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Abstract

Background: Self-selected speed is an important functional index of walking. A self-pacing controller that reliably
matches walking speed without additional hardware can be useful for measuring self-selected speed in a
treadmill-based laboratory.

Methods: We adapted a previously proposed self-pacing controller for force-instrumented treadmills and validated
its use for measuring self-selected speeds. We first evaluated the controller’s estimation of subject speed and position
from the force-plates by comparing it to those frommotion capture data. We then compared five tests of self-selected
speed. Ten healthy adults completed a standard 10-meter walk test, a 150-meter walk test, a commonly used manual
treadmill speed selection test, a two-minute self-paced treadmill test, and a 150-meter self-paced treadmill test. In
each case, subjects were instructed to walk at or select their comfortable speed. We also assessed the time taken for a
trial and a survey on comfort and ease of choosing a speed in all the tests.

Results: The self-pacing algorithm estimated subject speed and position accurately, with root mean square
differences compared to motion capture of 0.023 m s−1 and 0.014 m, respectively. Self-selected speeds from both
self-paced treadmill tests correlated well with those from the 10-meter walk test

(
R > 0.93, p < 1 × 10−13

)
. Subjects

walked slower on average in the self-paced treadmill tests
(
1.23 ± 0.27 ms−1

)
than in the 10-meter walk test(

1.32 ± 0.18 ms−1
)
but the speed differences within subjects were consistent. These correlations and walking speeds

are comparable to those from the manual treadmill speed selection test
(
R = 0.89, p = 3 × 10−11; 1.18 ± 0.24 ms−1

)
.

Comfort and ease of speed selection were similar in the self-paced tests and the manual speed selection test, but the
self-paced tests required only about a third of the time to complete. Our results demonstrate that these self-paced
treadmill tests can be a strong alternative to the commonly used manual treadmill speed selection test.

Conclusions: The self-paced force-instrumented treadmill well adapts to subject walking speed and reliably measures
self-selected walking speeds. We provide the self-pacing software to facilitate use by gait researchers and clinicians.
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Background
Self-selected walking speed is one of the main perfor-
mance indices of walking. It is the speed at which people
normally choose to walk and is also known as preferred
speed or comfortable speed. Walking speed determines
the time required in achieving the primary goal of walking:
getting to a destination. Healthy adults normally choose
to walk at about 1.3 m s−1 although they can walk much
faster

(
> 2.0 ms−1) [1]. Normal walking speed likely

results from balancingmany factors, including energy use,
time spent in transit, appearance, and comfort. It has often
been observed that self-selected walking speed is close to
the speed that minimizes metabolic energy consumption
[2, 3] or muscle fatigue [4] in traveling a unit distance.
Self-selected walking speed also has been emphasized as
a promising measure to assess physical health. For exam-
ple, walking speed is a good predictor of health status and
survival rate in older adults [5, 6] and a useful measure for
rehabilitation progress [7].
There are different ways to measure self-selected walk-

ing speeds. A standard method commonly used in physi-
cal therapy and gait studies is the so-called 10-meter walk
test [8, 9]. In a 10-meter walk test, subjects are instructed
to walk at their comfortable speed across a 15 ∼ 20 m
walkway, and the time taken to traverse the middle 10
m section is measured with a stopwatch to calculate self-
selected walking speed. This process is often conducted
multiple times then averaged for reliable measurements.
Another common way of measuring self-selected speed
is by asking subjects to manually select their comfort-
able speeds while walking on a treadmill that changes
from slow to fast or fast to slow speeds [10–12]. Mea-
suring comfortable speeds on a treadmill is useful for
certain cases, such as collecting data in a treadmill-based
gait laboratory [13] and studying assistive technologies
with immobile systems [14]. On the other hand, this
manual selection process requires the subjects to walk
at various speeds, which can be time consuming, and to
consciously distinguish comfortable from uncomfortable
treadmill speeds, which can be confusing for those who
are not familiar with walking on a treadmill.
Self-paced treadmills can also be useful in measuring

