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Muscle activation during body weight-supported locomotion while 
using the ZeroG
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Abstract—The ZeroG provides dynamic body weight support 
(BWS) using a harness while individuals with mobility impair-
ments (e.g., spinal cord injury) ambulate overground. Muscle 
activity during locomotion using this device was studied in
13 nondisabled adults (age 23.8 +/– 2.7 yr). Electromyography 
(EMG) recordings were collected from tibialis anterior (TA), 
medial gastrocnemius (MG), rectus femoris (RF), and biceps 
femoris muscles during randomized walking trials at preferred 
speeds under five levels of BWS (0%, 20%, 40%, 60%, 80%). 
Filtered EMG signals from each trial were normalized to 0% 
BWS and correlated with gait phases. Muscle activity, aver-
aged across muscles, decreased significantly at heel strike by 
33.4% with increasing BWS. Offloading significantly decreased
heel strike activity of RF (62.8%), MG (35.5%), and TA (25.9%). 
Gait cycle completion time increased with BWS primarily 
because of increased swing phase time. These results summa-
rizing the effect of BWS on muscle activation during ambula-
tion can now be compared with clinical populations using the 
ZeroG.

Key words: dynamic body weight support, electromyography, 
gait, locomotor training, mobility impairments, muscle activity,
overground walking, rehabilitation, spinal cord injury, ZeroG.

INTRODUCTION

Body weight-supported locomotor training has cre-
ated enthusiasm in clinical populations and service pro-
viders as a rehabilitation tool to improve overground 
walking ability and other health outcomes [1]. Varying 
the amount of body weight supported by such devices 
alters the intensity of training sessions; unloading the 

individual decreases the muscular demands of the lower 
limbs [2]. For individuals with neurological impairments 
(e.g., spinal cord injury) evidence suggests that by offset-
ting body weight, appropriate gait pattern expression may 
be facilitated and even normalized. Adult spinal cat mod-
els provided initial indications of the possibility of loco-
motor recovery following interactive treadmill gait 
training programs, which provided graded body weight 
support (BWS) [3]. Persons with spinal cord injury (com-
plete and incomplete) have demonstrated the ability to 
increase weight-bearing capacity of lower-limb extensors 
through body weight-supported treadmill training, in 
addition to increasing appropriate gastrocnemius and 
decreasing inappropriate tibialis anterior (TA) activation 
[4]. An overground body weight-supported walking 
study (0/30/100% BWS at natural cadence) in individuals 
with chronic stroke found offloading resulted in reduced 
hip range of motion, with individuals responding to the 
support by decreasing their walking speed and taking 
shorter strides [5].

As this information suggests, there are a variety of 
therapeutic training approaches that offset body weight 

Abbreviations: BF = biceps femoris, BWS = body weight 
support, EMG = electromyography, MG = medial gastrocne-
mius, RF = rectus femoris, TA = tibialis anterior.
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as a patient progresses through his or her rehabilitation 
program. These options include manual or robotic-
assisted treadmill training, as well as treadmill or over-
ground training with or without electrical stimulation of 
the peroneal nerve [6]. Each training approach has its 
respective advantages and disadvantages; for example, 
robotic-assisted training provides stepping consistency 
but does not allow the movement variability associated 
with overground walking [7]. In addition, this therapeutic 
option is treadmill-based and, as a result, is not as task-
specific or transferable to daily living as overground 
training programs [5].

Currently, there is a need for a body weight-supported
overground walking device equipped with a motor that 
moves along an overhead track independent of the user in 
order to eliminate the possibility that a drag force created 
by the system itself affects gait performance [5]. The 
newly developed ZeroG system (Aretech LLC; Ashburn, 
Virginia), created by Hidler et al., attempts to provide this 
dynamic BWS through the use of a custom-series elastic 
actuator during overground walking and balance training 
(Figure 1) [8]. It has been suggested that more natural 
ground reaction forces and gait characteristics can be 
achieved through the use of dynamic BWS [8]. To date, 
no study has investigated the effects of BWS on muscle 
activation patterns during walking using the ZeroG. It 
would be beneficial to know “normal” responses to par-
tial weight bearing using this device before using it in a 
rehabilitation setting. Therefore, the purpose of this study 
was to collect normative data from walking trials in non-
disabled participants using the ZeroG at varying degrees 
of BWS (0/20/40/60/80% BWS). We hypothesized that 
decreased levels of activation primarily in the ankle plan-
tar flexors (e.g., calves) would be experienced with 
increased BWS. The results from this study will eventu-
ally be used as a model for comparison with individuals 
that have mobility impairments who use this rehabilita-
tion tool for gait therapy.

