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Robot-assisted modifications of gait in healthy individuals
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Abstract This study investigated whether short-term

modifications of gait could be induced in healthy adults and

whether a combination of kinetic (a compliant force

resisting deviation of the foot from the prescribed footpath)

and visual guidance was superior to either kinetic guidance

or visual guidance alone in producing this modification.

Thirty-nine healthy adults, 20–33 years old, were randomly

assigned to the three groups receiving six 10-min blocks of

treadmill training requiring them to modify their footpath

to match a scaled-down path. Changes of the footpath,

specific joint events and joint moments were analyzed.

Persons receiving combined kinetic and visual guidance

showed larger modifications of their gait patterns that were

maintained longer, persisting up to 2 h after intervening

over-ground activities, than did persons receiving training

with primarily kinetic guidance or with visual guidance

alone. The results emphasize the short-term plasticity of

locomotor circuits and provide a possible basis for persons

learning to achieve more functional gait patterns following

a stroke or other neurological disorders.

Keywords Gait � Adaptation � Rehabilitation �
Stroke

Introduction

People with neurologic disorders such as a stroke experi-

ence difficulty in walking due to significant neuromuscular

impairments. Adaptation of their altered motor patterns is

necessary to achieve a semblance of functional walking

(Perry 1992). The atypical gait that often results, however,

is generally marked by inefficiency and impaired postural

stability, making community ambulation difficult if not

impossible (Perry et al. 1995). This fact has led to attempts

to develop more effective gait re-training programs to

encourage more efficient and stable locomotor patterns.

Human walking is thought to be more dependent on

cortical processes than is the case in lower animals as

evidenced, for example, by the fact that walking patterns

are more difficult to induce following a complete spinal

cord lesion (Dimitrijevic et al. 1998; Fedirchuk et al.

1998). This greater role of cortical and/or subcortical

processes in humans provides a possible entrée for

improving atypical gait patterns in persons following a

stroke. Still, human gait is a relatively automatic process,

particularly when walking in familiar and uncluttered

environments. Given this fact, it is not surprising that gait

re-training programs for stroke survivors have met with

somewhat limited success (Teasell et al. 2003).

The capacity of humans without neurological impair-

ments to adapt their gait pattern in response to dramatic
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environmental manipulations has been reported recently.

For example, people trained on a split-belt treadmill

demonstrate short-term interlimb gait adaptations imme-

diately following training, although this adaptation does

not persist (Reisman et al. 2005; Choi and Bastian 2007).

Similar results including short-term transfer of the after-

effect of adaptation to over-ground walking have been

described in stroke survivors, leading to a temporarily more

symmetric gait (Reisman et al. 2009). Although gait pat-

terns of both healthy adults and stroke survivors show

adaptation when exposed to environmental constraints, the

extent to which those gait patterns can be adapted, what

type of feedback is needed to facilitate the strongest

adaptation, and the exact nature of training required for

short-term gait adaptations to become learned patterns (i.e.,

a relatively permanent change; (Schmidt 1988) are largely

unknown. The current study investigated similar questions

to the first of these two in healthy adults using a paradigm

primarily designed to facilitate modification of a subject’s

intralimb gait pattern rather than interlimb gait parameters.

This work served as a starting point for current investiga-

tions of the efficacy of this gait-retraining paradigm,

involving robotic guidance, in persons with neurological

impairments such as stroke.

Many studies of upper extremity tasks such as reaching

provide indirect evidence of intralimb adaptations that

preserve quasi-straight-line reaching behavior (Shadmehr

and Mussa-Ivaldi 1994; Brashers-Krug et al. 1996;

Bhushan and Shadmehr 1999; Shadmehr and Moussavi

2000; Donchin and Shadmehr 2004; Hwang et al. 2006),

including possible neural mechanisms underlying those

adaptations and their memory consolidation (Shadmehr

and Holcomb 1997; Krakauer et al. 2005; Krakauer and

Shadmehr 2006; Shadmehr and Krakauer 2008). Various

training paradigms have been developed to facilitate such

adaptations.

Visual and proprioceptive information appear to play an

important role in motor adaptations and in the learning of

novel motor tasks. Although recent studies have demon-

strated that real-time visual feedback may not be a critical

factor when adapting to a novel dynamic task (Tong et al.

2002; Scheidt et al. 2005; Franklin et al. 2007), visual

information is important for the fine-tuning of those

movements, especially at movement termination (Franklin

et al. 2007).

All of the above-mentioned studies, including studies of

interlimb gait modifications in stroke survivors, have

involved perturbations to the motor system that result in

aftereffects. In the case of normal reaching behavior,

aftereffects lead to unwanted deviations from a quasi-

straight line movement path and are presumed to reflect

a change in an internal model of reaching dynamics

(Shadmehr and Holcomb 1997; Krakauer et al. 2005). In

the case of interlimb adaptations in stroke survivors, the

aftereffects are actually used to induce a positive change in

gait symmetry (Patton et al. 2006). Thus, the sine qua non

of motor adaptation appears to be the presence of an

aftereffect that results from an attempt to maintain one’s

current end-effector trajectory in the face of abnormal

environmental dynamics. Although we envision the gait

modifications reported in the current study to represent a

general form of adaptation, reflecting changes in behavior

in response to a training stimulus that persist in the short-

term without intention, the perturbation induced by our

training is different and the response lacks the aftereffects

typically reported in the motor adaptation literature. These

differences will be discussed in greater detail in the

‘‘Discussion’’ section.

The paradigm used in the current study compares

robotic guidance of limb movement to visual guidance

alone or a combination of the two to facilitate changes in a

person’s normal gait pattern. Recent evidence suggests

advantages of combining robotics with existing training

programs to enhance functional improvements in move-

ment tasks involving both upper and lower extremities in

people with neurological disorders (Krebs et al. 1998; Daly

et al. 2005). Robot technology applied to rehabilitation

provides the possibility of continuous or intermittent on-

line quantitative movement assessment (Reinkensmeyer

et al. 2000). Results of previous studies have provided

insights about the application of robot-assisted therapy in

general, e.g., the advantage of applying certain types of

force field (Dipietro et al. 2007).

The gait-retraining program developed in our laboratory

directly targets the gait pattern by providing variable

compliance and variable-width virtual footpath tunnels that

limit the footpath to a range of footpaths rather than

enforcing a fixed footpath. The control scheme encourages

patients to voluntarily correct their atypical gait patterns to

produce a walking patterns more similar to non-neurolog-

ically impaired individuals and, hopefully, a more efficient

range of footpaths (Banala et al. 2007, 2009). A variation

of this approach has been used in the training of upper limb

function (Fasoli et al. 2003; Stein et al. 2004). This

approach continually challenges the participant to match

the prescribed target pattern, while various degrees of

constraint (i.e., width and compliance of virtual elastic

tunnel walls) are used to resist large deviations of the end-

effector path from a desired path, combined with visual

guidance. The results of the current study provide a proof

of concept for our ongoing studies of gait retraining in

persons with impaired gait patterns following a stroke. In

the current study, we hypothesized that gait training that

combined real-time kinetic guidance, provided by a robot,

with visual guidance would lead to more significant and

more persistent changes in the gait patterns of healthy
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individuals than would primarily real-time kinetic guidance

or visual guidance alone.

