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Abstract: Researchers have given attention to lower limb exoskeletons in recent years. Lower limb
exoskeletons have been designed, prototype tested through experiments, and even produced.
In general, lower limb exoskeletons have two different objectives: (1) rehabilitation and (2) assisting
human work activities. Referring to these objectives, researchers have iteratively improved lower
limb exoskeleton designs, especially in the location of actuators. Some of these devices use actuators,
particularly on hips, ankles or knees of the users. Additionally, other devices employ a combination
of actuators on multiple joints. In order to provide information about which actuator location is more
suitable; a review study on the design of actuator locations is presented in this paper. The location of
actuators is an important factor because it is related to the analysis of the design and the control system.
This factor affects the entire lower limb exoskeleton’s performance and functionality. In addition,
the disadvantages of several types of lower limb exoskeletons in terms of actuator locations and the
challenges of the lower limb exoskeleton in the future are also presented in this paper.

Keywords: actuator; lower limb exoskeleton; wearable robot

1. Introduction

Nowadays, people work even more strenuously and require stronger and longer lasting muscle
movements. However, human muscles have a fatigue limit when doing regular and repetitive activities.
To help overcome this fatigue limit, some researchers have suggested that humans use an external
wearable device, i.e., an exoskeleton. An exoskeleton, also known as a wearable robotic, is a system
that can be worn to help human beings to support and protect parts of their bodies [1]. Such a device
has been used for many applications, including enhancing workers when doing their jobs or as medical
tools for rehabilitation. In many industries, exoskeletons have been used to increase worker strength
for walking on long journeys [2] or lift heavy items [3]. In the medical field, exoskeletons have been
used to assist patients who have lost their ability to walk due to spinal cord injuries, stroke, and other
trauma [4]. Coenen et al. [5] reported that rehabilitation exoskeletons can improve the quality of
exercises during rehabilitation and can accelerate recovery process.

The application of the exoskeleton to the human body can be divided into three locations: (1)
throughout the human body [6], (2) at the upper part of human body, such as the torso and arms [7],
and (3) at the lower part of the human body, i.e., from the waist down [8]. Various parts of the human
body simultaneously play certain functions in supporting movement during walking. However,
the lower limbs of the human body have more important roles than the other parts. This is because the
lower limbs generate more torque than other parts while walking. This paper reviews a number of
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existing published papers related to lower limb exoskeletons. However, this paper limits its discussion
to the classification of joint motions and types of actuators of the exoskeleton.

The joints in the lower limb of the human body are the hips, knees, and ankles. Each joint has
different abilities to move or degrees of freedom (DoF), as shown in more detail in Table 1. The types
of lower limb exoskeletons based on joint motions are differentiated into several types based on how
the actuators drive the exoskeleton. The actuators can drive just the hips, the knees, or the ankles.
In a small number of studies, exoskeletons have multiple actuators to drive a combination of joints.
These combinations of actuators are hips and knees, knees and ankles, and all three joints (hips, knees,
and ankles).

Table 1. Degrees of freedom (DoF) of each joint in the lower limb.

No Joints DoF Movement

1 Hips 3
Flexion–extension

Abduction–adduction

Internal–external rotation

2 Knees 2
Flexion–extension

rotation

3 Ankles 3
plantar flexion–dorsiflexion

Abduction–adduction

Eversion–inversion

The source of motion of the actuator can be distinguished by whether it is an active actuator or a
passive one. An active exoskeleton is one that uses a power source to activate the actuators. Moreover,
an actuator for active motion can be electric, pneumatic [9], or hydraulic [3]. On the other hand,
a passive exoskeleton is a device that has no power source. This type of exoskeleton exploits kinematic
forces, e.g., by using springs and dampers [10].

This paper is organized as follows. Section 2 presents a brief overview of the biomechanics of
the walking process. Section 3 presents a number of exoskeletons grouped according to the locations
of the actuators. Section 4 discusses the present state and the future of the lower limb exoskeleton.
Finally, Section 5 provides concluding remarks.

