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33Body Weight Support Devices 
for Overground Gait and Balance 
Training 

Andrew Pennycott and Heike Vallery 

Abstract 

Regaining the ability to walk overground, to 
climb stairs and to perform other functional 
tasks such as standing up and sitting down 
are important rehabilitation goals following 
neurological injury or disease. However, these 
activities are often difficult to practice safely 
for patients with severe impairments due to 
the risk of injury, not only to the patient but 
also to therapists. The emergence of various 
technologies that provide a degree of body 
weight support can play a role in rehabilitation 
focused on recovering overground gait and bal-
ance functions. These can greatly reduce the 
risk of falls and thus allow more intense and 
longer training sessions. Therefore, the sys-
tems empower individuals with the ability to 
practice the types of activities and functions 
they need in order to return home and to be 
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reintegrated into the community as much as 
possible. This chapter explores the origin of 
body weight supported devices and considers 
which groups could derive benefit from the 
training. An overview of the main training plat-
forms available today—which comprise both 
robotic and non-robotic technologies—is then 
provided, followed by a discussion regarding 
outcomes of the devices thus far and possible 
future directions of the technology. 

Keywords 

Robotics · Rehabilitation · Body weight 
support · Gait · Walking · Stroke · Spinal cord 
injury 

33.1 Clinical Rationale for Body 
Weight Supported Training 

33.1.1 Origins and Evolution 

In body weight supported (BWS) gait training, a 
harness is placed around a person’s torso and / or 
pelvis and connected to an unloading system in 
order to provide a variable degree of unload-
ing as the subject walks. Originally motivated by 
a rich literature of studies with felines [6] and 
rodents [18] which demonstrated that stepping 
patterns could be restored through treadmill-based 
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training with BWS, this training method enables 
patients with a high degree of weakness and/or 
poor coordination to undergo gait training follow-
ing neurological and musculoskeletal injuries. 

One major advantage of body weight support 
devices is that they reduce the fear of falling 
and thereby allow individuals to concentrate more 
freely on the main training tasks. It has been shown 
that fear itself can have effects on gait characteris-
tics; for example, older adults who reported being 
more fearful during walking tended to walk more 
slowly with a greater step width and shorter step 
length in one study [14]. 

There are low-cost solutions available for pro-
viding assistance from therapists during transfers 
and gait training such as the gait and walking belt 
devices [46], which allow therapists to apply sup-
portive forces close to a patient’s centre of gravity 
and provide handles for assistance. It has been 
shown that the risk of falling was lower in reha-
bilitation programs incorporating gait belts and 
similar devices, and that using a gait belt during 
assisted falling reduced the risk of injury [50]. 
However, due to the exertion levels required and 
sometimes awkward postures required for per-
forming assistance, manual gait training has been 
associated with increased risk of injury to thera-
pists [12]. 

Moreover, research has shown that increased 
fall efficacy—a term representing an individual’s 
degree of confidence in conducting activities of 
daily living without falling—is a predictor of gait 
and indeed other functional rehabilitation out-
comes [8]. Fear of falling may have contributed to 
the findings of some earlier research, for instance 
with incomplete spinal cord injured subjects [17], 
which pointed to greater gains being achieved 
through treadmill-based as opposed to overground 
walking, since in the latter studies, the subjects 
were supported only by simple ambulatory assis-
tive devices such as crutches and canes and hence 
likely had a more pronounced fear of falling dur-
ing the training. 

Another possible contributor may be that walk-
ing with body weight support could reduce fatigue 
and hence increase the feasible training duration. 
Indeed, it has previously been shown that body 
weight support reduces the net metabolic rate 

during gait [16]. Furthermore, ‘verticalisation’ 
of individuals, which can be promoted through 
BWS, is an important goal in rehabilitation of dif-
ferent groups such as stroke patients, since it can 
have benefits regarding circulation, prevention of 
pneumonia and clots, while also providing stimu-
lation for the autonomic and sensory nervous sys-
tems [26]. 

The first generation of body weight support 
systems were mounted over a treadmill with ther-
apists providing assistance to the patient. The 
observation that the training duration and consis-
tency were frequently limited by therapist fatigue 
led to the development of robot-assisted gait train-
ing platforms such as the Lokomat [11]. Benefi-
cial effects on kinematic, kinetic and spatiotempo-
ral parameters of robot-assisted training have been 
noted, for instance, for chronic stroke patients [7]. 

However, other studies have suggested that for 
certain groups such as subacute stroke participants 
with moderate to severe walking impairments, the 
variability and diversity afforded by overground 
walking may be more beneficial than treadmill-
based training with robotic assistance [19]. This 
could be partly due to the many changes in gait 
biomechanics that occur when walking on a tread-
mill [30]. It has also been argued that the treadmill 
belt could make the training less intense and chal-
lenging, and that the treadmill-based systems can-
not provide task-specific overground training [25]. 

Several new body weight support systems now 
offer a safe environment that is not dependent on 
treadmills, which help individuals to overcome 
their fear of falling and thereby to practice 
overground gait. This technology could lead to 
improved rehabilitation outcomes compared with 
previous treadmill-centred methods. Researchers 
have argued that overground training could prove 
beneficial due to greater kinematic variability 
being permitted in addition to offering gait 
training in a more real-world environment [56]. 

33.1.2 Target Groups 

There are various groups of people who can ben-
efit from body weight supported gait and balance 
training such as individuals who have suffered
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from an injury or neurological pathology. Though 
the various patient groups are affected in differ-
ent ways and have different patterns of gait and 
balance impairment, the main task of the training 
devices remains the same: to provide a degree of 
body weight support so that the people can per-
form gait and balance training with a reduced risk 
of falling. 