Method

Subjects

Eight males and five females were randomly assigned to

each of three groups receiving treadmill training: (1) with

real-time visual guidance (VG) of participants’ ankle tra-

jectory alone, referred to in what follows as the footpath

(25.8 ± 5.3 years old, 175.0 ± 7.8 cm height, 69.3 ±

11.7 kg weight), (2) with primarily kinetic guidance pro-

vided by compliant force-field tunnels (FFC) used to limit

the range of their footpaths (26.0 ± 4.5 years old, 173.1 ±

8.4 cm height, 70.0 ± 12.9 kg weight), and (3) with

combined kinetic and visual guidance (FFC ? VG) (24.9 ±

3.8 years old, 174.1 ± 7.2 cm height, 74.3 ± 12.1 kg

weight), for a total of 39 participants. Based on statistical

analysis of outliers using SPSS, we eliminated one subject

from each group from the analysis, leaving 12 subjects in

each group. Participants in the FFC group did receive a 30-

s interval of visual information about the desired footpath

in order to provide brief information about the goal of the

training. Subjects had no musculoskeletal or neurological

problems. Each participant signed an informed consent

approved by the University’s Institutional Review Board

before participating in the study.

Device description

The design of the active leg exoskeleton (ALEX) is

described in detail elsewhere (Banala et al. 2007, 2009). It

has five main components, i.e., trunk, thigh, shank and foot

segments of the orthosis, and a walker which supports the

weight of the orthosis. Each segment of the orthosis is

adjusted based on the subject’s stature. The device allows

only sagittal plane movements (flexion and extension) for

the knee and ankle joints, and both sagittal and frontal plane

movements for the hip joint. Sagittal plane hip and knee

joint motions are actuated using two motors that can gen-

erate a maximum of 50-Nm peak joint moment. Encoders

attached directly to the motors measure the joints’ angular

position and displacement. A separate encoder at the ankle

measures ankle joint motion. The physical interface

between the orthosis and the human leg is by way of a thigh

and shank cuff, and a plastic orthotic that fits into the per-

son’s shoe. The device has two force-moment sensors, one

mounted between the thigh segment of the orthosis and

subject’s thigh, the other mounted between the shank seg-

ment of the orthosis and the subject’s actual shank. To

minimize inertial effects of device on the subject while

walking, the orthosis consists primarily of lightweight alu-

minum. The inertial effects during training period are small

compared to the forces applied by a force-field controller.

Because currently there are only two force-torque

motors and force sensors built into the device, control is

actually of the trajectory of the ankle’s location in space

rather than of the distal foot location. Ankle motions are

important to provide for fine adjustments of the terminal

foot position during swing, helping to determine foot

clearance from the ground. However, the general spatial

position of the foot is determined by knee and hip excur-

sions, which determine the ankle’s location in space.

Therefore, although the force constraints are applied to

constrain motion of the distal shank, for simplicity, we

refer to control of footpath in this article. The effect of the

training on ankle motion also is examined, however.

Safety of the device is ensured by the presence of

physical stops at the maximum allowable range of motion

of each joint, by limiting the maximum force that the

motors can apply, specified by the controller, by the limited

capacity of the DC-motor, and by two emergency stops

accessible to the participant and experimenter. The physi-

cal stops can withstand the maximum moment that the

actuators can apply. The emergency stops are wired to stop

both the robot actuators and the treadmill gradually.

Training procedure

Participants in all three groups performed treadmill walk-

ing while wearing the ALEX on their right leg. All training

was performed in a single session involving six 10-min

blocks of gait training with 2-min rest between blocks

(Table 1). The training procedure of this study is similar to

conventional therapeutic approach that gradually decreases

the therapist’s assistance as the patient recovers functional

ability. The participant’s preferred speed with ALEX was

determined during a 5-min period of unconstrained, i.e., no

forces applied, walking without visual guidance before

beginning training and this speed was used for training and

testing sessions. The preferred walking speed, which ran-

ged from 1.6 mph to 2.0 mph (from 0.72 to 0.89 m/s), was

not different among the three groups (P [ 0.05).

The FFC ? VG and VG groups both received continu-

ous visual guidance about their footpath displayed on a

computer monitor positioned in front of the treadmill

(Fig. 1). The footpath was computed from the encoder data

and represented the instantaneous position of the ankle

joint relative to the hip joint. In addition, the prescribed

footpath that participants were to match was displayed on

the monitor. They were instructed to keep their actual

footpath, indicated by a red cursor, as close to the pre-

scribed footpath as possible. The prescribed footpath for

this study was determined in preliminary studies to ensure
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that participants found the task challenging but could

eventually track it. We determined that a footpath that was

scaled down by 10% in the horizontal direction (step

length) and 40% in the vertical direction (step height) from

a participant’s normal (baseline) sagittal plane footpath fit

these criteria. The FFC group was provided information

about the instantaneous foot position and the prescribed

footpath for 30-s intervals prior to the first block of training

and after every two blocks of training to provide minimal

information about the required task. Thus, this group did

not receive purely kinetic guidance, although there was no

visual guidance during training and visual feedback was

minimal compared to the VG group.

For both the FFC ? VG and FFC groups, a force-field

controller applied compliant constraints in the form of a

virtual tunnel wall that constrained the amount of deviation

of their footpath from the prescribed footpath. The con-

troller generated virtual elastic tunnels that provided soft

constraints for the footpaths. The constraints were changed

over the course of training across three increasing wall

widths, i.e., narrow (1 cm), medium (2 cm), and wide

(4 cm), and two decreasing wall stiffness: [high]

KFn = 0.760 N and [low] KFn = 0.125 N. This nonlinear

parabolic normal force profile works like a stiffening

nonlinear spring in restraining excessive deviation from the

prescribed footpath. When the actual footpath encountered

the virtual wall of the tunnel, further deviations beyond the

virtual wall could occur, but these deviations were met

with increasing resistance as the footpath deviation

increased. At training onset, the footpath was maximally

constrained with a narrow virtual wall width and high wall

stiffness to approximate the desired trajectory. Then, six

combinations of tunnel width and wall stiffness were

incrementally changed after every 10-min training block

for both the FFC ? VG and FFC groups to reduce the

constraint on the footpath (see Table 1).

When the force field was active, the robot actuators were

used to apply desired torques to the hip and knee joints.

