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ABSTRACT Drop foot is a pathological type of gait frequently exhibited by individuals suffering from stroke
and other neurological conditions due to the weakness of the ankle dorsiflexor muscles. To avoid common
negative compensations, such as foot-slap during the loading response and toe-drag during the swing phase
of gait, various drop foot assistive robotic devices and technologies have emerged over the last couple of
decades. This review summarizes the design, working principle, and application of robotic devices for drop
foot assistance and rehabilitation in the last decade. The research findings describe the design aspects of
72 lower-limb robotic assistance devices for drop foot, including 21 studies that evaluated specific design
aspects through experimental trials. All the designs reviewed here demonstrated the capability to successfully
improve drop foot impairments in the sagittal plane. Some leveraged advanced functional features to achieve
optimal performance without jeopardizing the user’s natural range of motion, comfort, balance, or safety.
However, there remain certain limitations when combining all these functional features into one robotic
device. Overcoming these limitations should add great value to the future of advanced robotic devices for
drop foot assistance and rehabilitation.

INDEX TERMS Drop foot syndrome, robotic device, drop foot rehabilitation, lower-limb robotic assistance,
gait assistance, motor relearning.

I. INTRODUCTION
Drop-foot, also referred to as foot drop, is a complex gait
disorder instigated by total or partial central paralysis of the
muscles innervated by the common peroneal nerve, or the
anterior tibial muscle and the peroneal group. These mus-
cles play a significant role in producing dorsiflexion of
the ankle joint [1]. The etiology of this condition is multi-
factorial, which typically includes cerebrovascular accident,
amyotrophic lateral sclerosis, traumatic injuries, surgical
procedures, prolonged bed rest, pelvic fracture, tibia or
fibular head fractures, radical syndrome at L2-L5, neuropa-
thy, myopathy, multiple sclerosis, and cerebral palsy [2], [3].
Drop foot is very common among stroke patients, and reports
suggest that approximately 10-20% of stroke survivors suffer
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from drop foot [4]. This type of pathological gait can be either
unilateral or bilateral, where unilateral drop foot is often
caused by focal disorders such as radiculopathy, whereas
bilateral drop foot is the result of generalized dis- orders
including neuropathy [5]. The symptoms of drop foot include
difficulty or inability to stand or walk on the heel, loss of
balance while standing without support, inability to load the
lateral side of the foot, muscle weakness, lower leg muscle
atrophy, and contracture [3], [6].

Patients with drop foot often exhibit limited capacity to
lift their foot off the ground during the swing phase of gait
due to the weakness of the ankle dorsiflexor muscles. This
typically leads to a form of compensatory abnormal gait,
called steppage gait, which is characterized by dragging of
the toe during the swing (i.e., the toe of the affected lower
limb makes initial contact, followed by the ridge of the foot,
and finally the heel), as well as slapping of the foot at heel
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strike (i.e., heel lands uncontrollably on the ground with a
slapping noise) [7], [8]. The lack of proper limb advancement
and foot clearance places the patients at a higher risk of insta-
bility and tripping. To compensate, patients generally lift their
lower limb higher than usual, thereby increasing hip and knee
flexion, in addition to adopting a circumductive leg swing
during the swing phase [1], [9]. This results in greater energy
expenditure and causes mobility limitations, thus ad- versely
affecting independence and social engagement. The sever-
ity of the condition, in correlation with significant walking
impairment often dictates the need for medical support and
intervention.

Treatment options for drop foot include therapeutic
approaches, surgical procedures, and orthotic devices. While
physiotherapy remains the gold standard for gait rehabilita-
tion of drop foot, residual deficits can remain or re-emerge in
the future due to the multifactorial complexity of the disorder.
For example, conventional therapy may not always suc-
cessfully reinforce repetitive, high-intensity, or task-oriented
training and does not typically optimize motor learning and
recovery [10].

Functional Electrical Stimulation (FES) has recently
emerged as a potential tool for correcting drop foot impair-
ment by applying an electrical current to stimulate the com-
mon peroneal nerve over key phases of the gait cycle, where
surface or implanted electrodes are employed to deliver the
electric pulses. On the other hand, the surface-based systems
are limited by complex system setup, as well as skin irri-
tation, discomfort, and pain. Although implanted electrodes
alleviate some of these drawbacks, they are invasive andmore
expensive [11].

Orthotic devices, such as Ankle-Foot Orthoses (AFO)
are becoming increasingly common in today’s clinical prac-
tice for treating patients with drop foot for both assistive,
as well as rehabilitative purposes. Depending on the patient’s
level of functionality, they range from simple passive braces
comprised of mechanical elements (springs and/or dampers)
which position the foot at a 90◦ angle, to advanced semiactive
and active orthoses equippedwith sophisticated onboard elec-
tronics to provide flexible positioning of the joint ankle joint
with varying impedance levels based on different walking
stages [12]. Substantial research effort has been devoted to the
design consideration, actuation mechanism, and application
of AFOs [13]–[15]. Alam et al. extensively reviewed and
summarized engineering designs and mechanisms of sev-
eral articulated ankle-foot orthoses for drop foot application;
however, the findings are limited to studies dated up to
2013 [16]. Another more recent review on drop foot robotic
devices was conducted in 2019 by Hamedi et al., however,
this work mainly focused on the actuation mechanism of
active orthoses, characteristics of ideal orthoses, as well as the
development of an intelligent system for the rehabilitation of
drop foot [17]. Although several review articles have explored
the design and mechanism of ankle foot orthoses, there
remains a gap in literature regarding a summary of different
currently available robotic technologies for treating drop-foot

abnormalities. As such, this review is aimed at exploring the
design, working principles, and application of the state-of-
the-art robotic orthoses/exoskeletons for drop foot assistance
and rehabilitation.

The principal objectives of this research effort are to:

1) Review and summarize different robotic orthoses/
exoskeletons which target assistance as well as rehabil-
itation of drop-foot impairment due to any pathological
condition.

2) Understand and summarize the data collection pro-
cesses, control methods, and actuation mechanisms
adopted in these studies.

3) Explore the clinical feasibility of the reviewed robotic
systems in effectively assisting/rehabilitating drop-foot
impairments.

4) Study the novelty and limitations of the reviewed sys-
tems to identify possible areas for researchers to further
progress in developing orthoses/exoskeletons which
target drop-foot impairments.

This review focuses only on the literature published in
the last decade (2011-2021). Based on the research findings,
we have divided the studies on robotic orthoses for drop
foot treatment into grounded movement assisting robotic
devices, and wearable movement assisting robotic devices.
Grounded technology includes robot-assisted seated training
devices, as well as advanced over-ground gait training devices
which involve patient cooperation. Moreover, the literature
on movement assisting robotic devices focuses on robotic
perceptive systems, control systems, and actuation methods.
Studies reporting experimental trials were also included in
this review to provide further insight into the impact of
robotic assistance on drop foot treatment and clinical impli-
cations. Key findings were highlighted, and limitations were
discussed.

The remainder of this article is structured as follows:
Section 2 provides a brief overview of the current differ-
ent drop foot treatment procedures. Section 3 highlights
the study protocol adopted for this review, illustrating the
search strategy and rationale. Section 4 presents the results
of the reviewed robotic systems for drop foot rehabilitation.
Section 5 discusses the key findings, while section 6 examines
the remaining issues and future direction of advanced robotic
devices for drop foot. Finally, in section 7, we provide con-
cluding remarks.

II. BACKGROUND
Drop foot treatment using rehabilitation techniques is receiv-
ing greater attention nowadays due to the recent accessi-
bility of sophisticated portable devices and technologies,
as well as advanced/specialized actuation/control mecha-
nisms. Widely adopted treatment options include Functional
Electrical Stimulation (FES) and assistive robotic devices.
As previously mentioned, FES delivers an electrical current
through electrodes to stimulate the common peroneal nerve
to activate the dorsiflexor muscles during the swing phase
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of gait [18]. This forces the ankle joint to flex past its neutral
angle, thus maintaining clearance during swing [18]. Limi-
tations using this technique include reported difficulties in
obtaining the optimal intensity level; complications in the
positioning of the stimulation electrodes [19]; as well as chal-
lenges in stimulating the entire muscle mass, hence reducing
the effectiveness of FES [19].

Alternatively, assistive robotic devices have emerged in
the last couple of decades as valuable tools for lower limb
movement assistance, by either training the deficient limb
or offering assistance through a wearable physical inter-
face [20], [21]. The former, so-called grounded training
approach aims to assist patients towards regaining normal
mobility through repetitive rehabilitative exercises, mainly
gait training for patients suffering from drop foot [20].
Lower-limb grounded rehabilitation systems include tread-
mill gait trainers, foot-plate-based gait trainers, overground
gait trainers, stationary gait trainers, and ankle rehabili-
tation systems [20]. Wearable lower-limb assistive robotic
devices, on the other hand, are designed to either compli-
ment, enhance, or substitute the movement of the deficient
limb [21]. External information from perceptive systems
works in conjunction with the robotic device to transfer
the optimal mechanical power at optimal points during the
gait cycle. This not only improves the efficiency of the
assistance provided to the impaired limb but also improves
the robot-human interface safety with the seamless transmis-
sion of assistance between the robotic device and the user
[21]. Such perceptive sensing systems have been utilized to
either measure the limb’s range of motion, detect the gait
phase, or sense the environment around which the system is
used to provide assistance accordingly [22], [23]. Another
component that contributes to the efficiency of wearable
lower-limb assistive robotic devices is the feedback system.
Mimicking human physiology, the feedback system allows
the proprioceptive inputs provided by the perceptive systems
to be augmented and synchronized with the patient’s gait
cycle [24]. Finally, the actuation elements embedded within
the wearable lower-limb assistive robotic devices provide the
user with sufficient mechanical power, hence assisting in the
movement of the deficient limb. Typical mechanical com-
ponents used in assistive lower-limb robotic devices include
springs, series elastic actuators, magnetorheological fluids,
passive pneumatic elements, frictional clutches, oil dampers,
artificial pneumatic muscles, and shape memory alloys [18].