walking speed. A treadmill that can seamlessly adapt to
a subject’s walking speed can provide an overground-like
walking environment and can compensate for shortcom-
ings in the manual speed selection approach. Self-pacing
controllers typically consist of two parts, usually treated
independently. The first estimates the subject’s speed and
position. The second controls treadmill speed based on
the estimation. The treadmill speed is typically controlled
to match subject speed and to keep the subject in the
middle of the treadmill [15, 16]. Various approaches of
estimating subject speed and position have been used.
One approach is to use a marker-based optical motion

capture system [16–18], which is widely used in research
laboratories as a part of a commercial virtual reality
package [19]. Researchers have evaluated these motion
capture based self-paced treadmills by comparing kine-
matic and kinetic gait features collected on the self-paced
treadmill to those during fixed speed treadmill walk-
ing [16] and overground walking [18]. In addition, these
self-paced treadmills have been used in rehabilitation
research for children with cerebral palsy [20, 21], individu-
als with chronic stroke [22], and individuals with transtib-
ial amputation [23]. Other approaches with low-cost sen-
sors or simpler hardware have been proposed as well,
such as using a marker-free infrared-based motion sen-
sor [24], an ultrasonic distance sensor [25], a harness with
force sensors [26], and force plates on an instrumented
treadmill [15].
A self-pacing controller using force-plate data from an

instrumented treadmill is attractive because it does not
require additional hardware or instrumentation. Feasel
and colleagues [15] have proposed such a controller and
used it to separately control the belts on a split-belt tread-
mill for asymmetric gait. They calculated the ground
reaction forces and center of pressure from the force-plate
data and combined them with a Kalman filter to track
walking speed. The study focused on testing the feasibil-
ity of improving gait symmetry in hemiparetic patients
with a virtual environment that integrated the self-paced
treadmill and a visual scene. Although they reported that
the hemiparetic patients self-selected to walk at speeds
comparable to their overground speeds, a more thorough
evaluation of self-selected walking speed on this type of
self-paced treadmill would improve our understanding of
its efficacy.
Various aspects of a walking speed test protocol can

unexpectedly affect gait and self-selected walking speed.
For example, the treadmill speed controller can induce
changes in gait. The mechanics of walking on a treadmill
that moves at a constant speed are identical to overground
walking. However, when the treadmill accelerates, the belt
reference frame is no longer equivalent to a fixed-ground
reference [27]. In fact, some belt speed control dynamics
can lead subjects to walk at speeds far from their preferred
over-ground speed [28]. People may also choose different
speeds for different walking tasks, such as to walk for a
preset time or a preset distance. If people wish to min-
imize their energy cost in the fixed distance task, they
should walk at a speed close to their normal overground
speed. In order to minimize effort in the fixed time task,
however, they should walk very slowly or even stand still
[3]. Then again, people might not be familiar with the
implications of a fixed-time walking task, or might place
higher weights on comfort or appearance, or might use a
heuristic that defaults to a typical speed in both tasks. The
specifics of the task, such as the target distance, may also
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affect walking speed [29, 30]. People may also change their
walking speed in response to other contextual variations,
such as the visual environment [31, 32] or auditory cues
[33]. Even the details of the verbal instructions provided
to participants can have a strong effect on walking speed
[34]. Therefore, it is important to validate the self-selected
speed test protocol of interest.
A straightforward way of validating a self-selected walk-

