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ABSTRACT 

The use of lower extremity exoskeletons for gait rehabilitation purposes is a substantial application. The 

continuous need of precise and systematic training systems during lower extremity rehabilitation process led 

researchers to propose and develop strong, lightweight, low power consumption passive and quasi-passive 

exoskeletons as mobility assistive devices. In this review paper, an up-to-date collective review is issued to 

elucidate and reveal recent modifications concerning gait rehabilitation passive and quasi-passive lower 

extremity exoskeletons. The differences between different types of passive and quasi-passive lower extremity 

rehabilitation exoskeletons are presented, and the structural characteristics are concluded. Results of recent 

research work in this field are so promising for future enhancements of gait rehabilitation exoskeletons. The 

passive lower extremity rehabilitation exoskeletons are often lightweight, but their controllability is restricted, 

while a number of lightweight, low power consumption quasi-passive lower extremity rehabilitation 

exoskeletons have been proposed and developed for patients with lower limb disorders to perform gait training 

and assist patients to restore their physical movements. However, if problems, such as light weight, small size 

and high-power consumption are fixed, the consistency with human body will be advanced and it will be 

possible to improve the rehabilitation of lower extremities. 
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INTRODUCTION 

In recent years, the field of assistive robotics concentrating on robots used for rehabilitation and gait assistance 

has grown rapidly [1][2]. This technology is projected to help in healthcare sector for treatment of patients with 

neurological and age-related disorders and decreasing the clinical costs [3][4]. Researchers have been focusing 

on exoskeletons that are considered as assistive robots since the late 1960s. Biologically, an exoskeleton refers 

to the supportive and protective hard cover of an insect [5]. The term exoskeleton coming from the Greek words 

“exo" means "outer" and “skeletos" means "skeleton", is an external device that protects and supports an 

animal‟s or human‟s body [6]. Exoskeleton is differ from other robots in that it is worn by a human and not a 

machine as in humanoids [7]. Wearable robots are designed corresponding to the shape and function of the 

body, with segments, links, and joints matching to those of the wearer it is externally coupled with [8]. Focusing 

on the lower extremity exoskeleton, it is obvious that it can be defined as a wearable human-robot interactive 

equipment, tied to human legs and moves synchronously with the human gait [9] to support or assist the 

wearer's movements and activities by enhancing the wearer's strength or performance [10][11]. It combines the 

intelligence of human and the power of machine; hence it enhances the machine intelligence and the human 
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operator power. As a result, the exoskeletons wearers can achieve what they are not capable of by themselves 

[12]. The aim of this article is to present an updated review of both passive and quasi-passive lower limb 

rehabilitation exoskeletons and introduce their respective characteristics and development taking into 

consideration the new modifications conducted on lower limb exoskeletons such as; the passive structures used 

with the exoskeletons, weight, and the actuation systems. To gain more understanding for the behavior of lower 

limb exoskeletons, a brief introduction to the biomechanics of human gait cycle together with the gait 

rehabilitation is introduced within the structure of this paper before going deeper in reviewing lower limb 

exoskeletons. 

BIOMECHANICS OF HUMAN WALKING  

Human walking is a form of locomotion defined by a double support phase in which both feet are on the ground 

at the same time [13][14][15]. Walking is an extremely complex biomechanical process [16] because of the 

large number of degrees of freedom (DOF) of the body [17]. Human walking motion is a result of synergic 

movement of skeleton around the joint [18] through a complex orchestration of muscle forces, joint motions, 

and neural motor commands [19]. Therefore, understanding of the human walking biomechanics is important in 

lower extremity exoskeleton design. 

Basic Anatomical Terms 

The motion of the limbs is described using reference planes, as shown in figure 1: 

1- A sagittal plane is any plane which divides part of the body into right and left portions [20][21], and it is the 

most dominant plane where most of the walking takes place [22]. 

2- A coronal plane (also known as the frontal plane) divides the body or any of its parts into anterior and 

posterior portions [23]. 

3- A horizontal plane (also known as the transverse plane) divides the body into superior and inferior portions 

[24]. 

 

 Figure 1. The anatomical position, with three reference planes and six fundamental directions [24]. 

