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Abstract—A new overground body-weight support system
called ZeroG has been developed that allows patients with
severe gait impairments to practice gait and balance activities
in a safe, controlled manner. The unloading system is capable
of providing up to 300 Ib of static support and 150 Ib of
dynamic (or constant force) support using a custom-series elas-
tic actuator. The unloading system is mounted to a driven trol-
ley, which rides along an overhead rail. We evaluated the
performance of ZeroG’s unloading system, as well as the trol-
ley tracking system, using benchtop and human-subject testing.
Average root-mean-square and peak errors in unloading were
2.2 and 7.2 percent, respectively, over the range of forces
tested while trolley tracking errors were less than 3 degrees,
indicating the system was able to maintain its position above
the subject. We believe training with ZeroG will allow patients
to practice activities that are critical to achieving functional
independence at home and in the community.

Key words: activities of daily living, balance, body-weight
support, functional independence, gait, rehabilitation, robotics,
spinal cord injury, stroke, walking.

INTRODUCTION

The integration of body-weight support (BWS) sys-
tems into gait rehabilitation strategies following stroke,
spinal cord injury, and other neurological disorders has
continued to expand over the last two decades [1-4].
While the conceptual framework for utilizing BWS is
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beyond the scope of the present discussion, at its core,
unloading the paretic lower limbs allows patients with
gait impairments to practice a high number of steps in a
safe, controlled manner (Hidler et al. [5]). Varying BWS
can also be used to alter the intensity of gait therapy since
unloading the patient decreases both muscle demands
and, subsequently, muscle forces throughout the lower
limbs [6-8]. This can be particularly important during the
early stages of neurological injury when patients are
often sick and have poor cardiovascular endurance [9].
To date, BWS gait training is often restricted to a tread-
mill because of the limitations with commercially available
overground BWS systems. For example, the Lite-Gait
(Mobility Research; Tempe, Arizona) is a gantry that rolls
on casters, where the harness donned by the patient is
attached to the system through two overhead straps. These
straps are tightened similarly to adjusting a standard seat
belt so that the slack in the straps is removed when the
patient is in a standing position. As the patient walks, the
therapist moves the gantry by pulling on external handles,
effectively maintaining the system around the patient. The
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benefits of devices such as the Lite-Gait are that they are
reasonably priced (e.g., <$20,000), patients can begin gait
training safely early after injury, and the training session
can take place anywhere in the hospital because of
the device’s mobility. Conversely, limitations with rolling
gantry-based systems also exist. First, because the system is
quite heavy, it can be destabilizing to a patient pulling it
along as they walk. As a result, training with such systems
often requires multiple therapists, both to move the gantry
and to assist the patient with leg and trunk motion. Motor-
ized gantry-based systems such as the KineAssist (Kinea
Design; Evanston, Illinois) attempt to address this issue
[10]; however, delays in the responsiveness of such systems
often limit the patient’s mobility. Second, gantry-based sys-
tems have barriers located between the patient’s legs and
the therapist. A large base is necessary to stabilize the gan-
try, making it difficult for the therapist to assist the patient
as they walk. In addition, because these systems roll on
casters, they are limited to smooth, flat surfaces and cannot
navigate rough terrain or small stairs.

Perhaps one of the most restrictive features of exist-
ing overground systems such as the Lite-Gait and the
Solo-Step (Solo-Step; Sioux Falls, South Dakota) is that
they only provide static BWS rather than dynamic BWS
(see Frey et al. for a description of the various types of
unloading systems [11]). The differences between these
two types of BWS are important, yet often poorly under-
stood in the clinical community. In static BWS, the
length of the support straps are set to some fixed length at
the onset of training. If the patient raises their center of
mass (COM) above this initial height, the straps go slack.
If they lower their COM below this initial height, the
straps become taught. Here, the position of the patient’s
COM s restricted. In static BWS, it is not possible to
modulate the amount of BWS as a percentage of the
patient’s weight. While compression of soft tissues can
provide some “give,” the amount of unloading is essen-
tially either no BWS or full BWS.