2. The Walking Process

Prior to designing the kinematics of a lower limb exoskeleton, it is necessary to study the cycle of
the human walking gait. The human walking gait can be modeled as represented in Figure 1 (adapted
from [11]). The human walking gait cycle starts from the right heel contact and ends with the same
situation; the steps in the gait cycle are described in Table 2. This cycle determines the movement of
the exoskeleton. Moreover, the relationship between the human walking gait cycle with the angle of
the hips and the torques needs to be considered. In [12], the authors performed tests on 15 subjects to
examine the relationship between angles and torques within the human walking gait cycle. The subjects
consisted of 11 males and four females, with heights between 166 and 184 cm. The results of the
experiments are presented in Figure 2. The experiment was only conducted for walking on a level
surface. The results of the relationships would have differed in the case of other activities, such as
running. In addition, angles and torques generated by the human gait also depend on the condition of
the surface, e.g., walking on a ramp [13]. The movement of an exoskeleton can be determined by using
the relationship between the angles and the cycle gait. Ultimately, torque can be calculated based on
the movements of an exoskeleton.
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Table 2. Gait cycle position.

No Right Leg Left Leg

1 Heel strike Pre swing
2 Loading response Toe off
3 Mid Stance Mid Swing
4 Terminal Stance Terminal Swing
5 Pre swing Heel strike
6 Toe off Loading response
7 Mid Swing Mid Stance
8 Terminal Swing Terminal Stance
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Dominant movement takes place in the sagittal plane (the plane that divides the human body
into right and left parts) during the gait. Lower human limbs have three main joints, namely ankles,
knees and hips. Therefore, researchers have focused on the movement of exoskeletons in these joints.

For research purposes, there have been several simplifications of the DoF of lower human limb.
Some studies have simplified the lower limbs into seven DoF, i.e., three on hip, one on the knee,
and three on the ankle; five DoF, i.e., two on the hip, one on the knee, and two on the ankle; and even
only three DoF for the main DoF only, as presented in Figure 3. The main DoF are the flexion
(positive direction) and extension (negative direction) movements of the hip, knee and ankle joints.
For each hip and ankle, one or two DoF can be added. The other DoF in the hip and ankle are
abduction (movement of pulling away from the center of the body) vs. adduction (movement of
pushing toward the center of the body) and eversion (movement away from midline of the body)
vs. inversion (movement toward the midline of the body). The simplified DoF of the exoskeleton
cause a reduction in the ability of the device to be utilized by the user. However, researchers have
mainly focused on the basic human movements that are used for daily activities. The various types of
locations/joint movements of the actuators of exoskeletons are discussed in Section 3.
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3. Joints of the Exoskeleton

This section provides a discussion about the various types of exoskeletons. Exoskeletons are
classified by the location of the power sources of the lower exoskeleton. The actuators of the lower
exoskeleton are usually placed on the joints of the human. The purpose of this part of the exoskeleton
is to move the joint of the user. The actuator can be placed only one joint on each leg, such as the hip,
knee or ankle; a combination between two joints (hip and knee, or knee and ankle); or a combination
between three joints (hip, knee and ankle).

3.1. Hip Exoskeleton

Hips connect the upper limbs and the lower limbs. Human hips enable their owner to perform
the motions of flexion/extension, abduction/adduction, and medial/lateral rotation (three DoF motions).
These motions are required for a human to walk or run. Most researchers have placed actuators on the
hips of the users for their exoskeletons. Moreover, Lenzi et al. [14] concluded that the hip exoskeleton
enables a reduction of hip and ankle muscle activities.

Honda developed an exoskeleton called the Honda Walking Assist [15]. This device has one
Direct Current (DC) motor on each hip. The force from the motor is passed to the thigh of the user
through the straps, resulting in a light and neat exoskeleton. In another design similar to Honda
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Walking Assist [15], Giovacchini et al. [16] developed a hip orthotic whose actuator is located near the
user’s hips. This exoskeleton helps the user to move their hip in the flexion and extension directions
(Figure 4a). Moreover, this wearable robot is equipped with a passive actuator that enables the user to
move in the abduction–adduction direction, resulting in user comfort.

