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Physical guidance is often used in rehabilitation when teaching patients to re-learn movements.
However, the effects of guidance on motor learning of complex skills, such as walking balance, are not
clear. We tested four groups of healthy subjects that practiced walking on a narrow (1.27 cm) or wide
(2.5 cm) treadmill-mounted balance beam, with or without physical guidance. Assistance was given by
springs attached to a hip belt that applied restoring forces towards beam center. Subjects were evaluated

'éeY words: while walking unassisted before and after training by calculating the number of times subjects stepped
B:ll;nce off of the beam per minute of successful walking on the beam (Failures per Minute). Subjects in

Unassisted groups had greater performance improvements in walking balance from pre to post
compared to subjects in Assisted groups. During training, Unassisted groups had more Failures per
Minute than Assisted groups. Performance improvements were smaller in Narrow Beam groups than in
Wide Beam groups. The Unassisted-Wide and Assisted-Narrow groups had similar Failures per Minute
during training, but the Unassisted-Wide group had much greater performance gains after training.
These results suggest that physical assistance can hinder motor learning of walking balance, assistance
appears less detrimental for more difficult tasks, and task-specific dynamics are important to learning

Physical guidance
Motor learning
Beam walking

independent of error experience.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Physical guidance, or force intended to reduce movement error,
is often used during the rehabilitation of walking. Physical
guidance may be given to a patient for a variety of reasons: to
increase safety, to reduce fear, or to help complete a task that a
patient may not otherwise be able to perform on their own.
However, little is known about how using assistance affects motor
learning of complex tasks such as walking balance. In the elderly,
balance is commonly compromised, and most falls occur during
walking, not standing [1,2]. For this reason, it is important to
understand how assistance affects learning of walking balance.
With this understanding, more effective treatments can be
designed for gait rehabilitation.

Studies on the effects of physical guidance on motor learning
have varied results. Physical guidance is not helpful for learning
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simple movements in the upper extremity [3]. Guidance improved
performance during practice trials but performance improvements
were not present when the guidance was removed. One possible
explanation is that physical guidance did not allow for error
detection and correction. Error is a critical stimulus for driving
motor learning [4,5]. Another recent study examined a more
complex movement and found slightly different results [6].
Subjects learned to trace a complex three-dimensional trajectory
with the upper extremity using either robotic assistance or visual
demonstration. The group that practiced with robotic assistance
improved in performance but not any better than the group that
used visual guidance alone [6]. In a task where subjects learned to
bear weight on their legs asymmetrically, manual guidance
provided little help [7].

In a more complex whole-body task (learning to use a ski
simulator), subjects performed movements better when they
practiced with ski poles for stabilizing guidance than without them
[8]. The ski poles allowed the subjects to select the magnitude and
timing of the assistive forces while maintaining focus on the task
dynamics. Body-weight supported treadmill training, where
patients are given manual assistance to move the lower
extremities through the motions of walking, has been effective
in helping subjects with neurological injury to re-learn how to
walk [9-12]. However, none of these studies had control groups
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where subjects practiced without assistance. These studies suggest
that assistance is detrimental to learning easier tasks but may be
helpful for more difficult tasks. Subjects performing very difficult
tasks may benefit from using assistance because too many errors
would not give the subject an appropriate example of the actual
task [13].

The purpose of this study was to provide insight on the effects of
physical guidance on short-term learning of walking balance and to
explore if task difficulty alters those effects. We chose to study
healthy subjects learning to walk on a narrow balance beam. Beam
walking is similar to over ground walking, but is more challenging to
dynamic balance because it exploits the lateral instability of walking
[14]. We tested two groups of subjects that practiced walking on a
2.5 cm wide treadmill-mounted balance beam (Wide Beam) for
30 min, with or without lateral physical assistance at the hips. All
subjects were evaluated on unassisted beam walking pre- and post-
training. We hypothesized that subjects that received no assistance
during training would have greater performance gains than subjects
that received assistance. We based this hypothesis on the rationale
that error drives motor learning [4,5] and assistance tends to reduce
errors. To explore the confounding effects of task difficulty on the
relationship between physical assistance and learning balance, we
tested two more groups of subjects (with and without assistance) on
a narrower balance beam (1.27 cm-wide) (Narrow Beam). We
hypothesized that the difference between performance gains in the
unassisted and assisted groups would be smaller for the more
difficult task (Narrow Beam) than the easier task (Wide Beam). This
was based on the idea that if a task is too difficult, assistance would
be helpful in producing examples of the desired task.

