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Abstract—Different approaches are available to compensate
gait in persons with spinal cord injury, including passive orthoses,
functional electrical stimulation (FES), and robotic exoskeletons.
However, several drawbacks arise from each specific approach.
Orthotic gait is energy-demanding for the user and functionally
ineffective. FES uses the muscles as natural actuators to generate
gait, providing not only functional but also psychological benefits
to the users. However, disadvantages are also related to the early
appearance of muscle fatigue and the control of joint trajectories.
Robotic exoskeletons that provide joint moment compensation or
substitution to the body during walking have been developed in
recent years. Significant advances have been achieved, but the
technology itself is not mature yet because of many limitations
related to both physical and cognitive interaction as well as porta-
bility and energy-management issues. Meanwhile, the combina-
tion of FES technology and exoskeletons has emerged as a
promising approach to both gait compensation and rehabilitation,
bringing together technologies, methods, and rehabilitation prin-
ciples that can overcome the drawbacks of each individual
approach. This article presents an overview of hybrid lower-limb
exoskeletons, related technologies, and advances in actuation and
control systems. Also, we highlight the functional assessment of
individuals with spinal cord injury.

Key words: exoskeleton, functional electrical stimulation, gait,
hybrid control, muscle fatigue, neuroprosthesis, neurorobot, ortho-
sis, rehabilitation, robot control, spinal cord injury, wearable robot.

INTRODUCTION

Paraplegia resulting from spinal cord injury (SCI) is
characterized primarily by the loss of motor and sensory

abilities, the severity of which is determined by the level
and characteristics of the injury [1]. Among SCI patients,
gait impairment constitutes one of the most disabling
impairments and may involve the complete loss of volun-
tary control of the leg muscles. Thus, individuals with
paraplegia commonly rely on wheelchairs for their
mobility [2].

Recent studies have attempted to identify the most
important functions in the SCI population, with a view to
enhancing quality of life [3–7]. Although different meth-
ods were used in these studies, all identified mobility as
one of the main objectives for the injured individuals.
Interestingly, several differences between the preferences
of patients and those of clinical professionals have been
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reported [4]. While mobility was a high priority among
patients at all stages of rehabilitation, the expert panel
selected independent wheelchair mobility as the most
important final goal of rehabilitation, which was attrib-
uted to the pressure to discharge patients because of time
constraints. However, it is important to highlight that
restoring the capacity to walk was identified as the high-
est priority objective, regardless of the lesion level, time
since injury, or age [4].

Different approaches to gait restoration are currently
available. While orthotic gait involves both passive and
active orthotic approaches, FES-based approaches explore
the possibilities of electrical stimulation of the user’s mus-
cles. We shall consider these here, as well as alternative
hybrid functional electrical stimulation (FES)-based
approaches.

Orthotic Gait
The first system to be introduced clinically for gait

compensation was a mechanical structure that locked or
limited joint movement during the stance phase of gait,
such as the ankle-foot orthosis (AFO), the knee-AFO
(KAFO), or the hip-KAFO (HKAFO), depending on the
specific joint weakness. The traditional KAFO design
was developed in the 1950s to assist ambulatory manage-
ment after poliomyelitis epidemics [8]. KAFOs or HKA-
FOs allow swing-through mobility with the use of
walkers or crutches. The mobility achieved with these
devices is aesthetically poor and requires high metabolic
energy expenditure. Indeed, the energetic cost associated
with this kind of ambulation is up to 43 percent higher
than that of wheelchairs [9], which partially explains the
low impact of such orthoses compared with wheelchairs.
Some years later, in an effort to develop a less demanding
gait, dynamic orthoses that allowed passive hip joint
movement were developed: the reciprocating gait ortho-
sis (RGO) [10], the advanced RGO [11], the hip guidance
orthosis [12], the ParaWalker [13], and the Walkabout
[14]. Gait achieved with these orthotic systems was
improved with respect to the rigid HKAFOs [15],
although problems with slow walking and high energy
cost have been identified as reasons for discontinuing
their use [16–18].

Recent decades have seen a growing interest in the
development of active orthoses capable of adding and
controlling power at the joints. The first such example
dates from the 1970s, when Vukobratovic et al. devel-
oped an active orthosis comprised of actuators at hip,

knee, and ankle joints to assist movement in the sagittal
plane [19]. Since then, many active exoskeletons have
been developed for gait restoration, with considerable
variation in actuator and sensing technologies, and control
strategies. However, as with passive orthoses, exoskele-
tons for gait restoration are not yet a viable means of pro-
viding effective gait compensation because of the many
limitations that are still to be overcome [20–23]. Although
new promising exoskeletons are in clinical trials [24–25],
further studies should be performed in the clinical setting
to understand whether the limitations already identified in
previous studies are addressed.

Functional Electrical Stimulation-Aided Gait
Electrical stimulation of muscles has been widely

explored as a means of gait compensation in subjects
with SCI, whereby the muscles of the user are stimulated
by previously configured electrical impulses to generate
joint movement [26]. Since the movement is achieved via
the users own muscles, FES-aided gait provides a high
degree of autonomy of use [27].