The other BWS mode is dynamic. In dynamic BWS,
the amount of vertical unloading rather than the position
of the patient’s COM is kept constant. In this setting, as
the patient moves up and down, they experience a con-
stant amount of vertical support, which can be set as a
percentage of the patient’s body weight. Dynamic BWS
has been shown to produce more natural ground-reaction
forces and gait characteristics [11-18] and allows
patients to move freely through a wide range of move-
ment profiles (e.g., those needed during gait, sit-to-stand,

and getting off the floor). Such activities are not possible
with static BWS systems, yet are critical to a patient’s
ability to practice activities of daily living (ADLS).

In this study, we present a new overground BWS sys-
tem called ZeroG, which allows patients to practice gait,
balance, and postural activities in a safe, controlled man-
ner (Figure 1). The system can provide static or dynamic
BWS, and because it rides along an overhead track,
patients can practice using walking aids and walking on
flat surfaces, rough terrain, or stairs. In addition, ZeroG
uses an active trolley system that automatically follows
the patient as he or she walks. As a result, the patient feels
only the vertical unloading forces and very little horizon-
tal forces. In addition to providing a general overview of
how ZeroG works, we present experimental test data
detailing the performance of the ZeroG’s dynamic unload-
ing system as well as ZeroG’s trolley tracking system.
ZeroG is commercially available from Aretech, LLC
(Ashburn, Virginia).

Figure 1.

ZeroG gait and balance training system. System is mounted to overhead
track that eliminates barriers between therapist and patient. In addition
to overground gait and balance training, patients can also practice
walking on a treadmill.
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METHODS

Unloading System Mechanics

In order to unload the subject, a harness (Maine Anti-
Gravity Systems, Inc; Portland, Maine) is placed around the
torso, which is then connected to ZeroG through an 8 mm
HMPE (high-modulus polyethylene) fiber and polyester
rope (Endura Braid, New England Ropes; Fall River, Mas-
sachusetts). The rope moves up and over a pulley mounted
on top of a uniaxial force sensor (model SWP-1K, Trans-
ducer Techniques; Temecula, California), which allows the
controller to monitor the amount of rope tension at all times
(Figure 2). The rope then runs horizontally to pulley 1, out
and around pulley 2, and terminates onto the winch drum.
A harmonic drive (model CSG25-80-2U, Harmonic Drive,
LLC; Peabody, Massachusetts) is mounted onto the winch
motor (model AKM3L1E, Kollmorgen; Radford, Virginia)
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Figure 2.

(a) Side and (b) top view of ZeroG illustrating custom-series elastic
actuator that controls rope force. Note that top and bottom assemblies
have been removed from (b) for clarity. DC = direct current.
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resulting in a continuous lift capacity of 340 Ib. The winch
lifts and lowers the subject and is also tightly integrated into
the functionality of the dynamic BWS system. During static
BWS, the winch sets the height of the spreader bar, a pad-
ded bracket that the straps on the harness connect to.

The amount of tension in the rope is controlled using
a custom-series elastic actuator [12-15]. As shown in
Figure 2, two parallel plates slide along precision rails sepa-
rated by two heavy-duty die springs. A direct current (DC)
brushless motor (model AKM32D, Kollmorgen) is con-
nected to one end of a ballscrew motor (Thomson BSA;
Radford, Virginia) that controls the linear position of plate 1.
In parallel, the subject controls the motion of plate 2, since
the rope attached to their harness passes around pulley 1
before terminating on the winch drum. Rope force is first
initiated when the ballscrew motor advances plate 1 toward
plate 2, causing the two die springs to compress. Drawing a
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Figure 3.

Free-body diagram on plate 2 connected to patient. Spring forces (F)
and friction forces (Fy) resist motion because of rope forces (F,). +X =
along positive x-axis.
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free-body diagram on plate 2 (Figure 3), assuming the rota-
tional inertia and friction of the pulley are both negligible,
we can derive the rope force (F,) as

D> Fy=mx
2F, - 2F - 2F; = mX (1)

a m.,
Fo= Fo+ 5%+ Fp

where F; = friction forces, F¢ = spring forces, F, = focus
on x-axis, m = mass, and X =x-axis. Since the forces due
to friction in the linear bearings and the inertia of plate 2
are typically small compared with the rope force,

F ~F.= kAx , 2)

where k = the stiffness of the die springs and x = the
amount of die spring compression. Thus, by maintaining
a constant amount of spring compression, the resulting
rope force will be held constant. A high-resolution linear
encoder (model PED-500, US Digital; Vancouver, Wash-
ington) (Figure 2) is used to measure the amount of
spring compression, which is used in the force controller.
The custom-series elastic actuator in ZeroG is capable of
generating constant rope tension up to 150 Ib.