The incidence of spinal cord injury (SCI) has 
been estimated to lie between 10.4 and 83 per 
million people per year [57]. In addition to the 
detrimental effects on sensory and motor func-
tion, which can manifest in gait as reductions in 
gait speed and alterations in walking pattern [28], 
SCI can lead to secondary health conditions such 
as ulcers, amputations and major depressive dis-
order [27]. In addition to potential benefits with 
regard to ambulation, robot-based rehabilitation 
has shown positive results concerning posture, 
intestinal, cardio-respiratory and metabolic func-
tion [20]. 

Over 50 million people per year worldwide 
have a traumatic brain injury (TBI) [32], which 
is characterised as a change in brain function and 
other pathology due to an external force [36]. As 
well as the impacts on cognitive, behavioral, and 
emotional functioning, the effects on motor skills 
can lead to considerable alterations in gait, includ-
ing decreased walking speed and step length, with 
exaggerated knee flexion on initial ground con-
tact with the foot being evident [54]. The impact 
on walking also leads to increased incidence of 
falls in this group [35]. Independent walking is 
a common discharge rehabilitation goal for TBI 
patients [24]. 

Stroke is the second leading cause of death 
globally and a major cause of long-term disability 
in adults [45]. Furthermore, as stroke is associ-
ated with increased age, the prevalence of stroke 
could well be increasing due to the ageing of the 
population [15]. It can lead to impaired ambula-
tory function, which is in turn associated with a 
decreased quality of life [39]. 

Multiple sclerosis (MS) is a disease that causes 
the myelin sheath of nerve cells in both the brain 
and spinal cord to be damaged, leading to sensory 
and motor impairment and physical and mental 
issues. The incidence of multiple sclerosis is 

over 35 per 100,000 people and appears to be 
increasing with time [52]. MS manifests in gait 
by decreased gait speed, endurance, step length, 
cadence and joint kinematics [9]. For multiple 
sclerosis patients, in common with the other 
patient groups, gait is strongly associated with 
wider participation in society [23]. 

Cerebral palsy (CP) represents the most 
prevalent physical disability in children, affecting 
from 2 to 2.5 per 1,000 children in the United 
States [29]. CP can affect gait development in 
various ways, and CP patients typically have stiff 
knee action in the swing phase, crouched gait, 
excessive hip flexion, intoeing, and ankle equinus 
(limited dorsiflexion of the foot due to a lack of 
flexibility in the ankle joint) [55]. As noted for 
the other groups in this section, lower limb and 
gait dysfunction can have wider impacts on the 
overall quality of life for CP patients [22]. 

33.2 Overground Training Devices 

33.2.1 Robotic Devices 

Motivation Robotic body weight support devices 
use actuation to control the forces acting on an 
individual, possibly in multiple directions and 
varying over the gait cycle. They can actively track 
the movement of a subject in both the vertical 
and horizontal directions during gait, thus avoid-
ing undesired interference between the individual 
and the device itself. 

Adjusting the level of unloading is usually 
conveniently done through user interfaces 
that are operated by therapists. Moreover, the 
devices, which are summarised in the following 
sections, can be broadly categorised as being 
ceiling-mounted or mobile frames. 

Ceiling-Mounted Systems The ZeroG® gait 
and balance training system (Fig. 33.1a) is 
commercially available through Aretech, LLC 
(Ashburn, Virginia, US). The system can provide 
around 200 kg and 90 kg of static and dynamic 
of body-weight support, respectively. Mounted 
to an overhead track, a small motor propels a 
trolley to track a patient’s movements. More 
than one ZeroG trolley can be placed on the
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same track, thereby providing the opportunity for 
multiple patients to train simultaneously. Patients 
can practice walking overground, walk up and 
down steps, perform sit-to-stand movements 
and practise other balance-centred tasks. These 
activities are important since the patients will 
encounter such challenges in their everyday 
lives. 

The SafeGait 360◦ (Gorbel Medical, Victor, 
NY, U.S.) and the Vector Gait & Safety System® 

(Bioness Inc., Valencia, CA, U.S.) are further 
examples of ceiling-mounted body weight support 
systems that actively track a subject’s movement 
during gait in the longitudinal direction. 

A drawback of systems based on single rails 
is that they restrict the user to a specific path. 
Another limitation is that the cable will unavoid-
ably transmit lateral force components whenever 
the individual moves laterally. Even if these lateral 
movements are small during gait, the ‘pendulum 
effect’ due to the mounting below a pivot could 
potentially disturb balance or support it more than 
intended or needed [13, 41]. This stabilising effect 
makes it more difficult to purposefully train lat-
eral balance. However, there can be benefits from 
stabilising a patient in the lateral plane in some 
cases, particularly those with lateral propulsion 
syndrome [38]. 

Therefore, multiple systems have been pro-
posed that enable training in a 3D workspace. The 
Free Levitation for Overground Active Training 
(FLOAT) system, commercially available through 
Reha-Stim (Schlieren, Switzerland) and shown in 
Fig. 33.1b), is a 3D body weight support system 
that capitalises on cable robot technology devel-
oped at ETH Zürich [48]. The system transmits 
forces to a person via wires that are actuated by 
motorised winches positioned at the ceiling in the 
four corners of the desired workspace. 