The HiBSO (hip ball screw orthosis) exploits a ball screw in each leg for transmitting the force
from a DC motor [17]. At the end of the ball screw is a strap that passes the actuation movement
to the thigh (see Figure 4b). This structure has other movements beside the flexion/extension action.
The HiBSO enables the user to move in the abduction/adduction direction in the hips, while allowing
for the rotation of the thigh. Another wearable robot, Powered Hip Exoskeleton or PH-EXOS also
added abduction/adduction motions and internal and external rotation [18]. These motions enrich
its primary movements, namely flexion/extension, with the abduction and adduction motions being
passive actions. The motors are placed on the waist of the user and are connected to the pulley through
a Bowden cable, as seen in Figure 4c.

Asbeck et al. [19] constructed an exoskeleton called the Exosuit. They constructed the webbing
straps with a geared motor that is carried on the user’s back. These straps are linked to the thigh of the
user, as seen in Figure 4d. These straps perform by contracting and expanding on the leg during the
heel strike until the terminal stance.
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3.2. Knee Exoskeleton

The human knee is an important object of study by researchers, because this part of the human body
generates significant torque for walking [12], running [20], and movement from squatting to standing
and vice versa [21,22]. Moreover, knees also restrain impact during those activities. Additionally,
the position of the knee is between the hip and the ankle. Compared to the hip and ankle, the knee
has a more straightforward movement—flexion/extension as well as rotation movements. However,
for the sake of simplification, most studies of exoskeletons have modeled only one DoF for the knee
exoskeleton, dedicated entirely to moving the knee in the flexion/extension actions.

A soft inflatable cushion is used as the actuator in an exoskeleton [23]. The inflatable part is placed
behind the knee of the user. This component allows for the reduction of the weight of the exoskeleton.
To inflate and deflate the component, a pneumatic system is used. This exoskeleton is inflated during
the swing phase of the walking gait and deflated during the other phases of the walking gait cycle.
Figure 5a shows this exoskeleton. Two DC motors are used to actuate two Bowden cables [24]. One of
the cables is connected to a strap behind the lower thigh, while another cable is connected to a strap in
front of the top of the thigh, as presented in Figure 5b.

Another activity that is often used while working is squatting. Human knees have an essential
role in the squatting motion. The squatting action requires a high torque from the knees [21]. Moreover,
several activities are required in the squatting movement. However, most wearable robots are not
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designed for this action. A passive one-DoF knee exoskeleton was developed by Ranaweera et al. [10]
to help humans lift loads from the squatted position. This device employed two helical elastic springs
on each knee. This component was connected to the pulley disk, which was placed behind the knees of
the user. Figure 5c shows the prototype of this exoskeleton. Huang et al. [25] designed an exoskeleton
to prevent injury because they observed that the squatting motion makes one susceptible to personal
injury. This device can help the user to squat and walk without carrying any load. They utilized a
motor and transmitted the torque to the gear and pulley by a flexion cable, as presented in Figure 5d.
Meanwhile, an exoskeleton was designed for walking and kneeling. Wang et al. [26] developed
a knee exoskeleton actuated with a motor and transmitted to a double pulley on the user’s knee.
This configuration helps the user to walk and to assume a kneeling posture. The design of this
exoskeleton is presented in Figure 5e.
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3.3. Ankle Exoskeleton

According to Figure 2, the ankle has the most significant torque during the walking gait compared
to other joints. This has caused most studies to place actuators in the ankle. This joint has four
bones in three planar motions (three DoF). However, plantar or dorsiflexion movement is the primary
movement during the gait cycle. Some researchers have simplified the motions on their exoskeletons
to only one DoF for this main ankle movement.