The use of FES technology, or FES-assisted systems,
for human muscle activation dates back to the early
1960s. The first applications of FES-assisted systems in
paraplegia used a transcutaneous FES system to stimulate
the quadriceps and gluteus to induce gait patterns [28]
and to study the correction of drop-foot [29]. The FES
system developed by Kralj et al. in 1983 proposed
closed-loop stimulation of the quadriceps muscle group
and the peroneal nerves to achieve paraplegic gait [30].
The last two decades have seen the development of sev-
eral FES systems based on the designs of Kantrowitz and
Liberson [31–38], and the recent advances in FES tech-
nology offer the possibility of achieving more complex
and efficient stimulation. The control of FES systems has
been improved through multichannel stimulators that can
be combined with percutaneous and implanted elec-
trodes. This approach leads to improved muscle selectiv-
ity because each muscle uses a different electrode.

The use of FES also imposes challenges that limit its
widespread use for gait compensation. The early onset of
muscle fatigue precludes long periods of stimulation,
limiting walking distance. The fine control of joint trajec-
tories by FES remains problematic because of the nature
of the musculoskeletal system. These drawbacks have
limited the widespread application of FES for gait com-
pensation among SCI patients [39].
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Hybrid Approaches
Among the interventions available, several technical

limitations prevent satisfactory gait compensation fol-
lowing SCI. Of the approaches just described, the combi-
nation of FES technology and exoskeletons has emerged
as a promising approach to achieve both gait compensa-
tion and rehabilitation, bringing together technologies,
methods, and rehabilitation principles that can overcome
the drawbacks of each individual approach.

There have been many attempts to improve gait per-
formance and decrease energy expenditure by combining
FES with different types of passive or reciprocating
orthoses. However, the inclusion of FES in such
approaches provides little improvement in energy cost
and gait velocity. Specifically, a recent review concluded
that limited evidence supports the uses of both bracing
and FES for additional functional ambulation benefit in
paraplegic patients with complete SCI [40]. Thus, the
high energy cost associated with these hybrid bracing
systems appears to be the main drawback [41–44].

The addition of FES to exoskeleton systems takes
advantage of the muscle power generated to reduce the
energy demand of the exoskeleton, thereby requiring less
powerful joint actuators, which would result in a lighter
system. Moreover, such hybrid exoskeletons should pro-
mote more effective neural plasticity than other standard
practices like treadmill training, because of the intensive,
community-based gait practice involved. This gait prac-
tice occurs during daily training, and thus, increased user
participation is promoted during walking training. While
FES-induced gait has several benefits, mainly related to
muscle strength and cardiorespiratory fitness [40,45–47],
it is not so effective in gait restoration [40,48] and is lim-
ited to a therapeutic environment [39]. Furthermore, FES
can induce muscle fatigue, leading to interruptions in
training. Improved management of muscle stimulation is
therefore crucial to the development of successful hybrid
exoskeletons that can be used for longer periods of time.

The aim of this article is to review the state of the art
of hybrid exoskeletons. For the purpose of this article, we
define “hybrid exoskeletons” as systems that aim to com-
pensate and/or rehabilitate gait in activities of daily living
by means of delivering and controlling power to the lower-
limb joints, in which the net joint power results from the
combination of muscle activation with FES and electrome-
chanical actuation at the joint level. This review identifies
the main challenges in designing and developing hybrid
lower-limb exoskeletons and highlights the most relevant

features that must be considered for the functional assess-
ment of individuals with SCI.

METHODS

A search of the Medline, Science Direct, IEEE
Xplore digital library, and Google Scholar databases was
performed using the following combinations of terms:
  • (Hybrid AND Exoskeleton) within title and abstract.
  • (Hybrid AND Orthosis) within title and abstract.
  • ((Functional Electrical Stimulation OR FES) AND gait)

within title and abstract.
  • ((Functional Electrical Stimulation OR FES) AND

exoskeleton) within title and abstract.
  • (Gait AND robot) within title and abstract.

After rejecting duplicate articles, we identified 497
articles. The title and key words of these articles were ini-
tially inspected, which resulted in the rejection of 79.3 per-
cent (394) as inappropriate. After carefully reading the
abstract of the remaining 103 articles, we discarded 67 per-
cent (69). No additional relevant articles were found by
forward and reverse citation. As a result, the final database
contained 34 articles that comprised the main information
source of this article (Table).

RESULTS

Hybrid Exoskeletons
The concept of hybrid exoskeletons was first intro-

duced in 1978 [49], though actual physical construction
and preliminary results were not reported until 1989 [50].
Different systems have since been proposed, with diverse
actuation and control principles. However, two main cat-
egories can be distinguished in relation to the exoskele-
ton joint actuation principle: (1) power dissipation at
joint (braking or clutching) and (2) active joint actuators.
We have adhered to these criteria in our review of hybrid
exoskeletons.

Hybrid Exoskeletons Controlled by Joint Brakes
Attaching controllable brakes to a passive gait ortho-

sis allows the use of FES as a power source to generate
gait, controlling joint movements by closed-loop control
of joint trajectory. This poses a solution to the problem of
joint trajectory control generated by FES [51]. In addi-
tion, placing joint brakes on the orthosis obviates the
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Table.
Hybrid exoskeletons reviewed.

System Exoskeleton FES Clinical Evaluation Drawback
Variable Hip Constraint 

Mechanism [1–2]
Hip: hydraulic.
Knee & ankle: brake.

16 channels.
Open loop.

1 subject [2]: complete T7. Weight.
Cannot add power to joints.
FES parameters preprogrammed.