METHODS

Subjects
Thirteen nondisabled individuals (6 males, 7 females)

with an average age of 23.8 ± 2.7 yr and weight of 68.3 ± 
8.0 kg participated in the study. “Nondisabled” was 
defined as an 

Figure 1.
ZeroG overground body weight support (BWS) system. Cus-

tom-series elastic actuator travels along overhead trolley pro-

viding static and dynamic BWS, allowing individuals to safely 

practice activities of daily living.

individual without musculoskeletal disease 
(e.g., multiple sclerosis, cerebral palsy) or injury within 

the past year (e.g., sprain, strain) of the lower leg and 
who was able to comfortably walk 30 m unassisted.

Protocol
Subjects were informed prior to testing to wear com-

fortable clothing including a T-shirt, shorts, socks, and 
running shoes. All testing took place at the Robert 
Fitzhenry Specialized Rehabilitation and Exercise Labo-
ratory in the Ivor Wynne Centre at McMaster University 
(Hamilton, Ontario) in accordance with the approved 
protocol by the McMaster Research Ethics Board.

Delsys Trigno wireless electromyography (EMG) 
surface electrodes (Delsys Inc; Boston, Massachusetts) 
were attached to the TA, rectus femoris (RF), medial gas-
trocnemius (MG), and biceps femoris (BF) muscles of 
the right leg. A Delsys wireless force-sensitive resistor 
(footswitch) was attached to the right foot with sensors 
placed on the base of the great toe, first and fifth metatarsal 
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heads, and heel. Body weight was taken using an elec-
tronic scale after electrode and footswitch attachment 
was complete and with subjects wearing their shoes dur-
ing the measurement. Finally, participants were fitted to 
the appropriate size ZeroG harness and were given the 
opportunity to practice walking at all of the various levels 
of BWS (0/20/40/60/80%); the ZeroG BWS system has 
been described in detail previously [8].

The EMGworks Acquisition software program (Del-
sys EMGworks 4.0) was used to collect muscle activity 
data from the randomized BWS trials. All participants 
initially completed baseline trials while walking at natu-
ral cadence along a 15 m track at 0 percent BWS. BWS 
in subsequent trials was randomized between four differ-
ent levels (20/40/60/80%); 3 trials were performed at 
each level for a total of 15 trials, all at the subject’s 
respective natural cadence.

Statistical Analysis
EMGworks Analysis and Statistica 8 (StatSoft; 

Tulsa, Oklahoma) software programs were used for anal-
ysis of acquired data; trials for each level were kept sepa-
rate. To investigate change in EMG activity at different 
levels of BWS, the root mean square of the filtered signal 
energy was determined over three gait cycles and nor-
malized to the average signal at baseline (0% BWS). A 
similar approach was used to assess changes in gait cycle 
components (e.g., swing and stance phase) with increas-
ing support by using the footswitch signal to determine 
when the foot made contact with the ground. The effects 
of BWS on muscle activation and gait cycle components 
were analyzed with repeated measure analysis of vari-
ance using the filtered EMG signals. Tukey honest signifi-
cant difference was used for post hoc testing when 
necessary. Statistical significance was set at p < 0.05 for 
all analyses.

RESULTS

No significant differences were found between trials 
or sexes; therefore, the described results represent the 
combined data from the second trial.

Muscle Activity During Gait Cycle (Heel Strike Versus 
Toe-Off)

The EMG profiles of muscle groups were nearly 
identical despite variations in the amount of body weight 
offset; however, significant differences were observed 

with respect to amplitude (Figure 2). Averaged muscle 
activity across the gait cycle decreased significantly at 
40 percent BWS, with a mean maximum reduction of 
23.7 percent at 80 percent BWS compared with baseline 
(Figure 3). This difference was attributed to a decrease in 
heel strike muscular activity as BWS increased, with a 
mean maximum reduction of 33.4 percent at 80 percent 
BWS compared with baseline; no significant differences 
were found in muscle activity during toe-off with 
increasing levels of BWS. Looking at the individual mus-
cle groups, MG activity significantly decreased at 
40 percent BWS, with RF and TA demonstrating signifi-
cant decreases at higher levels of BWS (60%–80% BWS).
The decline in BF activity with increasing levels of BWS 
was not significantly different from baseline. Although 
MG activity was the first muscle group at heel strike to 
be affected by increasing levels of BWS, RF was most 
affected by BWS, with a 62.8 percent decrease in activity 
at the highest level of BWS (80%) relative to baseline 
(Figure 4).