Mooney and Herr [27] developed a one-DoF exoskeleton, as seen in Figure 6a. This equipment
was intended to help the user to walk while carrying a load. This exoskeleton uses a brushless DC
motor (BLDC) placed in the shank of the user, while the motor controller and batteries are attached to
a vest. The device activates a fiberglass strut to pull the ankle of the user; the struts are connected to
the boots. Another design called a soft exosuit was proposed by Asbeck et al. [28]. This equipment’s
purpose is to assist the user in walking while carrying a load. Their exoskeleton is actuated by an
electric motor; the motor, batteries and controller are placed in a backpack. This motor is connected to a
Bowden cable. The purpose of the cable is to pull the heel of the user (see Figure 6b). The cables behave
similarly to the human calf muscle. Another exoskeleton was designed by Bai et al. [29]. This device
is used for the therapy of subjects suffering from ankle injuries. Figure 6c shows this exoskeleton.
An electric motor is mounted in front of the shinbone, while the motor control and batteries are carried
on the subject’s waist. The belt is used to transmit the movement of the motor to the gear. This system
functions to activate the subject’s ankle. An ankle exoskeleton powered pneumatically was devised by
Shorter et al. [9]. The movement of the subject’s ankles is actuated by a rotary pneumatic actuator.
This device is attached at the ankle of the user. This exoskeleton utilizes two valves, with the air source
placed on the subject’s waist.

Some studies have attempted to add additional DoF of the ankle exoskeleton, such those of Carberry
et al. [30], Agrawal et al. [31], and Park et al. [32]. A two-DoF ankle exoskeleton was proposed by
Carberry et al. [30]. They enhanced their exoskeleton with eversion/inversion movements. This device
is intended for post-stroke rehabilitation. The mechanism of the exoskeleton is pneumatically actuated,
with the air source placed separately from the exoskeleton, as shown in Figure 6d. Agrawal et al. [31]
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developed another two-DoF exoskeleton which has a motion similar to Carberry’s. They combined
an active joint with a passive joint. The flexion/extension ankle motions are controlled by a DC
servomotor, while the inversion/eversion motions are controlled use a spring and damper mechanism.
Three pneumatic synthetic muscles are used to simulate the human leg muscles [32], as seen in Figure 6f.
This system enables the user to move their ankle with two DoF using these devices with movements
similar to the natural ankle.
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Figure 6. One-DoF ankle exoskeleton using: (a) DC motor and struts [27]; (b) motor and Bowden
cable [28]; (c) DC motor and belt [29]; (d) two-DoF with active actuators [30]; and (e) two-DoF active
pneumatic actuators [32].

3.4. Multiple Joints Exoskeleton

To actuate a joint, more than one muscle that passes through multiple joints may be required.
Some studies have utilized more than one actuator to actuate joints in their exoskeletons. The actuators
actuate a combinations of joints, namely hip and knee; knee and ankle; and hip, knee and ankle.
These multiple joint exoskeletons need to have a more advanced control system than single joint
exoskeletons, because the movement of the joints has to be controlled in such a way that results in a
harmonious gait. These exoskeletons are discussed in this section.

Some researchers have proposed a knee–ankle, two-DoF exoskeleton for rehabilitation.
The National University of Singapore (NUS) developed a device to rehabilitate stroke patients.
They used a series elastic actuator (SEA) to actuate the knee and ankle joints [33]. The SEA is a
connection between a motor with a serial spring. The actuators are placed between the joint and the
thigh or shank of the user, with each actuator using a crank and a connecting rod to move the leg of the
user. Figure 7a shows this exoskeleton. The WAKE-up (wearable ankle knee exoskeleton) also utilized
an SEA [34]. The actuators are chosen to prevent direct contact between the user and the actuator.
To transmit power, a timing belt is used. This device is a modular exoskeleton, which can be worn for
single joints or for multiple joints at once.

In 2006, a prototype hip–knee exoskeleton was developed by University of Twente. This exoskeleton
is called the LOPES (lower extremity-powered exoskeleton) and is intended as a rehabilitation
device [35]. This device has actuators on the hip and knee. This design enables the user to move
the hip on the flexion/extension and abduction/adduction directions, as well as the flexion/extension
direction on the knee. The actuator is actuated by a motor and transmitted to the SEA using a Bowden
cable. The LOPES is shown in Figure 7b. For rehabilitation purposes, the clearance of the foot must be
sufficient so that this exoskeleton does not actuate the ankle during the gait.

