈련 동안 지정한 시점에 정확하게 

적용되는지를 트리거링 성공률로 검증하였는데 약 99%의 높은 성공률을 

보임을 확인하였다.  

마지막으로, 개발된 시스템의 3 차원 컴퓨터 모델링 및 다물체 동역학 

해석을 통해서 보행훈련을 수행하는 동안 실험적으로 측정하기 어려운 

다양한 생체역학적 인자들을 계산하였다. 로봇형 보행훈련 시스템 및 인체 

근골격계 모델을 설계하고, 보행훈련 시뮬레이션을 통해서 보행 장애인의 

보행훈련 결과 및 효과를 예측할 수 있었다.  

 

핵심되는 말: 보행 장애인, 하이브리드, 로봇형 보행훈련 시스템, 능력별 맞춤형 

훈련 프로그램, 인체 근골격계 모델링, 보행훈련 시뮬레이션 
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[Participated Research Projects] 
 

No. Title of Research Project Period Management Responsible Role 

1 

 Development of the Portable 
Obesity Management System 
Simultaneous Available Abdo 
minal Fat Analysis, Monitor 
ing of the Daily Exercise and 
Abdominal Exercise Therapy 

2009.06
-

2010.05 

Small and Medium 
Business 

Administration, 
Korea 

Researcher for the energy 
consumption me 
asurements and estima 
tion of  momentum & 
obesity during daily exe 
rcise and  

2 

Development of the Wireless 
-customized FES for the 
Rehabilitation of the Paralys 
ed Patients Muscle Function 
and Strength 

2009.05
-

2010.04 

Korea Industrial 
Technology 
Foundation 

Researcher for the 
development of the wire 
less-customized FES and 
motion analysis of the 
paralysis 

3 
Biomechanical Assessment fo 
r the Development of Barrier -
Free Wheelchair 

2008.12
-

2010.09 

Ministry of 
Knowledge 

Economy, Korea 

Researcher for the 3D 
motion analysis of the 
manual wheelchair  

4 
Supplying of the Biofeedback 
Sensor Network and Clinical 
Database Technology 

2008.12
-

2010.09 

Ministry of 
Knowledge 

Economy, Korea 

Researcher for the clinical 
data base of the individual 
exercise momentum 

5 
Analysis of Biomechanical 
Characters of the Elderly Res 
istive Exercise 

2007.12
-

2010.08 

Ministry of Culture, 
Sports and Tourism, 

Korea 

Researcher for the 3D 
motion analysis of ADL 
and resistive exercise of 
the elderly and musculo 
skeletal modeling/ dyna 
mic simulation 

6 
Development of Feedback 
System through the Analysis 
of Neural Signal 

2007.12
-

2009.12 

Korea Institute of 
Science and 
Technology 

Researcher for the 
analysis of neural signal 
and signal processing of 
neural signal 

7 The Development of Standa 
rds of the gait training system 

2007.02
-

2007.11 

Korea Food & Drug 
Administration, 

Korea 

Researcher for the 
development of Korea 
standards of the gait 
training system with 
KFDA 

8 
Development of the Manu 
facturing Equipment of the 
Customize Medical Electrode  

2006.08
-

2007.01 

Small and Medium 
Business 

Administration, 
Korea 

Researcher for the 
measurement of EMG 
during exercise for the 
validation of electrodes 

9 
Experiments of Pressure Mea 
surements and  Development 
of Optimized Training Model 

2006.05
-

2007.04 

Ministry of 
Commerce, Industry 
and Energy, Korea 

Researcher for the 
measurement of the 
buttocks pressure for 
patients with ulcer and 
development of optimi 
zed training model 

10 
Development of the Robotic 
Gait Training System for Per 
sons with Gait Disorders 

2006.03
-

2008.02 

Ministry of 
Commerce, Industry 
and Energy, Korea 

Researcher for the 
development the robotic 
gait training system and 
3D motion analysis of the 
gait disorders 
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No. Title of Research Project Period Management Responsible Role 