Conventional cable robots tend to have a 
limited workspace because the angle of the cables 
with respect to the horizontal plane determines 
how much force needs to be transmitted for 
a given vertical unloading level. To enable a 
large workspace without incurring excessive 
cable forces, the FLOAT uses a mechanical 
configuration of moving cable deflection units 
(pulleys) [51]. The deflection units are not actu-

ated but rather are moved by the tension in the 
cables they deflect. The design reduces moving 
masses to a minimum and it enables control of 
a three-dimensional (3D) force vector, including 
relieving patients of a percentage of their body 
weight and providing longitudinal assistance or 
resistance. 

Nevertheless, a design drawback of the FLOAT 
is that, as in conventional cable robots, all the 
winches must act in combination to actuate the 
different degrees of freedom, rather than in a 
decoupled fashion. This requires high-power actu-
ators because they need to serve both the low-
speed, high-force vertical degree of freedom and 
the high-speed, low-force horizontal degrees of 
freedom. 

The RYSENTM (Motek Medical B.V., Houten, 
the Netherlands) is also a cable robot but has 
lower-power motors. This 3D body weight sup-
port system (Fig. 33.1c) mechanically decouples 
the degrees of freedom across the motors such 
that these can make different speed-torque trade-
offs [42]. The RYSEN uses moving cable deflec-
tion units on rails and posterior-anterior motion 
is actuated by motors. Springs are applied in 
series with two main motors being used for pre-
dominantly vertical actuation and a double-sided 
variable-radius winch for lateral actuation. The 
low-power motors limit the bandwidth of closed-
loop control in the vertical direction but the design 
does achieve very good force tracking in the hor-
izontal direction [42, 43]. 

Besides cable robot technology, another option 
to provide 3D body weight support is to use gantry 
systems. The Active Response Gravity Offload 
System (ARGOS) is used by NASA for astronaut 
training in simulated reduced gravity environ-
ments and is based on an active overhead gantry 
crane system. Motion in the horizontal plane is 
controlled by electric motors, while the degree 
of body weight support is controlled by a crane 
connected to the user via a steel cable and shock 
absorber. 

The NaviGAITor is a similar example of a mul-
tidirectional body weight support system [44]. A 
movable bridge is mounted on a pair of rails to 
enable movement in the longitudinal direction, 
while lateral motion is permitted by movement
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Fig. 33.1 Robotic 
body-weight support 
devices. a Zero-G 
(courtesy of Aretech, US), 
b THE FLOAT (courtesy 
of REHA-STIM MEDTEC 
AG, CH), c Motek 
Medical’s RYSENTM at the 
Rehabilitation Center 
Heliomare, Wijk aan Zee, 
NL (courtesy of Motek 
Medical), d ANDAGO 
(courtesy of Hocoma AG, 
CH) 

of a trolley along the bridge. Actuation is realised 
in these two directions via electric motors, and 
a further motor drives a hoist to provide vertical 
forces in order to realise different degrees of body 
weight support. 

A major advantage of 3D systems over systems 
based on single rails is that, in principle, they do 
not restrict the user to a specific path, and, if they 
are sufficiently transparent, do not cause restoring 
horizontal forces, thereby preventing the afore-
mentioned pendulum effect. However, a 3D setup 
may impose different limitations on the practice 
space; for example, it fits less easily into narrow 
or curved rooms or corridors. Furthermore, such 
a device can typically only support one patient at 
at time, the practice walking length is limited, and 
the design may require high ceilings for installa-
tion. 

An inherent limitation of the gantry-based sys-
tems is that large masses need to be moved when 
tracking a walking user. Even if closed-loop force 
control is applied, the user will feel some remain-
ing inertia because the reduction in apparent iner-
tia is limited in causal control schemes [10]. This 

limits the devices’ ability to render purely vertical 
forces on a user, potentially disturbing their gait by 
imposing undesired horizontal force components. 

Mobile Frames The Andago® (Fig. 33.1d), devel-
oped by Hocoma AG (Volketswil Switzerland), 
comprises a mobile frame mounted on wheels and 
a BWS [34]. Patient trunk movements are tracked, 
and hence he or she can practice walking without 
being confined to one specific training room. The 
training platform can be used in patient-following 
mode in which the person’s movements are fol-
lowed not only in the forward and backward direc-
tions but also in turning movements, straight-line 
mode in which turning inputs are not followed, 
and finally in manual mode in which the device is 
controlled by a therapist via a joystick. 

A further system which was originally mobile 
is the KineAssist [40], which interacts with users 
through a pelvis and torso harness. The device 
senses interaction forces at the pelvis and thereby 
controls the movement of a robotic platform. 
Today, however, the KineAssist is only available 
as a treadmill-mounted system from Woodway 
(Waukesha, WI, U.S.).
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Fig. 33.2 Passive body 
weight support devices. a 
Zero-G passive (Courtesy 
of Aretech, US), b LiteGait 
(courtesy of Mobility 
Research, US) 

33.2.2 Non-Robotic Devices 

Motivation Various non-robotic systems are 
available on the market that provide static body 
weight support during overground gait and 
balance training. The principal advantage of these 
systems is clearly their cost: they do not require 
the expensive sensing and actuation hardware 
of their robotic counterparts. The disadvantage 
is that the vertical support cannot be precisely 
controlled and the options for applying forces in 
the horizontal plane—for instance perturbation 
forces for balance training—are more limited. 
Nevertheless, the devices do allow people who 
cannot support their entire body weight to 
practice overground walking. 