Controlled-Brake Orthosis
[3–4]

Hip & knee: brake.
Ankle: elastic.

4 channels.
Closed loop: muscular fatigue 

monitoring.
Peroneal nerve stimulation for 

hip & knee flexion.

1 subject [4]: complete T6.
4 subjects [5]: 3 complete

T6–T7, 1 incomplete T8.

Cannot add power to joints.
Use of withdrawal reflex.

Joint-Coupled Orthosis
[6–7]

Hip & knee: brake & elastic 
& mechanical coupling.

2 channels.
Open loop.
Energy storage from muscle 

stimulation.

Not evaluated. Cannot add power to joints.
FES parameters preprogrammed.

Spring-Brake Orthosis
[8–9]

Hip & knee: brake & elastic 
& mechanical coupling.

2 channels.
Closed loop.
Energy storage from muscle 

stimulation.

Not evaluated. Cannot add power to joints.

Energy Storing Orthosis 
(ESO) [10–12]

Hip & knee: brake & elastic 
& pneumatic coupling.

2 channels.
Open loop.
Energy storage from muscle 

stimulation.

Not evaluated. Cannot add power to joints.
FES parameters preprogrammed.

Hybrid Assistive System 
(HAS) [13]

Knee: DC motor & brake.
Ankle: elastic.

6 channels.
Open loop.
Peroneal nerve stimulation for 

hip & knee flexion.

1 subject [13]: incomplete
C5–C6.

No control of FES.
Use of withdrawal reflex.
FES parameters preprogrammed.
Position-controlled joints.

Hybrid Powered Orthosis 
(HyPO) [14–15]

Hip & knee: DC motor. 2 channels.
Open loop.

Not evaluated. FES parameters preprogrammed.
Joints only controlled by position.

WalkTrainer [16] Pelvis, hip, knee, & ankle: 
DC motor.

20 channels.
Closed loop: minimization of 

interaction forces.

6 subjects [16]: 2 complete 
paraplegia, 4 incomplete
paraplegia.

Too bulky: only for clinic use.
No muscular fatigue monitoring.
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need for stimulation of muscles during stance phases of
gait, which is very exhausting for the muscles under
stimulation.

Variable Hip Constraint Mechanism
RGOs are HKAFOs in which the hips are coupled by

a mechanical linkage so that hip flexion provides coupled
contralateral hip extension while keeping the knee and
ankle fixed [52]. As a result, walking requires consider-
able side-to-side movement so that the foot can clear the
floor and the 1:1 coupling ratio limits step length. To
improve performance with this system, some modifica-
tions have been tested, including unlocking the knee joint
during swing to improve foot clearance [35] and increas-
ing the hip coupling ratio to 2:1 to increase step length
and reduce energy cost [53]. Accordingly, a hybrid neu-
roprosthetic system has been developed in which the hip
and knee joints are driven by spring clutches that either
release or block the joints [54]. The FES system is com-
prised of 26 intramuscular electrodes to control the trunk,
hip, knee, and ankle joints. While more flexible step
length and improved walking speeds were achieved, the
posture and stability of the user was compromised as a
result of the hip actuation principle (spring clutch) and
the onset of muscle fatigue in hip extensors.

To overcome the limitations related to the hip mecha-
nism, newer designs include a variable hip coupling
mechanism in which the coupling ratio between the hip
joints could be modified by means of a controllable
hydraulic system (Figure 1) [55–57]. In this apparatus,
hydraulic cylinders fixed by rack-and-pinion transmis-
sion produce hip actuation. The losses due to friction in
the mechanism were quantified as 7 percent of the hip
flexor muscle power required to overcome the passive
resistance of the actuator [55,57]. However, the amount
of torque required to move the hip mechanism was later
reported to be 10 percent of the hip torque generated dur-
ing FES-driven gait [56]. The control of the hydraulic
circuit avoids bilateral hip flexion while providing trunk
and hip stability and free or coupled hip movement dur-
ing the swing phase of gait. This allows the user to mod-
ify his or her step length without the intervention of the
system.

 This hybrid neuroprosthesis also features a solenoid-
activated spring clutch mechanism for the knee joint,
blocking flexion of the knee during stance while allowing
some degree of knee flexion during swing. The ankle is
driven by a purely elastic element. The FES system

includes 16 channels of intramuscular stimulation, which
collectively control the hip, knee, and ankle extensor and
flexor muscles, including the hip abductors and trunk
extensors. The FES system is preprogrammed with a set
of stimulation parameters to generate gait. Hybrid control
is achieved by means of a finite-state machine that detects

Figure 1.
Variable hip constraint mechanism exoskeleton. Source: Image

used with permission by Mr. Rudi Kobetic, Cleveland Depart-

ment of Veterans Affairs.
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gait events and sends those events to both the FES stimu-
lator and exoskeleton controller. FES-driven gait works in
an open-loop, and the exoskeleton can block or release the
knee joints and couple or uncouple the hip joints.

The effects of the hybrid neuroprosthesis on kinemat-
ics were studied in five nondisabled subjects and com-
pared with an RGO and nondisabled gait. Knee and hip
kinematics when the subjects walked with the hybrid neu-
roprosthesis resembled a nondisabled pattern. Hip kinetics
were also improved when the finite-state machine of the
hydraulic hip mechanism was enabled [58]. This repre-
sented a remarkable improvement over the RGO with a
fixed hip-coupling ratio. However, the total weight of the
system (22 kg) reduced gait speed (25% lower) and
increased muscle activation.