III. METHODS
This study was performed following the Preferred Reporting
Items for Systematic Reviews andMeta-Analyses (PRISMA)
protocol [25].

A. SEARCH STRATEGY
An extensive systematic literature search was carried
out using the electronic databases of Google Scholar,
ScienceDirect, JSTOR, and IEEE, which are the core
databases for studies on neuroscience and engineering.

To identify the articles addressing the engineering design,
actuation mechanism, control strategies, and assessment
methods of lower limb robotic devices applicable for drop
foot treatment, a combination of the following search terms
were used: drop foot, foot drop, lower limb, lower-limb,
drop foot syndrome, drop foot robotic, foot drop robotic,
drop foot orthosis, robotic assistance drop foot. The search
was limited to stud- ies published in the last 10 years
(2011-2021). The search was performed between 2nd June
and 27th September 2021.

B. INCLUSION AND EXCLUSION CRITERIA
This study included original peer-reviewed articles, as well as
review papers meeting the following criteria:

1) Articles which investigate the use of robotic orthoses
for drop foot treatment (both assistive and rehabilita-
tion robotic devices)

2) Studies which explore the engineering design, actua-
tion mechanism, control strategies, and/or assessment
methods of robotic orthoses

3) Studies which report experimental trials of orthotic
devices for drop foot application.

Studies addressing drop-foot impairment using surgical
procedures and/or electric stimulation therapy were excluded
from this review. Studies on surgical robotic devices were
outside the scope of this work. Publications in non-English
were also excluded. In addition, dissertation papers, works
with no institutional access, letters to editor and editorials,
opinion pieces, conference summary, short surveys, notes,
and preliminary reports were all excluded.

C. STUDY SELECTION AND DATA EXTRACTION
Following the removal of duplicates, each title and abstract
were screened against the inclusion/exclusion criteria. The
full text of the eligible articles was retrieved and assessed
for final inclusion in this study. A PRISMA flow diagram
illustrating the process of search and screening of articles is
shown in Figure. 1.

Data extraction was performed by the first author and was
verified by other authors. Any discrepancies were resolved
through discussion among the authors. The extracted data
included the author name(s) and year of publication, speci-
fication of the robotic system, assistance/rehabilitation strat-
egy, targeted parameters, the feasibility of approach (results),
the novelty of the proposed method, and limitations.

Ninety-three studies were included in the final review,
of which seventy-two discussed the design aspects and twenty
one included the trials and studies on the use of specific
devices.

IV. RESEARCH RESULTS
The current literature on robotic orthoses for drop foot
treatment could be categorized into two main approaches
in terms of rehabilitation and assistance: grounded move-
ment assisting robotic devices, and wearable movement
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FIGURE 1. Flowchart of the search and screening process.

FIGURE 2. Categorization of literature on lower-limb drop foot assisting robotic devices.
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assisting robotic devices (see Figure. 2). Grounded technol-
ogy includes platform robotic seated training devices, as well
as advanced over-ground gait training devices which involve
patient cooperation.

A. SEATED GAIT TRAINING
Given the weakness and stiffness of the ankle joint in the early
stages of rehabilitation, ankle rehabilitation using a parallel
platform-based robotic device can ease the user into using
a wearable exoskeleton later in the process. For grounded
training devices, with which the user’s drop foot deficiencies
are trainedwhile seated down, eight articles were selected and
discussed in the sections below.

Motor relearning of patients with drop foot can be
promoted through repetitive skill training which improves
neuroplasticity [26]. Given that rehabilitative clinics are not
accessible for many patients, Karime et al. developed a reha-
bilitation robotic device that provides rehabilitation training
using an interactive wobble board that can be used at home
as shown in Figure. 3(A) [27]. With the use of sensors and
actuators, the patient interacts with the interface to com-
plete the tasks associated with a 2D golf game. This enables
repetitive inversion-eversionmotion of the ankle, dorsiflexion
plantarflexion of the ankle, and extension-flexion of the toes,
leveraging both motor skill training and neuroplasticity. The
patient’s progress is monitored remotely using a networked
system.

Zuo et al. developed a wearable ankle rehabilitation par-
allel robotic system which provides maximum safety pro-
tection by a realized aligned rotation of center as shown
in Figure. 3 (B). Realizing non-redundant actuation with a
simple kinetic configuration and easy operation can help
reduce the cost of the robotic device, the complexity of the
control system, and theworkload on therapists [28]. Although
most gait training rehabilitation devices rely on Continuous
Passive Motion (CPM) to treat spasticity and/or contracture,
it is important to note that the calf muscle cannot typically
be fully stretched where the deficits are pronounced. More-
over, passive stretching does not involve active participation
of the patients and hence may not result in full functional
recovery [29]. To address these issues, Zhou et al. developed
an active rehabilitation system that uses the Proprioceptive
Neuromuscular Facilitation (PNF) technique involving active
patient participation. By incorporating PNF, maximum static
flexibility is achieved through contracting the opposing mus-
cle to stretch the target muscle as shown in Figure. 3(C) [29].
In comparison to the previous rehabilitation robotic devices
which measure the ankle joint’s orthogonal axis, a rehabili-
tation robotic device was developed to detect the anatomical
ankle axis towards effective rehabilitation of ankle movement
as shown in Figure. 3(D) [30]. The main goal was to produce
natural ankle motion to train the pathological ankle joint.
In addition to that, the robotic device can collect the user’s
ankle range of motion, spasticity, and ground reaction forces.

Instead of collecting data on the impaired limb, MingKai
Ankle IV (MKA-IV), an ankle rehabilitation robotic system,

uses data collected from the ankle of the sound limb to map
out and control the rehabilitative exercises delivered to the
impaired ankle as shown in Figure. 3(E) [31]. This mecha-
nism helps users restore their symmetric motor capability for
different activities including walking, running, or jumping.
The bilateral ankle rehabilitation robot provides mechanical
power to the impaired ankle in the three ankle joint rota-
tional planes: the dorsiflexion-plantarflexion sagittal plane,
the abduction-adduction frontal plane, and the inversion-
eversion transverse plane. Each of the two-foot pedals of the
robotic device can collect data and provide assistive exercises
to accommodate for hemiplegia on either side.

Robotic devices with two modes of therapy, i.e., passive
and active, provide their users with comfortable movement
capacity towards reduced muscle atrophy during passive
assistance when active assistance is not needed during certain
phases of gait [32]. Zhang et al. developed a Compliant Ankle
Rehabilitation Robot (CARR) that uses a multi-modal control
strategy as shown in Figure. 3(F) [33], [34]. The strategy con-
sists of three modes: passive, patient-robot cooperative, and
cooperative modes. This robotic device is actuated through
bioinspired Festo Fluidic muscles actuated in three rotational
degrees of freedom. The position controller and high-level
admittance controller work together to collect ankle measure-
ments in real-time and modularly train the robotic device.
In another study, Dong et al. developed an ankle robotic
system that assists with three rehabilitation training modes:
patient-passive compliance training, isotonic training, and
patient-active training. The training is provided using par-
allel two-UPS/RRR planar ankle rehabilitation robots with
three rotational degrees of freedom as shown in Figure. 3(G)
[35]. A summary of the reviewed articles is presented
in Table. 1.

B. OVER-GROUND GAIT TRAINING
To improve patients’ motor relearning to achieve/improve
independent gait, actual over-ground gait training is required
instead of seated training [26]. Early designs of grounded
movement assisting robotic devices included Body Weight
Supported Treadmill Training (BWSTT), with which patients
benefit from repetitive, higher intensity, and task oriented
therapeutic gait exercises [42]. However, this technique
proved to be time-consuming, physically demanding, and
in need of multiple therapists [43]. For this reason, robot-
assisted stepping training was introduced. This review sum-
marizes seven articles in that area as described below.

As part of successful gait training for hemiplegic patients,
the patient’s pelvis needs to be suspended and confined
of movement within the sagittal plane. A rehabilitation
robotic device emulating the lateral pelvic assistance pro-
vided by manual physical therapy was developed as shown in
Figure. 4(A) [36]. A virtual model control allowed for assis-
tance was specifically customized according to the patient’s
level of hemiplegia. Similarly, Fong et al. developed a robotic
device that can apply kinesthetic teaching principles to learn
and imitate a therapist’s course of treatment. This device was
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FIGURE 3. Mechanical overview of repetitive seated training robotic devices, (A) Interactive electronic wobble board system [27], (B) Parallel
platform-based robotic device [28], (C) A PNF integrated robotic ankle–foot system [29], (D) An AMT [30], (E) MingKai Ankle IV (MKA-IV) rehabilitation
robotic device [31], (F) Compliant Ankle Rehabilitation Robot [33], (G) Multi-modal patient compliant ankle rehabilitation system [35].

able to provide toe clearance by lifting the patients’ foot
during treadmill-based therapy as shown in Figure 3(B) [37].

As drop foot differs in terms of symptoms and severity
from one patient to another, compatible rehabilitation was
introduced to rehabilitation robotic devices for effective ther-
apy, as well as patient participation. Anklebot is an ankle
rehabilitation robotic system developed to train the impaired
lower limb by providing assistance precisely timed and com-
pliant to the patient’s response as shown in Figure. 4(C) [10],
[38], [41]. The assistance provided by the Anklebot is cus-
tomized to the user’s specific degree of impairment [10].
This 2 degrees-of-freedom (DOF) robotic device addresses
both foot slap and drop foot, as well as lateral instability.
Only actuating 2 of the ankle’s 3 DOF permits the use of

the robotic device without the precise alignment with the
joint axes. The Anklebot estimates the user’s passive static
stiffness by measuring the angular displacements and apply-
ing optimal movement assisting torques in the plantar- dor-
siflexion plane and the inversion-eversion plane. Concentric
plantar flexion torque is delivered during terminal stance,
while concentric dorsiflexion torque is delivered during the
swing phase of gait. Additionally, a velocity-dependent resis-
tive torque is applied when the foot lands on the surface to
absorb its impact. Similarly, another system was developed
that can assess the severity of a patient’s foot drop whilst
assisting using a locomotor training robotic device [41]. The
system can adapt to sub-events and ankle directionality to
activate the robotic device for the different phases of gait [41].
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TABLE 1. Summary of reviewed articles for seated gait training robotic devices.