Bones and Joints of the Lower Limb 

Lower limb has a major role in supporting the body's weight with minimum energy expenditure and moving the 

body in space. Movements at all joints within the lower limb are integrated in order to position a foot on the 

floor and moving the body over this foot [25]. Bones of the lower limbs consist of the pelvic girdle, and these of 

the thigh, the leg, and the foot. There are three main joints in human lower limbs, namely hip, knee, and ankle 

joints [26]. Figure 2 illustrates the human lower extremity bones and joints. Each leg of human lower limbs has 

7 degrees of freedom (DOF). Three degrees of freedom at the hip joint, one degree of freedom at the knee joint, 

and three degrees of freedom at the ankle joint [27]. Figure 3 shows the degrees of freedom permitted by each 
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joint [8]. However, the majority of daily motions that require high torque and power are carried out in the 

sagittal plane [17] that describes the person's forward and backward motions [27]. This is why a large number of 

studies have concentrated on joint actuation in sagittal plane especially the flexion and extension of the hip, the 

knee, and the ankle joints [17]. 

 

Figure 2. Lower extremity anatomy: Bones and joints [24]. 

  

Figure 3. Lower extremity degrees of freedom (DOF) [8]. 

Human Gait Cycle 

Gait is a complex activity for human beings. It requires high motor control, and its pathologies have a harmful 

effect on personal autonomy and daily life activities [28][29]. The term gait describes the walking style or 

manner, rather than the process of walking itself [24]. It is needful for researchers and designers to study the 

cycle of the human walking gait before designing a lower limb exoskeleton [30]. The gait cycle can be defined 

as the period of time between any of the walking repetitive events. Although any event may be chosen for gait 

cycle definition, it is generally suitable to use the instant in which one foot touches the floor „initial contact‟ 

[24]. One complete gait cycle begins with the heel strike of one foot and continues until the heel strike of the 

same foot in preparation for the next step [31]. The human walking gait can be modeled as shown in figure 4. 
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Figure 4. The normal gait cycle of an 8-year old boy [32]. 

Each gait cycle mainly composed of two phases where one foot is in contact with the ground, the stance and the 

swing phases, and also two phases where both feet are in contact with the ground, the single-support phase and 

double-support phase.  

The stance phase, which is also called the „support phase‟ or „contact phase‟ [24], it is the interval in which the 

foot is on the ground [33] and starts when the foot contacts the ground 'initial contact' and ends when the same 

foot leaves the ground 'toe off'. The stance phase can be subdivided into [24]: 

1- First double support or weight acceptance, when both lower limbs are simultaneously in the stance phase. 

The objectives of this support phase are to stabilize the limb, absorb shock, and preserve the progression of 

the body. In this portion the knee flexes slightly in order to absorb shock as the foot flat on the ground. 

2- Single-leg stance phase includes the body progression over the foot, and bearing most of the body weight 

stability. The single-leg stance can be subdivided into two sub-phases: the mid-stance, and the terminal 

stance respectively [34]. 

3- Second double support or opposite initial contact, starts once the ending of the single-leg stance phase and 

the starting of the pre-swing (PSw) sub-phase [24][34]. 

The swing phase, when the foot is not in contact with the floor [35], it starts when the foot leaves the ground 'toe 

off', and ends when the same foot touches the ground again. The swing phase of gait achieves foot clearance 

over the floor, forward progression of the limb, and to make the limb ready for stance phase [34].  

Each of gait phase is composed of different sub-phases [36]. Normal gait can be broken down into series of 

seven events and sub-phases: Loading response (Foot flat) phase, Mid-stance phase, Terminal stance phase, Pre-

swing phase, Initial swing phase, Mid-swing phase, and Terminal swing phase [37]. The duration of a complete 

gait cycle is known as the cycle time, which is divided into stance and swing periods. The stance phase begins 

with the right initial contact of the foot on the ground, while the other left foot is also in contact with the ground. 

Between the 'initial contact' of the right foot and the 'toe off' of the left foot there is a double support period, also 

called double limb stance. The left sided swing phase describes the period when only the right limb is in contact 

with the ground, while the left foot is lifted from the ground and swing in the air. This part of the gait cycle is 

called the 'right single support' or 'single-leg stance' and ends when the swinging leg touches the ground again. 

The second period of double support occurs once the left swinging limb meets the ground and ends when the 

support right leg leaves the ground. Finally, the right sided swing phase describes the period when only the left 

limb is in contact with the ground, while the right foot is lifted from the ground and swing in the air. This part of 

the gait cycle is called the 'left single-leg stance' and the gait cycle ends when the swinging leg touches the 

ground again. During normal gait cycle, the exact duration of gait intervals varies with the walking speed, where 

the stance phase lasts approximately about 60% of the time, and the swing phase lasts about 40%. While each 

period of double support constitutes about 10% of gait cycle [24]. 