The effect of the hybrid neuroprosthetic system on
knee kinematics was also studied in a subject with para-
plegia resulting from complete SCI (thoracic [T] 7, Amer-
ican Spinal Injury Association [ASIA] A) [56], although
no details on gait performance or energy expenditure were
reported. As in nondisabled subjects, this hybrid system
may result in energy exhaustive gait. More research is
pending to extend the benefits of the variable hip coupling
mechanisms to rehabilitation outcomes.

Controlled-Brake Orthosis
The concept of controlling the joint movement gener-

ated by FES with joint brakes was first proposed by Durfee
and Hausdorff [51]. Following this concept, the controlled-
brake orthosis (CBO) with 8 degrees of freedom and four
FES channels has been developed (Figure 2) [59–60]. In
this system, FES is applied to the quadriceps and peroneal
nerve to generate knee extension and a flexion reflex,
respectively, while the orthosis controls the knee and hip
flexion-extension using magnetic brakes. The ankle is
driven by an elastic actuator that controls the dorsal flexion
to avoid foot drop; free hip adduction-abduction is provided
with a limited range of movement [59]. This configuration
results in a light orthosis (6 kg) with highly backdrivable
joint actuators (magnetic brakes).

The control strategy (Figure 3) relies on the use of
joint brakes to control the position and velocity generated
by FES. The joint position error and brake torque are
used to detect excessively low and high levels of stimula-
tion, respectively. Both parameters are integrated on the
basis of one step and combined in a weighted difference.
The amplitude of muscle FES is controlled as a function
of trajectory and torque error, averaged on a step-by-step

basis to stimulate the muscles with the amplitude neces-
sary to achieve joint movement [60] (Figure 3). As a
result, this combined metric acts as an FES regulator on
the next step [60]. With this control strategy, the CBO
system is the only system that attempts to actively control
muscle fatigue by closing the FES loop.

This hybrid approach was first evaluated in a subject
with paraplegia resulting from complete SCI (T6). The
results with the CBO revealed a reduction in the duty cycle
of muscle stimulation from 85 percent during FES gait to
10 percent with the hybrid system and an improvement in
knee trajectory with respect to FES-only gait [60]. How-
ever, the flexion reflex was found to change considerably
with time, leading to poor performance at the hip joint. A
further evaluation was later performed in a study on four
subjects with complete and incomplete paraplegia result-
ing from SCI (ranging from T7 complete to T8 incom-
plete). This study evaluated the performance of the CBO in
terms of muscle fatigue, metabolic cost, and gait perfor-
mance when compared with FES-only gait [61]. One sub-
ject increased walking speed, while distance increased in
two subjects. Muscle fatigue was also assessed by measur-
ing the quadriceps isometric recruitment curve as the

Figure 2.
(a) Controlled-brake orthosis (CBO) exoskeleton. (b) CBO

under clinical trial. Source: Images used with permission by Dr.

Michael Goldfarb, Vanderbilt University.
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relative decrease in peak torque. This parameter revealed a
lower torque decrease when using the CBO. This study
also investigated the relative effects on metabolic cost
when using the CBO rather than FES alone, in terms of
heart rate, blood pressure, and oxygen consumption. No
differences were observed between the two systems.

As previously mentioned, CBO actively manages
muscle fatigue by controlling FES amplitude based on
the effect of FES on the joint trajectory. Another
approach followed by other groups to manage muscle
fatigue depends on the optimization of the stimulation
strategy and the use of energy storage. By the combined
use of an elastic element and a joint brake, it is possible
to store the energy from quadriceps stimulation during
swing, which is the less demanding condition for the
muscle, and release the energy in another phase of gait or
joints. Therefore, the need to stimulate the muscles is
reduced by the combined use of joint brakes for the
stance phases of gait and the use of energy storage. Also,
stored spring energy could be used to replace stimulation
of the hip flexors or withdrawal reflex, which has shown
low effectiveness for eliciting hip flexion [50,61].

Spring-Brake Orthosis
One of the hybrid orthoses with energy storage is the

spring-brake orthosis developed by Gharooni et al. [62–
63]. In this system, knee flexion after toe-off is generated
by the energy released by a spring, which also causes the

hip to flex because of gravity action, therefore driving the
hip and knee joints to a flexed equilibrium position [62].
At midswing, knee extension is achieved by quadriceps
stimulation, at the maximum intensity which is safe and
can be tolerated by the subject, to accelerate the shank
until the knee reaches full extension. Extension of the
knee during this phase restores energy in the spring
placed at the knee actuator [63]. A fuzzy inference sys-
tem determines burst duration to control knee joint kine-
matics on the basis of knee joint position and velocity
error [62], but recently a proportional-integral-derivative
(PID) controller has been introduced [64]. Gharooni et
al.’s FES control system is intended to achieve the limb’s
maximum acceleration in the shortest period of time to
minimize muscle fatigue, whereas hip and knee joint
brakes are used to give support during stance phase [62].
A preliminary test on a nondisabled subject was reported
as a proof-of-concept in which the knee and hip kinemat-
ics were addressed as a result of combined FES, joint
brakes, and energy storage at the knee actuator [62–63].