FIGURE 4. Mechanical overview of over-ground gait training robotic devices, (A) Robotic device with Therapist assistance mimicking pelvic
assistance [36], (B) Toe-clearance assisting treadmill-based system [37], (C) Patient compliant Anklebot [38], (D) Minimally-required-assistance gait
training device [39], (E) MIT-Skywalker split down treadmill training [40].

The adaptive feature of the developed device allows for
increased safety and autonomy by adapting to the variability
of gait with each step during the gait cycle. In this study, the

phases of gait are detected through a bilateral micro-switch
insole. This modular system can determine gait impairments
in the stance and swing phase of gait, actuate the robotic
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device at the events of deficit detection, adapt to step-to-
step variability, and modulate the robotic devices’ actuation
in real-time.

Different from the assist-as-needed training paradigm pre-
viously developed, Liu et al. developed a training device that
uses a minimally-required-assistance strategy to rehabilitate
patients as shown in Figure. 4(D) [39]. This method defines
the assistance needed to assist movement deficiencies, and
then defines the areas in need of minimal assistance through
defining the specifics of stepping tasks. For example, the
identified movement specifics for step movement in this
study include hip flexion during the period between the end
of the stance phase to the swing phase and ankle dorsiflexion
during the period between the end of the stance phase and
the first half of the swing phase. This system allows for the
patient’s active engagement in training activities, the benefit
of motor learning, the reduction of sensory disturbances, and
the reduction of obstructed gait.

Based on the sub-movements, oscillations, and mechani-
cal impedances of a sound limb, the MIT-skywalker, a gait
rehabilitation device, was developed. This device trains the
impaired limb to accommodate a spectrum of gait impair-
ments as shown in Figure. 4(E) [40]. This was possible
through developing three training modes: discrete, rhythmic,
and balance training modes. The MIT-Skywalker’s treadmill
track is split down the sagittal plane; it recognizes when the
impaired limb is proceeding from toe-off and initiating into
the swing phase of gait, where the treadmill training track
drops at the side of the impaired foot and allows for toe
clearance. The rhythmic training mode tracks the user’s heel
position on the track and drops the track during the swing
phase to provide toe clearance for the user, with which the gait
speed and asymmetry are controlled and trained. The discrete
training mode displays a target on the track for the user’s
foot to land onto and hence train the impaired foot. For the
balance training mode, the user is trained by introducing gait
perturbations in the frontal and sagittal plane for the user to
overcome. A summary of the reviewed articles is presented
in Table. 2.

C. WEARABLE GAIT TRAINING ROBOTS
Unlike grounded movement assisting robotic devices, which
deal with improving ankle performance, wearable move-
ment assisting robotic devices work on improving gait [29].
Given the wearability feature, these systems are able to pro-
vide assistance and rehabilitation during activities of daily
living.

The literature on wearable robotic devices was found to
mainly focus on robotic perceptive systems, control sys-
tems, and actuation methods for assistance/rehabilitation of
drop foot impairments. Those are detailed in the following
subsections.

1) PERCEPTIVE SYSTEMS
Perceptive sensing systems are essential components of an
assisting robotic device as they can measure the limb’s

range of motion, detect the phase of gait, and/or detect the
environment around which the robotic device is used, hence
providing assistance accordingly. The sensing system typi-
cally works with the rest of the robotic device to transfer
the optimal mechanical power at optimal points of the gait
cycle which improves the robot-human interface safety and
the efficiency of the provided assistance [21]. According to
research findings, the main type of sensors currently used in
drop foot assisting robotics is in the form of insole sensors
which measure the user’s phase of gait, IMU sensors which
capture the kinematics/kinetics of the user, Electroencephalo-
gram (EEG) and Electromyography (EMG) sensors which
can estimate the user’s intention of motion, optical strain
sensors which measure strain and position of bio-inspired
tendons, or a combination of the aforementioned sensors.
Eight articles were identified and discussed in the sections
below.

Kim et al. developed the COWALK-M, a lightweight knee
assisting robot, which assists gait for patients with impaired
knees, as shown in Figure. 5(A) [22]. The COWALK-M
perceptive system consists of insole sensors used to detect
the user’s phase of gait in real-time, while encoders placed
at the knee and ankle joints estimate the user’s gait speed
and ground inclination. In another study, to facilitate stair
walking for chronic stroke patients, joint motion, as well
as real-time phase of gait, were detected and used in the
work of Yeung et al. [44]. Specifically, Yeung et al. designed
an ankle robot that enables three movement conditions in
real-time: level walk- ing, stair ascending, and stair descend-
ing. The conditions are detected using Inertial Measurement
Unit (IMU) sensors embedded in the shank which measure
the leg tilting angle and leg angular velocity as well as
force-sensitive resistors that measure the user’s phase of gait
through foot loading patterns as shown in Figure. 5(B) [26],
[44]. Similarly, Meng et al. designed a gait feedback system
for the treatment of drop foot using IMUs, as shown in
Figure. 5(C) [24]. This system applies a two-layermodel with
which both gait phase and ankle angle are simultaneously
measured.

Incorporating the user’s intention of motion allows for
active patient participation during rehabilitation. Addressing
this through perceptive systems involves using the user’s bio-
electric signals that can be utilized to trigger motion support.
To further understand and incorporate the neurophysiological
mechanisms into assistive robotic devices interacting with the
user, He et al. used the previously developed robotic device
NASA’s (National Aeronautics and Space Administration)
Xl, along with EEG and EMG interfaces, to estimate the
lower-limb movement as shown in Figure. 5(E) [46].

In soft robotic devices, perceptive systems are designed to
measure strain and position through optical-fiber technology.
Casas et al. developed the T-Flex orthosis using a lightweight
optical strain sensor which is easily fabricated and installed
onto tendons [48]. The optical strain sensor implementation
could help identify the user’s intention of motion without
affecting the tendon’s mechanical properties.
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TABLE 2. Summary of reviewed articles for over-ground gait training robotic devices.

FIGURE 5. Sensor placement of robotic devices with advanced perceptive systems, (A) Absolute encoder sensor placement of Compliant
Ankle rehabilitation Robot [22], (B) Motion and force sensor placement of Ankle Robot [44], (C) IMU placement for gait feedback on drop
foot [24], (D) WB sensor placement on Ankle joint intelligent rehabilitation robot [45], (E) EEG and EMG interface placement of NASA’s
powered robotic lower-limb exoskeleton X1 [46], (F) Different sensor components placed on iAFO [47].

Combining different perceptive system approaches,
Bolus et al. proposed an instrumented Ankle-Foot Orthosis
(iAFO) with sensing capabilities capable of measuring ankle

joint kinematics and kinetics, EMG, and orthosis inter-
face pressure, to guide the instrumentation as shown in
Figure. 5(F) [47]. Similarly, Wang et al. designed a detection
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TABLE 3. Summary of reviewed articles for robotic devices with advanced perceptive systems.

platform that uses an electrical signal detection scheme to
detect the motion of the ankle joint as shown in Figure. 5(D)
[45]. More specifically, two WB sensors (LPMS-B) measure
the ankle’s joint angle, while four insole sensors measure
the plantar pressure. The WB sensor is a small, wearable,
and precise sensor which consists of a 3-axis accelerometer,
3-axis gyroscope, and a 3-axis magnetometer. The placement
of two WB sensors, along with four insole sensors allow
for exploring the relationship between the spatial posture
of the ankle joint and the change in plantar pressure dur-
ing gait. A summary of the reviewed articles is presented
in Table. 3.

2) CONTROL SYSTEMS
Using the data retrieved from the sensing systems, a con-
trol system is employed for utilizing the data to trigger
the actuator with the optimal assistance at the optimal
time [49]. Interaction control in wearable robotic devices
allows for human-exoskeleton proper joint alignment, which
is critical considering that joint misalignment introduces
unwanted interaction forces driving the user to compensate
with increased metabolic cost [49]. Nineteen articles rel-
evant to control systems were identified and discussed in
the sections below. These are categorized into model-based,
physical parameters-based, and user-adaptive control adapted
from [50]. Furthermore, the articles relevant to user-adaptive
control are further classified into the following subsec-
tions: active disturbance rejection-based, assist-as-needed-
based, and deep neural network-based control systems. This

classification is based on the differences established between
the different approaches as demonstrated in Table. 5.

a: MODEL-BASED CONTROL
Model-based control comprises systems that use models
based on either the dynamics of the structure or muscle mod-
els. Dynamic models are typically derived frommathematical
models, system identification, or artificial intelligence [50].

Recent technological advancement allowed for the
introduction of intelligent control systems biomimetic to
biological control. Duvinage et al. developed an algorithm
called the Programmable Central Pattern Generator (PCPG)
which emulates the physiological rhythmic movements in
gait, as shown in Figure. 6(A) [49]. This control system
can assist drop foot during the swing phase whilst allowing
for movement during the stance phase to be undisturbed by
transitioning between modes according to the gait phases.

Fuzzy logic systems can emulate human decision-making
without any mathematical modeling involved. Kanthi et al.
developed a control design based on a fuzzy controller
to implement symmetrical gait for patients suffering from
drop foot as shown in Figure. 6(B) [51], [52]. Similarly,
Adiputra et al. developed a passive control AFO that uses a
magnetorheological brake actuator controlled through fuzzy
logic control [60]. Combining both neural controllers and
fuzzy logic systems, a neural-fuzzy controller was developed
by Kocchar et al. [61]. The neural network can estimate rule
bases for the fuzzy logic, hence allowing it to receive lin-
guistic information using numerical data. This enables the
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FIGURE 6. Block diagrams of robotic devices with model-based control systems, (A) Programmable Central Pattern Generator (PCPG) microcontroller
architecture [49], (B) Fuzzy logic-based control [51] [52].

FIGURE 7. Block diagrams of robotic devices with physical parameters-based Control Systems, (A) Automatic adjustable control for i-AFO [53],
(B) EACS and EOCS systems [54].