The non-redundant mapping between footpath and joint

angles allowed the application of joint torques that

achieved the desired footpath constraints. Proper

Table 1 Robot-assisted gait training procedure

Training/testing epoch Time (min) Visual guidance Force-field constrainta

FFC ? VGb FFC VG FFC ? VG FFC VG

Determination of preferred speed 5 Off Off Off Off Off Off

Baseline test 3 Off Off Off Off Off Off

Training 1 10 On Off On NW-HS NW-HS Off

Training 2 10 On Off On NW-LS NW-LS Off

Training 3 10 On Off On MW-HS MW-HS Off

Training 4 10 On Off On MW-LS MW-LS Off

Training 5 10 On Off On WW-HS WW-HS Off

Training 6 10 On Off On WW-LS WW-LS Off

Immediate post-training test 3 Off Off Off Off Off Off

Retention test 1 3 Off Off Off Off Off Off

Retention test 2 3 Off Off Off Off Off Off

a Three levels of wall width: narrow (1 cm; NW), medium (2 cm; MW), and wide walls (4 cm; WW); Two levels of stiffness coefficients (KFn):

high (0.760 N; HS) and low stiffness (0.125 N; LS)
b Three experimental groups: visual guidance plus force-field constraint (FFC ? VG), force-field constraint (FFC), and visual guidance only

groups (VG)

Fig. 1 Photograph of participant walking on a treadmill with ALEX

applied to his right leg. The computer monitor in front of the

participant is used to provide visual guidance of both the actual

footpath and the prescribed footpath

812 Exp Brain Res (2010) 202:809–824

123



calibration and alignment of the device for each subject

ensured that the joint axes of the device and subject were as

congruent as possible. In addition, keeping the applied

torque values low for the subject’s safety also ensured that

any shear forces created from any slight misalignment was

minimal.

A participant’s footpath was restricted to a range of

footpaths, the possible range being determined by the width

of the virtual tunnel and wall stiffness. The force-field

controller provided almost zero impedance when the par-

ticipant’s foot was within the tunnel walls and offered

higher impedance with foot ‘‘contact’’ with the tunnel

walls. Although the VG group walked in ALEX, no force-

field constraint was applied during training. Nonetheless,

they had to move against the inertia of the device.

Testing procedure

A 3 min of treadmill walking performance was evaluated

in all groups prior to training (baseline) and at three post-

training test sessions while they wore the exoskeleton on

the right leg without an applied force field or vision of their

own footpath or of the prescribed footpath used during

training. The three post-training evaluation sessions were

conducted immediately post training (IPT), after 10 min of

over-ground walking out of the device (retention 1), and

after 2 h of general activity out of the device (retention 2).

During the IPT and retention evaluations, nothing was

mentioned or implied about the previously prescribed

footpath used during training. Participants were instructed

to walk as normally as possible on the treadmill while

looking straight ahead. Sample footpaths for the baseline,

immediate post-training, and two retention tests are pro-

vided in Fig. 2a (a typical performing subject) and b (one

of the best performing subjects) for two participants in the

FFC ? VG group.

Data processing

Data processing was performed using MATLAB 7.3.0 (the

MathWorks, Inc.). The variables presented in this report

are limited to those obtained during the baseline, imme-

diate post-training, and two retention test sessions when

participants from all groups walked without the force-field

on, without visual guidance of the desired foot template,

and were asked to walk as normally as possible. They
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Fig. 2 Average changes of path

of the ankle position a for a

typical performing subject and b
for a best performing subject in

the FFC ? VG group across test

sessions: the dashed black line
represents a prescribed path; the

baseline path is represented by a
thin, solid black line,

representing the participant’s

walking pattern before training;

the immediate post-training

(IPT) test session is shown as a

dotted black line. Retention 1

(dash-dotted, black line) test

was performed after a 10-min

period of continuous over-

ground walking following IPT.

The Retention 2 (thick, solid
gray line) test followed a 2-h

period of normal activity

outside the lab. Values on the y-

axis represent the vertical

position of the ankle relative to

the hip joint
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included a measure of footpath deviation, i.e., the area

between actual and prescribed footpaths, joint angle vari-

ables related to step height and step length, integrated hip

and knee joint moments, variability of the relative timing

of maximum angular velocities during the swing phase, and

measures of interlimb symmetry, including relative stance

times and relative timing of left heel strike within the stride

cycle of the right foot. The entire 3-min data (about 100

gait cycles per each testing period) were used to calculate

the averages of the testing variables. All data from the

encoders and force-moment sensors were collected at 1,000

Hz. The force-moment data were filtered at 50 Hz, and the

encoder data (joint position) were filtered with an 8 Hz

forward–backward Butterworth filter.

The area enclosed between a prescribed footpath and the

actual footpath during the swing phase was used to define a

metric to measure the amount of deviation. The curves

shown in Fig. 3a are curves whose enclosed area needed to

be determined. The solid curve is the actual footpath

whereas the dashed curve is the prescribed footpath. First,

we connect ends of the curves with straight lines. To find

the area of a closed (possibly self-intersecting) polygon

shown in Fig. 3b, we used a ‘‘plane-sweep’’ algorithm

described in detail in O’Rourke (1994). This algorithm

divides the polygon into several vertical slices, each ver-

tical ‘‘cut’’ appearing at a sample point on the polygon. The

slices may not be of equal width. Each slice can be

approximated as a trapezoid, whose area we can find.

Therefore, the net area of the polygon is the sum of areas of

all the slices (Fig. 3b).

Joint angle measures were computed from the joint

encoder signals. Joint moments of the hip and knee were

computed using data from the encoders and force-moment

sensors (Banala et al. 2006). Because we had no force-

moment sensor at the ankle, ankle joint moments are not

reported here. The integrated moment with respect to time,

i.e., area under the moment versus time curve, for each

joint over the swing phase, was calculated for two direc-

tions, i.e., flexion and extension, using the computed

moments. In addition, the relative times (srel) required for

the hip and knee joints to reach their maximum angular

velocity during the swing phase were calculated as follows.

srel ¼ time of maximum angular velocity/ð
swing durationÞ � 100

The standard deviation (SD) of the relative timing measures

then was computed as a measure of timing variability.

The above measures were obtained only for the right leg

because only this leg’s motion was affected directly by the

exoskeleton, which contained encoders and force-moment

sensors. However, foot switches were applied to the toe and

heel of both feet. Foot switch data from both shoes were

used then to compute stance time, swing time, and interlimb

timing, or the time of left heel strike as a percentage of the

right foot’s stride cycle (heel strike to subsequent heel

strike). Because stance and swing times when expressed as

a percent of the gait cycle (i.e., stance ? swing) sum to

100%, only relative stance times were analyzed statistically.

Analysis

The area between the actual and prescribed footpaths

obtained from the baseline evaluation was compared

among the groups for initial differences using a one-way,

between-subjects analysis of variance (ANOVA).

Our hypothesis was that as a result of training, partici-

pants’ footpaths would match more closely the prescribed

footpath, leading to a reduction in the area computed

between the two. If so, the area was expected to be much

smaller after training than for the baseline test. To test this

expectation and investigate differences in the training

procedure, we conducted a group by session (baseline

versus IPT session) ANOVA on the area measure.

