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Abstract—Robotic devices are bein g d eveloped t o aut omate
repetitive aspects of walking retraining after neurological inju-
ries, in part becau se they mig ht imp rove th e co nsistency and
quality of training. However, it is unclear how inconsistent man-
ual training act ually is or w hether steppi ng qu ality depend s
strongly on the trainers’ manual skill. The objective of this study
was to quant ify trainer variabi lity of manual ski ll du ring step
training usi ng b ody-weight su pport o n a treadmi ll and  assess
factors of trainer skill. We attached a sensorized orthosis to one
leg of each patie nt with spinal cord injury and me asured the
shank kinematics and forces exerted by different trainers during
six tra ining se ssions. An expe rt trainer rated th e trainers’ skill
level based on videotape recordings. Between-trainer force vari-
ability was su bstantial, abo ut two ti mes greater t han with in-
trainer v ariability. T rainer skill rating correlated  strongly with
two gait features: better knee extension during stance and fewer
episodes of toe dragging. Be tter kn ee e xtension c orrelated
directly with larger knee horizontal assistance forc e, but better
toe clearance did not correlate with larger ankle push-up force ;
rather, it  correlated wi th b etter knee an d hi p extensi on. These
results are useful to inform robotic gait-training design.

Key words: automation of therapy, locomotor training, neuro-
motor rehabilitation, physical therapy, quality of life, rehabili-
tation engi neering, reh abilitation robotics, spi nal co rd injury,
training consistency, walking impairment.

INTRODUCTION

Step training using manual assistance with body-weight
support (BWS) on a tread mill (BWST) ( Figure 1(a )) can

help people with neurological injuries, such  as s troke and
spinal cord injury (SCI), improve their wal king ability [1–
6]. However, such training can be labor intensive, involving
up to four experienced  trainers . Partly in response to the
labor-intensive nature of the training, comm ercial rob otic
devices, including the Gait Trainer GT I (Reha-Stim; Berlin,
Germany) [7], the Lokomat (Hocoma Inc; Rockland, Mas-
sachusetts) [8], and the  AutoAmbulator (HealthSouth; Bir-
mingham, Alabama) have been dev eloped and  are being
used for step training in many clinical centers. Training with
these devices has been found  to benefit patients [9–12], but
in some cases to  a les ser extent than tra ining with human
trainers [13–14]. Thus, the benefits of robotic-assisted gait
training relativ e to human -assisted training appear to be
incompletely unrealized at this time, suggesting  th at gait-
training robotic design requires ongoing revision.

Abbreviations: BWS = body -weight support, BWST = BWS
on a treadmill, CI = confidence interval, CV = coe fficient of
variation, RMS = ro ot-mean-square, RM S-SD = R MS of th e
standard deviation, ROM = range of motion, SCI = spinal cord
injury, SD = standard deviation, UCLA = University of Cal i-
fornia at Los Angeles.
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Besides reducing labor, an often-used justification for
automating gait trainin g is that robots could  make the
training more consistent. However, it is currently unknown
how inconsistent manual therapy actually is. It may be that
trainers can learn to apply consistent patterns of force with
only a small amount of training experience, in which case
this is not a vali d rationale for robotic devices. A related
rationale for robotic gait training is that robots might  be
able to act  like the most skilled of trainers, improving
access to high-quality gait training. However, it is unclear
how sensitive the elicitation of desirable gait patterns is to
training skill. Again, it may be that trainers exhibit a com-
parable, ef ficacious level of skill given a reasonable
amount of training ex perience. In this case, a robotic
device would again not be a significant improvement over
a reasonably experienced trainer.

Therefore, the purpose of this study was to quantify
between-trainer variabilit y in  step traini ng with BWST.
In addition, we sought to determine whether perceived
skill varies greatly between trainers, and if so, to identify
the biomechanical correlates that account for this percep-
tion of skill. For this purpos e, we developed an orthosis
that measured the force s and motions applied by human
trainers to the patient’ s lower-leg shank during BWST
sessions with four patients with SCI. We used the ortho-
sis to quantify bet ween- and within-trainer repeatability
of manual a ssistance forc es. We also a nalyzed re lation-
ships between trainer skill ratin g, trainer forces, and key
kinematic outcomes during different phase s of the gait
cycle. A redu ced version of this work was published in
two previous conference papers [15–16].