ing speed test is to compare its measured speeds to those
from the standard walking speed test. However, only a
few studies have thoroughly compared walking speed on
a self-paced treadmill to that during overground walk-
ing, and most of those studies were for a motion capture
based commercial self-paced treadmill [18, 35]. Van der
Krogt and colleagues [35] compared self-selected speeds
of typically developing children and children with cere-
bral palsy in outdoor walking, overground walking in
a lab, and walking on a self-paced treadmill in a vir-
tual environment. Children were instructed to “walk at
their own preferred, comfortable walking speed.” Both
groups of children walked the fastest outdoor, about 5%
slower in the lab, and about 10% slower on the self-paced
treadmill. Similarly, Plotnik and colleagues [18] compared
self-selected speeds in healthy adults during walking for
96 m overground, on a self-paced treadmill, and on a
self-paced treadmill with a virtual environment. Subjects
were instructed to “walk at their own self-selected pre-
ferred comfortable speed.” Subjects walked on the self-
paced treadmill at speeds comparable to their overground
speeds, while they walked slightly faster when a virtual
environment was presented. In addition, walking speed
converged faster to steady speed with the virtual environ-
ment. These tests demonstrate the value of characterizing
response to a self-paced treadmill prior to using it to eval-
uate the effects of other interventions on self-selected
walking speed.
Here, we adapt the force-based self-paced treadmill con-

troller proposed by Feasel and colleagues [15] and eval-
uate two self-selected walking speed tests using it. First,
we explain how the proposed self-pacing controller esti-
mates subject speed and position and adjusts the treadmill
speed. Then, we evaluate the speed and position estima-
tions of our controller by comparing them with motion
capture data. We then validate the use of the self-paced
treadmill for measuring self-selected walking speed. We
compare self-selected walking speeds measured from five
different speed tests: the standard 10-meter overground
walk test, a 150-meter overground walk test, a com-
monly used manual speed selection treadmill test, a 2-
minute self-paced treadmill test, and a 150-meter self-
paced treadmill test where subjects can see their goal and
progress on a monitor. We compare self-selected walking
speed in the 10m and 150m overground conditions to test
whether the standard measure well represents speeds in

longer bouts of walking. We validate the self-paced tread-
mill tests by evaluating how well they correlate with the
standard measure and by comparing them to the com-
monly used treadmill test. The 2-minute and 150-meter
self-paced treadmill tests are compared to each other to
examine whether it is necessary to explicitly motivate
subjects to walk at their typical speeds by setting target
distance and showing their progress. Finally, we discuss
the implications of our findings and potential extension
of our self-paced treadmill for rehabilitation and assistive
device studies.

Methods
Self-pacing Algorithm
We revised the self-pacing controller for force-
instrumented treadmills proposed by Feasel and
colleagues [15]. The central idea is to estimate subject
walking speed from foot contact positions and to improve
the estimations by incorporating force measurements
using a Kalman filter. In our implementation, we track
both speed and position with a Kalman filter, which is
updated every time step. The filter uses noise matrices
determined empirically from motion capture data. We
provide a complete description of the algorithm and
share the code [36] so that it can be easily used by other
researchers.
Our self-pacing controller consists of a subject State

Estimator and a treadmill Speed Controller (Fig. 1). The
State Estimator takes data from two force plates (third-
order Butterworth filter; cutoff frequency: 25 Hz) and the
treadmill speed as input and estimates the subject’s speed
and position every computational time step, �t. Based

Fig. 1 Self-paced treadmill controller. The self-paced treadmill
controller consists of a State Estimator and a Speed Controller and
only uses force plate data as sensory input
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on the estimated speed and position, the Speed Con-
troller adjusts the treadmill speed at the beginning of each
footstep.
The State Estimator uses data from the two force plates

to measure acceleration, velocity and position of a subject
walking on the treadmill and combines the measured val-
ues with a Kalman filter. The vertical and fore-aft ground
reaction forces (GRFs), fz and fy, as well as the center of
pressure (COP) are calculated from the force-plate data.
Foot contact is detected when the vertical GRF exceeds
a certain threshold, fz > fz0 = 20% of body weight. We
defined fore-aft foot position on a given step, yf 1, as the
COP at contact detection. Foot position on the prior step
in the lab reference frame, yf 0, is calculated by the COP
at the previous contact plus the integral of the treadmill
speed over the time between the contacts (yf 1 and yf 0
are shown in Fig. 1). We then estimate the fore-aft accel-
eration, velocity and position of the subject in the lab
reference frame as