To evaluate whether and to what extent an observed gait

modification was maintained across the retention tests, and

whether it differed among the groups, we subtracted the

area measurement obtained at each post-training test ses-

sion from the baseline measure. This measure is referred to

in what follows as the relative area. If there was a sub-

stantial reduction in area between the actual and prescribed

footpaths after training, indicating improved performance,

then the relative area was expected to be large given the

expected poor match between actual and prescribed foot-

paths at baseline (i.e., large area). If there was no change

due to training, then the relative area should be close to

zero. Thus, a large relative area indicates a positive

training effect. The relative area was subjected to a mixed-

model ANOVA with group (three levels) as the between-

subjects factor and the post-training evaluations (three

levels) as the within-subjects factor. Our a priori hypothesis

was that the FFC ? VG group would show the largest and

longest lasting training effect. Thus, we also tested the

relative area of each group at the 2-h retention test for

differences from zero, which would reflect a return to

baseline performance.

A B

Fig. 3 Method involved in determining the area enclosed between

two curves. Solid curve is the actual footpath, while the dashed curve
is the desired footpath. See the section of ‘‘Data processing’’ for the

details of calculating this area
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Comparable ANOVAs were also used to test for base-

line differences in the joint angle measures, integrated joint

moments, joint srel measures, as well as the interlimb

measures and in differences of those measures between

baseline and the IPT session. The difference between each

post-training test and the baseline evaluation for joint angle

measures (DU = hpost-training - hbaseline), relative timing

(Dsrel), and the standard deviation of relative timing

(DSDsrel) were evaluated with mixed-model ANOVAs

(group by joint by direction by post-training session). The

change of moment for a given post-training evaluation

compared to the baseline was also investigated with a

mixed-model ANOVA, the dependent variable being the

ratio of the post-training to the baseline integrated joint

moments (DMint). A positive value of change indicates an

increase compared to baseline. A value greater than 1.0 for

DMint indicated that there was an increase in the joint

moment post training. Only if there were significant main

effects or interaction effects were post hoc tests used to

evaluate the source of the effect where appropriate.

One-way ANOVAs were performed on the interlimb

symmetry measures to investigate differences at the base-

line evaluation. Because a significant difference was

present for these variables only at the baseline test, the

baseline values were used as covariates to investigate dif-

ferences among the groups as a result of training

(ANCOVA).

Results

Area of the footpath

The area between participants’ footpaths and the prescribed

footpath, which was not shown to participants during any

of the test sessions, was relatively large at the baseline test

but did not differ among the FFC ? VG, FFC, and VG

groups (F2, 33 = 0.43, P [ 0.05; Table 2).

Subjects’ footpaths became closer to the prescribed

footpath, as evidenced by a significantly smaller area

between the two, immediately after training when com-

pared to the baseline test (F1, 33 = 44.1, P \ 0.01). Greater

approximation of the actual and prescribed footpaths was

found for all groups immediately after training, but the

magnitude of the difference was dependent on the group

(F2, 33 = 3.6, P \ 0.05), with a larger decrease in the area

between actual and prescribed footpaths observed for the

FFG ? VG (Fig. 4, IPT).

The areas between actual and prescribed footpaths for

the three post-training test sessions relative to the baseline

area are presented in Fig. 4. This relative area measure

differed significantly between the training groups

(F2, 33 = 4.8, P \ 0.05). Post hoc analyses indicated that

this difference was due to an overall larger relative area,

i.e., smaller difference between the actual and prescribed

footpath after training, for the FFC ? VG group compared

to either the FFC (P \ 0.01) or VG (P \ 0.05) group,

while there was no overall difference between the latter

groups (P [ 0.05). The magnitude of the training effect

decreased across the post-training test sessions (decreased

relative area) for all groups (F2, 66 = 24.0, P \ 0.01),

indicating a gradual washout of the training effect. The

group by session interaction did not reach significance

(F4, 66 = 1.4, P [ 0.05), however, indicating a relatively

similar decrease in training effect for all groups. None-

theless, the relative area for the FFC ? VG group was still

significantly different from zero (t11 = -2.7, P \ 0.05) at

the 2-h test, indicating an actual footpath that was closer to

the prescribed footpath than was the case at the baseline

test session. This was not the case for either the FFC

(t11 = -0.49, P [ 0.05) or VG (t11 = 0.001, P [ 0.05)

groups.

Joint angle measures

Adaptation of the subjects’ footpaths requires changes in

joint kinematics and kinetics. Here, we investigate kine-

matic changes related to the improved matching of sub-

jects’ footpaths to the prescribed footpath as a result of

training. Measures related to changes in step height and

step length were investigated separately. At the baseline

test session, none of the hip, knee, or ankle angular mea-

surements differed among the three training groups

(F2, 33 = 0.62, P [ 0.05; Table 2), nor was there an

interaction between group and angular measurement

(F4,8 = 0.44, P [ 0.05).

For the angular measures contributing to step height,

i.e., maximum hip and knee flexion during swing, there

was a significant group difference between the baseline and

IPT (F2, 33 = 5.7, P \ 0.01). Both hip flexion and knee

flexion decreased more for the FFC ? VG group following

training compared to the other groups, as evidenced by the

larger decrease from baseline values illustrated by the

negative values in Fig. 5. This reduction in step height was

related most to a reduction in maximum knee flexion

during swing (F1, 33 = 69.3, P \ 0.01), which decreased

more immediately post training for the FFC ? VG than the

other groups (F2, 33 = 3.9, P \ 0.05; Fig. 5). In contrast,

while the maximum hip flexion angle decreased overall

with training (F2, 33 = 12.8, P = 0.051), the effect of

group only approached significance (F2, 33 = 3.1,

P = 0.06). None of the angular measures related to step

length, i.e., hip extension or knee extension at heel strike,

showed a significant group difference (F2, 33 = 0.91,

P [ 0.05) or an interaction between group and test session

(F2, 33 = 1.2, P [ 0.05).
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The ankle position at toe-off provides an indication of

how much push-off occurs, which contributes to the energy

of swing. Therefore, we investigated changes in this angle

relative to the baseline test. Compared to the baseline test,

the ankle was found to be more dorsiflexed immediately

post training (F1, 2 = 61.2, P \ 0.01), and the amount of

decrease was larger for the FFC ? VG group (F2, 33 = 3.9,

P \ 0.05), as illustrated in Fig. 5.

We next considered the changes (DU values) relative to

the baseline measures across the three post-training test

sessions for those measures shown to change significantly

between baseline and IPT tests. Maximum hip flexion

gradually increased over the post-training sessions,

approaching the baseline condition (zero values of DU) by

the 2-h retention test (F2, 66 = 6.5, P \ 0.01). Although

this gradual increase in hip flexion across post-training

sessions was similar for all groups (F4, 66 = 1.1, P [ 0.05),

there was an overall group difference (F2, 33 = 3.3,

P = 0.05), with the FFC ? VG group having slightly less

maximum knee flexion than the other groups. Similar

results were obtained for both maximum knee flexion

and the ankle position at toe-off. The knee flexed more

during swing as subjects approached 2 h post training

(F2, 66 = 11.4, P \ 0.01), leading to a gradually increased

step height. The gradual decrease in this measure across

follow-up tests was not significantly different across groups

(F4, 66 = 0.89, P [ 0.05), although there was a significant

overall group difference when collapsing across the

post-test sessions (F2, 33 = 8.3, P \ 0.01). This resulted

from the FFC ? VG group having a larger overall reduc-

tion in knee flexion during the post-test sessions compared

to baseline (Fig. 5). The ankle angle gradually approached

the baseline angle at toe-off across the post-training test

sessions (F2, 66 = 10.4, P \ 0.01). However, there was no

interaction with group (F4, 66 = 0.85, P [ 0.05). As with

knee flexion, when collapsed across the post-training

retention tests, the FFC ? VG group exhibited a less

plantar flexed ankle position at toe-off compared to the

other groups (F2, 33 = 5.7, P \ 0.01; Fig. 5).