METHODS

Experimental Setup
Patients with SCI walked on a treadmill with a fraction

of their weigh t unloaded from a pneumatic overhead sup-
port as three trainers assisted movement of the legs and
hips (Figure 1(a)). We attached an orthosis with sensors to
one of t he legs (Figure 1(b)). This orthosis was a refined
version of a p revious two-ha nd sensor sy stem th at con-
sisted of two 6-axis force-torque sensors attached to a cus-
tom orthopedic splint [17]. We extended it with a 6-degree-
of-freedom linkage (Microscribe articulated-arm digitizer,
Immersion Corp; San Jose, Cali fornia) that measured the
position and orientatio n of the patient’s shank and  devel-
oped braces that simulated th e trainer ’s handholds on the
knee and ankle ( Figure 1(b)). We will refer to the forces

applied to the upper handle as “forces on the knee” and to
the lower handle as  “forces on the ankle.” Although these
forces can be transformed into a single force and moment
pair acting on the shank, we will work with and report the
forces on the knee and ankle because they provide direct
insight into the bimanual force pattern of the trainers.

Figure 1.
Experimental setup. (a) Step tr aining using body- weight support on
treadmill with sensorized orthosis measuring shank motion and forces
applied by trainer to patient’s right leg. (b) Close-up view of sensor
setup that measures motion and forces applied by trainers attached  to
right leg of nondisabled person.
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Experimental Protocol for Patients with Spinal Cord 
Injury and Trainers

We performed six experiments with both experienced
and novice trainers an d with four patients with chronic,
incomplete SCI. T he lead trainer c hose the trea dmill
speed and BWS and ke pt the m consta nt for the experi-
mental session. The trainer adjusted the speed to be com-
fortable for the patient, within the range of normal
walking speeds, and adjusted the BWS to maximize limb
loading without creating st ance-phase kne e buckling.
Figure 2(a ) illustrates the experi mental sequence: the
patient took about 22 steps with assistance from the train-
ers, the patient and trainers re sted for a t least half a
minute, an d then they st arted gait training again. After
three such bouts, the trainers  changed positions so t hat a
different trainer assisted the sensorized leg. In the experi-
ment s hown in  Figure 2 (a), three di fferent trainers
rotated to assist the patient. In other experiments, four or
five trainers rotated assistive positions. Figure 2(b) illus-
trates the pattern of forces and motions measured by the
sensor system as the trainers assisted.

Table 1  s ummarizes the  experiments  that we  per-
formed for the study and the patients’ characteristics. Six
experienced and les s-experienced trainers p articipated
in six experimental sess ions. The  traine rs range d from
10 years of ga it-training sessions several times per week
to only four 30-minute sessions of experience; these less-
experienced traine rs had also partic ipated in  a 2 -hour
training program that involved practice with nondisabled
subjects. A total of four patients with SCI participated in
the e xperiments. T wo o f t hese pat ients participated in
two sessions each, and we measured the ass istance pat-
tern of a dif ferent leg on each occasion. There fore, we
measured a total of six legs, and we will refer to these as
the six experiments. For the se six experiments, we had a
total of 24 trainer/patient dyads to analyze, where a dyad
is defined as a unique pairing of a specific trainer and a
specific leg.

Data Analysis

Trainer Skill Rating
For the six experiments, one of the more experienced

trainers who had both participated in the experiments and
trained the less-experienced trainers served as a rater. She
viewed the videotapes of the training se ssions, sc oring
each trainer ’s performance in  eliciting stepping in each

bout on a scale from 0.0 to 10.0, where 0.0  = poor and
10.0 = excellent. T his trainer had 3 years of intensive
step-training experience at the University of California at
Los Angeles (UCLA) Locomotion Laboratory (Los Ange-
les, California). She did not rate several bouts in which
the view was obstructed on the videotape, but did rate at

Figure 2.
Raw dat a il lustrating e xperimental protocol. (a) Forces applied in
horizontal (blue) and vertical (re d) directions to knee by three
different trainers dur ing 11 minutes  of locomotor training with on e
patient at  2 mph. Pat ient’s impairment c lassification wa s American
Spinal Injury Association level D. Patient stepped for three b outs of
20 to  30 steps for each  of thr ee trainers. (b) Example of knee and
ankle trajectories and assistance force vectors of representative step of
same patient. Treadmill was moving from right to left at 2 mph. Force
vectors: 1 N = 1 mm.
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least one bout for all trainer/patient dyads. For each
trainer/patient dyad, we averaged th e ra tings a cross th e
total number of st epping bouts. For each  bout, the  rater
also commented on what she perceived the trainers were
doing well or poorly. Beyond this subjective analysis, we
blinded t he rater to t he data analysis. In the  rest of the
article, we refer to this rating as “trainer skill rating.”

Force and Kinematic Data
We recorded the sagittal plane force a t 1,000 Hz and

the kinematic data at 500 Hz and extracted key variables of
interest from this data. For each bout, the treadmill belt took
about three patient steps to accelerate to the tar get speed;
these steps were not analyzed, leaving ab out 54 steps fo r
each trainer/patient dyad, ge nerated in th ree bouts of an
average of 18 steps. For one of the 24 trainer/patient dyads,
only on e bo ut was performed; for three d yads, just two
bouts were performed.