ames = fy
m

(1)

v̄mes = yf 1 − yf 0
t1 − t0

− v̄tm (2)

p̄mes ≈ yf 1 + yf 0
2

(3)

where m is the mass of the human subject, and t0
and t1 are times when each foot contact occurs, and the
variables with a bar indicate mean values during that step
(i.e. between consecutive foot contact detections). Eq. 1 is
Newton’s second law. Eq. 2 estimates the subject’s mean
speed in the lab reference frame, v̄mes, by subtracting
treadmill speed (v̄tm) from the subject’s walking speed.
The subject’s walking speed is calculated as step length(
yf 1 − yf 0

)
divided by step time (t1 − t0). Eq. 3 defines the

subject’s mean position, p̄mes, as the middle of the leading
and trailing foot placements at a new foot contact.
We implemented a Kalman filter to combine the mea-

surement values ames, v̄mes and p̄mes to continuously esti-
mate the subject’s speed and position (Table 1). The filter
keeps track of subject speed and position by predicting
them every time step from ames (Table 1: line 2), and
by correcting them with new measurements v̄mes and
p̄mes every footstep (line 6). The measurement update is
conducted when a new foot contact is detected (line 4).
The filter rejects steps of unreasonable duration (greater
than 1.2 seconds) to skip the measurement update when
subjects cross over the belts (e.g. stepping on the left belt
with the right foot). The system model, A and B (and
the observation model C = I), describes the relationship
between the measurement values according to Newton’s
second law. The noise matrices,Q and R, as well as the ini-
tial error covariance matrix P0 are determined from data
collected in walking sessions, where two subjects walked

Table 1 Pseudo code of Kalman filter for walking speed and position estimation

Pseudo code Note

0: pKF = 0, vKF = 0, P = P0 initialize

1: loop (every time step)

2:

⎡

⎣
pKF

vKF

⎤

⎦ = A

⎡

⎣
pKF

vKF

⎤

⎦ + B
[
ames

]
time update: predict speed and position

3: P = A · P · AT + B · Q · BT update error covariance matrix

4: if a new foot contact is detected (every footstep)

5: K = P · (P + R)−1 update Kalman gain

6:

⎡

⎣
pKF

vKF

⎤

⎦ =
⎡

⎣
pKF

vKF

⎤

⎦ + K

⎛

⎝

⎡

⎣
p̄mes

v̄mes

⎤

⎦ −
⎡

⎣
p̄KF

v̄KF

⎤

⎦

⎞

⎠ measurement update: correct speed and position

7: P = (I − K) · P update error covariance matrix

8: end if

9: end loop

A =
⎡

⎣ 1 �t

0 1

⎤

⎦, B =
⎡

⎣
�t2
2

�t

⎤

⎦, �t = 0.001, Q = B · BT · σ 2
a = 2.9 ×

⎡

⎣
�t4
4

�t3
2

�t3
2 �t2

⎤

⎦

R =
⎡

⎣ σp

σv

⎤

⎦ ·
⎡

⎣ σp

σv

⎤

⎦

T

= 10−3 ×
⎡

⎣ 0.6 0

0 7.2

⎤

⎦, P0 = 10−3 ×
⎡

⎣ 3.5 1.5

1.5 1.6

⎤

⎦

Note that we omitted the observation matrix in lines 5∼7 as it is the identity matrix (C = I)
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on a treadmill at speeds between 0.8 and 1.8 m s−1 in
ten one-minute trials. The noise matrices are set based
on σa, σv and σp (Table 1), which are the differences in
ames, v̄mes and p̄mes, respectively, calculated from force-
plate data andmotion capture data. P0 is set to themean of
the values P converged to at the end of the pilot sessions.
The Speed Controller adjusts the treadmill speed to