During normal operation, plates 1 and 2 will move
back and forth at a frequency set by the vertical move-
ment of the subject’s COM. The full range of plate move-
ment is approximately 4 in., which equates to 8 in. of

rope movement. For larger changes in vertical move-
ment, the plates may move all the way to the right or left,
making contact with the end plates. To keep the plates
centered, an ultrasonic sensor monitors the position of the
two plates (Figure 2). If plate 1 advances too close to the
left end plate, the winch will turn on and let rope out. If
plate 2 advances too close to the right end plate, the
winch will turn on and pull rope in. This “centering algo-
rithm” allows ZeroG to maintain constant BWS over
large ranges of movement, which often occur during
tasks such as sit-to-stand maneuvers and getting off the
floor.

Custom-Series Elastic Actuator Control System
Figure 4 shows the implementation of the custom-
series elastic control system. Here, the desired level of BWS
(Fref) is fed forward in the control system, while the differ-
ence between the desired BWS (F) and actual rope force
(Fac) measured by the uniaxial force sensor (Figure 2) is
fed into a proportional-integral (PI) controller and then
added to the desired BWS to yield the total force (Fp). The
addition of the PI controller serves two purposes. First, the
effects of friction and inertia are often ignored in series elas-
tic actuators since they are normally small compared with
the output force. For low levels of unloading force during
fast movements, friction and inertial effects become more
pronounced. Second, Equation 2 assumes that the stiffness
of the die springs is known and remains constant over the
compression range necessary to produce the desired unload-
ing force. However, the stiffness of most die springs will
change over time and may not obey Hooke’s law. Including
the PI controller helps overcome these limitations. The
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Figure 4.

Custom-series elastic actuator force controller. F, = actual rope force, Fp = total force, F,; = desired body-weight support, Igg = ballscrew motor,
k = stiffness of die spring, PD = proportional-derivative, Pl = proportional-integral, Xs, = actual spring length, Xs.¢ = desired spring length.
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desired total force is divided by the die spring constant (k)
to yield the desired spring length (xs,e). A proportional-
derivative controller is then used to establish the com-
mand to the ballscrew motor (lgs), which moves plate 1
in Figure 2 to yield the desired amount of die spring
compression (Ax) and, subsequently, actual rope force
(Fact)-

The real-time control system for ZeroG is imple-
mented in MATLAB (The MathWorks; Natick, Massachu-
setts) and runs on a Pentium Dual-Core (Intel; Santa Clara,
California) personal computer. A computer interface writ-
ten in C# allows the user to control all aspects of ZeroG.

Evaluation of ZeroG Unloading System

To evaluate ZeroG’s ability to maintain constant lev-
els of rope force at various movement frequencies and
force magnitudes, we connected the rope to a linear actu-
ator positioned below the track. For these tests, we turned
off trolley tracking (e.g., trolley position was held sta-
tionary on the track) so that only the unloading system
was evaluated. We programmed the linear actuator to
move up and down through a sinusoidal pattern with a
peak-to-peak amplitude of 5 cm. Such a movement tra-
jectory is representative of a person’s COM movement
while walking at approximately 1.4 m/s [16]. We pro-
grammed the linear actuator to move at frequencies of 0,
0.5, 1.0, and 1.5 Hz, while the magnitude of unloading
was set to 10, 25, 50, 75, and 100 Ib, respectively.

Because trolley movement along the track can intro-
duce errors in the system’s ability to maintain constant
rope force, we also evaluated the unloading system while
subjects walked at their self-selected walking speed at vari-
ous levels of unloading. Here, we asked subjects to walk at
their self-selected walking speeds in ZeroG at unloading
forces ranging between approximately 10 to 50 percent of
their body weight. Higher levels of unloading made it
extremely difficult for subjects to ambulate and often
resulted in very little vertical movement of their COM.
Therefore we restricted the maximum unloading forces to
50 percent BWS. Subjects walked a minimum of 50 ft at
each force level. We also tested ZeroG’s ability to maintain
constant rope tension over large vertical excursions. For
these tests, we asked subjects to drop down to one knee
from a standing position, hold their position, and then
stand back up. This was repeated a minimum of five times.
For these trials, the unloading force was set to 20 to 30 per-
cent of the subject’s body weight.