2. Methods
2.1. Subjects

We tested 40 neurologically intact subjects (19 females, 21
males; age=22.4+4.5 years, body mass=64.3+11.4kg, leg
length = 0.90 & 0.053; mean + SD). Subjects were medically stable
and had no history of major leg injury. The University of Michigan
Institutional Review Board approved this study (IRB#-
HUMO00008186). All subjects gave informed consent according to
the Declaration of Helsinki prior to participating. The subject
appearing in the supplemental video gave informed consent to
videotape the testing session and also for publication of the video.

2.2. Equipment

The equipment for this experiment consisted of a treadmill-
mounted balance beam (beam-mill), a lateral assist device, force
plates and a motion capture system. The beam-mill was made of
interchangeable small wooden blocks attached to the treadmill
belt that lined up to make a continuous balance beam (see
Supplementary Content for video). One beam was 2.5 cm wide by
2.5 cm tall (Wide Beam) and the other was 1.27 cm wide by 2.5 cm
tall (Narrow Beam).

The lateral assist device was made up of latex tubing and cables
that attached to the subject via a padded hip belt. We chose this
form of assistance because we could control the amount of
assistance that provided lateral stabilization. We provided
stabilization in the frontal plane because walking is passively
stable in the anterior-posterior direction but unstable in the
medio-lateral direction [15]. This form of stabilization has been
used in other studies [14,16] during treadmill walking. A similar
device has also been used in clinical settings to stabilize the torso
during body-weight supported treadmill training [11]. The springs
were stretched and placed laterally so that they provided a
restoring force towards the center of the beam. When the subject’s

pelvis was centered over the beam, zero net force was applied to
the subject. We had four springs of different stiffnesses. For each
subject, we chose the spring that would provide the stiffness
closest to the non-dimensionalized spring stiffness of 0.228. To
determine the desired spring stiffness, we used the following
equation:

l

k=Fk ——
mg

where k=dimensionalized stiffness, k = nondimensionalized
stiffness, | = leg length and mg = body-weight. The non-dimensio-
nalized spring stiffness of 0.228 was based on springs used during
pilot testing. These springs gave subjects feedback about their
position relative to the beam but did not give them so much
assistance that it completely prevented them from stepping off the
beam. The average stiffness of the springs used was 160.96 N/m.
We placed single-axis tension/compression load cells (1200 Hz;
Omega Engineering, Stamford, CT, USA) in series with the springs
on both sides of the subject to measure the force produced by the
springs during walking. The lateral assist device provided an
average net force of <3.0% of body-weight onto the subject during
the training period while walking on the beam.

The treadmill was placed above two force plates (sampling rate
1200 Hz; Advanced Mechanical Technology Inc., Watertown, MA,
USA) so that we could calculate center of pressure from the forces
and moments produced by the subject while walking [17].

We used a four-camera video system (frame rate 120 Hz;
Motion Analysis Corporation, Santa Rosa, CA, USA) to record the
positions of four reflective markers placed on the subject’s pelvis,
neck and shoulders during walking.

2.3. Procedures

Four groups of 10 subjects walked on the beam-mill for a 3 min
pre-training evaluation, a 30 min training period, and a 3 min post-
training evaluation. Two groups walked on the Wide Beam and two
other groups walked on the Narrow Beam. Treadmill speed was set
at 0.22 m/s. This speed was chosen based on pilot experiments.
Subjects were instructed to walk on the beam for as long as
possible without stepping off. They had to walk heel-to-toe with
arms crossed over their torso. They were instructed not to lean
forward, twist their trunk, angle their feet away from the
longitudinal direction of the beam, or look down. View of the
walking surface was obscured by using dribble goggles. Subjects
were allowed to move their pelvis and trunk laterally to help
maintain balance. All subjects wore standardized orthopedic
shoes. Subjects had to wait 5 sec after stepping off the beam
before attempting to walk on it again. During the training periods,
one of the Narrow Beam groups and one of the Wide Beam groups
were given assistance via the lateral assist device (Assisted-
Narrow, Assisted-Wide), and the other two groups were not given
any assistance (Unassisted-Narrow, Unassisted-Wide). The train-
ing duration was 30 min with rest breaks every 10 min. During the
pre- and post-evaluation periods, all subjects walked without
assistance and were made aware of this at the beginning of the
experiment.