Ceiling-Mounted Systems A large number of 
commercial solutions are available that are based 
on passive trolleys mounted on rails in order to 
provide support during overground ambulation. 
For example, the design of the ZeroG-Passive sys-
tem (Aretech, LLC, Ashburn, VA, US) closely 
follows the robotic ZeroG platform, but rather 
than actuating the trolley position via a motor, 
it is simply pulled along by the patients as they 
ambulate (Fig. 33.2a). The FreeStep SAS (Biodex, 
Inc, Shirley, New York, US) operates similarly 
to the ZeroG-Passive and also uses small and 
lightweight trolleys. 

In light of the findings concerning how BWS 
reduces the risk and fear of falling, a particu-
larly innovative building design is the Shirley 
Ryan AbilityLab in Chicago (formerly known 
as the Rehabilitation Institute of Chicago, RIC). 
Many areas of this hospital are equipped with rails 
mounted to the ceiling such that training with a 
safety harness and passive trolleys is not limited 
to dedicated gym areas. Instead, users can walk 
with a safety harness along ‘patient highways’ in 
many locations in and close by their own rooms. 
This reduces the risk of falls and reduces the trans-
fer time between therapy sessions. If these aspects 
are considered when planning the construction of 
a hospital or rehabilitation center, the installation 
of such rails is much less expensive than retro-
fitting. However, the noise levels of passive carts 
on the rails should also be taken into considera-
tion. 

Mobile Frames The LiteGait system by Mobility 
Research (Tempe, AZ, U.S.) comprises a mobile 
cart mounted on castors and an overhead bracket 
for attachment to a harness (Fig. 33.2b). Owing to 
a locking system, the device can be used for either 
treadmill or overground training. 

Other castor-mounted systems include the 
NxStepTM Unweighing system by Biodex 
(Shirley, New York, US) and the PhysioGait
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(HealthCare International, Langley, US). Like 
their mobile robotic support counterparts, mobile 
frames are not tied to being used in a specific 
training room. However, a disadvantage is the 
relatively large mass of the device that must be 
moved by the patient, which potentially affects 
the gait biomechanics. 

33.3 Device Characteristics 

33.3.1 Transparency 

To maximise motor learning outcomes and func-
tional gains, training devices should only provide 
just enough support to create a safe environment; 
the devices should be able to ‘hide’ their presence 
in terms of interaction forces between the device 
itself and the user. The degree to which this is 
possible is often referred to as transparency [5]. 
This can be promoted through hardware design 
that emphasises low inertia and friction as these 
factors can lead to higher interaction forces and 
distort the mechanics of gait. 

In roboticbodyweightsupportdevices, theabil-
ity of a system to track the movement of an individ-
ualwillgoverntherealisabledegreeoftransparency 
toa largeextent. As mentioned inSect. 33.2.1, even  
with closed-loop force control, the device dynam-
ics cannot be ‘hidden’ completely, and the physi-
cal mass of a device is a governing factor of trans-
parency, with friction between static and moving 
parts also playing a role. Again, systems mounted 
on mobile platforms and 3D gantry-based systems 
tend to have limited transparency since relatively 
large masses must be moved by the user. 

33.3.2 Vertical Support Forces 

For body weight support systems, levels of body 
weight support above 30% appear to significantly 
alter some gait characteristics such as the kine-
matics and kinetics of the hip and knee joints [3]. 
Indeed, modelling has shown that there could be 
changes in the sign of joint moments above this 
level of unloading [43]. Therefore, an excessive 

level of body weight unloading potentially causes 
large kinematic and kinetic changes from physio-
logical gait and therapists should aim to apply lev-
els of vertical support below this apparent thresh-
old during training sessions. 

Besides the mean value of support over the gait 
cycle, variations in vertical unloading should also 
be considered. Some systems intrinsically exhibit 
variable forces, especially when using counter-
weights or springs. A prevalent paradigm is to 
keep vertical unloading forces as constant as pos-
sible, with the argument in favour of this approach 
being that gravity itself is constant. This presumed 
requirement increases device complexity to keep 
force levels constant despite the oscillatory verti-
cal movement of the user during gait. This goal 
is often pursued by closed-loop force-controlled 
actuation. However, although a constant unload-
ing vertical force can relieve the body of a portion 
of its weight, its inertia in the vertical direction 
remains unchanged, which disturbs the relation-
ship between gravitational and inertial forces and 
may thus alter the natural frequency of gait. 

In fact, simulation results suggest that a simple 
passive spring suspension—in which a spring 
stiffness is chosen to favour natural gait cadence— 
distorts gait mechanics to a lesser extent than 
more complex approaches that actively control 
the vertical force to a constant level [4]. During 
gait, acceleration-dependent inertial forces can 
largely be compensated by position-dependent 
spring forces and the relationship between 
weight and inertia is thereby maintained constant 
despite the unloading, and therefore, the gait fre-
quency remains closer to its physiological value 
(withoutunloading). Hence, a passive elastic 
suspension is not only easier and less expensive 
to realise, but also may disturb gait to a lesser 
degree than an actively controlled constant force 
suspension. 

This insight can, furthermore, influence the 
design of robotic systems, namely the inclusion of 
series-elastic elements in combination with low-
bandwidth actuators. For example, the RYSEN 
employs series springs that cover oscillations in 
the vertical direction during gait where the low-
power motors lack bandwidth. Only for move-
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ments with lower frequency need the motors move 
to change the setpoint of the springs (mainly in 
order to manoeuvre over stairs or to sit down). 