We obtained velocity and acceleration of the orthosis
by differencing and smooth ing w ith a ze ro-phase low -
pass filter consisting of a single-pole recursive filter with
a cut-off frequency of 10 Hz cascaded four times forward
and backward.

We time-normalized data by first determining init ial
foot c ontact for ea ch step using the time of ma ximum
ankle vertical acceleration (caused by impac t of the foot
with the ground) at the end of swing. We then expressed
time as a percentage of the stride duration. A step began
at initial foot contact (0% of the gait cycle) and ended at
foot con tact of t he sub sequent step (1 00% of th e g ait
cycle). We averaged force and kinematic data and calcu-

lated their standard deviatio n (SD) a cross steps eve ry
1 percent of the stride.

We estimated shank angle and knee and ankle posi-
tions from the orthosis kinematic measurements . We cal-
culated toe position in earl y swing (used for estimating
toe dragging) using the ankle angle at early swing meas-
ured from the videotape of each subject.

Measures
For the manual force data, we focused on the force at

two key time periods during the gait cycle. We defined
the knee extension force as the force applied in the back-
ward, horizontal direction against the knee during mid-
stance, defined as 10 to 30 percent of the stride. W e
defined the ankle push-up force as the force applied in the
vertical direction to the lower shank at the ankle during
the initial 15 percent of swing. We defined the beginning
of swing as the time when  the ankle horizontal position
reached its  minimum. W e se lected the se two me asures,
knee extension force and ankle push-up force, because
they capture manual assistance that is related to two criti-
cal aspects of the gait cycle dif ficult for people with gait
impairment after SCI to achieve on their own: adequate
knee-extension during stance and adequate toe clearance
during swing. Note that we chose the coordinate frame for
describing the se force s such tha t bac kward forces are
negative and upward forces are positive.

For the kinematics data, we quantified knee extension
using the angle of the shank with respect to the horizontal
during midstance (10%–30% of th e stride). To quantify a
variable related to toe drag ging, we measu red mean to e
height in the initial 15 percent of swing, when the risk of

Table 1.
Experiment parameters and patient characteristics.

Experiment Patient Age (yr) Injury Grade Time Since 
Injury (yr)

Level of 
Injury

Body 
Weight 

(kg)

BWS
(%)

Treadmill 
Speed (m/s)

No. of 
Trainers

SCI-D1 1 62 ASIA C 18 C7 76 29 0.80 3
SCI-CD1 2 (left leg) 36 ASIA C and D* 5 C4 (sensory) 

C6 (motor)
92 66 0.85 5

SCI-CD2 2 (right leg) 36 ASIA C and D* 5 C4 (sensory) 
C6 (motor)

92 53 0.85 3

SCI-B1 3 44 ASIA B 3 C5–C6 72 75 0.89 5
SCI-B2 4 (left leg) 24 ASIA B 3 C7 94 71 0.80 4
SCI-B3 4 (right leg) 24 ASIA B 3 C7 94 67 0.76 4
Note: Grade according to ASIA impairment scale.
*Subject classified as unsure between ASIA C and ASIA D.
ASIA = American Spinal Injury Association, BWS = body-weight support, C = cervical.
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toe dragging was highest. We obtained the horizontal knee
position range of motion (ROM) by subtracting the mini-
mum from the maximum mean horizontal knee position.

We ca lculated the be tween-step (i.e., within-tra iner)
variability of key measures over the portions of interest of
the stride, using the root-mean-square (RMS) of the SD
(RMS-SD) [18]. We used this measure to estimate the
between-step variability of kne e extension  force, ankle
push-up force, shan k a ngle during mi dstance, and  to e
height du ring early swing . Sp ecifically, we considered a
walking bout with n steps, eac h step cycle with 100 sam-
ples (1%–100% of the gait cycle as explained earlier). For
each of the 100 points, we fi rst calculated the SD across
n steps. Then, to obtain an average of the variability over
10 to 30 perce nt of the gait cycle (in the case  of the knee
extension force  measure), we calculated the RMS-SDs
over samples 11 to 30 percen t. Th is proc ess yields the
square root of the arithmetic mean of the variance, aver-
aged across samples of the relevant period of the gait cycle.

We determined a  coef ficient of variation (CV) to
assay between-step variability of dif ferent measures. We
defined the CV as the ratio of the RMS-SD and the mean
of the absolute va lues of the means o ver th e selected
stride portion [19].

We calculated the between-trainer variability of key
measures by ta king the SD of the measure of interest
across the trainer-leg dyads of each experiment. We then
averaged the SDs a cross all six experiments, once again
using the RMS operation.