Integrated joint moment

Analysis of joint moments was limited to those most rel-

evant to observed changes in the angular measures fol-

lowing training, i.e., changes in the hip extension moment

used to limit hip flexion and the knee flexion moment

related to knee flexion. Ankle moments were not consid-

ered because a force transducer was unavailable to measure

them directly. There were no significant group differences

(F2, 33 = 0.27, P [ 0.05; Table 2) in the integrated joint

moments at the baseline test, nor was there an interaction

between joint and group (F2, 33 = 0.40, P [ 0.05).

The hip extensor moment increased for the FFG ? VG

group immediately after training, whereas it decreased for

the other two groups (F2, 33 = 4.9, P \ 0.05; Fig. 6). The

knee flexor moment was reduced overall at the IPT session

Table 2 Mean ± SD of baseline intralimb kinematic and kinetic variables

Testing variables FFC ? VG FFC VG P

Footpath area (cm2) 166.0 ± 57.9 145.8 ± 46.1 159.8 ± 59.4 P [ 0.05

Joint angles (deg) P [ 0.05

Maximum hip flexion 22.22 ± 2.69 22.09 ± 3.02 21.36 ± 3.31

Hip angle at heel strike 18.43 ± 3.62 18.29 ± 3.55 16.95 ± 2.58

Maximum knee flexion 57.28 ± 4.06 55.05 ± 3.99 56.71 ± 4.96

Knee angle at heel strike 6.66 ± 5.63 5.63 ± 4.03 3.83 ± 5.00

Ankle angle at toe-off -5.97 ± 7.09 -6.06 ± 4.76 -6.48 ± 6.82

Integrated joint moment (Nm-s) P [ 0.05

Hip extension 3.93 ± 0.89 3.75 ± 1.44 3.50 ± 0.49

Knee flexion 3.45 ± 0.71 3.48 ± 1.06 3.43 ± 0.87

Joint relative timing (%) P [ 0.05

Hip flexion 10.54 ± 5.7 14.0 ± 7.0 13.2 ± 6.1

Hip extension 84.28 ± 6.7 87.4 ± 5.6 85.1 ± 8.6

Knee flexion 3.96 ± 0.2 4.2 ± 0.6 4.3 ± 0.9

Knee extension 78.74 ± 8.5 77.5 ± 9.5 78.9 ± 8.6

Joint relative timing variability (%) P [ 0.05

Hip flexion 3.7 ± 1.97 4.5 ± 2.63 5.4 ± 4.79

Hip extension 4.4 ± 1.86 5.0 ± 3.65 5.2 ± 1.70

Knee flexion 0.2 ± 0.12 0.4 ± 0.54 0.4 ± 0.52

Knee extension 4.2 ± 1.41 4.0 ± 1.17 4.8 ± 1.30
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(F1, 33 = 9.3, P\ 0.01). Although this decrease was

quantitatively greater in the FFC and VG groups (Fig. 6),

the interaction of training method and group was not sig-

nificant (F2, 33 = 0.73, P [ 0.05).

For hip extension, DMint did not change significantly

across the post-training tests (F2, 66 = 0.57, P [ 0.05), nor

was there an interaction between post-training test session

and the training method (F4, 66 = 1.3, P [ 0.05). However,

there was a significant overall difference between the

groups following training (F2, 33 = 7.8, P \ 0.01), with the

FFG ? VG group maintaining a slight increase in hip

extensor moment (DMint [ 1.0), while the other two

groups maintained a decreased moment compared to the

baseline test (DMint \ 1.0; Fig. 6). The reduced knee

flexion moment following training, evidenced by

DMint \ 1.0, approached the baseline value across the

three post-training tests (F2, 66 = 11.1, P \ 0.01). How-

ever, surprisingly, this increase in DMint was not affected

significantly by the training method (F4, 66 = 0.69,

P [ 0.05), nor was there an overall difference among the

training groups (F2, 33 = 1.0, P [ 0.05).

Mean and variability of relative timing of maximum

joint velocity

Examination of the relative timing (srel) of the velocity of

hip and knee events during mid-swing revealed no training

group difference (F2, 33 = 0.30, P [ 0.05), nor were there

any interactions of either direction (flexion–extension) or

joint with group (all P [ 0.05). The same was true of

relative timing variability (SDsrel; F2, 33 = 1.0, P [ 0.05),
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with no significant interactions with group (all P [ 0.05;

Table 2).

There were no group differences of srel values imme-

diately post training compared to the baseline test

(F2, 33 = 0.59, P [ 0.05), nor were there any significant

interactions involving training group (all P [ 0.05). Con-

sequently, analyses of Dsrel across the post-training eval-

uations were not conducted.

A significant interaction of joint (hip vs. knee), direction

(flexion vs. extension), test session (baseline vs. IPT), and

training group was found for SDsrel (F2, 33 = 10.1,

P \ 0.05). Separate ANOVAs to examine simple interac-

tion effects revealed no significant interactions of any

variable with training group for relative timing variability

for knee velocity events (all P [ 0.05). In contrast, for hip

velocity events, SDsrel depended on the test session,

direction and group (F2, 33 = 5.6, P \ 0.01). This effect

was due to hip extension, the ANOVA indicating that

SDsrel was significantly higher after training for the

FFC ? VG group, whereas SDsrel for the FFC and VG

groups changed minimally following training. Thus, SDsrel

of peak hip extension velocity relative to its baseline value

(DSDsrel) was substantially greater than zero for the

FFC ? VG group (Fig. 7).

The overall group difference in DSDsrel for hip exten-

sion was maintained for post-training tests (F2, 33 = 5.7

P \ 0.01) and did not change significantly across the three

post-training tests (F4, 66 = 2.1, P [ 0.05), although there

was a trend for DSDsrel to decrease by the 2-h retention test

(Fig. 7).

Measures of interlimb symmetry

Relative stance time

Table 3 presents the average (±SD) stance time of each

limb relative to the gait cycle time. At the baseline eval-

uation, all groups exhibited a longer relative stance time on

the left than on the right leg (F1, 33 = 115.9, P \ 0.01).

Thus, wearing the exoskeleton induced a slight bilateral

gait asymmetry for all groups. Although there was no

overall group difference (F2, 33 = 0.89, P [ 0.05), there

was a group by leg interaction (F2, 33 = 3.6, P \ 0.05).