Adaptive Neuro-Fuzzy Inference System (ANFIS) to effec-
tively input gait parameters, such as angular velocity and
foot positioning, and return them to the AFO with optimal
actuation.

Lack of real-time assisting robotic devices, which do not
rely on the identification of user/robotic device parameters,
drove Arnez-Paniagua et al. to develop a model reference
adaptive control system to assists foot-drop patients which do
not require previous estimation of the foot-robotic system’s
parameters [62]. The ankle reference trajectory was extracted
from healthy subjects in a clinical setting and utilized as the
predefined desired trajectory of the AAFO.

In later works of Yeung et al, over-ground and stair training
were facilitated through switching between twomodes: active
assistance when augmenting motor function and passive sup-
port when providing toe-clearance during the swing phase
of gait [63]. The control algorithm operated according to
the detected gait and walking condition using a Finite-State
Machine (FSM).

b: PHYSICAL PARAMETERS-BASED CONTROL
Physical parameters-based control strategy estimates the
user’s intention of motion through physiological signals
captured from the human body to provide optimal
assistance [50].

Kikuchi et al. developed an intelligent controllable Ankle-
Foot Orthosis (i-AFOs), in which the controller utilizes initial
foot contact to control the speed of the drop foot as shown
in Figure. 7(A) [53]. The system measures the kinematic
information of the impaired limb and uses inverse-dynamics
to estimate the muscle activation of the anterior tibial muscle.
The ankle torque is then controlled via a compact magne-
torheological fluid brake to provide the user with sufficient
toe-clearance during the swing phase of gait.

Although several control systems were developed to mea-
sure the user’s intention of movement, ensuring movement
stability, alongside an EMG-based control method, was still
lacking. To bridge this gap, Zhuang et al. developed an
EMG-based Admittance Control Scheme (EACS) to drive
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FIGURE 8. Block diagrams of robotic devices with active disturbance rejection control systems, (A) ESO and control law based on CLF
approach [55], (B) Representation of model used during the application of backstepping technique [56].

FIGURE 9. Block diagrams of robotic devices with Assist-As-Needed control systems, (A) Torque control of transparent actuation
system [57], (B) Low-level controller [58], (C) Multilayer architecture implemented in the wearable ankle robot for data collection,
recognition and control processes. [58], (D) Adaptive impedance control strategy [59].

an ankle rehabilitation robot as shown in Figure. 7 (B) [54].
Movement stability was guaranteed with this control scheme
due to the system’s effective Human-Robot cooperation
using an EMG-Driven Musculoskeletal Model (EDMM),
an admittance filter, and an inner Proportional-Derivative
(PD) controller.

c: USER-ADAPTIVE CONTROL
The implementation of user-adaptive control strategies
allows for adaptive tuning of a robotic device accord-
ing to patients’ recovery conditions. Active disturbance
rejection control, assist-as-needed control, and deep neural
network control systems mutually allow for the robot’s
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adaptive assistance, as well as improved Human-Robot
interaction [64].

d: ACTIVE DISTURBANCE REJECTION CONTROL
Trajectory tracking control is only effective if the system
knows the precise reference trajectory and interaction forces.
This is difficult with active patient participation, where
unknown disturbances are typically unavoidable. To over-
come this drawback, several studies implemented a so-called
adaptive backstepping controller.

Adaptive backstepping control with Extended State
Observer (ESO) was applied in the work of
Guerrero Castellanos et al., where it was able to detect
and counteract unknown disturbances through entering the
output of the ESO into the feedback loop, as shown in
Figure. 8(A) [55]. In another study, Kirtas et al. developed
a backstepping control algorithm that reduces the effects
of unknown disturbances of the force input provided to the
AFO system. Implemented with a real-time operating system,
the algorithm controls the AFO to reduce any perturbations
within the gait cycle as shown in Figure. 8(B) [56].

Based on the patient’s progress during the rehabilitation
period, Santos et al. developed a dynamic rehabilitation
robotic device, which provides the user with adaptable assis-
tance based on adaptive impedance control [65]. This is
accomplished by using a generalized moment-based distur-
bance observer, as well as a Kalman filter algorithm, to com-
pensate for torque disturbance and effectively estimate the
torque and impedance parameters of the patient in real- time
during gait. The patient’s torque is estimated based on the
stiffness and damping parameters of the knee and ankle joint
during swing, with which the impedance is then optimized
and delivered to the actuator’s controller.

e: ASSIST-AS-NEEDED CONTROL
Within the rehabilitation process, adapting assistance to only
include the deficient muscular force is important to avoid
constraining natural human motion and encourage patients
to apply maximal voluntary efforts. Towards this, Choi et al.
developed Angel Legs, a powered exoskeleton with a trans-
parent actuation system,where only the needed assistive force
is delivered as shown in Figure. 9(A) [57]. The user can hence
choose to apply the desired assistive torque through a user
interface system.

Another study used a Proportional-Integral-Derivative
(PID) controller to determine whether the ankle robot oper-
ated in an assistive or transparent mode as shown in
Figure. 9(B) [58]. The assistive mode provides the user with
a force emulating dorsiflexion at the toe-off stage of gait,
while the transparent mode allows the natural motion of
the limb without any assistance at heel strike. The mech-
anism of the assistive device adopts the protocol, where
upon data collection by the IMU sensors, and gait detec-
tion using a probabilistic process (Bayesian method), the
wearable ankle robot is controlled using a PID controller as
shown in Figure. 9(C) [58]. Similarly, Lopes et al. presented

a rehabilitation robotic device that adapts to the user’s
progress and need of assistance whilst using the robotic
device [59]. An adaptive impedance control system mod-
ulates the Human-Robotic device interaction through real-
time swapping between two types of assistances: passive and
active assistance. During passive assistance, no assistance
is imposed onto the user, while active assistance allows the
robotic device to deliver the required assistance for effective
gait training as shown in Figure. 9(D) [59].

f: DEEP NEURAL NETWORK CONTROL
To provide the optimal assistance specifically personalized
to the needs of each patient, establishing the proper reference
for the ankle joint torques is important. Moreira et al. devel-
oped a system that estimates healthy user-oriented reference
ankle joint torques based on an Artificial Intelligence (AI)
algorithm [32]. The estimation of the joint torques of the
healthy limb occurred offline through collecting the user’s
ankle joint kinematics, gait speed, body height, and body
mass. The Multilayer Perceptron (MLP) and the Long-Short
Term Memory (LSTM) neural networks were validated and
compared for modeling the nonlinear relationships of data
from gait motion. Between the two tested regression models,
the LSTM neural network proved to generate the ankle joint
torque more accurately [32].

To accommodate different levels of severity of gait impair-
ment, Huang et al. presented a control strategy that adapts
the controller of both limbs of different patients by modeling
it as a Leader-Follower Multi-Agent System (LFMAS) [66].
The leader constitutes the sound limb, while the lower
limb ex- tremity of the exoskeleton act as the follower.
Subsequently, the LF-MAS and a reinforcement learning
framework work together to adapt to different patients. More
specifically, a Policy Iteration Adaptive Dynamic Program-
ming (PI-ADP) is used in the reinforcement learning frame-
work as the conformable controller of the exoskeleton [66].
In continuation of this work, Peng et al. developed a Data-
Driven Reinforcement Learning (DDRL) control strategy
which adapts to different unpredictable gait disturbances and
degrees of impairment severity [67]. An LFMAS framework
was used to model the Human-Robot interaction between the
two diseased limbs and the patient’s sound limb, after which,
an optimal control problem was derived from the walking
assistance control problem. To model the optimal assistance
controller, a Policy Iteration (PI) algorithm was employed.
In order to allow adaptation to different wearers, an Actor
Critic Neural Network (AC/NN) was used, where optimal
actuation was accomplished through learning the optimal
control strategy based on the PI algorithm.

To minimize any mechanical variability restricting the
optimal delivery of assistance, Lee et al. implemented
a PID neural network controller (PIDNN) as shown in
Figure. 10(A) [68]. This approach implements an artificial
neural network to update the weight of the gain value of
a PID controller through back-propagation, as shown in
Figure. 10(B).

51976 VOLUME 10, 2022



N. Al-Rahmani et al.: Lower-Limb Robotic Assistance Devices for Drop Foot: A Review

A summary of the reviewed articles is presented in
Table. 4, while a summary of the advantages and disadvan-
tages of the different categories outlining the control systems
is given in Table. 5.

3) ACTUATION SYSTEMS
Actuation systems designed to provide sufficient gait assis-
tance can be classified into two main categories: passive and
active. Active systems are preferred over passive systems
due to their capability to adapt to changing walking condi-
tions [72]. Bridging the two systems, semi-active systems
combine the passive energy storage element with an addi-
tional powered component [73]. Active and passive systems
can be differentiated according to their role in the output
of assistive energy. Passive systems expend, redirect, and
store- restore energy, while active systems add to the output
energy. Semi-active systems, on the other hand, tend to use
powered components, such as motors, to support the passive
interface [74]. The following published research findings
on actuation systems of robotic devices were categorized
according to the type of actuation. These are mainly classified
as semiactive and active actuation. The literature on active
actuated robotics included different mechanisms discussed in
the following section.

a: SEMI-ACTIVE ACTUATION
Semi-active robotic devices typically provide assistance
through a brake-type controllablemechanism. This entails the
AFO dynamically braking at heel strike to loading response
in order to prevent foot slap; exerting no assistance dur-
ing push-off to prevent hindering plantar-flexion force; then
assisting dorsiflexion during swing to provide toe clear-
ance [76]. Three relevant identified articles are discussed
below.