Joint-Coupled Orthosis
The joint-coupled orthosis was developed based on the

elastic-energy storage concept, but in this case, the elastic
element acts across both hip and knee joints [65]. A unidi-
rectional mechanical coupling allows a spring to bias the
knee and hip joints toward an equilibrium position in
which both joints are flexed; therefore, flexion of the knee

Figure 3.
Controlled-brake orthosis control scheme.  = joint angle,  = joint angular velocity, FES = functional electrical stimulation, ref = ref-

erence, T = torque.
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generates hip flexion. The exoskeleton also has hip and
knee friction brakes that provide control of hip and knee
joints during the stance phase and release after toe-off. As
in the former hybrid exoskeleton, two FES channels are
used to stimulate quadriceps muscles of both legs at the
peak of hip flexion, which fully extends the knee during the
swing phase and also stores energy in the spring [65–66].
In this case, FES pulse parameters are fixed and the stimu-
lation timing is not controlled. A preliminary evaluation of
walking performance was performed on 10 nondisabled
subjects wearing the exoskeleton on one leg. The experi-
ments consisted of three cycles of 5 minutes walking and
1 minute relaxation while measuring the range of knee
movement. While the range of knee movement was reduced
during the first three cycles, it then stabilized at 85 percent
of the range of movement measured at the beginning of the
experiment [65]. These results indicate that this energy stor-
age approach may delay the onset of muscle fatigue,
although to our knowledge, the performance of this system
has not been evaluated with SCI subjects.

Energy-Storing Orthosis
A hybrid exoskeleton that stores energy from the

stimulation of the quadriceps muscles has also been
developed [67]. A peculiarity of this system is that the
energy-storing orthosis (ESO) uses the energy-storing
concept to decouple hip extension and flexion; pneumatic
circuitry is used to extract, store, transfer, and release
energy from the quadriceps to the hip [67–68]. Also,
elastic actuators are included to keep the hip and knee
joints in a flexed equilibrium position [67,69]. At mid-
swing, the quadriceps is stimulated and the knee extends,
storing energy in the pneumatic accumulator. Simultane-
ously, energy is also stored in the elastic storage element
at the knee joint. After full extension, the knee is locked
and energy is released into the hip actuator and the hip
extends, enabling forward progression and storing energy
in the hip elastic storage element. Therefore, this pneu-
matic system allows decoupling control of hip and knee
joints. A wrap spring brake controls joint trajectory and
gives joint support during stance [67–68]. An optimized
version of this design with rubber bands as the elastic ele-
ments was tested on a subject with paraplegia resulting
from SCI injury (T12) [69]. However, the results of this
preliminary evaluation were limited to safety and fitting
functions of the orthosis, and thus, no conclusions can be
made with respect to gait parameters.

Hybrid Exoskeletons Controlled by Active Joint 
Actuators

The main drawback of the hybrid exoskeletons con-
trolled by joint brakes is the inability to provide full con-
trol of the joint, since joint brakes are not capable of
delivering torque. Therefore, movement is generated only
by the muscular action due to FES; since most systems
perform an open-loop control of FES, movement quality
is low in terms of joint trajectory and velocity. Further-
more, the insufficient joint power obtained, especially
with the flexion withdrawal reflex, renders the control
system ineffective. Moreover, the appearance of muscle
fatigue due to FES is difficult to manage, especially
because of the decrease in joint power and joint trajectory.

Therefore, in contrast to joint brake hybrid exoskele-
tons, active actuator hybrid exoskeletons allow control of
the power delivered at the joint, therefore performing an
effective closed-loop control of joint movement.

Hybrid Assistive System
One of the first hybrid systems developed and tested

[50] was based on an existing concept, the self-fitting
modular orthosis (SFMO) [70]. To develop the hybrid
assistive system (HAS), the SFMO was configured with a
lightweight knee-ankle brace equipped with a direct cur-
rent (DC) servomotor and a motor-driven drum brake
coupled to the knee joint with a ball screw. The actuator
delivers power or provides externally powered and con-
trolled extension and flexion in addition to stiffness con-
trol from locked to free. The ankle joint is actuated by a
spring mechanism to control dorsal flexion. The FES sys-
tem consists of six channels acting on the gluteus medius
for balance; the quadriceps for hip flexion and knee
extension; and the peroneal nerve to generate the flexion
reflex, allowing knee, hip, and ankle dorsal flexion. The
stimulation parameters for each channel are fixed follow-
ing prior calibration of the subject. Potentiometers are
used to measure joint rotation. Force transducers and
switches on walkers or crutches are used to detect exter-
nal loading.

Initial results with the HAS focused on testing finite-
state control algorithms to combine brake, motor, and mus-
cle stimulation. Further evaluation with a patient who suf-
fered an incomplete cervical (C) 5/6 lesion with no
voluntary control of the lower limbs compared walking
performance with three systems: SFMO only, FES only,
and HAS. The results with HAS revealed a small improve-
ment in gait velocity and physiological cost (measured by
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oxygen consumption) with respect to other systems. How-
ever, the knee flexion reflex generated by the HAS can be
problematic, with flexion deteriorating after 10 min of
walking, limiting gait duration [50].