Another type of combined exoskeleton is the hip, knee and ankle exoskeleton, in which all joints
of the user’s lower limb are actuated. In 2004, the University of California developed an exoskeleton
called the Berkeley Lower Extremity Exoskeleton (BLEEX) [3]. This exoskeleton is actuated using
linear hydraulics and has the ability to provide additional power for carrying heavy loads. The two
DoF of the hip are actuated using active actuators, while the rotation of the hip is passively actuated by
using springs and elastomers. One motion each is actively actuated in the knee joint and the ankle
joint. The BLEEX is shown in Figure 7c. The exoskeleton constructed by the University of Salford is
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an example of an exoskeleton that uses pneumatic muscle actuators (PMA) [36]. This equipment is
intended for paraplegic patient rehabilitation. They equipped their exoskeleton with PMA to actuate
the hip with three DoF—only one each for the knee and ankle.Electronics 2019, 8, x FOR PEER REVIEW 8 of 13 

 

 

Figure 7. Multiple joints exoskeletons: (a) the National University of Singapore (NUS) exoskeleton 

[33]; (b) the lower extremity-powered exoskeleton (LOPES) (all lower limb joints) [35]; and (c) the 

Berkeley Lower Extremity Exoskeleton BLEEX [3]. 

4. Discussion 

To achieve the aims of the exoskeletons, these devices are equipped with actuators to amplify 

human gait and power by actuating on joints. The selection of the joints to actuate depends on the 

objective of the research. Some studies have been intended for the development of exoskeletons 

whose joint systems are focused on rehabilitation, e.g., ankle exoskeletons developed for the 

rehabilitation of ankle injuries [29]. To study how an exoskeleton may help squatting activity, the 

knee joint has been focused on by some researchers [25]. In another example, to help the user carry a 

heavy load and walk long distances, some researchers considered an exoskeleton in which all the 

joints in the device were actuated with powerful actuators [3]. 

The simplest exoskeletons only use a single DoF for actuating the lower human limb joint. This 

type of manipulator is lightweight and solid. Moreover, this design has advantages, e.g., it is easy to 

wear, can be worn by different users, and is comfortable. However, such exoskeletons are not 

ergonomic. In addition, their use can also lead to injury for users [37]. Furthermore, these devices 

have a limited ability and are not versatile. 

On the other hand, exoskeletons with high DoF resembling human DoF will enable users to 

walk normally and naturally because the design imitates human anatomy. These designs allow users 

to easily control their devices; moreover, these users have a high maneuverability. However, 

high-DoF exoskeletons are complex, costly, and cumbersome. In addition, their construction is 

challenging to wear. 

Some exoskeletons combine active and passive actuators. Active actuators are used for 

actuating the main DoF, e.g., the flexion/extension motion, while additional movements, which are 

not too significant to the human gait, use passive actuators. This combination is intended to reduce 

the weight of the device and also to reduce the cost of production. Even though this design lowers 

power and the ability to maneuver, it is relatively suitable for rehabilitation, a goal which does not 

need a high level of maneuverability or power. 

Other methods to reduce weight include selecting light and reliable materials, such as carbon 

fiber composites, and using small active actuators. The power source of the active actuator (e.g., 

batteries) has significant weight costs, although the weight of components has lessened in recent 

decades. Non-portable exoskeletons, such as exoskeletons for rehabilitation, can have a power 

source for active actuators outside the exoskeleton. This can minimize the actual weight of the 

device. 

Active exoskeletons can be pneumatically, hydraulically, or electrically powered. The active 

pneumatic actuator uses a pressurized air source. This type of actuator has several advantages, 

namely, a light weight and flexibility similar to the human muscle. A pneumatic ankle exoskeleton 

weighs below 1 kg [32]. However, pneumatic actuators have limited power and are difficult to 

control. Hydraulic actuators have high power and stability. A hydraulic actuator is able to generate 

power up to 1.3 kW to actuate a joint. However, this type of actuator is cumbersome and costly. 