Despite identical performance conditions at baseline, the

FFC ? VG group exhibited a significantly larger interlimb

stance time difference than did the FFC group (P \ 0.05;

Table 3). The FFC ? VG and VG groups did not differ,

however, on this measure (P [ 0.05). Because of the initial

differences at baseline, we used the ratio of right–left

stance times as a covariate when investigating symmetry

differences post training.

The ANCOVA investigating post-training differences in

relative stance time between the legs revealed no signifi-

cant effect of training group (F2, 32 = 2.6, P [ 0.05). Nor

was there a significant interaction with between group, leg

and test session (F4, 64 = 0.55, P [ 0.05) or between group

and test session independent of leg (F4, 64 = 1.3,

P [ 0.05).

Relative timing of left and right leg

Table 4 presents the relative time of occurrence of the left

leg’s heel strike within the stride cycle of the right limb.

At the baseline evaluation, there was a significant differ-

ence among the three training groups (F2, 33 = 3.9,

P \ 0.05). This was due to a slightly later heel strike

for the FFC group compared to both the FFC ? VG
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direction, computed between each of the post-training tests and the

baseline test. Positive and negative values indicate increase and

decrease in joint relative timing variability compared to baseline,

respectively. FFC ? VG force-field constraint plus visual guidance,

FFC force-field constraint, VG visual guidance, IPT immediate post-

training, R1 retention 1, R2 retention 2. Error bars represent SEM

Table 3 Mean ± SD of right and left leg relative stance times

(stance time/gait cycle time 9 100)

Training phase Leg FFC ? VG FFC VG

Baseline Left 65.9 ± 2.2 63.7 ± 1.5 65.3 ± 2.8

Right 60.8 ± 1.8 61.0 ± 2.4 61.0 ± 2.9

Immediate post-training Left 66.5 ± 1.8 64.9 ± 2.3 66.3 ± 2.4

Right 61.2 ± 2.7 61.3 ± 2.1 62.3 ± 2.8

Retention 1 Left 66.0 ± 1.9 64.4 ± 2.2 65.9 ± 2.7

Right 61.6 ± 2.4 61.0 ± 1.8 62.2 ± 2.7

Retention 2 Left 66.5 ± 2.0 64.0 ± 2.0 65.7 ± 2.9

Right 61.3 ± 2.1 61.0 ± 2.1 61.6 ± 2.7
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(P \ 0.05) and VG (P \ 0.05) groups, which did not differ

from each other (P [ 0.05).

When controlling for the baseline differences in inter-

limb relative timing, no differences were found among the

training groups (F2, 32 = 0.49, P [ 0.05) across post-

training tests, and no significant interaction of test session

with group (F4, 64 = 0.57, P [ 0.05).

Discussion

The current investigation revealed that short-term gait

modifications lasting up to 2 h could be induced in healthy

individuals. These modifications were achieved by sub-

jects’ conscious effort to match a prescribed gait pattern.

Providing subjects with visual information about the mis-

match between the prescribed footpath and their actual

footpath was sufficient to induce an immediate, short-

lasting change of their gait pattern. Previous studies have

shown that sensory inputs, including real-time visual

feedback, can serve to promote desired gait changes in

individuals recovering from a stroke (Morris et al. 1992;

Colborne et al. 1993). In contrast, more basic studies have

reported a limited effect of real-time visual feedback on

adaptation to a novel dynamic task (Tong et al. 2002;

Scheidt et al. 2005; Franklin et al. 2007). Nonetheless, real-

time visual information may be important to fine-tune

targeting movements (Franklin et al. 2007). However, in

those studies, the target of the reaching behavior was

present at all times, whereas in our study, no information

was provided about the target (the prescribed footpath)

during the baseline and post-training evaluations.

Providing kinetic information via a compliant force field

that indicated to subjects that their footpath was deviating

from the prescribed path (FFC group) led to a similar

immediate post-training gait modification as did visual

guidance alone (VG group). Although the FFC group

received a very brief period of vision of their footpath

relative to the prescribed path to provide them with basic

information about the required task, this amounted to only

2.5% of the total treadmill training time (i.e., 1.5 min of the

total 60 min). Thus, the training of this group was quite

different from the FFC ? VG group. Neither visual guid-

ance alone nor primarily kinetic guidance led to a gait

modification that lasted beyond the 10-min retention test,

however. We cannot rule out that the FFC group, in par-

ticular, made other gait adaptations as a result of the

unusual force applied to their leg even though this was not

reflected in their footpath modification. The very brief

visual information provided to this group about their

footpaths and the prescribed footpath was an attempt to

limit unrelated adaptations, however.

In contrast, the group receiving a combination of visual

and kinetic guidance showed the largest change in their

footpath from the baseline, and this group maintained their

modified gait pattern to some extent for up to 2 h after

performing over ground, everyday activities following

training. Thus, at least in the context of this study, a

combination of visual and kinetic guidance appears supe-

rior to either modality alone for achieving a desired change

of a person’s gait pattern. Although this study was per-

formed in healthy subjects and the effect diminished by 2 h

after training, the results suggest a possible avenue for

enhancing gait retraining in persons following a stroke and

possibly other central neurological disorders. We empha-

size that all testing conditions in the current study were

identical for all groups, with no information provided to

participants about their footpath, the prescribed footpath

used during training, nor any kinetic guidance. In addition,

participants were instructed to walk as normally as possible

during these evaluation sessions.

Kinematic and kinetic changes underlying the gait

modifications

Joint kinematics

Kinematic changes underlying changes in subjects’ foot-

paths were primarily related to events reducing the step

height. All subjects exhibited a decrease in knee flexion

during swing, with the greatest decrease immediately after

training occurring in the FFC ? VG group. These differ-

ences from baseline were still present to some extent by the

2-h retention test, particularly in the FFC ? VG group

(Fig. 5). This group also exhibited a decrease in hip flexion

immediately after training, which was not the case for the

other two groups. In contrast, angular changes most related

to step length did not change significantly for any training

group. This was likely due to the fact that required changes

in step height (40% reduction) were substantially greater

than the reduction in step length (10%) indicated by the

prescribed footpath. Thus, subjects apparently focused

most on the dimension that required the most change. This

difference may also reflect a perceptual limit, i.e., that the

amount of required change needs to exceed a particular

value before subjects become sensitive to it, although the

current results are not adequate to support this possibility.

Table 4 Mean ± SD of percent of right stride (heel strike to heel

strike) where left heel strike occurred

Training phase FFC ? VG FFC VG

Baseline 47.10 ± 3.23 49.57 ± 1.04 47.38 ± 2.26

Immediate post-training 47.61 ± 1.65 48.81 ± 1.44 47.76 ± 2.23

Retention 1 47.76 ± 1.68 48.85 ± 1.24 47.90 ± 1.80

Retention 2 47.75 ± 2.00 48.24 ± 1.32 47.82 ± 2.00
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We also examined changes in the ankle position at toe-

off. One expects the ankle to be plantar flexed immediately

after toe-off as a consequence of the propulsive force of the

triceps surae, providing the initial energy for swing. With

the requirement to reduce step height and length, it was

reasonable to expect that there would be a reduction in this

propulsive force and, consequently, a more dorsiflexed

ankle at toe-off. Indeed, the results confirmed this

hypothesis. All training methods led to a reduction in the

amount of plantar flexion at toe-off. However, the greatest

effects were, once again, in the FFC ? VG group, with the

ankle actually being dorsiflexed at toe-off, determined by

foot switch events, for up to 10 min post training (cf.