Time to Complete Gait Cycle (Stance Versus Swing 
Phase)

The gait cycle took longer to complete with greater 
BWS, increasing by 25.8 percent at the highest level of 
BWS (Figure 5). Swing and stance phase times were 
both significantly longer at 40 percent BWS, but the rela-
tive change was greater in the swing phase time (46.5% 
vs 13.8%, respectively).

DISCUSSION

To our knowledge, this is the first study to look at 
muscle activation patterns during gait with increasing 
levels of BWS using the ZeroG training system.

Muscle Activity
Our data agrees with previous descriptions of “nor-

mal” patterns of muscle activation during walking with 
0 percent BWS [9–10]. Some of these similarities include 
weight-accepting muscles (TA, RF, BF) peaking in activity
during the first 15 percent of stride and distal supporting 
muscles (TA, MG) tending to be more active than proxi-
mal muscles (BF, RF). Differences in muscular activity 
during the walking trials in the present study were not 
significantly affected until 40 percent or more body 
weight was offset by the ZeroG training system. This is 
consistent with previous research evaluating body 
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Figure 2.
Pattern of hip flexor (rectus femoris [RF]) muscle activity during different phases of gait with varying percentage body weight support. 

Phases of gait were defined as follows: (1) beginning of heel strike, (2) maximum heel strike, (3) cross between heel strike and toe-off (foot 

flat), (4) maximum toe-off, (5) end toe-off, (6) midswing, and (7) end of cycle. Values are mean ± standard error. RMS = root mean square.

weight-supported training, which demonstrated that gait 
kinematics similar to baseline walking could be main-
tained when 30 percent or less support was provided [2].

In agreement with Hidler et al. [8], increasing BWS 
decreased muscular demand of the lower limbs during 
the walking trials, thereby decreasing the intensity of the 
task. In the present study, lower-limb hip flexors and 
ankle plantarflexors were more affected by BWS (RF > 
MG) than ankle dorsiflexors and hip extensors (TA > 
BF). We hypothesized that the plantar flexor muscle 
group would be most affected by increasing levels of 
BWS; although MG activity was significantly affected at 
a lower level of offloading (40% BWS), the greatest 
decline in muscle activity with increasing BWS occurred 
in RF. RF activity was most affected at heel strike, and its 
activity decreased by as much as 63 percent at the highest 
level of BWS. Interestingly, at higher levels of BWS, 
RF’s second activity burst, which is associated with for-

ward acceleration of the limb in early swing, disappeared. 
Yang and Winter have attributed this disappearance to 
slower walking cadences for which the acceleration 
required to swing the limb is low enough that the initial 
part of swing can be accomplished with minimal muscle 
activity, similar to a pendulum [10].

In this study, the nonsignificant change in BF activity 
may have been a result of large between-subject variabil-
ity at the highest level of BWS, possibly because of sub-
jects resisting the vertical support from the ZeroG 
training system in an attempt to maintain “normal” gait 
kinematics. The decrease in natural cadence at the highest 
levels of BWS also may have contributed to the increased 
variability in the signaling, a relationship highlighted in a 
study by van Hedel et al. [11]. The aforementioned study 
involved nondisabled subjects performing body weight-
supported treadmill walking at 0/25/50/75 percent BWS. 
Similar to the results in our study, the EMG patterns
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Figure 3.
Overall muscle activity normalized to 0 percent body weight 

support (BWS). Values are mean ± standard error. *p < 0.05, **p <

0.01. RMS = root mean square.

indicated RF and MG activity to be most influenced at 
the highest level of BWS, with only slight differences 
detected in TA activity. In contrast to our data, van Hedel 
et al. found large differences in lateral hamstring activa-
tion. Comparison of this data with the present study high-
lights the important differences that need to be 
considered when comparing overground and treadmill 
walking (e.g., hip range of motion) and suggests that 
knee kinematics may be more comparable than hip kine-
matics between the two modalities.