HIDLER et al. ZeroG: Gait training system

A total of 12 subjects participated in this study (6 male
and 6 female; aged 22-55 yr). Inclusion criteria included
nondisabled subjects with no gait impairments.

Trolley Tracking System and Control Algorithm

An important component of ZeroG is the actively
driven trolley, which helps minimize the horizontal
forces the subject feels while walking in the system. One
of the trolley assemblies (Figure 5, also see Figure 2 for
both trolley assemblies) contains a DC brushless motor
(model AKM21C, Kollmorgen) and gear head (model
VT006-007, Danaher Motion; Radford, Virginia) that is
coupled to a 2.5 in. drive wheel. The DC brushless motor,
gear head, and drive wheel are attached to a rocker arm
with the pivot point located close to the drive wheel. On
the other end of the rocker arm are two die springs that
provide an adjustable level of downward force to the
rocker arm. As the die springs are compressed, the rocker
arm is forced down, which pushes the drive wheel up
against the bottom of the | beam. The tension in the
springs is set so that no slippage occurs between the drive
wheel and the trolley track when the system undergoes
simultaneous peak acceleration and rope force.

The trolley tracking algorithm controls the position of
the trolley as a function of the position of the subject and
the desired task. The angle of the rope is measured with a
precision potentiometer (model GL60, Novotechnik;
Southboro, Massachusetts) mounted to a small pivoting arm
that the rope passes through as it exits the system. For per-
fect system tracking, the horizontal proportion of the rope
force will be zero. If the trolley lies posterior to the subject,
the rope will pull the user backward; if the trolley is anterior

| Beam

Pivot Drive Wheel

/ =S e
Compression Die \

Figure 5.

One ZeroG trolley assembly has drive mechanism that moves system
along overhead track. Direct current brushless motor gear head turns
drive wheel that presses on bottom of track.

e /
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to the subject, the rope will pull them forward. Preliminary
experiments with nondisabled subjects suggest that during
walking, the subject is highly sensitive to horizontal forces;
therefore, controlling the position of ZeroG with respect to
the subject is critical. Having large transient errors in track-
ing when patients walk in ZeroG could potentially be desta-
bilizing, limiting the effectiveness of the therapy.

Figure 6 shows the trolley tracking control algorithm.
The control objective is to modulate the drive force (Fy) to
keep the actual rope angle (6,y) equal to the reference
angle (G,ef). During nonlocomotor postural tasks, O IS
set to 0°, meaning the system stays directly above the sub-
ject. During overground walking, &, is set to 3°, meaning
the system is slightly in front of the subject. We found this
slight bias angle to be the most comfortable to our subjects
during the development of the algorithm. A velocity-
dependent friction compensation force (Fy) is added to the
drive force (Ft) so that the trolley will keep moving at a
given velocity during constant-velocity phases where the
rope angle is the same as the desired rope. The friction is
nonlinear and has been identified on ZeroG [17]. Trolley
velocity is determined by differentiating a high-resolution
linear encoder (model E5-1024, US Digital) mounted on
the axle of one of the trolley wheels. We added the damp-

ing component (B), which is a function of both unloading
force and trolley velocity, to improve the stability of the
tracking algorithm. In addition, the proportional and damp-
ing terms are scaled by the height of the subject (e.g., dis-
tance between ZeroG and subject) since short rope
distances can reduce the system’s stability. We determined
the height scale factor (h,) experimentally to ensure trolley
stability over the full range of heights (h).

We evaluated the performance of the trolley tracking
algorithm by connecting the rope on ZeroG to a 10 ft-long
linear slide mechanism mounted to the floor. We pro-
grammed the linear slide to move through three piece-
wise linear-velocity profiles (20, 40, and 60 in./s, or 0.5,
1.0, and 1.5 m/s), repeated 10 times, while BWS was set
to 50 Ib. These tests allowed us to evaluate the system’s
performance under controlled movements at various
speeds.