33.3.3 Longitudinal Forces 

The notion that individuals would prefer zero or 
positive forces in the longitudinal direction (forces 
acting in the forward direction of ambulation) due 
to energy efficiency considerations has been chal-
lenged by research using the RYSEN [43]. Though 
resistive longitudinal forces applied by the devices 
would require greater energy consumption by the 
subject during gait, healthy subjects in this study 
tended to favour small negative forces when walk-
ing in the robotic platform. The reason suggested 
was that unlike a backward fall, a forward fall 
can be recovered through a swift movement of 
the swing leg and, therefore, a small negative 
force encouraging a slight forward lean during 
gait could allow subjects to feel safer and have 
less fear of dangerous falls. 

Overground gait training devices can also 
include perturbation forces in various directions, 
including along the longitudinal axis. For exam-
ple, an additional module has been integrated 
into the FLOAT platform to apply perturbation 
forces in different directions [37]. It has been 
argued that applying perturbations in this way, 
as opposed to a treadmill, presents less risk of 
falling and hence less risk of injury and a reduced 
sense of fear during the training. 

33.3.4 Lateral Forces 

As mentioned in Sect. 33.2.1, research has pointed 
to a pendulum effect from the body weight support 
mechanism itself: the systems can produce lateral 
restoring forces which decrease the challenge of 
maintaining balance in the frontal plane. There-
fore, systems that reduce these restoring forces 
could be useful for gait training that incorporates 
active balance control. Systems that do not per-
mit lateral movement are likely to lead to greater 
restoring forces and hence may limit the ability 

to train balance in the frontal plane, which is an 
important element of gait [33]. 

However, systems that, in principle, do allow 
lateral movement may still generate undesired lat-
eral forces, depending on their degree of trans-
parency. Moreover, the point of application of the 
resultant unloading force needs to be considered to 
know which stabilising or destabilising moments 
are applied about the center of mass as discussed 
in the next section. 

33.3.5 Harness and Attachment 

Ease of attachment to the harness is important 
as long set-up times will detract from the time 
available for actual training. Wheeled mobile plat-
forms should offer sufficient space so as to allow 
wheelchair access and to avoid necessitating addi-
tional transfers. Comfort while exercising in the 
harness should also be considered in the design as 
discomfort may limit the training duration toler-
able by the subjects and, similarly to the fear of 
falling, may detract from their concentration on 
the active gait task. This has been considered in 
some designs for which different harness versions 
are available for male and female users. 

The attachment of the harness also determines 
the line of action of the resultant force acting on 
the user and how the unloading forces are dis-
tributed along the body. The location of the line 
of action with respect to the body’s center of 
mass defines the resultant moments of the unload-
ing force. Inmoments caused by ground reaction 
forces, this governs the rate of change of centroidal 
angular momentum, which is a key variable for 
bipedal stability and balance control. 

Results with able-bodied subjects indeed 
indicate that the self-selected walking speed 
is affected by the attachment mechanism [43]. 
Furthermore, the optimal type of attachment may 
vary according to the degree of impairment of the 
subject. For less impaired subjects, attachment 
near the pelvis could be better since this will 
not produce stabilising moments about the hip 
joint, while for individuals who are less able to 
maintain their balance independently, attachment
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higher up on the torso would be better due to the 
stabilising moments this affords. 

For treadmill walking, attachment via a har-
ness has been shown to reduce vertical accelera-
tion. This is due to restrictions in both linear and 
rotational movements imposed by the harness that 
lead to the trunk being less able to absorb shocks 
than in normal gait [1]. 

33.4 Outcomes of Overground Gait 
Training 

There have been a limited number of studies 
thus far which have investigated the outcomes of 
applying the various devices described here to 
overground gait and balance for different patient 
groups. In contrast, there has been a greater 
volume of research focused on the outcomes 
of treadmill-based training and rehabilitation 
as summarised, for instance, in the review by 
Wessels et al. [53]. Although research has sug-
gested that conventional therapy incorporating 
overground walking with manual assistance 
seems to yield broadly comparable outcomes as 
compared to treadmill training with BWS [31], 
there have not been comprehensive comparisons 
between overground training using BWS and 
treadmill-centred training. Nevertheless, the 
results from studies using BWS devices in 
rehabilitation have generally been encouraging 
so far; some of the main findings from the studies 
with overground devices are summarised below. 

Huber and Sawaki compared overground 
gait training for non-traumatic SCI using the 
Zero-G system, finding better outcomes in terms 
of sphincter control for the robot-assigned group 
compared to standard-of-care therapy [21]. 
Both groups achieved significant gains in Func-
tional Independence Measure (FIM) scores but 
no significant cross-group differences were 
apparent. 

Anggelis et al. compared the outcomes of 
training with and without dynamic body weight 
support using the Zero-G platform in traumatic 
brain injury patients [2]. The Zero-G group 
demonstrated significantly greater improvements 
in functional independence measures (FIM) as 

well as cognitive improvements than the control 
group. The authors suggest that this is due to 
the greater intensity facilitated by dynamic 
body weight support systems. Furthermore, the 
importance of reducing the fear of falling and 
thereby allowing the individuals to concentrate 
more fully on the training tasks was highlighted. 

Brunelli et al. conducted a study with suba-
cute stroke patients and compared body weight 
supported overground training with the LiteGait 
to conventional physiotherapy [8]. While both 
groups showed improvements in all the outcome 
measures—which included the Rivermead Mobil-
ity Index, Barthel Index, and the Six Minute Walk 
Test—greater gains were shown concerning the 
Functional Ambulation Classification for the indi-
viduals who participated in the BWS training. 