Figure 7. Multiple joints exoskeletons: (a) the National University of Singapore (NUS) exoskeleton [33];
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Lower Extremity Exoskeleton BLEEX [3].

4. Discussion

To achieve the aims of the exoskeletons, these devices are equipped with actuators to amplify
human gait and power by actuating on joints. The selection of the joints to actuate depends on the
objective of the research. Some studies have been intended for the development of exoskeletons whose
joint systems are focused on rehabilitation, e.g., ankle exoskeletons developed for the rehabilitation of
ankle injuries [29]. To study how an exoskeleton may help squatting activity, the knee joint has been
focused on by some researchers [25]. In another example, to help the user carry a heavy load and walk
long distances, some researchers considered an exoskeleton in which all the joints in the device were
actuated with powerful actuators [3].

The simplest exoskeletons only use a single DoF for actuating the lower human limb joint.
This type of manipulator is lightweight and solid. Moreover, this design has advantages, e.g., it is
easy to wear, can be worn by different users, and is comfortable. However, such exoskeletons are not
ergonomic. In addition, their use can also lead to injury for users [37]. Furthermore, these devices
have a limited ability and are not versatile.

On the other hand, exoskeletons with high DoF resembling human DoF will enable users to walk
normally and naturally because the design imitates human anatomy. These designs allow users to
easily control their devices; moreover, these users have a high maneuverability. However, high-DoF
exoskeletons are complex, costly, and cumbersome. In addition, their construction is challenging
to wear.

Some exoskeletons combine active and passive actuators. Active actuators are used for actuating
the main DoF, e.g., the flexion/extension motion, while additional movements, which are not too
significant to the human gait, use passive actuators. This combination is intended to reduce the weight
of the device and also to reduce the cost of production. Even though this design lowers power and the
ability to maneuver, it is relatively suitable for rehabilitation, a goal which does not need a high level
of maneuverability or power.

Other methods to reduce weight include selecting light and reliable materials, such as carbon fiber
composites, and using small active actuators. The power source of the active actuator (e.g., batteries)
has significant weight costs, although the weight of components has lessened in recent decades.
Non-portable exoskeletons, such as exoskeletons for rehabilitation, can have a power source for active
actuators outside the exoskeleton. This can minimize the actual weight of the device.
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Active exoskeletons can be pneumatically, hydraulically, or electrically powered. The active
pneumatic actuator uses a pressurized air source. This type of actuator has several advantages,
namely, a light weight and flexibility similar to the human muscle. A pneumatic ankle exoskeleton
weighs below 1 kg [32]. However, pneumatic actuators have limited power and are difficult to control.
Hydraulic actuators have high power and stability. A hydraulic actuator is able to generate power up
to 1.3 kW to actuate a joint. However, this type of actuator is cumbersome and costly. Electric actuators
have the benefit of being controllable. This property can be utilized to allow for precise movements of
the exoskeleton. Electric motors are often used for this reason. Power transmission from an electric
actuator can be done through various ways, such as using Bowden cables, struts, ball screws or belts.
Moreover, several types of electric motors can be used, such as a BLDC. However, the drive from an
electric motor sometimes needs a gear system to amplify its power.

In the future, exoskeleton research should develop applicable devices that are lightweight,
inexpensive, compact, convenient, durable, and efficient. Thus, research should focus on the design of
exoskeletons, the choice of actuators and frames, and the harmonization of exoskeleton movement
with the natural human gait. Table 3 presents exoskeletons with their types of actuators.

Table 3. Actuators in joints of lower limb exoskeletons.