Previously designed magnetorheological robotic devices
inherently added impedance to the ankle joint throughout
the gait cycle, which hindered the push-off force of the
ankle joint. Moreover, toe-clearance was not provided in
these designs, as they did not consider fully active assistive
mechanisms. To bridge these gaps, Zhang et al. developed
an instrumented AFO, in which torque is provided through
an electromagnetic clutch, a spring, and a motor, as shown
in Figure. 11(A) [73]. At the beginning of the stance phase,
the clutch is disengaged, while the spring is compressed
storing energy. Energy is released at the end of the stance
phase, where the clutch is engaged, the motor is enabled,
and hence the torque is provided by both the spring and the
motor [73]. Similarly, Ohba et al. developed the SmartAFO,
a semi-active AFO, which uses an elastic link controlled with
a magnetorheological fluid and an electromagnetic coil as
shown in Figure. 11(B) [75]. Energy is stored and released
through a compression spring which delivers a resistive
torque during heel-strike to adverse foot slap and provides
dorsiflexion torque during the swing phase. With this mech-
anism, the ankle motion during push-off is left unaffected.
In continuation of this study, Hassan et al. improved the

magnetorheological brake AFO with regards to its braking
and force retention, as shown in Figure. 11(C) [76]. The mod-
ified SmartAFO employs an elastic link mechanism that con-
sists of magnetorheological brakes and a spring. The spring
aids in dorsiflexion by storing energy during the stance phase
and releasing it at the beginning of the swing phase [76].
A summary of the reviewed articles is presented in Table. 6.

b: ACTIVE ACTUATION OF ELECTRIC (RIGID)
ROBOTIC DEVICES
Actuated articulated robotic devices use powered actuators
to directly assist the impaired limb and hence overcome
the limited mobility constraint imposed by passive assistive
devices. Three articles were identified as relevant to this class
of devices and are discussed below.

To make active assistive robotic devices attainable for
individuals who cannot afford the existing expensive robotic
devices on the market, Shah et al. developed a low-cost gait
assisting robotic device which compensates for lower extrem-
ity weakness using a dual four-bar linkage system coupled to
a motor, as shown in Figure. 12(A) [77]. The robotic device
is actuated at the hip and the knee joints, while a leaf spring
AFO compensates for the drop foot [77]. Aboamer et al. pre-
sented an electromechanical wearable orthosis that facilitates
foot drop using a low-cost stepper motor and controller as
shown in Figure. 12(B) [78]. The robotic device, consisting
of an Arduino microcontroller, bipolar stepper motor, and
current driver circuit, proved to be able to drive the foot
upwards and downwards. Comparably, Font-Llagunes et al.
developed a modular robotic exoskeleton with two robotic
orthoses assisting the knee and the ankle joints as shown
in Figure. 12(C) [79]. The knee joint consists of a motor
harmonic drive actuation system to control flexion-extension,
while the ankle joint is passively actuated through plastic
support to prevent drop foot during gait [79]. A summary of
the reviewed articles is presented in Table. 7.

c: ACTIVE ACTUATION OF PNEUMATIC ROBOTIC DEVICES
Conventional rigid AFOs constrict the natural motion of
the ankle joint, which can be uncomfortable and may alter
the biomechanics of gait in the long run. Electric robotic
AFOs utilize motors to provide the user with sufficient
dorsiflexion force during the swing phase of gait. On the
other hand, the heavy-weight motorized active actuators can
interfere with and negatively affect the user’s gait. Pneumat-
ically actuated assisting robotic devices were introduced as
they can provide active assistance while remaining soft and
flexible. Pneumatic robotic devices can provide users with
gait assistance while remaining inexpensive, lightweight, and
ergonomic. Eleven relevant articles were identified as dis-
cussed below.

Shorter et al. developed a Portable Powered AFO (PPAFO)
which provides both plantarflexion and dorsiflexion assis-
tance using a rotational pneumatic actuator, as shown in
Figure. 13(A) [80]. Similarly, Ulkir et al. developed a
pneumatic AFO which assists the ankle via a pneumatic
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FIGURE 10. Block diagrams of robotic devices with deep neural network control systems, (A) Ankle exoskeleton controller system [68], (B) PID
neural network (PIDNN) controller back-propagation system [68].

FIGURE 11. Mechanical overview of semi-active robotic devices, (A) Instrumented AFO actuated by electromagnetic clutch, a spring, and a motor [73],
(B) SmartAFO actuated by an elastic link mechanism consisting of magnetorheological fluid and electromagnetic coil [75], (C) Improved SmartAFO
consisting of magnetorheological brakes and a spring [76].

artificial muscle with a pneumatic rotary actuator to effec-
tively assist any weakness in the ankle joint as shown in
Figure. 13(B) [81], [89]. Pneumatic artificial muscles provide
plantarflexion assistance, while pneumatic rotary actuators
provide dorsiflexion assistance.

Hong et al. developed a lightweight AFO which provides a
high dorsiflexion force during the swing phase and supports
the heel rocker during the loading response phase using a
McKibben-type artificial muscle aligned in series with a
tension spring as shown in Figure. 13(C) [82]. The tension
spring is employed to resolve the problem with artificial
muscle support requiring a long time constant. Similarly,
a fully portable pneumatic AFOwas developed by Kim et al.,
where the wearable connected air compressor effectively
powers the AFO to provide a dorsiflexion torque as shown
in Figure. 13(D) [83]. Further optimizing the aforementioned
study, a wearable pneumatic AFO was developed with an
improved flow rate for periodic assistance using a compact
custom compressor worn around the user’s trunk as shown in
Figure. 13(E) [84].

Salmeron et al. developed a compact and portable soft
robotic AFO (SR-AFO) composed of compliant fabrics
which uses pneumatic actuation as shown in Figure. 13(F)
[85]. The soft exosuit contains two components: an electrical
component that supplies the power; and a fluid component
that drives the airflow to the origami. This allows for natural
and unrestricted movement along with possible proper joint
alignment of the exosuit. The origami actuator can assist
both ankle dorsiflexion and plantar flexion by expanding and
contracting. In another study, a soft robotic ankle orthosis was
developed to aid in the push-off force needed before initiating
the swing phase of gait as shown in Figure. 13(G) [86], [90].
The soft robotic device, which is placed at the posterior end
of the foot such that its contraction pulls the foot, proved
to increase the plantarflexion angle while maintaining the
natural ankle range of motion.

Murphy et al. aimed to develop a pneumatic robotic device
capable of providing assistance with the 4 functional motions
at the ankle joint, including dorsiflexion-plantarflexion and
inversion-eversion. They introduced a pneumatic artificial
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TABLE 4. Summary of reviewed articles for robotic devices with advanced control systems.
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TABLE 5. Summary of reviewed articles for robotic devices with advanced control systems.

TABLE 6. Summary of reviewed articles for semi-active actuation systems.

muscle-actuated compliant ankle robotic device able to assist
the 4 functional motions while allowing ankle abduction/
adduction passively, as shown in Figure. 13(H) [87].
Park et al. developed a robotic device that uses pneumatic
artificial muscles to mimic the muscle-tendon-ligament-skin
system as shown in Figure. 13(I) [88]. Biomimetic to the

musculoskeletal system, the device provides active assistance
while remaining soft and flexible. Both dorsiflexion-
plantarflexion and inversion-eversion motions are assisted
while being controlled via a Linear Time-Invariant (LTI)
controller. A summary of the reviewed articles is presented
in Table. 8.
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FIGURE 12. Mechanical overview of electric robotic devices, (A) Hip, knee, and ankle joint assisting low-cost robotic device actuated by a motor
coupled with four-bar linkage system [77], (B) Ankle joint assisting electro-mechanical low-cost stepper motor actuated robotic device [78], (C)
Motor-harmonic drive actuated knee and ankle joint assisting exoskeleton [79].

TABLE 7. Summary of reviewed articles for active actuation of electric (Rigid) robotic devices.

d: ACTIVE ACTUATION OF CABLE-DRIVEN ROBOTIC DEVICES
Pneumatic artificial muscles and tendon-driven actuators can
only produce a force in one direction, hence requiring antago-
nistic pairs of actuators to be able to produce both dorsiflexion
and plantarflexion forces. Three articles were identified and
discussed below.

Kwon et al. developed a robotic AFOwhich uses soft wear-
able material with a cable-pulling bidirectional mechanism
utilizing one motor as shown in Figures.14 (A) and 14(B)
[92]. Actuators and sensors are precisely embedded onto the
orthosis to avoid slippage and unwanted pressure applied
onto the user’s skin. In another study, Xia et al. developed
a portable soft ankle exoskeleton that assists the impaired
limb at push-off and stabilizes inversion-eversion of the ankle
joint, as shown in Figure. 14(C) [93]. The robotic device
delivers the assistive propulsive force through a bidirectional
cable-driven actuation system. It stabilizes inversion-eversion
using small and lightweight gear motors which deliver a
counter-electromotive force. T-Flex is another bio-inspired
AFO actuation presented by Manchola et al., which mim-
ics the behavior of the antagonist muscles by adjusting the

stiffness of bio-inspired tendons according to the gait cycle,
as seen in Figure. 14(D) [94]. A summary of the reviewed
articles is presented in Table. 9.

e: ACTIVE ACTUATION WITH SERIES ELASTIC ACTUATORS
To ensure safe Human-Robot interaction, compliant actuators
have been introduced to recent drop foot robotics. Series
elastic actuators (SEA), in particular, allow the decoupling
of the inertia and friction of the actuator and transmission
system from the load, thereby allowing active engagement
of the patient whilst receiving therapy [72]. Six articles were
identified and discussed below.