Tay et al. compared outcomes for patients 
undergoing training with the Andago system in 
addition to conventional therapy to other indi-
viduals who only had conventional therapy [47]. 
Statistically significant FIM gains were made 
in both groups; though the robotic training 
group showed greater improvement in functional 
ambulation scores, there were no statistically 
significant differences in the other outcomes. 

Van Hedel et al. assessed the use of the Andago 
platform for children and youths with gait impair-
ments [49]. They observed that the device pre-
vented several falls and also that variability in 
stride duration and the degree of inter-joint coor-
dination were higher with the overground training 
than treadmill walking. 

33.5 Future Directions 

The cost of the various overground robotic devices 
remains an obstacle to their widespread adoption 
in rehabilitation programs. Notably, the actuators 
used to track gait movement lead to additional 
safety requirements and hence higher certification 
costs. Non-robotic systems are, therefore, much 
less expensive than robotic body weight support 
platforms. Since the former category may provide 
most of the potential benefits of the body weight 
support systems at much lower cost, research com-
paring usability and clinical outcomes—for exam-
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ple in terms of functional gait—between passive 
and robotic systems is needed in order to evalu-
ate whether the additional costs of actuation are 
actually justified. 

More generally, there remains a paucity of 
results concerning clinical outcomes from using 
the various devices for different patient groups. 
Additional evidence for the efficacy of the devices 
from studies with larger subject groups is needed 
to justify funding of the devices by health care 
systems. Though there are promising results show-
ing improvements achieved through overground 
robotic training, whether these lead to improved 
ambulation in the long term remains uncertain. 
Therefore, studies including longer-term follow-
ups for the various different types of training are 
needed, along with investigations as to whether 
or not training in the clinical setting can really 
translate into increased community participation 
and integration. 

Acknowledgements This chapter is an update of a previ-
ous edition that was co-authored by Joe Hidler (Aretech, 
US) and Arno Stienen (Motek Medical B.V., Houten, NL). 

Disclosure of Financial Interests H. Vallery is an inventor 
on multiple patents and patent applications related to the 
FLOAT and to the RYSEN and may financially benefit from 
sales of either device. 

References 

1. Aaslund MK, Moe-Nilssen R. Treadmill walking with 
body weight support: Effect of treadmill, harness 
and body weight support systems. Gait & Posture. 
2008;28(2):303–8. 

2. Anggelis E, Powell ES, Westgate PM, Glueck AC, 
Sawaki L. Impact of motor therapy with dynamic 
body-weight support on functional independence 
measures in traumatic brain injury: an exploratory 
study. NeuroRehabilitation. 2019;45(4):519–24. 

3. Apte S, Plooij M, Vallery H. Influence of body weight 
unloading on human gait characteristics: a systematic 
review. J Neuroeng Rehabil. 2018;15(1):1–18. 

4. Apte S, Plooij M, Vallery H. Simulation of human 
gait with body weight support: benchmarking mod-
els and unloading strategies. J Neuroeng Rehabil. 
2020;17(1):1–16. 

5. Bannwart M, Bolliger M, Lutz P, Gantner M, Rauter 
G. Systematic analysis of transparency in the gait reha-
bilitation device the float. In: 2016 14th international 
conference on control, automation, robotics and vision 
(ICARCV). IEEE; 2016. p. 1–6. 

6. Barbeau H, Rossignol S. Recovery of locomotion 
after chronic spinalization in the adult cat. Brain Res. 
1987;412(1):84–95. 

7. Bonnyaud C, Pradon D, Boudarham J, Robertson J, 
Vuillerme N, Roche N. Effects of gait training using 
a robotic constraint (lokomat®) on gait kinematics 
and kinetics in chronic stroke patients. J Rehabil Med. 
2014;46(2):132–8. 

8. Brunelli S, Iosa M, Fusco FR, Pirri C, Di Giunta C, 
Foti C, Traballesi M. Early body weight-supported 
overground walking training in patients with stroke in 
subacute phase compared to conventional physiother-
apy: a randomized controlled pilot study. Int J Rehabil 
Res. 2019;42(4):309–15. 

9. Cameron MH, Wagner JM. Gait abnormalities in 
multiple sclerosis: pathogenesis, evaluation, and 
advances in treatment. Curr Neurol Neurosci Rep. 
2011;11(5):507–15. 

10. Colgate E, Hogan N. An analysis of contact instability 
in terms of passive physical equivalents. In: Proceed-
ings of the IEEE international conference on robotics 
and automation (ICRA). Scottsdale, AZ, USA; 1989. 
p. 404–9. 

11. Colombo G, Joerg M, Schreier R, Dietz V, et al. Tread-
mill training of paraplegic patients using a robotic 
orthosis. J Rehabil Res Dev. 2000;37(6):693–700. 

12. Darragh AR, Campo M, King P. Work-related activi-
ties associated with injury in occupational and physi-
cal therapists. Work. 2012;42(3):373–84. 

13. Dragunas AC, Gordon KE. Body weight support 
impacts lateral stability during treadmill walking. J 
Biomech. 2016;49(13):2662–8. 

14. Dunlap P, Perera S, VanSwearingen JM, Wert D, Brach 
JS. Transitioning to a narrow path: the impact of fear of 
falling in older adults. Gait & Posture. 2012;35(1):92– 
5. 