Hybrid Powered Orthosis
The active control of hip and knee joints by means of

actuators was also explored with the hybrid powered
orthosis (HyPo) [71]. The HyPo is designed with the
motors and gearboxes located in the front part of the
orthosis, allowing users to wear it while sitting. DC
motors (70 W, 0.14 Nm) and gearboxes (156:1) are
included to control the hip and knee joints of both legs,
allowing the gait to be generated without FES. Open-loop
FES is used for the quadriceps of both legs, while the DC
motors are used for compensation of joint trajectories
with proportional control of position and velocity. Note
that in this case, the actuators are dimensioned to allow
the generation of gait without FES, therefore taking into
account that muscle fatigue can make FES useless for
walking. FES pattern and joint control are synchronized
throughout an entire gait cycle because no information is
provided to discriminate between stance and swing. The
optimization of the FES patterns for knee joint movement
was reported as a proof-of-concept, although no quantita-
tive data were included in this study.

WalkTrainer
The WalkTrainer was developed as a hybrid exoskel-

eton with closed-loop control of FES that relies on an
estimate of the interaction forces between the user and
the exoskeleton [72]. The WalkTrainer exoskeleton con-
trols hip, knee, and ankle joints, as well as pelvis move-
ment, with 6 degrees of freedom, and it is attached to a
moving frame that supports the exoskeleton and the user
via a weight-bearing system similar to treadmill training
systems (Figure 4). Motorized wheels assist walking
with the exoskeleton. The FES closed-loop controller
combines the feed-forward model of the torque-intensity
characteristics of the muscle involved in the movement
and a classic PID controller to compensate for torque
error, while the DC motors control joint trajectories [73].
The joint torque exerted by the user is estimated based on
structural forces that result from the interaction of the
body segments and the exoskeleton. The system is
intended to minimize such interaction forces by modulat-
ing muscle stimulation during walking.

A preliminary clinical evaluation of the WalkTrainer
was performed on six subjects with paraplegia due to SCI
lesions. Two of the subjects had complete paraplegia
(ASIA A) and four had incomplete paraplegia (1 ASIA C
and 3 ASIA D), although no information on the level of the
lesion was provided [72]. The experiments consisted of tri-
als of 1 hour a week for 12 weeks, resulting in a reduction
in the Ashworth Spasticity Scale. This FES closed-loop
control scheme formed the basis to develop several other
systems: the MotionMaker [73–75], a stationary program-
mable test and training system for the lower limbs, and the

Figure 4.
WalkTrainer. Source: Image used with permission by Dr.

Mohamed Bouri, EPF Lausanne.
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Lambda [76], a training system for the lower limbs based
on an end effector controller. Although the MotionMaker
and Lambda systems are regarded as hybrid exoskeletons,
they are beyond the scope of this review, which focused on
hybrid exoskeletons intended to compensate gait.

DISCUSSION

Main Achievements
The hybrid exoskeletons reviewed here demonstrate

the feasibility of combining FES with an exoskeleton to
provide joint control and reduced energy demand. Various
approaches have been used to combine FES with an
exoskeleton, and the FES systems reviewed range from
implanted systems with up to 16 channels [56] to single-
channel stimulation [62,66,68]. The exoskeletons are
designed to provide joint support during stance and trajec-
tory control by means of brakes or clutches [59,62,66,68].

Other exoskeletons have active actuators that can either dis-
sipate or add power to the joints, thereby providing a means
of control while allowing complete joint movement to
improve system performance [50,71–73].

Among the systems reviewed, the simplest means of
implementing a hybrid control strategy is to use open-loop
electrical stimulation and closed-loop joint movement or
torque by means of an actuator (e.g., brakes [56,66,68] or
motors [50,77]) (Figure 5). Although open-loop stimula-
tion can be improved with feed-forwarding from a muscle
model [51,78–79], the identification of nonlinear, time-
dependent muscle characteristics is not mature enough yet
to be implemented in ambulatory systems.

This control strategy has the disadvantage that no
information about joint movement or the torque produced
by FES is fed into the FES controller, and therefore, there
is no direct muscle control. Closed-loop muscle stimula-
tion in a hybrid configuration is a complex task that
depends on the availability of robust parameters directly

Figure 5.
Functional electrical stimulation (FES)-open loop control scheme. Variants of this control scheme are implemented in Popovic et al.

[1], Kobetic et al. [2], Farris et al. [3], Kangude et al. [4], and Obinata et al. [5].  = joint angle,  = joint angular velocity, act = actual,

I = inertia, T = torque.
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related to muscle performance. Some indirect measure-
ments have been proposed in order to estimate muscle
performance under FES for hybrid closed-loop control.
These include using FES-induced joint movement to esti-
mate the timing of stimulation in order to minimize mus-
cle fatigue [62–63] or using the interaction forces
between the exoskeleton and the legs [72,74–75,80] to
generate a specific joint torque pattern (Figure 6). Com-
bining these two approaches, the CBO scheme controls
FES amplitude on the basis of both position and the
torque error produced by the electrical stimulation, aim-
ing at a reference joint movement during the swing phase
(Figure 3) [60].

Managing muscle fatigue is a critical factor in the
design of a hybrid exoskeleton, because of the unnatural

aspect of muscle recruitment with current FES systems,
which leads to early muscle fatigue. This effect is critical
in cases of muscle atrophy, which are typically found in
the SCI population. Various approaches have been used to
address the issue of muscle fatigue. One approach is to
minimize the muscle stimulation duty cycle. This has been
tested using joint brakes that block the joints during the
stance phase, eliminating the need for stimulation in this
demanding phase [56,59,62,65,67]. Extending this con-
cept, other approaches store energy from the quadriceps
muscle during swing, taking advantage of the power of the
quadriceps muscle and its accessibility to surface elec-
trodes. The stored energy can then be released and trans-
ferred to generate hip flexion [62,65] or extension [67]. In
an experiment performed with nondisabled subjects [66],

Figure 6.
Functional electrical stimulation (FES)-closed loop control scheme. Variants of this control scheme are implemented in Gharooni et al.