We recorded the number of times the subject stepped off the
beam per minute. We then divided this quantity by the fraction of
time the subject was on the beam (not touching the treadmill
surface with either foot). This quotient, Failures per Minute, was
our primary performance metric because it took into account the
number of errors with respect to the amount of time the subject
was successfully able to walk on the beam, both indicators of
learning and performance. We also calculated the standard
deviation (SD) of the medio-lateral movement of markers placed
at the sacrum and the neck (Motion Analysis Corporation, Santa
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Rosa, CA; 120 Hz) as a measure of movement variability at the
upper trunk and pelvis. We calculated percent change of the
performance variables by subtracting the pre-training value from
the post-training value and dividing by the pre-training value for
each subject to normalize to pre-training performance.

For the pre- and post-training periods, we recorded data for the
duration of the 3 min trial. For the 30 min training period, we
collected only 20 s of data per each minute of training. We used a
fourth order, zero-lag low pass Butterworth filter with a cutoff
frequency of 6 Hz to smooth center of pressure data. Values for SD
of markers were calculated only using the data from when subjects
were on the beam.

2.4. Statistical analysis

To evaluate whether Narrow Beam walking was more difficult
than Wide Beam walking, we performed a 2 x 2 Analysis of
Variance (ANOVA) (assist, beam) to compare results for Failures
per Minute between the Narrow Beam groups and the Wide Beam
groups during pre-training (JMP IN software, SAS Institute, Inc.,
Cary, NC). We also used this information to determine if both
Assisted groups and both Unassisted groups had similar pre-
training scores to each other.

We performed a 2 x 2 ANOVA (assist, beam, assist*beam) to
test for differences between the groups and any interaction effect
for each of the following dependent variables: percent change for
Failures per Minute, sacral marker SD and neck marker SD. For post
hoc analysis, we performed t-tests to compare results within each
beam group as needed to delineate the differences between assist
groups, and adjusted the alpha level for multiple comparisons
using the Bonferroni correction (o = 0.05/number of tests).

We used generalized estimating equations (GEE) to test for
differences in the time series data between each group during
training (SPSS software, SPSS, Inc., Chicago, IL). We also performed
contrast tests using pairwise comparisons to delineate which
groups were different from each other.

3. Results

Pre-training results showed that walking on the Narrow Beam
was more difficult than walking on the Wide Beam. The Narrow
Beam groups had significantly more Failures per Minute
(30.4 & 1.7, mean 4 SEM) than the Wide Beam groups (19.2 & 1.2)
in pre-training (ANOVA, beam: P < 0.0001, power > 0.99) (Fig. 1).
Both Wide Beam groups had similar pre-training scores, as did both
the Narrow Beam groups (ANOVA, assist: P= 0.6871).

The assistance used during training greatly hindered learning of
the unassisted task compared to those that did not use assistance.
The results showed that the Unassisted groups had 49.0 + 4.6% less
Failures per Minute after training, and the Assisted groups had
2.88 + 11.6% more Failure per Minute after training (ANOVA, assist:
P =0.0002). Post hoc tests showed that the Unassisted-Wide group
was different than the Assisted-Wide group (t-test: P =0.0045), and
that the Unassisted-Narrow group was different than the Assisted-
Narrow group (t-test: P=0.0030). Power for post hoc tests were
greater than 0.85. The interaction effect (assist*beam) approached
significance (ANOVA: P = 0.0712). The Assisted-Wide group had more
failures after training (13.4% more failures from pre- to post-training).

Most subjects decreased frontal plane movement variability in
the upper body and increased movement variability at the pelvis
during post-training compared to pre-training. The percent change
in standard deviation of neck marker movement in the medio-
lateral direction was significantly different between groups
(ANOVA, assist: P=0.0017) (Fig. 2B). Post hoc tests showed that
the percent change in movement variability at the neck marker
was significantly different between the Assisted-Wide and
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Fig. 1. Averaged pre- and post-training values for Failures per Minute. Error bars are
+1 standard error of the mean (SEM). Significant differences are indicated by .
Statistical analyses of post-training data not presented.

Unassisted-Wide groups (t-test: P=0.0235). The Narrow Beam
groups were also significantly different from each other (t-test:
P =0.0200). Because subjects in the Assisted groups had little or no
improvements after training, the decrease in neck marker move-
ment variability after training in the Assisted groups suggests that
movement at the upper trunk was correlated with the ability to
maintain balance during beam walking. There were no significant
differences between groups for sacral marker movement varia-
bility (ANOVA: P = 0.4355) (Fig. 2C).