Polinkovsky et al. developed a prototype of an active
AFO using a SEA where a motor controlling the motor arm
in series with a pre-tensioned spring assist plantarflexion
and dorsiflexion, as shown in Figure. 15(A) [95]. To pro-
vide an assistive robotic device that simultaneously assists
the motion of the ankle and the knee joints of pedi-
atric subjects, Rossi et al. developed an active knee-ankle
orthosis that assists gait using series elastic actuators
as shown in Figure. 15(B) [96].Moltedo et al. developed
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FIGURE 13. Mechanical overview of pneumatic robotic devices, (A) Pneumatic rotational actuator ankle assisting robotic device [80],
(B) Pneumatic artificial muscle and pneumatic rotational actuator ankle assisting robotic device [81], (C) McKibben-type artificial muscle
aligned in series with a tension spring AFO [82], (D) Portable powered AFO with compact custom compressor [83], (E) Optimized portable
powered AFO [84], (F) Soft pneumatically actuated AFO exosuit [85], (G) Soft pneumatically actuated AFO exosuit [86], (H) Artificial muscle
actuated compliant ankle robotic device [87], (I) Pneumatic artificial muscles mimicking muscle-tendon-ligament-skin system [88].

the spindle-driven compliant MACCEPA (Mechanically
Adjustable Compliance and Controllable Equilibrium Posi-
tion Actuator) towards providing a lightweight, high torque
actuator, as shown in Figure. 15(C) [97], [98]. In another
study, Kirtas et al. developed an ankle-foot orthosis which
is controlled by an adaptive backstepping controller actuated
using a SEA along with a lever mechanism and an orthotic
shoe [56]. The orthosis was designed to be wearable and
portable using battery packs as a power source. Chen et al.
proposed a robotic AFO with a Series Elastic Actuator
(SEA) and a magneto-rheological (MR) brake, with which
the MR brake is utilized to regulate the AFO’s viscosity and

generate a large braking torque of 21.8 Nm with low power
of 8.8 Watts, as shown in Figure. 15(D) [99]. A summary of
the reviewed articles is presented in Table. 10.

f: ACTIVE ACTUATION WITH VARIABLE
STIFFNESS ACTUATORS
Even though SEA presents several advantages over stiff ac-
tuators, it has limited adaptability due to the constant spring
stiffness. Moreover, using a SEA requires the robot’s natural
frequency to match with that of the desired motion frequency
for optimal energy efficiency. Further limitations include the
SEA’s inability to compensate between large force bandwidth
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TABLE 8. Summary of reviewed articles for active actuation of pneumatic robotic devices.

FIGURE 14. Mechanical overview of cable-driven robotic devices, (A) Soft wearable AFO with a cable-pulling bidirectional mechanism [92], (B) Close-up
profile of soft wearable AFO with a cable-pulling bidirectional mechanism [92], (C) Portable soft ankle exoskeleton with bi-directional cable-driven
actuation [93], (D) T-Flex with stiffness adjusting mechanism of bio-inspired tendons [94].

and force resolution [72]. Capable of adjusting their intrinsic
compliance dynamically according to different tasks, vari-
able stiffness actuators (VSAs) have recently emerged to
overcome some of these limitations [72]. Four articles were
identified and discussed below.

Gu et al. designed a compact and portable variable stiffness
mechanism for an AFO as shown in Figure. 16(A) [100].
Assistance is delivered through a pneumatic transmission
with an air pump. The stiffness modulation mechanism
is driven using control hardware. Robotic devices, which
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TABLE 9. Summary of reviewed articles for active actuation of cable-driven robotic devices.

incorporate variable stiffness actuators, allow for the opti-
mal match between the user’s gait deficiencies and the
AFO’s ankle stiffness. To enhance kinematic compatibil-
ity, Sanchez- Manchola et al. developed a gait assisting and
rehabilitation device which includes six actuated degrees of
freedom along the sagittal plane of the hip, knee, and ankle
joints with a variable-stiffness 2 DOF hip joint, as well
as, one passive degree of freedom along the frontal plane
of the hip joint as shown in Figure. 16(B) [101]. At the
hip joint, the variable stiffness system provides assistance
modular to the user’s level of disability. At the ankle joint,
variable stiffness is implemented according to the user’s step-
to-step gait variations. In another study, Rodriquez et al.
designed an AFO which aids passive ankle joint stiffness
without limiting its range of motion using a negative stiff-
ness mechanism generated by a spring-loaded CAM follower
mechanism [102]. The AFO was designed to be compact
through a design that generates a large torque with a small
moment arm, as shown in Figure. 16 (C). Yu et al. developed
a knee-ankle foot robotic device that is modular according to
the user’s gait impairments, as shown in Figure. 16(D) [103].
Assistance is delivered through two compact compliant force
controllable linear actuators, with one placed at the ankle
and the other placed at the knee. Two sets of springs are
used to control the force of the actuator which transmits
the linear force from a ball screw nut to an output linkage.
The first set of springs consists of soft linear springs to
provide the assistive torque, while the other set includes
torsional springs for providing the output torque. This allows
the actuator to possess a high force control range and band-
width [103]. A summary of the reviewed articles is presented
in Table. 11.

D. CLINICAL FEASIBILITY
The research findings made it possible to describe the design
aspects of 72 lower-limb robotic assistance devices for drop
foot. 21 studies evaluating specific design aspects through
experimental trials with respect to clinical feasibility and
safe Human-Robot interface are discussed in the section
below.

1) CLINICAL FEASIBILITY OF SEATED GAIT TRAINING
ROBOTIC DEVICES
Robotic rehabilitation provides a viable potential alterna-
tive to therapist-aided rehabilitation, where robot-assisted
tasks can provide customized therapy to patients suffering
from movement deficiencies, such as drop foot and beyond.
Platform-based systems are a prime example of robotic
reha- bilitation systems which can help alleviate muscle
spasticity and improve ankle joint performance safely and
effectively [105]. The following case studies demonstrate the
clinical feasibility of such systems in chronic post-stroke
hemiparesis patients compared with healthy elderly [106],
as well as poststroke patients with hemiplegic spastic mus-
cles [105], [107]. These case studies collectively aim to shed
light on the efficacy and Human-Robot safe interaction of
seated robotic training for drop foot impairment based on
various biomechanical measures captured before and post
therapy.

For seated gait training robotic devices in [29], where
the PNF technique is used to utilize maximum static flex-
ibility within training the ankle joint, the effectiveness of
PNF on ankle plantar flexors spasticity was investigated by
Zhou et al. [105] in a 3-month study conducted to measure
the effect of PNF on spasticity, where the paretic limb was
used as experimental group and the normal limb as control
group. The study proved that the PNF training robotic device
improved the biomechanics of the paretic limb in reference
to the normal limb. It also showed improvements in muscle
strength, muscle control, timed up-and-go training, and walk-
ing at normal and fast speeds.

A study on the device developed in [30] was performed,
where the custom automatic bi-axial Ankle Movement
Trainer (AMT) was used to measure the ankle stiffness along
the subtalar and talocrural axes in older adults. This study
validated the ATM, confirming the significant correlation it
had with clinical measurements of older adult’s active ankle
range of motion [106].

Evaluating the efficiency of the Compliant Ankle
Rehabilitation Robot (CARR) developed in [33] for clinical
applications, a case study on a stroke patient was performed
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FIGURE 15. Mechanical overview of active robotic devices with series elastic assistance, (A) Active AFO using a SEA consisting of a motor
and pre-tensioned spring [95], (B) Knee-ankle orthosis actuated through series elastic actuators [96], (C) Compliant spindle-driven
MACCEPA [97] [98], (D) AFO with a series elastic actuator (SEA) and a magneto-rheological (MR) brake [99].

TABLE 10. Summary of reviewed articles for active actuation with series elastic assistance.

TABLE 11. Summary of reviewed articles for active actuation with variable stiffness actuation.

by Zhu et al. The results demonstrated effective assistance
of the CARR and accurate trajectory tracking throughout the
training [107].

2) CLINICAL FEASIBILITY OF OVER-GROUND GAIT TRAINING
ROBOTIC DEVICES
Over-ground rehabilitation robotic systems motivate motor
relearning by employing actual over-ground training. The

following clinical case studies were selected for demon-
strating the clinical feasibility and Human-Robot safe inter-
action capability of these devices. They included patients
with motor function loss and spastic ankles due to either
spinal cord injury [108] or post-stroke patients with hemi-
paresis [109]–[111]. Treadmill training was performed for
all of the discussed clinical studies, with one study incor-
porating an interactive visual task to evaluate its efficiency
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FIGURE 16. Mechanical overview of active robotic devices with variable stiffness actuators, (A) Compact and portable AFO with variable stiffness
mechanism [100], (B) Hip, knee, and ankle joint assisting and rehabilitation robotic device with variable stiffness at knee and ankle joint [101], (C) AFO
using negative stiffness mechanism [102], (D) Variable impedance knee-ankle foot robotic device [104].

at improving the user’s gait kinetics (dorsiflexion and plan-
tar flexion moments). Key performance indicators included
adequate toe clearance during the swing phase of gait and
foot placement during the stance phase [109], ankle range-
of motion [108], EMG values of the hip abductors, medial
hamstrings, soleus, rectus femoris, vastus medialis and tib-
ialis anterior muscles [110], as well as gait kinetics [112].

In [109], a case study was performed on a patient with
hemiparesis examining the use of Thera-Band with BWSTT.
The Thera-Band, a commercialized elastic resistance band
used as a treatment intervention during BWSTT, was placed
around the hemiparetic lower extremity to help with dor-
siflexion and eversion movements during the swing phase,
in addition to assistance with the placement of the foot during
stance phase. The study confirmed that the Thera-Band with
BWSTT was able to aid in foot clearance during swing and in
properly positioning the limb during stance without the need
for manual assistance or an AFO.

The LOCOMAT system, a treadmill training robotic device
that trains the impaired limb using the user’s body weight
and the provided treadmill speed, was tested in the work
of Mirbagheri et al. to determine the effects of locomotor
training on patients suffering from drop foot [108], [113]. Ten
patients with ankle spasticity were trained for 4 weeks [108].
The results indicated that treadmill training reduced the
patients’ reflex stiffness by 65%, and the intrinsic (muscular)
stiffness by 60%, while it increased the patients’ maximum
voluntary contraction by 93% and 180% for the ankle exten-
sor and flexor muscles, respectively [108]. A continuation
of the study presented a linear regression line using the
resulting changes in ankle spasticity over the ankle range of
motion [113]. With these results, two recovery classes were
distinguished. Modeling the results showed that not only did
the treadmill training reduce ankle spasticity and improve its
volitional control, but it was also able to improve the spastic
ankle’s abnormal variance of reflexes [113].

In another study, the effect of pelvic mediolateral cor-
rective force using treadmill training as proposed by [36]

resulted in enhanced muscle activity and gait symmetry of
post-stroke patients suffering from hemiparesis [110]. This
study also demonstrated that this type of assistance was
able to improve the muscle activity of the impaired leg and
enhance the pelvic displacement symmetry.