[1–2], Stauffer et al. [3], Metrailler et al. [4–5], and Schmitt et al. [6].  = joint angle,  = joint angular velocity, act = actual, ref = refer-

ence, T = torque.
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muscle fatigue was addressed by measuring the range of
knee movement during a walking trial with the exoskele-
ton. This range of movement stabilized at 85 percent of the
initial steps, indicating that this approach maintains the
level of muscle fatigue in nondisabled subjects [65–66],
although no results from SCI subjects are available. While
this is an energy-efficient strategy, it cannot be regarded as
a rehabilitation approach because it is restricted to a single
leg muscle and the stimulation pattern does not resemble
normal muscle activation during nondisabled gait.

A second approach involves the management of FES
parameters based on indirect evaluation of muscle fatigue.
Using this approach, the CBO controls FES amplitude in
function of the position and torque error resulting from
stimulation. The position error is used to detect when mus-
cle performance is insufficient to achieve the trajectory,
while the brake torque is used to detect excessive stimula-
tion intensity. Combining the two measures, FES is applied
to regulate the next step [60]. However, this approach lacks
the ability to compensate joint trajectory when the muscle
does not generate enough joint torque to achieve move-
ment. As a result, this strategy is not effective when muscle
fatigue or habituation occur [61]. An effective muscle
fatigue strategy within the framework of rehabilitation
involves the implementation of active actuators on the exo-
skeleton, allowing muscle relaxation while performing
functional movement by changing the stimulating parame-
ters, primarily the intensity. A similar approach was consid-
ered in the development of the WalkTrainer by monitoring
the current delivered by the FES and the joint power gener-
ated by the muscles through force sensors on the exoskele-
ton. It is hypothesized that as long as muscle fatigue
appears, more stimulation must be delivered to the muscles
to maintain the power generated at the joints. However, no
detailed information on the control strategy when muscle
fatigue appears has been reported [74].

Because hybrid systems are intended for subjects
with SCI, a preliminary evaluation in such patients is
critical. Some systems have been tested with nondisabled
subjects to verify the capacity of the orthosis to provide
safe single- and double-stance support and to detect gait
transitions [56,58,65,69]. In other studies, the nondis-
abled tests served to assess the control strategy more than
the safety issues [62,77]. Safety and comfort are issues
that must be considered in the design process and must be
verified before SCI testing. Functional evaluation with
end-users is an area in which we have detected little con-
sensus in the methods and measures used to evaluate

such systems. User evaluation is crucial to generate use-
ful information about the functional performance of
hybrid exoskeletons. While testing in both nondisabled
subjects [62–63,65–66,71] and SCI subjects has been
reported for some systems, the number of subjects is gen-
erally limited and heterogeneous. For example, the CBO
was tested on four patients with SCI [60–61] and the
variable hip constraint mechanism was tested on only one
subject with T7 complete paraplegia [56]. The HAS was
only studied on one case with C5/6 incomplete tetraple-
gia [50], and similarly, the ESO was tested on one subject
with T12 complete paraplegia [69]. Preliminary results
from the evaluation of the WalkTrainer were published
from a study of six subjects with SCI without information
on the neurological level of the SCI [72]. Moreover, in
some cases, the subject characteristics are not homoge-
neous and combine complete and incomplete SCI sub-
jects in the same test protocol [61,72]. Because of the
complexity and heterogeneity of SCI, even when the
same levels of lesion are considered, the data obtained
frequently lack reliability and are insufficient to produce
valid conclusions, even though marked tendencies may
be apparent. Thus, performing these evaluations in larger
populations of SCI subjects and in groups more homoge-
neous with respect to lesion level and degree of severity
(complete or incomplete) appears to be necessary.

The systems reviewed in this article assessed per-
formance in SCI patients [50,56,60–61,69,72] by evaluat-
ing walking with the hybrid system while certain
variables were recorded. A wide range of variables are
reported, which can be classified as gait kinematics vari-
ables, temporal-spatial gait variables, physiological cost
variables, and other variables related to gait function. Gait
kinematics are easy to obtain and provide valuable infor-
mation about the joint control offered by the hybrid sys-
tem [56,61,72], although they are not reported in some
studies [50,69]. Temporal-spatial variables such as speed,
walking distance, step length, and cadence are reported in
most of the studies reviewed [50,56,58,61]. The physio-
logical cost variables are a set of variables intended to
assess the metabolic cost associated with the hybrid sys-
tem. The physiological cost was not evaluated for all the
systems reviewed here, and where it was, different vari-
ables were used: oxygen consumption normalized as an
indirect measure of the physiological cost [50], heart rate,
and blood pressure [60–61]. Muscle fatigue has also been
related to the physiological cost [60–61,72], assuming
that a decrease in the stimulation cycle leads to a decrease
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in muscle fatigue [62–63,65–66,71]. Other variables ana-
lyzed are related to spasticity, coordination [72], and sys-
tem comfort [69].