match subject speed and to keep the subject near a base-
line position. It updates the treadmill speed once per
footstep when a new foot contact is detected. This is dif-
ferent from other self-paced treadmills in previous stud-
ies, where speed adjustment is done at a much faster rate
(30∼120 Hz) [16–18]. Controlling the treadmill speed at
a higher frequency can lead to undesired dynamics due to
natural speed oscillations during walking. Instead of fil-
tering out these oscillations as in the previous studies, we
update it at every footstep. Target treadmill speed is set as

vtm,tgt = v̄tm + Gvv̄KF + Gp (p̄KF − p0) (4)

where p0 is the baseline position, and v̄KF and p̄KF are the
subject’s mean speed and position during the last step in
the lab reference frame estimated from the Kalman fil-
ter. Note that, despite the plus signs, Eq. 4 is a stabilizing
negative feedback as the treadmill speeds, vtm,tgt and v̄tm,
are determined in the opposite direction from the sub-
ject speed and position, v̄KF and p̄KF , in the lab reference
frame. The baseline position p0 can be predetermined by
the experimenter (e.g. p0 = 0), manually tuned based on
subject feedback, or set based on subject data from famil-
iarization trials. In this study, we used the last approach,
where we set p0 for each subject as the average subject
position measured during the fixed-speed portion of the
treadmill familiarization. In theory, vtm,tgt with Gv = 1
will be a speed that matches the subject’s estimated walk-
ing speed, and Gp = 1 will result in a speed that brings
the subject to p0 in 1 second. However, a controller with
these high gains induced abrupt speed changes, which
made it difficult for subjects to walk comfortably. There-
fore, we use lower gains ofGv = 0.25 andGp = 0.1, which
we found to be reliable and responsive enough for our
study. The treadmill acceleration is set to achieve a target
velocity in a certain time as

atm,tgt =
(
vtm,tgt − v̄tm

)

�ttm,tgt
(5)

where we use �ttm,tgt = 0.5 s, similar to the duration of a
walking step.

The code of our self-pacing controller and a graphical
user interface are publicly available [36]. The self-pacing
controller is implemented in Matlab/Simulink Real-Time
and runs on a real-time target machine (Speedgoat) at
1000 Hz (i.e. �t = 0.001). The real-time target machine
receives force-plate data from the instrumented treadmill
(Bertec) at the same rate. The graphical user interface
implemented in Matlab runs on a desktop machine at 100
Hz and allows the experimenter to communicate with the
real-time target machine. In addition, it receives the target
treadmill speed and acceleration from the real-time target
machine and commands it to the treadmill.

Experiment 1: State Estimator
To evaluate the State Estimator, we compared the esti-
mated position and velocity to those from motion capture
data. One subject wore a waist belt with four reflective
markers and walked on the force-instrumented treadmill
for six one-minute trials. Treadmill speed was manually
controlled in most of these trials as we wanted to evaluate
the State Estimator independently from the Speed Con-
troller. In the first three trials, the treadmill speed was set
to 1.3, 0.8 and 1.8 m s−1. In the fourth trial, the treadmill
speed changed every 10 sec from 0.8, 1.0, 1.2, 1.4, 1.6 to 1.8
m s−1. In the fifth trial, the same speeds were presented
in reverse order. Then, the treadmill was controlled with
our self-pacing controller in the last trial. Positions of the
four reflective markers were captured with a motion cap-
ture system (Vicon Vantage; 8 cameras), sampled in 100
Hz and low-pass filtered using a third-order Butterworth
filter with a cutoff frequency of 20 Hz. The mean of those
maker positions, pmocap, and its time derivative, vmocap,
were used for evaluation.
We report how the main outputs of the State Esti-

mator v̄KF and p̄KF compare to those from motion
capture data. For the mean step velocity, we report
the root-mean-square (RMS) differences, RMSv̄ =√