In [112], the Anklebot developed in [10] was used along
with an interfaced game to provide training for post-stroke
patients based on interactive visual tasks. The interactive task
consisted of a soccer video game with which movement in
the game was controlled by the user’s volitional ankle torque.
Ankle rehabilitation was attained with the game’s adaptive
auto-adjust to task difficulty, promoting cooperative learning.

3) CLINICAL FEASIBILITY OF THE PERCEPTIVE SYSTEMS OF
ROBOTIC DEVICES
In general, AFOs rely on perceptive components integrated
within the system to identify the user’s phase of gait.
The following case studies were selected to demonstrate
the clinical feasibility and Human-Robot safety interaction
capability in AFOs which integrate various sensors, includ-
ing foot pressure insole sensors, footswitches, IMUs, and
EMG systems [24]. The sensors ensure safe and effective
Human-Robot interaction by providing the robot controller
with real-time kinematic data for real-time control and
modulation.

For example, in [26], an over-ground and stairs gait train-
ing robotic device was used for sub-acute stroke survivors
to evaluate improvement in functional gait. To validate the
perceptive system developed in [26] which measures gait pat-
terns and estimates walking intentions, a randomized control
trial conducted by Yeung et al. investigated the therapeutic
impact of a portable robotic device which detects the user’s
movement intentions [63]. This study showed that 20-session
robotic device training was able to enhance gait indepen-
dence, motor recovery, walking speed, and limb stability
during loading response.

Another study investigated the gait feedback approach
developed by [24], consisting of a two-layer model measuring
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both gait phases and ankle angle. They concluded that this is
significantly accurate in recognizing the phase of gait (above
95%), as well as short delay responses (below 20 ms,) and
minimal errors in angle measurement (below 3.5◦) [24].

4) CLINICAL FEASIBILITY OF THE CONTROL SYSTEMS OF
ROBOTIC DEVICES
Control systems are incorporated with AFOs to regulate the
user’s level and rate of adaptations to the assistive device,
hence mimicking the central nervous system [114]. Con-
trol strategies regulate the active device’s torque, stiffness,
impedance for a safe and efficient Human-Robot interac-
tion [114]. The experimental trials discussed include healthy
subjects in order to assess the control strategy’s tracking
performance [114] and identify optimal control references
[115], [116], [114]. One paretic patient was employed in
Arnez-Paniagua et al’s study to further evaluate the efficiency
of tracking performance for a drop foot patient.

A pretest on healthy subjects and a modeling test on
a patient were performed to generate the control rule for
drop speed and the estimation rule for walking speed
in [115],which proved the successful control of the foot
movement during different gait cycles [115]. Another form
of the previous work was performed by Adiputra et al., where
the control reference parameters were measured for different
subjects at different walking speeds to apply average ankle
torque and ankle angular velocity onto a magnetorheological
brake [116].

Arnez-Paniagua et al. experimentally tested the control
method developed by [62], which relies on the torque gen-
erated by the user, on three healthy subjects and one paretic
patient. The results demonstrated the control design’s suc-
cess at different walking speeds and different gait sub-phase
duration proportions [62], [114], [117]. This study was able
to successfully track the reference trajectory’s performance
within a few steps and reduce the muscular activities of the
tibialis anterior and gastrocnemius muscles.

5) CLINICAL EFFICACY OF SEMI-ACTIVE ACTUATED
ROBOTIC DEVICES
Semi-active AFOs are designed to overcome the challenges
inherent to passive AFOs, as they provide better ankle joint
range-of-motion, accelerated functional recovery, reduced
muscle disuse atrophy, and reduced excessive knee flexion
during the loading response phase of gait [118]. To evaluate
the clinical feasibility and Human-Robot safe interface of
hybridAFOs in comparisonwith passiveAFOs, [118] used an
innovative spring damper placed posterior to the ankle joint
on 15 drop foot patients. The performance indicators included
several balance-related tests, such as the self- reported bal-
ance confidence (ABC) test, Timed Up and Go Test (TUG),
and Berg Balance Scale (BBS) test [118]. The spring damper
mechanism involved modular constant force springs and
modifiable series hydraulic shock absorbers. Placed posterior
to the ankle joint, the mechanism did not obstruct the ankle
joint. Activities-Specific Balance Confidence Scale (ABC),

Berg Balance Scale (BBS), and TimedUp andGo (TUG) tests
were conducted on fifteen right-side drop foot patients. The
spring damper mechanism resisted plantar flexion at initial
contact to loading response, increased the ankle’s range of
motion from midstance to terminal stance, and prevented
plantarflexion during the swing phase. The results of the
balance confidence tests showed that the AFO improved the
ABC scale, increased the single-leg standing task for the BBS
scale, and improved TUG due to the increased ankle ROM
and the energy storage and release mechanism.

6) CLINICAL FEASIBILITY OF ELECTRIC (RIGID) ACTUATED
ROBOTIC DEVICES
Given that post-stroke patients often suffer from muscle
weakness, active AFOs allow for better gait adaptation to
the robotic device’s assistive moment [119]. The following
clinical study evaluated post-stroke patients’ gait adaptations
to powered AFO (PAFO) gait training therapy. The study
focused on the user’s interaction with the output assistive
force, where it was essential for users to learn how to store
and release energy timely and efficiently during gait train-
ing [119]. Three post-stroke patients were recruited, and
the outcome measurements used to evaluate gait adaptation
included temporal, kinematic, and kinetic parameters. The
actuated assistance of the (PAFO) was achieved through a
robotic tendon actuator, consisting of a DC motor coupled
with a lead-screw and lead-nut, along with a series spring.
This study showed that the robotic device was able to improve
gait cadence, ankle range of motion, and ankle power gen-
eration, with which the output was greater than the power
input from the robotic device. Additionally, motion capture
data confirmed the improvement of the sound limb.

7) CLINICAL FEASIBILITY OF PNEUMATIC ACTUATED
ROBOTIC DEVICES
Soft exosuits, made of soft material and fabrics, provide
assistive devices with interfaces that are more ergonomic,
conformal, and compliant [120]. The following studies
demonstrate the clinical feasibility and safe Human-Robot
interaction using soft exosuits to assist post-stroke patients
whilst maintaining natural gait [82], [111], [120], [121]. The
exosuit’s impact on the venous flow profile of the superficial
femoral vein was also explored [111]. Performance indica-
tors included ankle kinetics and time average mean velocity,
as well as volumetric flow rate of the venous flow

In [82], a pneumatically actuated McKibben-type artifi-
cial muscle, aligned in series with a tension spring, was
devel- oped to provide the user with the high dorsiflex-
ion force needed during the swing phase of gait. Clinical
trials of the developed robotic device proved its ability to
provide high dorsiflexion forces with immediate drop foot
improvement [82].

Bae et al. tested the validity of a soft robotic device to
be used to assist chronic stroke patients [120]. The study
confirmed that the exosuits successfully tracked post-stroke
gait, provided assistive force at the appropriate times, and
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improved key gait parameters. Similarly, Awad et al. stud-
ied the implications of a soft robotic exoskeleton on the
assistance and rehabilitation of post-stroke patients’ gait
deficits [121]. Their study showed that soft exoskeletons
can provide faster overground gait and increase the distance
traveled.

Since stroke patients are more likely to suffer from deep
vein thrombosis and joint contracture, Low et al. studied the
effect of a soft exosuit on the blood flow in the users’ lower
limbs [111]. The study demonstrated that the device enhanced
venous blood flow while still assisting ankle motion.

V. DISCUSSION
The most significant motion deficit suffered by drop foot
patients is the uncontrolled dorsiflexion of the ankle. This is
primarily why most rehabilitation devices in literature focus
on assisting the ankle motion in the sagittal plane. All the
designs reviewed here share the main objective of improving
drop foot deficit. Their different approaches hence focus
on either training the muscle weakness in dorsiflexion or
providing movement assistance through foot drop resistance.
In the pursuit of advanced robotic devices, it is vital to mimic
or rehabilitate the function of the impaired muscle with-
out hindering the users’ physiological range of motion, nor
compromising their safety, comfort, or balance. Moreover,
many of these advanced robotic devices provide additional
functional features in order to rehabilitate the impairment
regardless of the level of impairment, and/or follow the
user’s motion irrespective of the type of walking surface,
ground inclination, external disruptions/perturbations, and
user’s step-to-step variations.

Some of these additional functional features include:
1) Interactive and adaptive training
2) Additional degrees of freedom
3) Adjustability to variations in gait
4) Adjustability to different levels of impairment
5) Alternative power supplies
6) Modular stiffness mechanisms
7) Smart sensors and control systems for optimal and safe

Human-Robot interaction

VI. REMAINING ISSUES AND FUTURE DIRECTION
For an AAFO to efficiently assist and rehabilitate motion
deficits, several key requirements must be addressed, includ-
ing the insurance of safety/comfort of the user, maintaining
a lightweight structure, offering modularity and adaptability
to motion, as well as providing sufficient assistive torque(s)
to restore motion deficits. Compliance, a key prerequisite for
safe Human-Robot interaction, can be maintained through
proper compliant actuation and structure to multiple degrees
of freedom, real-time gait trajectory tracking and assistance,
as well as minimal added mass [97]. The current body of
literature reflects several gaps in the compliance of current
robotic devices in association with the fundamental mech-
anisms of gait, variations of gait, gait therapy, and under-
lying neural pathways of patients suffering from drop foot

deficit. Some of the main issues which remain open areas of
research for user-compliant assistance/rehabilitation include
the degrees of freedom; gait pattern variability; balance and
stability; restrictive and bulky designs; as well as inflexible
sensor components. The following addresses these issues and
attempts to delineate the future direction of advanced robotic
devices for drop foot.