Statistical Analysis
As an assessment of whether different trainers assisted

differently for the s ame patient, we calculated 95 per cent
confidence intervals (CIs) for each measure, then used the
intervals to identify signific ant differences be tween tw o
different trainers for the same leg in the same experimental
session (Figure 3). We obtained the CIs for the interstride
SDs at eac h 1 perce nt stride interva l by using the  one-
sample chi-square statist ic and the CIs for the RMS-SDs
by averaging the upper and lower bounds of the SDs’ CIs.
We obtained the CIs for the CVs by dividing the bounds of
the RMS-SDs’ CIs by the means. For each experiment, we
then checked whether the parameters for each possible pair
of two different trainers assisting on the same leg were sig-
nificantly dif ferent by finding  out, pairwise, whether the
95 percent CIs ov erlapped. The number of possible pair-
wise comparisons across all six experiments was 38, since
an experiment with n trainers gave rise to (n – 1)! possible

pairwise comparisons. Specifically, we had 2 experiments
with 5 trainers, each one giving rise to 4  + 3 + 2 + 1 = 10
possible pairwise comparisons; 2 experiments with 4 train-
ers, each one giving rise to 3 + 2 + 1 = 6 possible pairwise
comparisons; and 2 experiment s with 3 trainers, each one
giving rise to  2 + 1 = 3  possible pairwise comparisons. If
the number of comparisons that showed significant differ-
ences was high, we took this to indicate that the differences
between trainers were lar ge enough and that the experi-
ment had a large enough sample size (number of steps) to
allow us to infer that dif ferent parameters were consis-
tently different from each other for different trainers.

Within each experiment , we tested for correlat ions of
the different parameters with trainer ratings and among the
parameters (e.g., Figure 3), obtaining the p-value of each
correlation. The sample size of each experiment was small
(between 3 and 5  trainers in each ex periment), bu t we

Figure 3.
Example of statistical analyses. Plot shows knee extension force during
midstance for each trainer versus trainer skill rating in training session
for leg of patie nt with spinal cord injury. From data  such as these, we
calculated c orrelation coef ficient and significan ce of correlation.
Triangles denote confidence inte rvals a t p < 0.05 for mean s of knee
extension force (fy, knee) for each trainer (for three bouts of 20–30 steps
each). We noted significant differences between pairs of trainers when
such confidence intervals did not overlap.
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gained statistical power by using the S touffer method to
calculate a combined p-value that aggregated the evidence
from all experiments [20 ]. Among the many methods that
have been  dev eloped to  combine the p-values from dif-
ferent ex periments, th e S touffer method  was the most
appropriate for our d ata because it eq ually emphasizes all
sizes of p-values [20] and combines a series of outcomes
that can go in positive and negative directions so that rela-
tive evidence in one direction cancels relative evidence in
the other direction [21]. The p-values are one-tailed, as
recommended in the literature when p-values ar e to be
combined (e.g., Whitlock [2 2]), and because it makes
sense since both negative and positive correlations are pos-
sible so that outcomes are directional.

RESULTS

Forces Applied by Same Trainer Were Repeatable 
Across Steps

Figure 4  shows the horizontal forces exerted on the
knee by two different trainers during 54 steps with the same
patient wi th SCI and illustrate the low wi thin-trainer vari-
ability of the forces across steps. W ithin-trainer variability
was similar to those shown in Figure 4 with other patient/
trainer dyads. As a baseline for comparing b etween-trainer
variability, we analyzed the within-trainer variability for two
key features of the step cycle: knee extension force during
midstance and push-up force at the ankle during initial
swing. The SDs for these two measures were 16.7 N and
11.4 N, averaged across trainers and experiments (i.e., legs)
using the RMS-SD technique describ ed in the “Method s”
section. For comparison, the mean values of these measures
were –61.5 N and 34.2 N. Thus, variability (defined as 1
SD) was about 30 percent of the mean value of these meas-
ures on average for individual trainers.

Forces Applied by Different Trainers Differed 
Substantially

We next quantified the variability in the two key force
measures between tra iners. The a verage betw een-trainer
SD was 40.3 N for the horizontal knee force through mid-
stance and 19.0 N for the push -up ankle force during ini-
tial swing. Thus, for the hor izontal knee force through
midstance, the typical vari ability in force magnitudes
between trainers was 2.4 times larger than the typical vari-
ability for a single trainer for step to step, a significant dif-
ference (p = 0.02, t-test). For the ankle push-up force, the
average between-trainer variability was 1.7 times larger

than the within-trainer vari ability across steps, but this
difference was not significant (p = 0.55).

We also statistically assessed the presence of differences
between trainers by performing pairwise comparisons of sev-
eral measures between all possi ble pairs of tr ainers wi thin
each experiment (n = 38) using a CI approach (Table 2). The
number of pairwise dif ferences was high relative to the
number of possible significant  differences, indicating  that
different trainers commonly assis ted in statistically detect-
able different ways on the same leg.