Gait Cycle Time
The slower natural cadence of participants in this 

study at 40 percent BWS supports previous research 
indicating that at higher levels of BWS individuals have 
difficulty moving their center of mass over their base of 
support [6]. It is also likely that subjects experienced 
reduced acceleration rates during locomotion at higher 
levels of BWS, which decreased walking velocity and 
step length, contributing to the prolonged gait cycle.

In the present study, increases in both swing and 
stance (ground contact) phase contributed to the slower 
gait cycle, with a greater contribution attributed to 
increased swing phase completion time by as much as 
46.5 percent. This indicates that, at higher levels of BWS, 
individuals spend significantly more time balancing a 
portion of their body weight on one limb, while the oppo-
site limb completes swing phase. This is in contrast to a 

previous overground BWS training study in persons with 
stroke, in which no changes in stance or swing period 
duration were evident with increasing BWS [5]. These 
differences may be attributed to the clinical population, 
who potentially responded differently to the BWS, in 
addition to the different overground training devices 
used; the study by Sousa et al. used a device with an elec-
tric motor that relied on the individual for movement [5] 
versus the current study in which the ZeroG uses a cus-
tom-series elastic actuator that moves independently of 
the participant.

Limitations
The fact that walking cadence was not controlled in 

the present study could be considered a limitation; how-
ever, all participants received the same instructions to 
walk at their natural cadence during the different trials. 
The sensitivity of EMG profiles to walking velocity is 
well known, resulting in decreased amplitude and 
increased variability of muscle activity at slower 
cadences. Changes in walking cadence affect the accelera-
tion of the lower limb, which, according to Winter, 
affects hip and knee musculature activity more than the 
ankle [12]. Future studies using the ZeroG that impose 
restrictions to step length (e.g., using floor tape markers) 
and walking velocity (e.g., using a metronome) would 
provide important information into the potential interac-
tion effect of these two factors with changing levels of 
BWS while using this device. These investigations will 
also provide a means of comparison to other studies, 
including supported treadmill-based walking studies, 
which have the ability to control for speed in addition to 
BWS. The clinical significance of the small differences 
observed in cadence and stride length still need to be 
determined. In addition, the difference between over-
ground and treadmill walking needs to be acknowledged, 
because the treadmill belt, through its facilitation of hip 
extension, may alter the effect of offloading body weight 
compared with an overground device. The importance of 
these comparisons will better inform therapists in terms 
of modality selection, which may be modified based on 
the goal of the rehabilitation program for an individual.

The purpose of this study was to establish normative 
data (using nondisabled participants) describing the 
effect of BWS on muscle activation utilizing the ZeroG 
overground training device. The potential generalizabil-
ity of the presented results in clinical populations with 
mobility impairments is questionable given the unique 
and wide-ranging functional limitations associated with 
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Figure 4.
Heel strike muscle activity normalized to 0 percent body weight support (BWS). Root mean square (RMS) of tibialis anterior (TA), rectus 

femoris (RF), medial gastrocnemius (MG), and biceps femoris (BF). Values are mean ± standard error. *p < 0.05, **p < 0.01, ***p < 0.001.

impairments affecting gait. For example, it has been 
found that patients with neurological impairment lack an 
adequate push-off secondary to abnormal muscle activa-
tion during gait [2]. The important next step is to repeat 
this study using clinical populations in order to better 
understand the neuromuscular adaptations to BWS while 
using the ZeroG device.

CONCLUSIONS

This is the first study to look at changes in gait pat-
terns with increasing levels of BWS using the ZeroG 
training system. The EMG profiles of muscle groups in 
this study were nearly identical despite variations in the 
amount of body weight offset; however, significant dif-
ferences were observed 

Figure 5.
Time to complete gait cycle normalized to 0 percent body 

weight support (BWS). Values are mean ± standard error. **p < 

0.01, ***p < 0.001.

with respect to amplitude. Thus, 
it can be concluded that the dynamic BWS provided by 
the ZeroG decreases the muscular demand of the lower 
limbs without significantly altering muscle activation 
patterns during gait. Future research in clinical populations 
with mobility impairments (e.g., spinal cord injury, 
stroke) using this device should be conducted in order to 

compare the muscular activation response with the data 
acquired in the present study. This will help in the devel-
opment of more effective and functional rehabilitation 
programs for these populations. The evidence from this 
study also emphasizes the importance of incorporating 
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balance exercises into gait therapy as overground walk-
ing with 40 percent BWS forces individuals to support a 
portion of their body weight on one limb for a signifi-
cantly longer period of time.
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