1
n

∑n
step=i

(
v̄KF ,i − v̄mocap,i

)2, where n is the total num-
ber of steps in a walking trial, and v̄mocap,i is the mean
value of vmocap on the ith step. RMSp̄ was calculated simi-
larly, but with offset-corrected values for each one-minute
trial. This is because p̄KF is not tracking the position of the
waist. Our approach does not estimate the absolute posi-
tion of the person’s center of mass, but rather its position
relative to the average center of pressure at consecutive
foot strikes. Note that any measure of body position can
be used to maintain a desirable position on the tread-
mill by comparing it to a corresponding nominal value,
typically determined during a fixed speed calibration trial.

Experiment 2: Self-selectedWalking Speed Tests
We conducted an experiment to evaluate the validity
of our self-paced treadmill in measuring self-selected
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walking speeds. Ten healthy adults (5 females and 5males;
height: 1.69 ± 0.08 m; age: 25 ± 3 years) participated in
the experiment. All subjects participated in a session that
consists of familiarization trials and three blocks of five
walking speed tests (Fig. 2-a). The familiarization trials
were for the subjects to get familiar with walking on our
self-paced treadmill and at their comfortable speed in dif-
ferent settings. In addition, the subject’s baseline position,
p0, was found in the fixed-speed portion of the treadmill
familiarization. The five walking speed tests in each of the
three blocks were presented in random order.

We compared five different self-selected walking speed
tests. The settings and measurements of the tests are
described in Fig. 2-b. Overground 10m is the standard 10-
meter walk test [9, 37] that we used as a reference point
in evaluating the outcomes of the other tests. Overground
150 m is to check whether the standard test represents
longer distance walking, as walking distance can affect
self-selected speed [30]. Manual Speed Selection is a com-
mon way to measure preferred walking speed on a tread-
mill [10–12]. The correlation between the speedmeasures
in Manual Speed Selection and those in Overground 10

Fig. 2 Experimental protocol for self-selected walking speed tests. a The protocol consists of a familiarization session and the main session
organized into three blocks. The familiarization session consists of eight overground and treadmill walking trials, which in total takes about 25
minutes. In self-paced treadmill trials, the treadmill first starts at a slow speed, 0.8 m s−1, then switches to self-paced mode. Each of the blocks in the
main session takes about 15 minutes and consists of five self-selected walking speed tests in random order. b The five walking speed tests consist of
two overground and three treadmill tests. In the overground tests, subjects start to walk from standing at the experimenter’s verbal sign “3, 2, 1, go,”
and the experimenter measures with a stopwatch the time it takes for the subject to traverse the middle 10 m sections. In the treadmill tests, the
treadmill starts at 0.8 m s−1 then switches to either speed sweep mode in Manual Speed Selection or self-paced mode in Self-Paced 2 min and
Self-Paced 150 m. In Self-Paced 150 m, a monitor shows a 150 m virtual track and a black circle tracking the subject’s position



Song et al. Journal of NeuroEngineering and Rehabilitation           (2020) 17:68 Page 7 of 14

m will be the benchmark value for our self-paced tread-
mill tests. Self-Paced 2 min and Self-Paced 150 m are
the tests using our self-paced treadmill. Subjects were
informed whether they would walk for 2 min or 150 m,
and, for the latter, subject position was shown on a 150
m virtual track on a monitor in real-time. We applied
both fixed-time and fixed-distance tests on the self-paced
treadmill to determine whether it was necessary to moti-
vate participants to walk a given distance in order to
obtain self-selected walking speeds that correlated well
with overground, fixed-distance tasks.
The self-selected walking speed tests were designed to