11 

Development of Gait Event 
Detection and Motion 
Analysis Algorithm for the 
Control Signal of FES to 
Muscle Nerve and Validation 
of System Ability 

2006.04
-

2007.03 

Ministry of Health 
Science and 
Welfare, Korea 

Researcher for the 3D 
motion analysis of gait 
disorders and the deve 
lopment of the gait eve nt 
detection system 

12 

Development and Validation 
of Active Ankle-foot Orthosis 
for the Prevention of the Drop 
Foot 

2005.12
-

2007.10 

Ministry of Health 
Science and 
Welfare, Korea 

Researcher for the 
development of an active 
ankle-foot-orthos is for 
the hemiplegia and 3D 
gait analysis 

13 

Development of Accelero 
meter and Tilt Sensor for the 
Feedback of FES to Muscle 
Nerve 

2005.05
-

2006.03 

Ministry of Health 
Science and 
Welfare, Korea 

Researcher for the 
feedback algorithm for the 
FES by using acc. and tilt 
sensor 

14 

Development of Active Multi-
joint Rehabilitation Training 
System for the Recovery of 
the Exercise Ability of Lower 
Limb Disabilities 

2005.03
-

2006.02 

Ministry of 
Commerce, Industry 
and Energy, Korea 

Researcher for the 
development of active 
multi-joint rehab. train 
ing system and measure 
ment of EMG after heat 
treatments 

15 

A Detailed Foot Motion 
Analysis and Its Computa 
tional Analysis using a Mu 
sculoskeletal Foot Model 
during the Locomotion 

2003.12
-

2004.11 

Korea Industrial 
Technology 

Foundation, Korea 

Researcher for the 
development of multi -
segment foot model and 
3D detailed foot motion 
analysis of foot disorders  

16 

The Monitoring of Gait 
training with Orthosis and 
Development of Optimized 
Gait Control Algorithm 

2003.12
-

2004.11 

Ministry of Health 
Science and 
Welfare, Korea 

Researcher for the 3D gait 
analysis and energy 
consumption measurem 
ents during gait 

17 

Development of Measurem 
ent and Analysis Technolo 
gies in Human-Machine In 
terfaces for the Silver Indu 
stry 

2003.11
-

2006.08 

Korea Industrial 
Technology 

Foundation, Korea 

Researcher for the 
development of the she ar 
stress measurement 
sensors in insole & 
socket, and the 3D moti 
on analysis & measure 
ments of plantar press ure 
of foot disorders 

18 

Histomorphological Measure 
ment and Pathological Anal 
ysis of Korean Permanent 
Teeth using Micro -computed 
Tomography and Computer- 
aided engineering  

2003.04
-

2004.03 

Ministry of Science 
and Technology, 

Korea 

Researcher for the  
computer-aided mode ling 
of human model and 
inverse/ forward  
dynamic simulation 

19 

Development of the System 
for Active Gait Training and 
the Quantitative Evaluation 
for the Elderly and Patients 
with Gait Disorder 

2001.12
-

2003.11 

Ministry of Health 
Science and 
Welfare, Korea 

Researcher for the 
development of the act ive 
gait trainer and 3D 
motion analysis 

20 

Development of a Electro -
Mechanical KAFO Which 
Satisfies Both the Stability 
During Stance Phase and 
Knee Flexion During Swing 
Phase 

1999.10
-

2000.11 

Ministry of Health 
Science and 
Welfare, Korea 

Researcher for the 
development electro-me 
chanical KAFO and the 
3D motion analysis of 
paralysis 
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[Patents] 

 
1. “Hybrid Robotic Gait Training System with an Adaptive Training Program”, Patent 

applied, Korea, 2010. 
2. “An algorithm and system for estimating muscle force using joint angles in real-time”, 

Patent no.1020090041758, Korea, 2009. 
3. “Hamstring tightness or flexibility evaluation system”, Patent no.1020080065029, Korea, 

2009. 
4. Control Mechanism of Active Ankle Foot Orthosis”, Patent no.1020080065029, Korea, 

2008. 
5. “Active Ankle Foot Orthosis”, Patent no.1020070014145, Korea, 2007.  
 
 