Even Trainers with Higher Skill Ratings Assisted 
Differently

We questioned whether the large between-trainer vari-
ability (relative to within-trainer variability) and frequent

Figure 4.
Horizontal trainer force exerted on knee by  two different trainers on
leg of patient wit h spinal cord injury (Am erican Spinal Injury
Association level B) during the sa me session for 54 steps. Patient
weight was 73 k g, body-weight supp ort was 75%, and speed was
0.9 m/s. Initial foot contact occurs at 0% of gait cycle. (a) Trainer rated
9.0 out of 10.0. (b) Trainer rated 8.0 out of 10.0.



153

GALVEZ et al. Trainer variability during step training
significant d ifferences between trainers co uld be due to
the large variation in experience between the trainers who
participated in the experiment. We therefore separately
analyzed the trainers who were rated as most skille d,
which were a group of three of the six total who received
an average rating across all six experiments >7.0 (average
ratings were 7.1, 7.4, and 8.5 out o f 10.0, compared with
the other three trainers rated 5.2, 5.0, and 3.0 out of 10.0).
The between-trainer SDs for the three trainers with higher

skill rating s was 31.4 N and 20.7 N for knee extension
force an d ankle pu sh-up force, wh ich were no t signifi-
cantly different from the SDs calculated across all trainers
(i.e., 40.3 N and 19.0 N).

Trainers with Higher Skill Ratings Elicited Better Leg 
Extension and Toe Clearance

As sta ted ea rlier, the  ave rage s ubjective rating o f
trainer skill varied from 3.0 to 8.5 on a scale of 1.0 to 10.0,
and from 5.2 to 8.5 when considering only the experienced
trainers (trained in the same program). We therefore sought
to determine which biomechanical features of the training
pattern accounted for this variability in subjective rating.

In all six experiments, the expert rater commented that
leg extension in stance wa s le ss tha n de sired from s ome
trainers. Indeed, there was a significant positive correlation
between trainer skill rating and shank angle during stance
(Table 3 ). Also, more-skilled trainers exerted significantly
larger (more negative) forces on the knee (Table 3). Larger
knee-extension force was strongly correlated to better knee
extension (Table 4). Figure 5 shows an example of incom-
plete knee extension during training.

Table 2.
Summary of statistical comparisons between two trainers assisting on
same leg.

Measure Statistical
Comparison

Knee Extension Force During Stance 35
Shank Angle During Stance 33
Push-Up Force at Ankle in Early Swing 27
Toe Clearance in Early Swing 24
Horizontal Range of Motion of Knee 31
Note: Number of pairwise comparisons that were different between trainers out
of 38, p < 0.05.

Table 3.
Correlations between t rainer skill ra ting ( TSR) and extensio n-related va riables (measured during mid stance). Extension force va riability i s
between-step root-mean-squar e of the standa rd deviation of extension force d uring mids tance. Extension for ce coef ficient of var iation (C V)
normalizes ex tension force variability by force mag nitude. Symbols p+ and p– r efer to  p-values for po sitive and negative correlations,
respectively, and are given only when different experiments exhibited positive and negative correlations for given relationship.

Relationship
Experiment Combined

p-ValueSCI-D1 SCI-CD1 SCI-B1 SCI-B2 SCI-CD2 SCI-B3
TSR and Shank Angle

r 0.79 0.86 0.93 0.78 0.96 0.96 —
p 0.21 0.03 0.01 0.11 0.08 0.02 <0.001

TSR and Extension Force
r –0.92 –0.90 –0.94 –0.87 –0.91 –0.64 —
p 0.13 0.02 0.01 0.07 0.13 0.18 <0.001

TSR and Extension Force Variability
r 0.57 0.44 –0.66 0.27 –0.55 0.13 —
p+ 0.31 0.23 0.89 0.37 0.63 0.44 0.47
p– 0.69 0.77 0.11 0.63 0.37 0.56 0.53

TSR and Extension Force CV*

r –0.99 –0.67 –0.93 –0.90 –0.98 –0.75 —
p 0.04 0.11 0.01 0.05 0.06 0.13 <0.001

TSR and Shank Angle Variability*

r –0.31 –0.73 –0.17 0.89 –0.99 –0.96 —
p+ 0.60 0.92 0.61 0.06 0.97 0.98 0.96
p– 0.40 0.08 0.39 0.94 0.03 0.02 0.04

*Significant relationship according to combined p-value calculated using Stouffer method.
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The less-skilled trainers also had more problems with
a lower toe height during initial swing and thus toe drag-
ging (Table 5 ). One way to prevent toe drag would be to
push up with a la rger forc e on the ankle during init ial
swing. For the bouts in Figure 6, the trainer who did not
have problems with to e dragging (rated 9.5/10.0, dotted
line) exerted a larger upward force on the ankle in initial
swing. However, this relation was not generally observed
in the other experiments. Correlations were disparate and
not significant for t rainer skill  rating and ankle push- up
forces (Table 5 ) or for mean push-up force and mean toe
clearance (Table 4).