RESULTS

General Operation
During clinical use, the therapist first positions
ZeroG over the patient by moving the system down the

Ff
Friction

ﬂrel’ F X V

+ + +¥ + T r T
_— O— O——0O—| ZeroG du/dt —O

oacl
] Subject |+—
Damping
B=f(V—f’Frcf) K

Figure 6.

Trolley tracking control algorithm. 6, = actual rope angle, &, = reference angle, B = damping component, F; = velocity-dependent friction
compensation force, Fs = desired body-weight support, F+ = drive force, h = height, h, = height scale factor.
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track. ZeroG moves along the track at a constant velocity,
which is measured using a high-resolution linear encoder
mounted to the axle on one of the trolley wheels. Once
positioned over the patient, the therapist lowers the winch
and attaches the patient’s harness to a padded bracket (the
spreader bar) located at the end of the rope. The spreader
bar allows the unloading forces to be distributed to the
shoulder straps on the harness. The winch can help lift
the patient into a standing position or the spreader bar can
be connected to the harness once the patient stands up.

With the patient in a standing position, the therapist
selects the amount of dynamic BWS (10-150 Ib) and then
starts this mode of unloading. Here, the custom-series
elastic actuator control algorithm (Figure 4) becomes
active and begins controlling the rope force. At startup, the
trolley tracking algorithm is off, such that the system holds
its position on the track. Once the patient is ready to walk,
trolley tracking that executes the algorithm shown in Fig-
ure 6 can be enabled. It should be noted that patients can
be trained in static BWS if so desired by the therapist.

@ 400

80

60

Force (Ib)

40

20

10 20 30 40 50 60

Time (s)

(

~
—

100

80 |

60 |

Force (Ib)

40

20 |

10 20 30 40 50 60
Time (s)

Figure 7.

HIDLER et al. ZeroG: Gait training system

When dynamic BWS is enabled, the therapist can set
the maximum fall distance for the patient. When the
patient exceeds this distance, ZeroG will switch from
dynamic to static BWS, which prevents them from falling
any farther. In addition, if trolley tracking is enabled
when a fall is detected, it will automatically switch off,
preventing any further trolley movement along the track.

Unloading System Performance

As described in the “Methods” section, we first evalu-
ated ZeroG’s ability to maintain constant force under con-
trolled vertical displacements using a linear actuator.
Figure 7 shows the desired and resulting forces for vertical
movements of 0, 0.5, 1.0, and 1.5 Hz with desired unload-
ing forces set to 10, 25, 50, 75, and 100 Ib. At 0 Hz, ZeroG
is able to track the desired forces very closely, with root-
mean-square (RMS) errors ranging from 0.13 to 0.35 Ib and
peak errors ranging from 0.40 to 0.93 Ib, respectively, over
the full range of test forces. At a movement frequency of
1.5 Hz, the RMS errors range from 0.44 to 1.20 Ib while the
peak errors range from 1.74 to 4.70 Ib, respectively, across
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Performance of ZeroG’s unloading system with no trolley movement. Rope was connected to linear actuator that moved up and down in
sinusoidal pattern with amplitude 5 cm at movement frequency of (a) 0 Hz, (b) 0.5 Hz, (c) 1.0 Hz, and (d) 1.5 Hz. Desired unloading force shown
in black ranged from 10 to 100 Ib. Actual rope force is shown in gray. See Table 1 for performance results.
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the force range tested. Table 1 summarizes the RMS and
peak errors for each movement frequency and at each level
of BWS.

Because trolley movement may introduce errors in
unloading forces, we also evaluated ZeroG’s unloading
system performance during overground walking trials.
Figure 8 shows an example trial where the reference
force was set to 50 Ib. Here, the subject walked approxi-
mately 25 ft, turned around, and returned to the starting
position. In this example trial, the unloading force was
measured to be 50 + 3 Ib (mean + peak error). Table 2
summarizes the results of the experimental walking trials
where each value is the average of at least 50 ft of walk-
ing. RMS errors ranged from 0.41 to 1.87 Ib while the
peak error ranged from 1.38 to 6.76 Ib, respectively, for
the forces tested.

As mentioned in the “Methods” section, a centering
algorithm is implemented in the force controller that
allows ZeroG to maintain constant levels of force over a
large range of motion. Figure 9 illustrates an example of a

Table 1.