15. Giles MF, Rothwell PM. Measuring the prevalence of 
stroke. Neuroepidemiology. 2008;30(4):205. 

16. Grabowski A, Farley CT, Kram R. Independent 
metabolic costs of supporting body weight and accel-
erating body mass during walking. J Appl Physiol. 
2005;98(2):579–83. 

17. Gupta N, Mehta R. Comparison of gait performance 
of spinal cord injury subjects: body weight supported 
treadmill training versus over ground gait training. 
Apollo Med. 2009;6(1):21–7. 

18. Heng C, de Leon R. Treadmill training enhances the 
recovery of normal stepping patterns in spinal cord 
contused rats. Exp Neurol. 2009;216(1):139–47. 

19. Hidler J, Nichols D, Pelliccio M, Brady K, Campbell 
DD, Kahn JH, Hornby TG. Multicenter randomized 
clinical trial evaluating the effectiveness of the loko-
mat in subacute stroke. Neurorehabil Neural Repair. 
2009;23(1):5–13. 

20. Holanda LJ, Silva PMM, Amorim TC, Lacerda MO, 
Simão CR, Morya E. Robotic assisted gait as a tool for 
rehabilitation of individuals with spinal cord injury: a 
systematic review. J Neuroeng Rehabil. 2017;14(1):1– 
7.



BodyWeight Support Devices for Overground Gait and Balance Training 755

21. Huber JP, Sawaki L. Dynamic body-weight support 
to boost rehabilitation outcomes in patients with non-
traumatic spinal cord injury: an observational study. J 
NeuroEng Rehabil. 2020;17(1):1–9. 

22. Jaspers E, Verhaegen A, Geens F, Van Campenhout 
A, Desloovere K, Molenaers G. Lower limb function-
ing and its impact on quality of life in ambulatory 
children with cerebral palsy. Eur J Paediatr Neurol. 
2013;17(6):561–7. 

23. Johansson S, Ytterberg C, Gottberg K, Holmqvist 
LW, von Koch L, Conradsson D. Participation in 
social/lifestyle activities in people with multiple scle-
rosis: changes across 10 years and predictors of sus-
tained participation. Mult Scler J. 2020;26(13):1775– 
84. 

24. Katz DI, White DK, Alexander MP, Klein RB. Recov-
ery of ambulation after traumatic brain injury. Arch 
Phys Med Rehabil. 2004;85(6):865–9. 

25. Kim SK, Park D, Yoo B, Shim D, Choi J-O, Choi TY, 
Park ES. Overground robot-assisted gait training for 
pediatric cerebral palsy. Sensors. 2021;21(6):2087. 

26. Knecht S, Hesse S, Oster P. Rehabilitation after stroke. 
Deutsches Ärzteblatt Int. 2011;108(36):600. 

27. Krause JS, Saunders LL. Health, secondary condi-
tions, and life expectancy after spinal cord injury. Arch 
Phys Med Rehabil. 2011;92(11):1770–5. 

28. Krawetz P, Nance P. Gait analysis of spinal cord 
injured subjects: effects of injury level and spasticity. 
Arch Phys Med Rehabil. 1996;77(7):635–8. 

29. Krigger KW. Cerebral palsy: an overview. Am Fam 
Physician. 2006;73(1):91–100. 

30. Lee SJ, Hidler J. Biomechanics of overground vs. 
treadmill walking in healthy individuals. J Appl Phys-
iol. 2008;104(3):747–55. 

31. Lura DJ, Venglar MC, van Duijn AJ, Csavina KR. 
Body weight supported treadmill vs. overground gait 
training for acute stroke gait rehabilitation. Int J Reha-
bil Res. 2019;42(3):270–4. 

32. Maas AIR, Menon DK, Adelson PD, Andelic N, 
Bell MJ, Belli A, Bragge P, Brazinova A, Büki A, 
Chesnut RM, et al. Traumatic brain injury: integrated 
approaches to improve prevention, clinical care, and 
research. Lancet Neurol. 2017;16(12):987–1048. 

33. MacKinnon CD, Winter DA. Control of whole body 
balance in the frontal plane during human walking. J 
Biomech. 1993;26(6):633–44. 

34. Marks D, Schweinfurther R, Dewor A, Huster T, Pare-
des LP, Zutter D, Möller JC. The andago for over-
ground gait training in patients with gait disorders after 
stroke-results from a usability study. Physiother Res 
Rep. 2019;2:1–8. 

35. Medley A, Thompson M, French J. Predicting the 
probability of falls in community dwelling persons 
with brain injury: a pilot study. Brain Inj. 2006;20(13– 
14):1403–8. 

36. Menon DK, Schwab K, Wright DW, Maas AI, 
et al. Position statement: definition of traumatic brain 
injury. Arch Phys Med Rehabil. 2010;91(11):1637– 
40. 

37. Meyer A, Cutler E, Hellstrand J, Meise E, Rudolf K, 
Hrdlicka HC, Grevelding P, Nankin M. Inducing body 
weight supported postural perturbations during gait 
and balance exercises to improve balance after stroke: 
a pilot study; 2021. 

38. Ness D. Dynamic over-ground body weight support 
training in patients with pusher syndrome after stroke: 
case series. APTA combined sections meeting. In Case 
series. APTA combined sections meeting; 2014. 

39. Park J, Kim T-H. The effects of balance and gait func-
tion on quality of life of stroke patients. NeuroReha-
bilitation. 2019;44(1):37–41. 