If the obvious mechanical action of pushing upward on
the ankle at the beginning of swing did not usually account
for improved toe  clearance, th en what  did? Ipsi lateral-
stance hip-joint kinematics are important for swing initia-
tion [23–25]. The sensors did not measure hip-joint angle
directly bu t did measure horizontal ROM of the knee,
which is d ictated by  the range of hip flexion and exten-
sion. Horizontal ROM of the knee correlated with toe
clearance (Table 4 , p <0.001). T oe clearance in initial
swing was also correlated with a good terminal extension
in stance of the same leg (measured during 30%–50% of
the stride, Table 4 , p = 0.003).

Within-Trainer Variabilities Decreased with Trainer 
Skill Rating

Research usin g animal models of step training have
suggested t hat va riability i n the ass istance pa ttern is a
desirable feature for enhanci ng spinal plasticity [26]. We
examined whether trainers who were rated as more skilled
had lower (or greater) between-step variability in the assis-
tance pattern. The correlations between trainer ratings and
extension-force variability and trainer rating and push-up
force variability were disparate and not significant, as seen
in Table 3 . However, wh en the magnitude of the forces
was taken into account, we found that more skilled trainers
had smaller CVs (i.e., variability divided by magnitude) in
the extension force, with negative correlations for all six
experiments, as seen in Table 3  (pooled p <0.001). The
within-trainer CV of the extension forc e averaged (RMS)
for all six trainers was 27 percent, significantly dif ferent
from the within-trainer CV averaged for the three highe r-
rated trainers, which was 18  percent. The within-trainer
CV averaged for the three lower-rated trainers was 34 per-
cent. As for the CV of ankle push-up forces at initial
swing, we found no sig nificant differences between
higher-rated and lower-rated trainers. T he push-up force
CV averaged for the six trainers was 33 percent.

Table 4.
Correlations between vari ous forces and k inematic me asures. Symbols p+ and p– r efer to p-values f or po sitive and negative cor relations,
respectively, and are given only when dif ferent experiments exhibited  positive and negative co rrelations for given  relationship . Shank  angle
during terminal stance was measured during 30% to 50% of stride.

Relationship Experiment Combined
p-ValueSCI-D1 SCI-CD1 SCI-B1 SCI-B2 SCI-CD2 SCI-B3

Extension Force and Shank Angle During 
Stance*

r –0.48 –0.98 –0.93 –0.98 –0.78 –0.44 —
p 0.34 0.001 0.01 0.012 0.22 0.23 <0.001

Push-Up Force and Toe Clearance
r 0.70 0.46 –0.86 0.69 0.80 –0.09 —
p+ 0.25 0.22 0.97 0.16 0.20 0.55 0.30
p– 0.75 0.78 0.03 0.84 0.80 0.45 0.70

Horizontal ROM of Knee and Toe Clearance
r 1.00 0.72 0.73 0.96 –0.77 0.83 —
p+ 0.02 0.09 0.08 0.02 0.56 0.09 <0.001
p– 0.98 0.91 0.92 0.98 0.44 0.91 >0.99

Shank Angle During Terminal Stance and 
Toe Clearance During Swing*

r 0.25 0.29 0.93 0.74 0.82 0.94 —
p 0.42 0.32 0.01 0.13 0.25 0.03 0.003

*Significant relationship according to combined p-value calculated using Stouffer method.
ROM = range of motion.
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For the kinematic measures  of ste pping performance,
more-skilled trainers had less  overall variability in shank
angle (Table 3), with a combined p-value of 0.04 for nega-
tive correlation. Correlations of toe clearance variabilities
with trainer ratin gs were disparate and  not significant
(Table 4).

DISCUSSION

This study examined the pattern of manual forces
applied by trainers to the leg of patients with SCI during
step-training using BWST. Our goals were to evaluate two
hypotheses that are being used to justify the development
of robo tic g ait-training device s: that  there is substantial
between-trainer variabi lity i n assistance patt erns and that
this variability makes a difference in the quality of the
stepping pattern. W e found that the variability between
trainers in the magnitude of forces applied at key moments
during stance and swing was about two times greater than
the variability of a single trainer from step-to-step. This
substantial between-trainer variability corresponded with
frequent statistically significant differences when we com-
pared pairs of trainers assis ting on the same leg. We also
found that these quantitative differences between trainers
were not simp ly random bu t apparently generated the
observed, strong correlations be tween an  expert trainer ’s
assessment of each trainer’s skill and desirable kinematic
gait features (i.e., adequate  knee extension during stance
and toe clearance during swing). Thus, we confirmed the
two hypotheses—there is substantial between-trainer vari-
ability and it matters in the elicited stepping quality.