ZeroG’s dynamic unloading performance at various movement
frequencies and force levels during isolated vertical movements. Peak
error listed is nominal force value + peak error (e.g., 100 + peak Ib).

Frequency Force RMS Error  Peak Error

(Hz) (Ib) (Ib) (Ib)
0 10 0.13 0.40
25 0.17 0.43

50 0.20 0.55

75 0.25 0.66

100 0.35 0.93

0.5 10 0.29 1.01
25 0.37 1.25

50 0.46 1.60

75 0.57 2.18

100 0.70 2.76

1.0 10 0.36 1.42
25 0.51 1.79

50 0.71 2.49

75 091 3.43

100 1.04 4.30

15 10 0.44 1.74
25 0.61 2.49

50 0.87 3.01

75 1.10 4.10

100 1.20 4.70

RMS = root-mean-square.

subject lowering down to one knee two times, resulting in
a vertical displacement of approximately 16 in. Despite the
large change in movement, the unloading forces remain
within £1.5 Ib of the desired level. Table 3 summarizes the
RMS and peak errors for the large excursion knee bend
tests. Each value in the table represents an average of at
least 10 knee bends at the corresponding force level. Note
that during these experiments, we did not instruct subjects
how fast to move up and down but instead instructed them
to move at a comfortable speed.

Trolley Tracking Performance

As described earlier, the trolley on ZeroG attempts to
track the patient as they walk in order to minimize the hori-
zontal forces the patient experiences. The upper traces of
Figure 10 show the reference velocity profiles of the linear
slide mechanism connected to ZeroG, while the lower half
of Figure 10 shows the resulting actual rope angles (Gyct)-
At the lower movement speed (20 in./s or 0.51 m/s), the
maximum error in rope angle reached 0.68°, where the trol-
ley was able to track the slider movement extremely well.
At 40 in./s (1.0 m/s), the maximum error in rope angle
reached 1.67°, while at 60 in./s (1.52 m/s), the maximum
rope angle was 2.85°. In the constant-velocity phases of the
movements, the rope angle was often nonzero. This was
because of an imperfect friction model and the damping
factor (B), which is important for stable operation of the

Trolley Movement (ft)

25 30 35 40 45 50 55 60
Time (s)

Unloading Force (Ib)
w
o

25 30 35 40 45 50 55 60
Time (s)

Figure 8.

Example walking trial with subject in ZeroG with level of unloading
force set to 50 Ib. Subject walked approximately 25 ft at self-selected
speed, turned around, and returned to starting position. See Table 2
for walking test performance results.
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Table 2.
Dynamic unloading performance during walking trials in control subjects
with no gait impairments.

Force RMS Error Peak Error
(Ib) (Ib) (Ib)
10 0.41 1.38
15 0.51 1.73
20 0.69 2.15
25 0.62 2.00
30 0.78 2.45
35 0.67 2.30
40 0.84 2.67
45 0.78 2.66
50 0.93 2.99
55 0.88 3.06
60 0.97 3.22
65 1.03 3.14
70 1.16 4.07
80 1.50 5.23
90 1.63 5.53
100 1.73 6.11
110 1.77 6.04
120 1.87 6.76

RMS = root-mean-square.

trolley. Throughout all of the tests, the system demonstrated
stable behavior (e.g., did not oscillate) even in the rapid
acceleration and deceleration phases of the fastest velocity
profiles.

DISCUSSION

We present a new overground BWS system called
ZeroG, a system that allows patients to safely practice over-
ground gait and balance activities following neurological
and orthopedic injuries. The main motivation for develop-
ing ZeroG was to provide patients an environment for
safely practicing ADLS in the very acute stages of injury. As
outlined in the “Introduction” section, the principle limita-
tion with existing overground gait training technologies is
that they do not offer dynamic BWS but instead provide
only static BWS. As shown by Frey et al., when patients
walk with static BWS, the unloading forces are very incon-
sistent [11]. For example, at a walking speed of 2 km/h
(1.24 mph) and with a desired unloading force of 30 kg
(66 Ib), the maximum error in unloading was 20.85 kg
(46 Ib) or nearly 70 percent of the desired force level. When
the walking speed increased to 3.2 km/h (2 mph), the maxi-
mum error increased to 27.7 kg (61.1 Ib) or 93 percent of

HIDLER et al. ZeroG: Gait training system
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ZeroG’s unloading performance during large vertical excursion.
Subject descended approximately 16 in. with level of unloading set to
30 Ib. Figure shows that system is able to accurately maintain constant
unloading force despite large change in vertical position. See Table 3
for performance results of large excursion movements.

the desired unloading level. These erratic jerking forces can
be destabilizing to patients, particularly if they have signifi-
cant lower-limb impairment. With ZeroG, the forces are
held constant throughout the task, which has been shown to
produce much more normal ground reaction forces [18].