Table 2; Fig. 5). The ankle angle deviated from baseline in

this group up to 2 h post training, and this tended to be the

case for the FFC group as well.

The fact that the FFC ? VG group exhibited both less

ankle plantar flexion at toe-off and a smaller maximum

knee flexion during swing compared to the baseline test

that lasted up to 2 h post training seems remarkable. This is

particularly the case given the typical stability of normal

gait patterns in healthy young adults and the fact that the

subjects performed their normal activities between the

10-min post-training test and the 2-h test. Of course to

adapt the gait pattern to the scaled-down version used in

this study, a decreased range of joint motion was required.

Joint kinetics

The gait modification was associated with small changes in

the integrated knee and hip joint moments. No significant

changes were found in either hip flexion or knee extension

moments related to the training method. The hip extension

moment changed in the opposite direction for the

FFG ? VG group compared to the other two groups. The

increased hip extension moment could have two effects on

limb kinematics. First, it would tend to reduce the maxi-

mum hip flexion achieved during swing. Only this group

showed such a change after training (Fig. 5). In addition,

reducing the momentum of the thigh would induce less

acceleration of the knee into flexion (Goldberg et al. 2009).

The contributions of the stance limb are likely also

important in this regard (Arnold et al. 2007), although we

had no way to directly measure these in the current study.

This group exhibited a greater decrease in knee flexion

after training than did the other groups.

Interestingly, the integrated knee flexion moment was

reduced after training and, although this reduction was not

affected by the training method, the magnitude of the

reduction was quantitatively greater in the FFC and, to a

lesser extent, the VG group, than the FFC ? VG group.

The combined results of the hip extension and knee flexion

moments may suggest a different strategy used by the

FFC ? VG group compared to the other groups. That is,

the FFC ? VG group apparently tried to alter both hip and

knee flexion by altering hip kinetics, which led to greater

success in adopting the prescribed footpath.

Changes in the relative timing of joint motion

Although there no changes occurred in the relative timing

of joint motions with training, changes in relative timing

variability did occur that differed among the training

methods. Once again, this was primarily related to the hip.

The most substantial change in the relative timing of

occurrence of joint velocities was for hip extension. Timing

variability increased for the FFC ? VG group following

training. This increased variability was reduced quantita-

tively throughout the post-training test sessions but was

maintained up to the 2-h test. In contrast, a similar change

in joint timing variability was not present in either of the

other groups. This result might reflect subjects in the

FFC ? VG group attempting to modulate their hip kinetics

in light of changes in other joints to achieve the reduction

in hip and knee flexion required to decrease their step

height. In any case, the result is consistent with the greater

changes in the hip extensor moment exhibited by this

group.

Interlimb symmetry

Relative stance time

Because all subjects wore an exoskeleton on their right legs

during testing, whether or not they received force feedback

during training, changes in the gait symmetry could be

expected. We evaluated whether these changes were

present and whether they differed among the groups. All

groups exhibited relative stance time asymmetries as a

result of being in the device, relative stance times being

longer on the left versus right legs. The magnitude of these

interlimb differences at the baseline test was larger for the

FFC ? VG and VG groups than for the FFC group.

However, when controlling for the baseline differences, the

effect of training did not lead to additional differences

between the training methods or interactions of other fac-

tors with training method.

Interlimb relative timing

We also examined the relative timing of the left leg’s heel

strike within the stride time of the right limb. Once again,

there were group differences at baseline, with the

FFC ? VG and VG groups having slightly shorter relative

times of contact with the left leg, but when controlling for

this difference, we found no differences among the training
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methods as a result of training. Thus, the results for relative

stance time and relative interlimb timing indicate that

wearing the exoskeleton did induce a gait asymmetry, but

this did not appear to have an impact on the training itself.

Possible neural mechanisms underlying gait pattern

modifications

What might account for the ability of healthy individuals to

modify their gait to match an altered pattern following only

1 h of training? The cerebellum is known to be involved in

short-term motor adaptation of arm movements to unusual

force fields (Shadmehr and Krakauer 2008). Impaired

adaptation of interlimb coordination has been reported in

cats with cerebellar damage (Yanagihara and Kondo 1996).

People with cerebellar lesions also have been shown to

have limited interlimb adaptation during split-belt treadmill

walking (Morton and Bastian 2006). These authors have

suggested that the midline cerebellum, i.e., spinocerebel-

lum, which projects to the brainstem, might be an impor-

tant structure for normal gait adaptation (Morton and

Bastian 2003, 2006; Reisman et al. 2005). The dorsal spi-

nocerebellar tract, which provides proprioceptive inputs to

spinocerebellum, is also known to be related to postural

control and limb movement (Bosco et al. 1996; Bosco and

Poppele 1997). Studies of dorsal spinocerebellar tract

neurons suggest that neurons contributing to the ascending

tract may carry information related to sensing and/or

modulating the position and orientation of the limb in space

(Bosco et al. 2000; Bosco and Poppele 2003). The cere-

bellum, especially the spinocerebellum, might be respon-

sible for fine-tuning proprioceptive sensory inputs from

dorsal spinocerebellar tract. Thus, cerebellar short-term

plasticity may play a role in the gait modification exhibited

by the persons in our study. However, as discussed in the

following paragraphs, the short-term ‘‘learning’’ exhibited

by our participants differs in important ways from the

effects identified in recent motor adaptation studies.

Training method

In the current study, motor learning principles guided the

selection of practice parameters. Participants in the

FFC ? VG group were constrained to walk while keeping

their foot close to the prescribed footpath, while the

strength of the force-field constraint was varied throughout

practice. The strongest constraint was applied at the

beginning of training to help the participant adjust his/her

gait pattern to the altered pattern. Increasing the width of

the virtual tunnel walls and reducing the wall stiffness

across training gradually reduced the level of the con-

straint. The participant was encouraged to challenge him-

self/herself to match the prescribed trajectory. This

approach is different from many current robot-assisted

methods of gait retraining applied to help persons with

neurological disorders. Those approaches typically move

the patient’s limb passively through a preset trajectory

during walking (Colombo et al. 2000; Hesse and

Uhlenbrock 2000; Husemann et al. 2007; Mayr et al. 2007).