HUMAN GAIT REHABILITAION (GAIT TRAINING) 

Walking ability is important for quality of life and participation in social and economic life [38]. Lower limb 

mobility can be affected by: 
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1- Age-related pathologies. 

2- Muscle weakness: Many health states can cause muscle strength weakness which may result in mobility 

problems and may affect patient's stability during walking. 

3- Loss of motor function which is caused by many medical states. 

4- Neurological disorders for example spinal cord injury (SCI), cerebral paralysis (CP), stroke, and infectious 

diseases may lead to sever weakness in body muscles and motor control impairments [39]. 

If lower extremities are affected, a treatment is required to rehabilitate, restore, and improve the gait, and to 

assist patients to be able to walk freely again [40]. The main goal of the rehabilitation therapy is to minimize 

functional deficits of disabled patients, this procedure requires a repetitive motion performed by the patient [41]. 

In general, Rehabilitation requires the patient to perform some repetitive training. During the early stages of 

patient rehabilitation, the patient needs the help of therapists due to his little control on the affected part of his 

body. One or more therapists can provide manual assistance to the patient [42]. Traditional rehabilitation 

therapies are extremely labor intensive, and patients have to receive highly repetitive, usually inefficient training 

from physiotherapists [39]. However, traditional manual physical therapies are mainly affected by the therapist's 

expertise, and the requirements of high-intensity and repeated training therapy are difficult to achieve [43]. One 

of the drawbacks of manual rehabilitation is the lack of high intensive training due to the limited time to the 

therapist. This time limitation may lead to non-reproducible gait style. Therefore, the manual therapy is 

ineffective treatment [44]. In order to improve the human movements, the modern rehabilitation techniques use 

mechanical or electromechanical systems to assist the lower limbs in their movements [41]. Robots can be built 

with various functions and purposes in order to rehabilitate the lower extremity. There are two classifications of 

rehabilitation robots: the non-mobile robots, and the over-ground robots. Figure 5 shows the two types of lower 

extremity rehabilitation robots [44]. 

 

Figure 5. (a) treadmill-based body weight support (BWS) system, (b) treadmill-based lower extremity 

exoskeleton, (c) joint level device, (d) portable lower extremity exoskeleton, (e) mobile robotic trainer, (f) lower 

extremity exoskeleton with mobile platform [44]. 

Users have the ability to receive the gait training in a fixed and confined area by utilizing a non-mobile robots‟ 

devices which comprise a treadmill-based body weight support (BWS), treadmill-based lower extremity 

exoskeleton system as represented in figure 5.(a, b). Participants have the ability to walk over the ground with 

the assistance of (over ground rehabilitation robots) in which it increases the gait training independency. Since 

patients are no confined in the walking area or restricted to the sagittal plane movement, an extremely ability 

gained with ground rehabilitation robot. Over ground rehabilitation robots include joint level device as shown in 

figure 5.(c), portable lower extremity exoskeleton as shown in figure 5.(d), mobile robotic trainer as shown in 

figure 5.(e), and lower extremity exoskeleton with mobile platform as shown in figure 5.(f) [44]. Robot-assisted 

gait training allows natural and symmetric walking patterns while increasing the intensity and duration of the 

training sessions [45]. 

EXOSKELETONS IN LOWER LIMB REHABILITATION 

Exoskeletons can help in performing particular functions such as: walking assistance; carrying a heavy burden; 

and physical therapy support for patients who are unable to walk again [46]. Lower limb exoskeletons can be 



A Review of Passive and Quasi-Passive Lower Limb Exoskeletons for Gait Rehabilitation 

 

664 
 

classified into two types according to the end-users, namely medical and non-medical systems. Figure 6 shows 

the exoskeleton classification based on end users.  

   

Figure 6. Exoskeleton classification based on end users [47]. 

With a specific manner, the medical exoskeletons have a positive effect to help joint/limb motion for patients 

who suffer from limitation or lost in the mobility and strength of walking [47]. Rehabilitation is needed for 

elderly people with weakened muscle strength [39], and for patients with gait issues [47]. In the medical field, 

exoskeletons together with rehabilitation training can assist patients with lower limb mobility disorders to 

perform gait training [48] and to regain and restore the physical movements of patients [5]. Patients would 

obtain an intensive repetitive motion whenever the patient has rehabilitated using a developed lower extremity 

exoskeleton in which therapists able to release from the heavy work in the physical therapy. Thus, a sever 

concentration on the gait performance analysis has introduced based on this situation [39], and evaluate the 

patient‟s rehabilitation status [43]. 