In addition to ZeroG’s ability to maintain constant
BWS over large vertical excursions and at fast walking
speeds, the active trolley minimizes the horizontal forces
the patient experiences during gait. Commercially avail-
able gantry-based overground systems require the therapist
to move the device along as their patient walks, since the
mass of the system is often too large for the patients to
drag along by themselves. The gantry also presents obsta-
cles between the patient and the therapist, which is prob-
lematic if the patient requires help advancing their legs or
stabilizing their trunk. ZeroG’s active trolley automatically
moves with the patient, and because the device is mounted
to an overhead track, there are no barriers between the
therapist and the patient.

ZeroG’s series elastic actuator performance tests were
conducted under conditions at or above what can
be expected during pathological gait. That is, gait speeds
typical of patients using ZeroG will be under those of com-
munity ambulators or 0.7 m/s [19]. For walking speeds
<0.7 m/s, COM movement in the Z-direction is typically
<3 cm [20] with frequencies between 0.5 and 1.0 Hz. In our
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Table 3.
Dynamic unloading performance during large vertical excursion
movements.

Force (Ib) RMS Error (Ib) Peak Error (Ib)
25 0.16 1.44
30 0.13 1.01
35 0.15 1.14
40 0.29 1.96
50 0.63 2.08
70 0.87 2.14

RMS = root-mean-square.

experiments using a linear actuator, ZeroG had RMS force
errors of 1 Ib throughout the range of forces tested despite
movement amplitudes of 5 cm. For the human walking tri-
als, subjects with no known gait impairments walked at
their self-selected speed at forces <120 Ib. The RMS errors
in these trials were always <2 Ib while the forces were
always within =7 Ib. In addition, we tested trolley tracking
performance up to speeds exceeding 1.5 m/s with the per-
formance being the best at speeds typical of those who have
gait impairments following neurological injury [21]. Over-
all, the performance of both the custom-series elastic actua-
tor and trolley tracking are well within our original design
goals.

One limitation with the results reported is that we do
not show trolley tracking performance during human
walking trials but only when tested with the linear slide
mechanism (e.g., Figure 10). While trolley tracking data
has been collected during walking trials, we found that as
people walk, their speed changes considerably. As a
result, it was not possible to make generalized relation-
ships such as trolley tracking accuracy versus speed.
Future studies will attempt to evaluate trolley tracking
errors during walking trials by perhaps normalizing
speeds and variability.

ZeroG also has significant safety features. The thera-
pist sets a “fall distance” the patient is allowed to descend
before ZeroG switches over to static BWS, effectively
catching the patient. In addition, the therapist wears a
watch-like wireless safety switch. Upon pressing the
switch, ZeroG will switch over to static BWS and the
trolley will stop and hold its position along the track.
These features ensure the highest level of patient safety
during therapy sessions.

CONCLUSIONS
The ZeroG system described in this article allows indi-
viduals with gait impairment to safely practice overground
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Figure 10.

ZeroG’s trolley tracking performance during various piecewise linear
movement profiles. (a) Desired movement speeds of 20, 40, and
60 in./s (0.5, 1.0, and 1.5 m/s). (b) Resulting rope angle averaged over
10 trials. Even at highest speeds, system was able to track desired
movement very well, with rope angles <3°.

walking, balance activities, or walking on a treadmill under
either static or dynamic BWS. The custom-series elastic
actuator used to provide constant BWS was shown to be
highly accurate over a wide range of loads and movement
frequencies, while the trolley system is capable of tracking
an individual’s movement even during extremely fast
movements. We believe training with ZeroG will allow
patients to practice activities that are critical to achieving
functional independence at home and in the community.
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