A. DEGREES OF FREEDOM
The optimal number of degrees of freedom remains a con-
tentious issue when designing robotic assistive devices. For
example, the parallel two-UPS/RRR ankle rehabilitation
robot developed by Dong et al., as discussed above, pro-
vides patient-active exercise only in the uniaxial direction,
which limits its effectiveness in terms of providing multi-axis
patient-active exercises [35]. On the other hand, some experts
argue that using a smaller number of actuators, as compared
to the DOFs anatomically present, may be advantageous to
avoid the need for precise alignment of the robotic device
with the user’s joint axes [38].

Another challenge arising with increasing the actuated
DOF is due to the fact that added electric components tend
to be heavy, rigid, and bulky, hence limiting the freedom of
the limb in natural physiological motions. For example, in the
work of Liu et al., to balance the gravity of the motor for dor-
siflexion assistance and the gearbox for eversion assistance
of the robotic device, a large torque was required [31].

Overall, a robotic device’s safety factor is greatly impacted
by the device’s compliance with the user during therapy,
as well as the device’s center of rotation coinciding with
the physiological joint’s center of rotation. By implementing
multiple DOF, safety is better ensured through the synergistic
movement of the lower limb [35].More future work is needed
for determining the optimal number of degrees of freedom
towards safe, lightweight robust effective systems.

B. VARIABILITY OF GAIT PATTERN
The complexity and variability of human gait lead to chal-
lenges in its faithful emulation. During gait, the user is prone
to changing their pattern and shifting their center of gravity
which, if not compensated with real-time gait assistance, can
cause resistance to assistive devices. Systems which lack
real-time adaptability have demonstrated a negative effect on
the ankle’s propulsive force, compelling compensated muscle
contractions [83], causing lateral shifting of the weight during
gait [92], delaying peak phase shift and reducing maximum
toe-clearance [37], and causing abrupt foot strike and exces-
sive knee flexion [82], [83].

One approach, with which the perturbations within the gait
cycle were reduced, was to overcome the speed limitations of
the DC motor [56]. Changing to a faster DC motor helped
overcome this limitation with the trade-off of increasing
power consumption. This was demonstrated in the modu-
lar robotic exoskeleton developed by Font-Llagunes et al.,
incorporating a stronger motor to ensure a safer design in
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assisting with the knee’s full extension to support the patient’s
weight [79].

Regarding the algorithm developed which emulates the
rhythmic movements of gait using PCPG, it is worthy to note
that constant phase-resetting needs to be performed since gait
cycles are not perfectly identical. As stated in the reviewed
study [49], a major drawback to the required phase resetting
is the need to increase the speed of phase recovery to provide
a smooth transition between gait cycles in order to ensure
natural gait and user comfort [49]. This was also reflected
in the work of Arnez-Paniagua et al., where an error from
the constant change of the initial position of the ankle joint
during the swing sub-phase resulted in a negative influence
on the adaptive performance [62].

In general, more work is needed on real-time detection
algorithms, in conjunction with control systems, to provide
assistance at proper timing. With post-stroke patients, detect-
ing different gait patterns of patients, as well as individual gait
pattern differences, ensures safer interaction with the assis-
tive intervention and more efficient rehabilitation. Moreover,
devices which lack precise trajectory tracking systems are
more likely to experience undesired responses to unknown
interaction forces [56].

C. BALANCE AND STABILITY
The use of additional assistive devices, such as canes, during
robot-assisted rehabilitation is another area open to further
research. The incorporation of external support with the
robotic systems should be evaluated carefully considering
the effect on the joint kinematics and kinetics. For example,
to maintain balance and help the patients stand straight during
robot-assisted gait training, a walking cane was used in the
work of Yeung et al., a front handrail in the work of Hsu et al.,
and a wheeled walker and bilateral crutches in the work of
Choi et al. [26], [57], [110]. Despite their benefits in terms
of affording added measures of safety, these interventions,
on the downside, influenced the walking patterns and the
biomechanics of gait of the participants and studies show that
they may over time trigger over-reliance which could affect
motor relearning.

D. RESTRICTIVE AND BULKY DESIGN
Lightweight and compact designs remain on the top of the
objective tree list for all devices interfacing with the human
body, especially during load-bearing activities. Many theo-
retically functional design prototypes rapidly lose footing in
clinical experiments due to the user’s compensation to the
added distal mass. For example, in the semi-active robotic
device developed by Hassan et al., the walking experiment
results showed increased muscle activity when assisting with
foot slap, which was due to the newly introduced AFO which
increased the user’s engagement when walking [76]. In the
design by Murphy et al., where the assisting robotic device
was actuated by artificial pneumatic muscles, the robot’s rigid
flat footplate increased plantar flexion during the stance and
swing phases of gait, hence altering the biomechanics [87].

The plantar flexion increase during stance was due to the
foot plate’s rigidity which did not support the function of
the heel and forefoot rockers, while that during swing was
due to the weight of the footplate. The footplate proposed
in this design also resulted in increased eversion during the
stance phase to apply contact at the lateral side of the foot
and end of swing phase for safe ground contact at heel strike.
Further examples include evidence of the soft exosuit being
restrictive as demonstrated in the work of Bae et al. in the
form of decrease in the stride length seen in all partici-
pants [120].More research is warranted in this area to provide
safe, patient-driven, user-centered lightweight and compact
designs.

E. INFLEXIBLE SENSOR COMPONENTS
Although the rapid explosion in sensor technology has
tremendously aided the design and development of robotic
and assistive and rehabilitative devices, some designs remain
vulnerable due to sensor limitations that can hinder smooth
and accurate data collection, hence affecting accurate and
safe torque transmission or rehabilitation. For example, dur-
ing the use of insole sensors tomeasure the phases of gait, foot
slipping within the shoe or user slipping on the surface may
disrupt the kinematic and kinetic measurements and interfere
with the feedback needed for assistance [38].

He et al. used a combination of neural EEG and mus-
culoskeletal EMG for their exoskeleton to provide the user
with optimal assistance [46]. However, the Human-Robot
interface interfered with the EMG placement, hence lowering
the decoding accuracy for the lower limb EMG activity.
This limitation, along with head movement-related artifacts
which could potentially contaminate EEG signals, rendered
the device less effective.

Another study, in which Casas et al. embedded an optical
strain sensor into biomimetic tendon actuators [48], suffered
from the challenge of using the sensor to measure the
motion without influencing the tendon’s mechanical proper-
ties. Indeed, the embedding technique affected the sensor’s
performance, where the surface conditions of the tendon
caused sensor detachment leading to inaccurate data.

Overall, sensors will continue to play a big role in the
future of robotic rehabilitation, and hence novel, lightweight,
flexible, accurate, and precise sensors are needed to fill that
gap.

F. FUTURE DIRECTION
The authors believe that the future of robotic assistive devices
should align well with the envisioned futuristic world of
4P medicine, by designing devices and systems that can be
Personalized, Participatory, Preventive and Predictive. This
warrants a bio-inspired multifactorial integrative approach in
the development of device structure, mechanisms, actuation,
perception, and control.

The development of device structure and mechanisms can
benefit from design extension into assistance of movements
beyond those in the sagittal plane, in alignment with the
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physiological joint degrees of freedom. Structure can also be
enhanced through the use of smart novel lightweight materi-
als, with enhanced mechanical properties, towards compact
and lightweight structures. The new generation of devices
should provide users with better balance, stability, comfort,
natural gait and importantly optimal human-device interface.
For added stability and balance, the scope of assistance
should transcend traditional control of the hip, knee, and
ankle joints, to include assisting and stabilizing the spine and
pelvis, again inspired by the integrative synergy observed in
physiological movement.

Development in actuation should be focused on realizing
more compact, efficient, lightweight, and large power-to-
weight ratio actuators. Having actuation mechanisms that
conform to the human body without risking the users’ safety
or comfort, would serve as a great advancement in the field
of robotic devices for drop foot. The authors suggest fur-
ther exploration of solutions that combine technologies of
twistedcable-actuation and variable stiffness actuation.

Embedded sensors in smart devices used for capturing
various physiological signals (EMG, ECG, EEG, IMUs, etc.)
must adhere to the highest standards of precision and accu-
racy, in addition to light weight, compactness and interface
adaptability. Advancement in perception systems and con-
trol techniques are required towards enhanced sensors that
conform to human limbs, avoiding limitations such as sensor
slippage, interface interference, and detachment. Moreover,
it is anticipated that including human perception in bilateral
interactive systems would significantly enhance the usability
and effectiveness of robotic wearable devices. Future control
systems which can provide real-time assistance with gait
subevent adaptive control are highly desirable to provide the
user with a natural smooth gait regardless of variability in the
gait pattern or the environment. Finally, recent technological
advancements in the field of computing afford the unprece-
dented opportunity to enhance current robotic systems by
integrating themwith empathetic AI, VR, and serious gaming
towards robust multifaceted rehabilitation assistive solutions
for drop foot motion deficits and beyond.

VII. CONCLUSIVE REMARKS
The objective of this work was to review and summarize
the designs, working principles, and applications of robotic
devices for drop foot assistance and rehabilitation which were
proposed in literature in the last decade. The main contribu-
tion is providing a functional summary that can be beneficial
for both research and clinical communities, alike, by shedding
light on the available designs and technologies, as well as
the remaining gaps and limitations for treating drop-foot
abnormalities. It is noteworthy that several review articles
have already been published on the design and application
of ankle-foot orthoses. In spite of their value, these studies
were found to be either outdated or lacked an extensive review
on the different robotic technologies currently available for
treating drop-foot abnormalities. The current review includes
some of the important traditional designs highlighted by those

reviews (designs that are safe, lightweight, wearable, com-
fortable, provide balance and stability, etc.), but also goes
beyond to explore advanced functional features, including
interactive and adaptive training, additional degrees of free-
dom, adjustability to variations in gait, adjustability to differ-
ent levels of impairment, alternative power supplies, modular
stiffness mechanisms, and smart sensors and control systems
for optimal and safe Human-Robot interaction. Obviously,
many constraints and limitations arise when one attempts to
combine all these functional features into one robotic device.
On the other hand, such a bio-inspired integrative design
would provide a paradigm shift in the world of rehabilitation
robotics and add great value to the future of advanced robotic
devices for the assistance and rehabilitation of a wide spec-
trum of movement pathologies, including drop foot.
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