PASSIVE AND QUASI-PASSIVE LOWER LIMB EXOSKELETONS FOR HUMAN GAIT 

REHABILITATION 

According to their power consumption and operating principle, lower extremity exoskeletons can be classified 

as passive or quasi-passive [49] and active exoskeletons [50]. 

Passive Exoskeletons 

A passive (unpowered) [51] system does not use an external power source, but uses materials, springs or 

dampers with the ability to store energy from human movements and release it when required [52]. Passive 

exoskeletons are often lightweight, but due to their lack of power supply and electronics, their controllability is 

limited [53]. These exoskeletons are usually used to support, align, prevent or correct deformities of a human 

body segment or joint or to improve body joints movements [41]. Passive exoskeleton require a massive upper 

body strength to provide all the needed energy for movement, and a great amount of physical activity, in order 

to produce a very slow motion speeds [54]. As represented in figure 7.(a) which illustrated the first exoskeleton 

designed by Yagn in 1890, it has provided for several patients. Walking and running support for the humans has 

gathered by utilizing the Yagn's invention in which many long spring bows introduced [7]. In the other side, the 

progress of the passive lower limb exoskeletons for rehabilitation purposes was poor due to their limitations, 

including the high energy expenditure and restricted use of this technique by patients with severe walking 

impairments [51]. (KAFOs) the Knee –Ankle –Foot orthosis developed in 2005 under the authority of 

Mechanical Engineering department, university of Ottawa, Canada, it represented by a treadmill – based 

exoskeleton and it has used for gait enhancement for patients with weak extensor. Controlling ability for the 

flexion and extension of the knee joint with the process of opening and shutting off the solenoid as well as 

providing the power with the ingenious mechanical structure and the  position of spring has introduced with 

orthosis [43]. A device proposed in 2006 as illustrated by Sai K. Banala to help patients suffered from 

hemiparesis in walking by eliminating the effect of gravity. A passive system without motors and actuators 

clarified in figure 7.(b) and composed from links and spring, in which it represented by safety and simplicity of 

machine interface for patient to accommodate variability in geometry and inertia of subjects. Also, gravity 

balancing has achieved using a hybrid method for the human‟s leg over its range of motion [55]. In 2015, Kok-

Meng Lee et al presented the design concept of a passive weight-support lower limb exoskeleton with a 
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compliant joint to relieve compressive load in the knee as shown in figure 7.(c). A combination of tropology 

optimization and evaluated experiments a compliant exoskeleton (Knee-joint) has introduced through a leg 

dynamic model and a knee bio-joint model. Effectiveness confirmation has enhanced based on the result from 

experiments and simulation of the lower extremity exoskeleton in supporting user's body-weight during motion 

[56]. In 2019, Wenkang Wang et al presented a passive lower limb exoskeleton with a simple structure and a 

light weight as shown in figure 7.(d). External energy source is not in demand for exoskeleton and energy 

transfer can be achieved only by the gravity of the human body. A basic matching has achieved using an 

exoskeleton which considered as self-adaptive for human gait. During walking with the exoskeleton, pulling 

forces are created by feet pressing plantar power output devices via Bowden cables; the forces are transferred to 

the exoskeleton using a crank-slider technique to permit the exoskeleton to supply torques for both the ankle and 

knee joints as required by the human body during the stance and swing phases. A greatest influence on the 

motion of ankle joint represented by the exoskeleton, on the contrary, exoskeleton has less influence on the hip 

joint. Torque generated at the joints by the exoskeleton increases, as an inevitable consequence of increasing the 

elasticity coefficient of the spring [57]. 

 

Figure 7. (a) Yagn‟s running auxiliary device [7]. (b) Sai K. Banala's engineering prototype device [55]. (c) 

Passive weight-support lower limb exoskeleton design [56]. (d) Wenkang Wang et al passive lower limb 

exoskeleton [57]. 

Quasi-Passive Exoskeletons 

Since active lower limb exoskeletons require more complicated control instrumentation and according to the 

limitations of the power/weight ratio that arises in such exoskeletons, many quasi-passive systems have 

developed and employed. These systems have described by simplicity in which it uses a less number of 

actuators and entailed a simple control system [58], resulting in prosthetic systems that are lightweight, energy 

efficient, and operationally quiet [59][60]. The term Walking assistant device with body weight support (BWS) 

described the quasi-passive lower extremity exoskeleton in 2009 by Yoshihiro Kusuda, it has developed by 

Honda and proposed as a training device for human walking rehabilitation as represented in figure 8.(a) [58]. 