be coherent and comparable with each other. For exam-
ple, 150 m of walking distance in Self-Paced 150 m was
selected to match the distance in Overground 150 m, and
the 2 min of walking time in Self-Paced 2 min is the time
it takes to walk 150 m at a typical walking speed of 1.25
m s−1. Similarly, in Self-Paced 2 min and Self-Paced 150
m, walking speeds were measured in six sections that cor-
respond to the 10-meter-sections in Overground 150 m.
We used consistent instructions in all the walking trials
[34]. Subjects were instructed to “walk at a comfortable
speed” in the overground and self-paced treadmill tests
and to verbally indicate when the treadmill gets “faster
(or slower) than what you would choose as a comfort-
able speed” in Manual Speed Selection. When subjects
asked for clarification, we elaborated a comfortable speed
as “whatever speed feels natural to you.”
We compared self-selected walking speeds measured in

each test to the value in the standard overground test.
The main evaluation was how well walking speed in each
test correlated with the speed in the standard test, Over-
ground 10 m. We also compared self-selected speeds in
Self-Paced 2 min and Self-Paced 150m to see whether set-
ting a target walking distance was necessary. In total, we
measured 5 sets of 30 self-selected walking speeds: in the
five tests, ten subjects walked for three times. For each
walking speed test other thanOverground 10m, we report
a linear model, b1 vOG10 + b0, that fits these 30 measure-
ments to those in Overground 10 m with the minimum
mean-squared-error. A test that has a fit of b1 = 1 and
b0 = 0 indicates that subjects, on average, are likely to
walk at the same speed they walked at in Overground
10 m. We also calculate the Pearson’s linear correlation
coefficient, R, in these pairs of 30 measurements. The cor-
relation coefficient of 1 and 0 correspond to perfect and
no correlation, respectively, where a high correlation indi-
cates that much of the variation in measured speeds are
captured in the fitted linear model. We considered the lin-
ear fit and correlation values to be statistically significant
if their p-value is smaller than 0.05.
We calculated the variability of self-selected walk-

ing speed in each test to determine whether the self-
paced treadmill tests were as consistent as the standard

overground test. To this end, we calculated the standard
deviation of the three walking speed measurements of
the same subject within each test, SDintra. We compared
these standard deviation values in each test to determine
whether certain tests show higher variability than others.
We estimated the time taken to conduct one trial of each

walking test to determine whether the self-paced tread-
mill tests required less time than the common treadmill
test. We calculated the minimum time used in all trials
in our experiments from the recorded data and report
their mean and standard deviation for each walking test.
The time for an Overground 10 m trial is calculated as
TOG10 = 1.5 × TOG10,rec + 6 × 3, where TOG10,rec is the
sum of six recorded times for crossing the 10 m section,
multiplication of 1.5 accounts for the additional 5 m walk
of the 15 m walkway, and the last term is the three-second
countdowns before each of the six bouts. For TOG150 of
the Overground 150 m test, we report the recorded time
taken by subjects in completing the 150 m course plus 3
s for the countdown. The time used in the Manual Speed
Selection, TMSS is reported as the duration the treadmill
was controlled in speed sweepmode plus 3 s for the count-
down. Similarly, the times used in Self-Paced 2 min, TSP2,
and Self-Paced 150 m, TSP150, are reported as the dura-
tion the treadmill was in self-paced mode plus 3 s. Most of
the reported times underestimate the actual time required
for trials; for example, there were a few additional seconds
between each of the six bouts in anOverground 10m trial,
and a few seconds spent before and after speed sweep and
self-paced modes in the treadmill trials.
We calculated the time required for walking speed to

converge in self-paced treadmill tests to determine the
minimum duration of a test with reliable measurements.
We observed that participants seemed to converge to
steady speed in much less time than the approximately
two minutes provided in self-paced walking speed tests.
To determine the convergence time in Self-Paced 2 min,
we first calculated the mean and standard deviation of
walking speeds during the last 20%, or the last 24 sec-
onds, of the trial. Then we found the moment when
walking speed first entered the range of the mean plus
or minus one standard deviation, and determined it to be
the convergence time, tcnvg . We determined the conver-
gence distance in Self-Paced 150 m similarly by setting the
threshold from the mean and standard deviation of the
last 30 m of the trial. Note that the initial treadmill speed
was 0.8 m s−1 in all the self-paced treadmill trials.
We assessed subject experience in each walking speed