In their recent research report, Ivanenko et al. (2009),

however, emphasize the importance of patient involvement

in correcting limb patterns for more effective rehabilita-

tion. Optimal effectiveness of our gait-retraining paradigm

in persons with neurological disorders will require the

exploration of additional training factors, however. For

example, further manipulation of learning parameters could

be used to help enhance the gait changes obtained here,

including the manipulation of the frequency of feedback

and visual guidance. More work is clearly needed to

determine the optimal parameters for training, including

the width and stiffness of the applied virtual tunnel walls

and how to progress it.

Evidence from studies of motor learning indicates that

effective learning requires both the provision of a model of

performance and appropriate feedback during training

(Schmidt 1988; Winstein 1991). Although various feed-

back modes have been used to facilitate functional recov-

ery of the upper limb after a stroke, little is known about

what feedback mode is most beneficial for recovery of

walking. Visual feedback of the sagittal plane footpath was

used in the current study. The relative motion of lower

extremity joint angles can also be used to help people

improve their gait pattern. However, a body of literature

suggests that movements typically are planned in terms of

task-level variables rather than individual effector (joint)

variables (Morasso 1981; Scholz et al. 2000; Latash et al.

2007), which is why we chose to provide visual feedback in

terms of the sagittal plane end-point footpath in this initial

study. Moreover, the studies of Bosco et al. (Bosco et al.

2000) indicate that the proprioceptive feedback received by

the brain via dorsal spinocerebellar tract neurons may be

related more to overall limb length and orientation than to

individual joint angles. Other investigators have suggested

that training using end-point trajectory feedback might be

more effective for recovery of locomotion after spinal cord

injury than attempting to train specific patterns of muscle

activity (Grasso et al. 2004; Ivanenko et al. 2009).

Although several different methods of RAGT have been

presented for gait training (Hesse and Uhlenbrock 2000;

Tong et al. 2006; Husemann et al. 2007; Mayr et al. 2007;

Pohl et al. 2007; Hornby et al. 2008), the end-point tra-

jectory control mechanism, to our knowledge, has not.

Participants were required to visually track a desired, albeit

atypical, footpath facilitated by applying compliant forces

to the hip and knee joints. The concept of our training

approach is supported by a recent animal study (Cai et al.

Exp Brain Res (2010) 202:809–824 821
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2006) in which adult spinal mice trained with compliant

force field along a desired limb trajectory improved their

stepping abilities. Moreover, the results of that study

showed that providing error-correction mechanisms during

stepping training facilitated learning a prescribed pattern.

Do the results reflect motor adaptation?

Based on the results of this study for the FFC ? VG group

in particular, it is difficult to conclude that the persistent,

albeit diminished footpath modification observed at 2 h

post training was a purely conscious effect in light of the

testing instructions. Certainly, the training procedure itself

involved more explicit than implicit learning principles,

especially for the FFC ? VG and VG groups. Nonetheless,

the result of the training ultimately appeared to be

‘‘unconscious’’ because participants in the FFC ? VG

group at least maintained some gait modification at the

final retention test when instructed to walk as normally as

possible, following two hours of everyday activities

away from the lab. How should this modification be

characterized?

Learning is reflected by a relatively long-term change of

behavior (Schmidt 1988). Thus, the results cannot be

considered learning in a strict sense because it is unlikely

that the effect would have persisted much longer than 2 h.

Instead, the changes observed might best be characterized

as a form of adaptation, a phenomenon related to learning

but of relatively short duration. The presence of aftereffects

has become a benchmark that most investigators expect

in order to accept that motor adaptation has occurred

(Shadmehr and Mussa-Ivaldi 1994; Kagerer et al. 1997;

Shadmehr and Moussavi 2000; Buch et al. 2003; Krakauer

et al. 2005; Scheidt et al. 2005). Aftereffects in the current

study would have been reflected by a longer step length and

higher step height immediately at the IPT test compared to

the baseline test. However, this was not the case. Instead,

all participants exhibited a footpath more or less consistent

with the prescribed footpath and the FFC ? VG group

maintained this modified gait pattern for up to 2 h post

training. If aftereffects are the sine qua non of motor

adaptation, then the gait modifications observed in this

study represent a different type of short-term ‘‘learning’’.

The form of short-term ‘‘learning’’ observed in the

current study may be more important than that observed in

typical adaptation studies. Indeed, those studies typically

have applied an artificial environmental perturbation

(Shadmehr and Mussa-Ivaldi 1994; Kagerer et al. 1997;

Shadmehr and Moussavi 2000; Buch et al. 2003; Krakauer

et al. 2005; Scheidt et al. 2005) in an attempt to explore

adaptation. Generally, however, there is no attempt to

induce a lasting change in subjects’ movement patterns,

although the aftereffect paradigm is currently being

explored as a possible method to improve gait patterns in

stroke survivors indirectly (Patton et al. 2006; Reisman

et al. 2007). The current paradigm requires a person’s

conscious attempt to adopt the prescribed pattern. The

perturbation provided for the most successful training

method, FFC ? VG, was a mismatch between the actual

footpath and the desired footpath, specified to the learner

by visual information, as well as the presence of a com-

pliant restoring force encountered when deviating exces-

sively from the desired pattern. For all groups, and

especially the FFC group, a perturbation occurred in the

initial phases of training as they attempted to produce their

normal foot trajectory but encountered a compliant force

tending to drive them toward the prescribed trajectory. One

can conjecture that if the FFC group had received no visual

guidance and were told to walk in their preferred manner,

an aftereffect might have occurred, i.e., if they had fought

the perturbing force. Thus, whether or not an aftereffect

occurs is likely due to the nature of the instructions and,

therefore, the subject’s intention. Of course, we did not

intend to induce permanent changes in subjects’ gait pat-

tern in the current study of healthy individuals. Instead, the

study served as a ‘‘proof of concept’’ for possible longer-

term application to enhance the gait pattern of persons with

gait impairments following a stroke. The results suggest

that this is a promising direction. Ultimately, however,

future scientific investigations will have to determine if this

approach, engaging the subject’s intention to change their

pattern, proves more or less effective than one that uses

unintentional aftereffects to induce desired gait changes.

Conclusion

Results of this study showed that healthy young partici-

pants modified their footpaths to a prescribed, scaled-down

footpath after training. Participants who trained with the

combination of compliant force-field constraints on their

ankle movement and visual guidance retained the gait

adaptation for longer than did those trained with repetitive

walking using visual guidance or primarily force-field

constraints. The differences appeared to be due to greater

changes in hip joint kinetics and kinematics in the

FFC ? VG group. These results might suggest that mul-

tiple modes of guidance allow better adaptation to a new

gait pattern than information provided by one channel

(vision or kinetic guidance). The results provide a basis for

investigating the application of this method for the

retraining of gait in persons following stroke and possibly

other neurological disorders. Obviously, the patient’s gait

pattern would have to be morphed gradually toward a more

normal pattern and yet be different enough from their

current pattern to challenge the stroke survivor’s walking

822 Exp Brain Res (2010) 202:809–824

123



and encourage increased joint excursion. It is also critical,

of course, to be able to show that gait adaptations can be

maintained more permanently. We have recently initiated

such a study in persons with a stroke that compares RAGT

training to body weight-supported treadmill training.
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