This exoskeleton is developed to help people whom have the ability of walking on their own legs but with 

difficulties of body weight bearing. A pressure reduction has achieved on the hip, knee and ankles by supporting 

a portion of the user‟s body-weight while walking and using stairs (going up and down) with the utilizing of this 

system. The system structure is simple and it has a seat, shoes and frame used to connect the shoes and seat 

together. A group of brushless DC motor, and rechargeable lithium battery have combined together for the 

designation of the system prototype and the system weight does not exceed 6.5 kg [61]. In 2010, S. Krut et al 

presented a lower extremity exoskeleton known as MoonWalker. The device has the ability for wearer‟s body 

weight sustaining as clarified in figure 8.(b). Rehabilitation has obtained by supporting patients with weak legs, 

support people to carry the heavy load as well as support patients with broken legs. A passive force balancer 

considered as the main property of this system in which it provides the required force for sustaining of body 

weight [62]. Another exoskeleton system utilized for rehabilitation of lower limb movement resulting from 

stroke and incomplete spinal cord injury (SCI) in which the system has been invented by Wilian M.dos Santos 

in 2017. As shown in figure 8.(c), the exoskeleton consists of lightweight tubular structures and six free joints 
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that give the system a modular feature. By mean of springs and dampers the exoskeleton has considered as a 

passive system, in which it has also considered as an active system by utilizing of actuators. Furthermore, a part 

of telescopic tubular links has developed to adjust the size of links to align the exoskeleton‟s joints with 

patient‟s joints in which it is adjustable to suit different patients [63]. In 2018, Ting Zhang et al developed a 

novel, high-power, self-balancing, and software-controlled actively compliant hip exoskeleton as shown in 

figure 8.(d) that can support movement and maintain balance in the sagittal and frontal planes sides. The 

developed device involves powered hip flexion-extension and hip abduction-adduction joints. Each unit of 

actuation employs a compact and modular Series Elastic Actuator with a high torque/weight ratio. A new 

balance controller based on the extrapolated center of mass concept is presented for maintaining walking 

stability [64]. 

 

Figure 8. (a) Walking assist device with body-weight support [61]. (b) MoonWalker exoskeleton [62]. (c) 

Modular lower limb exoskeleton [63]. (d) Ting Zhang et al hip exoskeleton [64]. 

CONCLUSION 

In this paper the development of passive and quasi-passive lower limb exoskeletons for gait rehabilitation are 

reviewed. For patients with lower extremity disorders, the lower extremity rehabilitation exoskeletons provide 

many advantages to perform gait training and assist patients to restore their physical movements. After studying 

the various passive and quasi-passive rehabilitation lower extremity exoskeletons which have been developed 

and also looking their constructional and usage specifications, a comparison is carried out. This comparison is 

limited to lower extremity exoskeletons for gait rehabilitation and informs pros and cons and identifies 

improvements area. The passive lower extremity rehabilitation exoskeletons are often lightweight, and low in 

cost, but their controllability is restricted due to their lack of energy supply and electronics. Designers produce a 

number of lower extremity quasi-passive exoskeletons. These devices are proposed and developed for patients 

with lower extremity disorders. Such devices normally have a few numbers of actuators with simple control 

strategies, resulting in a lightweight, low cost, energy efficient, and operationally quiet lower extremity 

exoskeletons. The general price of the existing lower extremity exoskeletons is too expensive for most low-

income people with disability who need these devices. Therefore, efforts should be made to keep the cost as low 

as possible by avoiding high cost sophisticated components, and developing cheaper devices that are available 

to most people with mobility disorders. Passive and quasi-passive rehabilitation exoskeletons are cheaper than 

powered rehabilitation exoskeletons due to their lack of external power supply. We hope this review will help 

researchers for better exoskeleton designs and fabrication and greater opportunities for this industry, and finally 

significant improvements in the quality of life of the wearer it serves. In order to improve the currently available 

lower extremity exoskeletons, the efforts of the researchers must be concentrated on the types of the materials 

used to fabricate the exoskeletons, exoskeleton's structures such as actuators and controllers, safety and 

protection, and providing of low cost exoskeletons to meet the needs of most of low income people with 

disabilities.  
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