There were significant differences in the Failures per Minute
during training between groups (ANOVA: P < 0.0001), but post hoc
tests showed that that the Unassisted-Wide and Assisted-Narrow
were not significantly different than each other (t-test: P=0.9158)
(Fig. 3A). All other comparisons were significant (P < 0.0083)
except Assisted-Narrow compared to Assisted-Wide (P = 0.0373).
All significant findings for these comparisons had a power greater
than 0.9. GEE analysis showed similar results when comparing the
time series data during training (GEE: P < 0.001) (Fig. 3B). Pairwise
comparisons showed that there were differences between all
groups in Failures per Minute (P < 0.05) except for the Unassisted-
Wide and Assisted-Narrow groups (P = 0.943).

Movement variability at the sacral marker in frontal plane
during training for the different groups (Fig. 3C) paralleled their
respective improvements in performance (Fig. 2A).

4. Discussion

Our main result was that practice with assistance hindered
short-term learning of a walking balance task compared to
unassisted practice. We also found that using assistance during
practice while walking on the Narrow Beam did not hinder
learning as much as while walking on the Wide Beam. Thus,
assistance appears more beneficial when used during more
difficult motor tasks. This is consistent with what is considered
best practices in clinical rehabilitation: that assistance should only
be given as much as is needed to complete the task [18]. It is also
consistent with the challenge point framework for motor learning
that states that task difficulty should be adjusted to the learner’s
skill level [19].

Physical guidance was clearly detrimental to learning to walk
on the Wide Beam. The Unassisted-Wide group had the largest
percentage decrease in Failures per Minute for the post-test
compared to the pre-test (Fig. 2A). The post-test performances
were in direct contrast to performances during training. The
greater amount of learning by the unassisted group could be
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Fig. 2. Significant differences are indicated by ". Averaged percent change between
pre- and post-training for (A) Failures per Minute, (B) standard deviation of the neck
marker in the frontal plane, and (C) standard deviation of the sacral marker in the
frontal plane.

attributed to experiencing more errors during the training period
(Fig. 3A and B).

The results were different in groups that learned the more
difficult task (walking on the Narrow Beam). There was a smaller
difference between the performance gains after training for the
Assisted-Narrow and Unassisted-Narrow groups (Fig. 2A), despite
having relatively similar error experience during training as the
Wide Beam groups (Fig. 3A and B). The interaction effect of assist
and beam approached significance. Thus, for more difficult tasks,
physical assistance seems to be less detrimental to motor learning.

It is important to dissociate the effects of the mechanical
interactions of physical guidance and the error experienced during
practice on motor learning. Error experience is proportional to
motor learning [20,21]. Because physical guidance reduces errors,
it would follow that physical guidance would hinder motor
learning. However, the mechanical interaction itself may affect
learning. To make this distinction, we examined the performance
of two groups of subjects that experienced similar amounts of error
during training, but one group had assistance (Assisted-Narrow)
and the other did not (Unassisted-Wide) (Fig. 3A). The Unassisted-

Fig. 3. Significant differences are indicated by ". During the training period: (A)
averaged Failures per Minute, (B) Failures per Minute during each minute, and (C)
averaged standard deviations of sacral marker movement in the frontal plane.

Wide group had a larger percent change in Failures per Minute
than the Assisted-Narrow group (Fig. 2A). This suggests that
another factor is important to motor learning of this task other
than the amount of errors.

Another possible explanation for the differences in motor
learning gains between Assisted and Unassisted groups is that the
training for the Unassisted groups had more task-specific
dynamics. According to the specificity of practice hypothesis,
motor learning is specific to the available afferent feedback during
practice [22]. Having task dynamics more similar to the desired
task would allow subjects to explore the state-space of position
and velocity parameters and develop the ability to better control
balance. Additionally, groups that had greater sacral marker
movement variability during training (Fig. 3C) had greater
performance improvements after training (Fig. 2A). This suggests
that when subjects explored their limits of stability, they were
better able to learn how to balance. This idea is in agreement with a
recent theoretical construct for detecting loss of balance [23].

Previous studies show little correlation between static and
dynamic balance or standing and walking balance [24,25]. It is
imperative to devise assessment tools and rehabilitation strategies
that specifically target balance during walking. We developed the
beam-mill to specifically assess walking balance and it has
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potential to be used as a means to improve balance during walking.
Future studies should test long-term retention, include wider
ranges of difficulty levels and amounts of assistance, and test
clinical populations.
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