Implications for Clinical and Robotic Implementations 
of Step Training Using BWST

One implication for clinical trials of locomotor train-
ing is that between-trainer variability may be a confound-
ing variable for evaluating efficacy of locomotor training
with BWST. We note that the trainers who participated in
this study were all trai ned in the  same method of s tep
training using BWST (developed by the UCLA Locomo-
tion Laboratory) and worked together in one facility;
thus, thes e differences were not attributable to dif fer-
ences in the ta ught technique or locale. The quantit ative
differences between trainers tra ined with dif ferent tech-
niques, or in dif ferent locales, are probably even greater.
We also note that trainers who were rated as more skilled
in this study did in genera l have more experience with
locomotor t raining (3–4 ye ars of regular exposure ),
although one trainer had 10 years of ex perience but was
among th e l ower-rated train ers. This confirms what is
already clear to anyone who has attempted to learn how
to provide manual assistance to the leg during step train-
ing: manual skill in gait training is learned and requires
intensive repetitive practice. F urther, as wi th any motor

Figure 5.
(a) Mean shank angle and (b) mean horizontal trainer force on knee for
one patient with spinal cord injury for fiv e different tr ainers in same
session (see Figure 2 ). Vertical sh ank angle is 90° . R ater noted some
trainers did not hold leg extension long enough with this patient, which is
evident in (a): shank angle i s >90° at 0% of gait cycle. After initial foot
contact (0 %–10% interv al), sh ank angle decreas ed more rapidly when
three lower-rated trainers assisted and continued to be more inclined for
remainder of stance phase. Lower -rated trainers also helped create stance
phase that terminated more prematurely , as seen whe n shank reached its
minimum inclination at about 50% to 60% of ga it cycle. Less-skilled
trainers also exerted lowe r forces (less negative values) in stance, which
likely contributed to poor leg extension. TSR = trainer skill rating.
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skill, the amount of practice required to become skilled
depends on the particular person who is learning.

With respect to robotic gait training, this study vali-
dates at least part of the rationale typically prof fered for
these devices. The manual provision of step trainin g is
indeed substantially  va riable be tween trainers and skill
plays a role in this variability. The present study also pro-
vides some insight into which biomechanical features of
the gait pattern corre spond to the subjec tive impress ion
of skill, which may be useful for robotic-therapy device
design. Less-skilled trainers had problems with leg exten-
sion in stance and toe dr agging in swing. More-skilled
trainers ensure d knee e xtension in stance  by exerting a
larger horizontal force against the knee. Exerting a  large,
controlled force at the right time during stance against the
knee is something straightfo rward to implement with a
robotic device and so mething ro botic d evices are well
suited for.

We did not find, however, that trainers with a bet ter
skill rating exerted a larger ankle push-up force in initial
swing to reduce the risk of toe dragging, which would be
the “brute force” approach one would first be tempted to
apply with a robot. Rather , toe clearance was correlated

with other aspects of the stepping pattern, including ipsi-
lateral leg extension in stance and hip flexion and exten-
sion measured by the horizo ntal ROM of the knee. The
importance of ipsilateral hi p-joint kinematics in stance
for the proper initiation of swing is well known [23–25].
The implication is that ro botic step-training device s
should be designed, if they are to mimic expert trainers,
to monitor and control  the co mplete pa ttern of stepping
and to provide littl e direct assistance in some phases of
the gait cycle (e.g., the push-up force in early swing) if
the overall patter n is good. Current ga it-training ro bots
only partially achieve this goal of adaptively cont rolling
the complete pattern. For exam ple, while an exoskeletal
device like the Lokomat may provide a means to provide
a more repeata ble hip and kne e pa ttern, it may exert
unwanted contac t force s as it constrains  the  le gs to the
parasagittal planes.

Finally, we fou nd that as the perceived rating of sk ill
increased, the ste p-to-step vari ability in the gai t-training
pattern decreased when variabil ity was normalized by
force magnitude. Step-to-step variability has been hypothe-
sized to promote use-dependent plasticity [26–27], but the
optimal amou nt of variability is un known. Th e le vels of

Table 5.
Correlations between trainer skill rating (T SR) and swing-related measures. Symbols p+ and p– refer to p-values for positive and negative
correlations, respectively, and are given only when different experiments exhibited positive and negative correlations for given relationship.