No Name/Institution Joint DoF Actuator Type of Actuator Weight (kg)

1 Honda Walking Assist [15] Hip 1 Active
flexion–extension DC motor 2.7

2
Exoskeleton/The BioRobotics

Institute, Scuola Superiore
Sant’Anna [16]

Hip 2
Active

flexion–extension
Passive abduction–adduction

DC motor (SEA)
carbon fiber

linkage
8.5

3 HIPSO [17] Hip 2
Active

flexion–extension
Passive abduction–adduction

DC Motor
ball-bearing 9.5

4 PH-EXOS [18] Hip 3

Active
flexion–extension

Passive
abduction–adduction and
internal–external rotation

AC motor
mechanical

structure
n/a

5 Hip exosuit/Harvard
University [19] Hip 1 Active

flexion–extension DC motor n/a

6 Soft inflatable exosuit [23] Knee 1 Active
flexion–extension Pneumatics 0.16

7 Knee Exo/Carnegie Mellon
University [24] Knee 1 Active

flexion–extension DC motor 0.76

8 University of Moratuwa,
Katubedd [10] Knee 1 Passive

flexion–extension Spring n/a

9 Soft hybrid EXO/The City
University of New York [25] Knee 1 Active

flexion–extension DC motor n/a

10 The City University of New
York [26] Knee 1 Active

flexion–extension DC motor 3.2

11 MIT ankle exoskeleton [27] Ankle 1 Active
flexion–dorsiflexion DC motor 4

12 Knee soft exosuit/Harvard
University [28] Ankle 1 Active

flexion–dorsiflexion DC motor 12.15

13 Beijing Institute of
Technology [29] Ankle 1 Active

flexion–dorsiflexion DC motor n/a

14 University of Illinois [9] Ankle 1 Active
flexion–dorsiflexion Pneumatics n/a

15 University of Bristol [30] Ankle 2
Active

flexion–dorsiflexion Pneumatics n/a
Active

Inversion–eversion Pneumatics
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Table 3. Cont.

16 University of Delaware [31] Ankle 2
Active

flexion–dorsiflexion DC motor n/a
Passive

Inversion–eversion
Spring and

damper

17 Harvard University [32] Ankle 2
Active

flexion–dorsiflexion Pneumatics
0.95

Active
Inversion–eversion Pneumatics

18
National University of

Singapore [33]
Knee–
ankle

2
Active knee

flexion–extension DC motor n/a
Active ankle

flexion–dorsiflexion DC motor

19 WAKE-up [34] Knee–
ankle

2
Active knee

flexion–extension DC motor
2.5

Active ankle
flexion–dorsiflexion DC motor

20 LOPES [35] Hip–
ankle

3

Active Hip
Flexion–extension DC motor

n/aActive hip
abduction–adduction DC motor

Active knee
flexion–extension DC motor

21 BLEEX [3]
Hip–

Knee–
ankle

5

Active hip
Flexion–extension Hydraulic

14
Active hip

Abduction–adduction Hydraulic

Passive hip
rotation Spring

Active knee
Flexion–extension Hydraulic

Active ankle
flexion–dorsiflexion Hydraulic

22 University of Salford [36]
Hip–

Knee–
ankle

5

Active hip
Flexion–extension Pneumatic

12
Active hip

Abduction–adduction Pneumatic

Passive hip
rotation Pneumatic

Active knee
Flexion–extension Pneumatic

Active ankle
flexion–dorsiflexion Pneumatic

5. Conclusions

This paper presents a review of current studies focused on prototype lower limb exoskeletons.
Some of them have had specific joints actuated, while others have used combinations of actuators to
actuate multiple joints. The selection of the placement of the actuators to assist the joints is dependent
on the aim of the research. Lower limb exoskeletons with DoF similar to human biomechanics
enable users to move more naturally. However, the utilization of multiple DoF is complicated and
cumbersome. To reduce the weight of devices, some exoskeletons use passive actuators instead of active
ones. Some studies have utilized passive actuators for joints or movements that are not significantly
involved in the human gait; however, passive actuators are more challenging to control. In the future,
the development of research on exoskeletons is expected to significantly increase. The potential for
use of these device is broadening, and in the future, the exoskeleton will have a vital role in daily
human activities.
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