Challenges
While the different approaches described demonstrate

the feasibility of the hybrid exoskeleton concept, manage-
ment of muscle performance during walking has proved
challenging when a hybrid exoskeleton is used to rehabili-
tate gait. To extend the benefits of FES-aided gait to func-
tional rehabilitation, the control strategy must modulate
stimulation to delay muscle fatigue and thereby increase
the usage time and walking distance. This modulation
must be based on information on muscle performance,
which can be estimated from the interaction between the
legs and the exoskeleton [72,81] until more precise neuro-
muscular models are developed. Such models will have to
consider the nonlinearity and time-dependent characteris-
tics of the musculoskeletal system. The performance of arti-
ficially controlled muscles will also improve when novel
stimulation techniques are adapted to hybrid exoskeletons,
such as the use of discrete matrix electrodes instead of sur-
face electrodes [82].

Closed-loop control of FES in the hybrid strategy can
also provide the flexibility required to implement strate-
gies under the “assist-as-needed” concept, which along
with user involvement is thought to be essential to promote
rehabilitation in incomplete SCI [83–84]. The latter is the
main area in which hybrid exoskeletons offer advantages
over robotic treadmill trainers, in which user involvement
is difficult to obtain [85]. The assist-as-needed paradigm
will help to provide user assistance regarding subjects’
residual function; hybrid exoskeletons must be able to
assess residual physical abilities (voluntary muscle force,
joint range of motion, bioelectrical residual activity) as
well as sensory-motor function in order to adapt their per-
formance and mode of operation according to the specific
residual function. This can be realized through different
modes of FES implementations as well as novel hybrid
FES-robot control paradigms. To our knowledge, the
assist-as-needed paradigm has not yet been implemented
in the field of hybrid exoskeletons, probably because most
of the designs are intended to develop energy-efficient sys-
tems to restore gait function. Although reducing energy
demand allows for the development of more portable exo-
skeletons, it cannot be expected to provide any long-term
improvement in the functional ability of the user. How-
ever, a control approach combining the assist-as-needed

paradigm with a maximization of user involvement may
lead to a long-term improvement in the user’s functional
abilities.

All the hybrid exoskeletons reviewed in this article have
undergone some form of preliminary evaluation focused on
aspects of the exoskeletons’ safety and energy performance.
However, the effects of the external (exoskeleton) and inter-
nal (muscles) sources of joint torque on pathological joints
have yet to be assessed. Thus, while these systems are func-
tional (i.e., they stabilize the joints during stance), no crite-
ria exist regarding the optimum balance between the
exoskeleton and muscle joint torque, based on objective
knowledge of the influence of the hybrid system on the
joints.

The peculiarities of subjects with SCI hamper the
extrapolation of performance testing results. For example,
the location of the muscles affected, muscular atrophy in
the chronic phase of the injury, impaired sensation and
decreased physical capacity are clearly differentiating fac-
tors that require specific clinical evaluation in patients
with SCI. The systems included in this review either lack
data relating to testing in SCI subjects [58,65–66] or the
number of subjects is insufficient to confidently link the
findings to the hybrid systems [50,54,56,59,61,72]. Fur-
thermore, the metrics used to evaluate hybrid exoskele-
tons vary considerably across studies. We believe that
other parameters usually used in a clinical setting to quan-
tify gait function may be more suitable for evaluating the
performance of these systems within the scope of the
pathology. Walking speed (10 m walking test [10MWT]),
walking distance (6-minute walking test [6MWT]) and
the Walking Index for Spinal Cord Injury Version 2
(WISCI II) are three scales used to quantify muscle weak-
ness due to paralysis, and they have been evaluated for
their utility, validity, and reliability in clinical practice and
as research tools [86]. Moreover, the combination of
10MWT, WISCI II, and 6MWT could represent the most
valid measure of improvements in gait and ambulation
[87], providing an objective tool to measure gait improve-
ment when comparing the hybrid exoskeleton with other
approaches. A comprehensive evaluation of the perfor-
mance of a hybrid system should include a combination of
variables, such as joint kinematics and kinetics, gait func-
tion scales (10MWT, 6MWT, WISCI II), and parameters
related to physiological costs, such as oxygen consump-
tion and muscle fatigue during use.
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CONCLUSIONS

Gait restoration is considered to be a high priority
among SCI patients. To restore walking gait, different
approaches have been developed, each with its own par-
ticular limitations. Hybrid exoskeletons are emerging as a
promising approach that blends complementary robotic
and neuroprosthetic technologies.

Two main types of hybrid exoskeletons exist based on
the exoskeleton’s driving principle: braking or active. The
state of the art demonstrates that hybrid technologies can
produce feasible systems in which the exoskeleton provides
FES with adequate control of joint movement, reducing the
system’s energy requirements. Management of muscle
fatigue is addressed by development of optimized systems
that minimize the need for muscular stimulation or by
active control of stimulation by closing the FES control
loop. Nevertheless, many challenges remain. Effective
closed-loop control of FES will enable implementation of
real-time strategies to manage muscle performance. Assist-
as-needed control strategies must also be implemented, tak-
ing advantage of neuroprosthetic and robotic systems that
work in parallel with the human system. These systems
should be used to promote user involvement by having
them perform gait in a real environment, probably the most
challenging situation in which to develop movement. Clini-
cal evaluation must be comprehensive, addressing gait
performance, user-perception, and physiological cost
through clinically validated functional scales and protocols.
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