40. Patton J, Brown DA, Peshkin M, Santos-Munné JJ, 
Makhlin A, Lewis E, Colgate EJ, Schwandt D. Kine-
Assist: design and development of a robotic over-
ground gait and balance therapy device. Top Stroke 
Rehabil. 2008;15(2):131–9. 

41. Pennycott A, Wyss D, Vallery H, Riener R. Effects 
of added inertia and body weight support on lateral 
balance control during walking. In: 2011 IEEE inter-
national conference on rehabilitation robotics. IEEE; 
2011. p. 1–5. 

42. Plooij M, Keller U, Sterke B, Komi S, Vallery H, 
Von Zitzewitz J. Design of RYSEN: an intrinsi-
cally safe and low-power three-dimensional over-
ground body weight support. IEEE Robot Autom Lett. 
2018;3(3):2253–60. 

43. Plooij M, Apte S, Keller U, Baines P, Sterke B, Asboth 
L, Courtine G, von Zitzewitz J, Vallery H. Neglected 
physical human-robot interaction may explain vari-
able outcomes in gait neurorehabilitation research. Sci 
Robot. 2021;6(58):eabf1888. 

44. Shetty D, Fast A, Campana C. Ambulatory suspension 
and rehabilitation apparatus. US Patent 7,462,138, 9 
Dec 2008. 

45. Strong K, Mathers C, Bonita R. Preventing stroke: 
saving lives around the world. Lancet Neurol. 
2007;6(2):182–7. 

46. Tang R, Holland M, Milbauer M, Olson E, Skora J, 
Kapellusch JM, Garg A. Biomechanical evaluations 
of bed-to-wheelchair transfer: Gait belt versus walking 
belt. Workplace Health & Saf. 2018;66(8):384–92. 

47. Tay SS, Visperas CA, Abideen ABZ, Tan MMJ, Zaw 
EM, Lai H, Neo EJR. Effectiveness of adjunct robotic 
therapy with a patient-guided suspension system for 
stroke rehabilitation using a 7-days-a-week model of 
care: a comparison with conventional rehabilitation. 
Arch Rehabil Res Clin Transl. 2021;3(3):100144. 

48. Vallery H, Lutz P, von Zitzewitz J, Rauter G, Fritschi 
M, Everarts C, Ronsse R, Curt A, Bolliger M. Mul-
tidirectional transparent support for overground gait 
training. In: 2013 IEEE 13th international conference 
on rehabilitation robotics (ICORR). IEEE; 2013. p. 
1–7. 

49. van Hedel HJA, Rosselli I, Baumgartner-Ricklin 
S. Clinical utility of the over-ground bodyweight-
supporting walking system andago in children and 
youths with gait impairments. J Neuroeng Rehabil. 
2021;18(1):1–20.



756 A. Pennycott and H. Vallery

50. Venema DM, Skinner AM, Nailon R, Conley D, High 
R, Jones KJ. Patient and system factors associated with 
unassisted and injurious falls in hospitals: an observa-
tional study. BMC Geriatr. 2019;19(1):1–10. 

51. Von Zitzewitz J, Fehlberg L, Bruckmann T, Vallery H. 
Use of passively guided deflection units and energy-
storing elements to increase the application range of 
wire robots. In: Cable-driven parallel robots. Berlin: 
Springer; 2013. p. 167–84. 

52. Walton C, King R, Rechtman L, Kaye W, Leray E, 
Marrie RA, Robertson N, La Rocca N, Uitdehaag B, 
van der Mei I, et al. Rising prevalence of multiple 
sclerosis worldwide: Insights from the atlas of MS. 
Mult Scler J. 2020;26(14):1816–21. 

53. Wessels M, Lucas C, Eriks I, de Groot S. Body weight-
supported gait training for restoration of walking in 
people with an incomplete spinal cord injury: a sys-
tematic review. J Rehabil Med. 2010;42(6):513–9. 

54. Williams G, Morris ME, Schache A, McCrory PR. 
Incidence of gait abnormalities after traumatic brain 
injury. Arch Phys Med Rehabil. 2009;90(4):587–93. 

55. Wren TAL, Rethlefsen S, Kay RM. Prevalence of spe-
cific gait abnormalities in children with cerebral palsy: 
influence of cerebral palsy subtype, age, and previous 
surgery. J Pediatr Orthop. 2005;25(1):79–83. 

56. Wright A, Stone K, Martinelli L, Fryer S, Smith 
G, Lambrick D, Stoner L, Jobson S, Faulkner J. 
Effect of combined home-based, overground robotic-
assisted gait training and usual physiotherapy on 
clinical functional outcomes in people with chronic 
stroke: A randomized controlled trial. Clin Rehabil. 
2021;35(6):882–93. 

57. Wyndaele M, Wyndaele J-J. Incidence, prevalence 
and epidemiology of spinal cord injury: what 
learns a worldwide literature survey? Spinal Cord. 
2006;44(9):523–9.


	33 Body Weight Support Devices for Overground Gait and Balance Training
	33.1 Clinical Rationale for Body Weight Supported Training
	33.1.1 Origins and Evolution
	33.1.2 Target Groups

	33.2 Overground Training Devices
	33.2.1 Robotic Devices
	33.2.2 Non-Robotic Devices

	33.3 Device Characteristics
	33.3.1 Transparency
	33.3.2 Vertical Support Forces
	33.3.3 Longitudinal Forces
	33.3.4 Lateral Forces
	33.3.5 Harness and Attachment

	33.4 Outcomes of Overground Gait Training
	33.5 Future Directions
	References