Relationship Experiment Combined
p-ValueSCI-D1 SCI-CD1 SCI-B1 SCI-B2 SCI-CD2 SCI-B3

TSR and Toe Clearance*

r 0.78 0.53 0.75 0.92 0.81 0.97 —
p 0.22 0.13 0.07 0.04 0.20 0.03 <0.001

TSR and Push-Up Force
r 0.09 0.52 –0.91 0.48 1.00 –0.25 —
p+ 0.45 0.18 0.99 0.26 0.004 0.62 0.23
p– 0.55 0.82 0.01 0.74 0.99 0.38 0.77

TSR and Toe-Clearance Variability
r 0.36 0.79 –0.79 –0.78 –0.07 0.09 —
p+ 0.38 0.06 –0.94 –0.78 –0.07 0.46 0.64
p– 0.62 0.94 0.06 0.89 0.52 0.54 0.36

TSR and Push-Up Force Variability
r 0.63 –0.20 –0.63 0.31 0.63 0.79 —
p+ 0.28 0.63 0.87 0.34 0.28 0.11 0.29
p– 0.72 0.37 0.13 0.66 0.72 0.89 0.71

TSR and Push-Up Force CV
r 0.57 –0.53 –0.79 0.41 –0.77 –0.83 —
p+ 0.31 0.82 0.94 0.20 0.22 0.92 0.76
p– 0.69 0.18 0.06 0.80 0.78 0.08 0.24

*Significant relationship according to combined p-value calculated using Stouffer method.
CV = coefficient of variation.
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variability of the trainers perceived as more skilled meas-
ured here (~18% CV in force) may be useful as starting tar-
gets for design variability in gait-training robots.

Possible Limitations
To measure the manual forces applied by trainers, it

was nece ssary to insert a  sen sor system betwee n the
trainer’s hands and the  patient’s leg. W e worked with a
skilled orthotist t o design a sensorized orthosis that
allowed the trainer to use si milar hand positions as during
normal training, and the orthosis pushed on the upper and
lower s hank at an atomical lo cations sim ilar to  th ose the
trainers pushed on with their hands during normal training.
The participatin g train ers thou ght that they could ade-
quately assist throug h the or thosis. Nevertheless, the sen-
sorized orth osis represen ted an intrusion in the normall y

tight coup ling b etween train er’s hands and patient’s leg,
and this limitation should be considered.

Another possible limitation is that we rotated trainers
from assisting on the sensorized leg, to assisting at the pel-
vis, to assisting at the nonsensorized leg instead of keeping
the trainers on the pelvis a nd nonsensorized legs the same
and rotating  only th rough the sen sorized leg.  A po ssible
effect is that more-skilled tr ainers may have, on average,
worked at a  disa dvantage when “demon strating” manual
skill at the sensorized leg, since maintaining good stepping
requires adequate assistance from the other assisting train-
ers. Similarly, less-skilled tr ainers may have  worked at a
relative ad vantage. On average,  then, this confoun ding
effect migh t have tended to decrease the dependence of
stepping quality on trai ner skill rating, but we found this
dependence to be highly significant anyway.

A major limitati on of this study is that we did not
examine the long-term therapeutic effect of trainer skill or
intertrainer variability on patient stepping ability; we sim-
ply examined the subjective quality of elicited stepping in
a single session. Thus, any suggestion that what we meas-
ured matters for long-term gait outcomes should be condi-
tioned by the degree o f confidence in the hypothesis that
within-session stepping patterns deemed “good” by expert
trainers af fect l ong-term the rapeutic outc omes. The fa ct
that trainer-applied step trai ning was recently fou nd to be
significantly more effective than robo t-applied training
after stroke [13–14] supports this hypothesis.

CONCLUSIONS

The manual provision of step training is substantially
more variable between trainers than within a single trainer
and perceived skill  correlates with specific biomechanical
features of this variability, including knee extension during
stance an d toe drag d uring swing . Because train ers vary
substantially and some trainers can establish gait patterns
that are perceived as better , “manual skill” could poten-
tially be systematically embedd ed in a re peatable control
algorithm using robotics, providing wider access to a high-
quality, step-retraining c omponent o f l ocomotor t rain-
ing. As with human trainers, one way to achieve this goal
may be to  have robotic gait- training devices learn how to
apply th erapeutic-efficacious assistance based o n experi-
ence and feedback.

Figure 6.
(a) Mean toe height estimated for three different trainers assisting one
patient with American Spinal Injury Association level D spinal cord
injury in sa me session. No te toe  height estimate is <0  m (treadmill
level) durin g stance because ankle angle is  assumed to be same as
during swing. (b) Mean vertical ankle force applied by trainer in this
experiment. Patient weight was 77 kg, body-weight support was 29%,
and speed was 0.8 m/s. Mean toe clearance was too small at around
70% of gait cycle for two traine rs, and in p articular for least
experienced trainer (TSR 6.5/10.0, solid line). Toe dragging was seen
in vide otapes wi th thi s tra iner, consistent with  finding of standard
deviation across steps of 0.017 m in swing. T oe dragging was also
observed with TSR 9.0/10.0 (dashed line). TSR = trainer skill rating.
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