test with a survey in order to determine whether the self-
paced tests were comfortable and intuitive compared to
the standard tests. Subjects rated two written statements
for each test after completing all the walking trials. The
statements were “it was comfortable walking” and “it was
easy to choose my walking speed,” and the subjects had
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five options: strongly disagree, disagree, neutral, agree, and
strongly agree. We quantified the selections by assigning
scores from 1 to 5 for strongly disagree to strongly agree,
respectively.
The statistical significance of differences across walk-

ing speed tests, in terms of intra-subject variation, time
to measure, and survey scores, was tested using two-way
analysis of variance (ANOVA) accounting for different
tests and subjects. If a significant effect of test type was
found in ANOVA, we conducted paired-sample t-test for
every pair of tests. We used significance level of α = 0.05.

Results
Self-pacing Algorithm
The proposed self-pacing controller successfully matched
subject speed and kept subjects near the baseline posi-
tion. In the exploration trial of the familiarization session,
all subjects easily walked (or even ran) on the self-paced
treadmill at a wide range of speeds

(
about 0 to 2 ms−1).

Experiment 1: State Estimator
The State Estimator and motion capture system were in
close agreement as to the subject speed and position. The
RMS differences between estimations of the Kalman fil-
ter and motion capture system during the six one-minute
trials were RMSv̄ = 0.023 ± 0.003 m s−1 and RMSp̄ =
0.014± 0.008 m. Figure 3 shows the Kalman filter estima-
tions of the subject speed and position, vKF and pKF , and
their mean values during each step, v̄KF and p̄KF , as well
as those values from the motion capture data. In addition,
the speed and position calculated by merely integrating
ground reaction forces are shown to diverge, demonstrat-
ing the necessity of the once-per-footstep measurement
update of the Kalman filter. Time update using subject
acceleration (Table 1: line 2) allows continuous and more
accurate tracking of subject speed and position.

Experiment 2: Self-selectedWalking Speed Tests
All ten subjects completed the self-selected walking speed
test protocol. In the standard Overground 10 m test,
the mean and standard deviation of the self-selected
walking speeds were 1.32 ± 0.18 m s−1, ranging from
0.98 to 1.79 m s−1. Leg length, defined as the distance
between anterior iliac spine and the medial malleolus,
explained 20% of the variance in self-selected walking
speed

(
R2 = 0.20, p = 0.01

)
, which agrees with previous

studies [1].
Walking speeds measured in Overground 150 m were

close to those inOverground 10m. The fitted linearmodel
was close to the identity line with a high correlation coef-
ficient (Fig. 4-a). The mean and standard deviation of
walking speeds were 1.35 ± 0.19 m s−1. This result sup-
ports that the standard test, Overground 10 m, reliably
measures walking speed in longer distance walking.

Speeds in Manual Speed Selection were highly corre-
lated with those in Overground 10 m but were slower
overall. Walking speeds in Manual Speed Selection were
1.18±0.24m s−1, which was significantly lower (p = 0.01)
than those in Overground 10 m (Fig. 4-b). This result
agrees with previous studies with similar treadmill speed
selection tests [10, 12]. The correlation value of R = 0.89
betweenManual Speed Selection and Overground 10 m is
set as the benchmark for our self-paced treadmill tests.
Both Self-Paced 2min and Self-Paced 150mwere highly

correlated with Overground 10 m. The correlation coef-
ficients of the self-paced treadmill tests (R = 0.93 and
R = 0.94) were slightly higher than for Manual Speed
Selection (Fig. 4-c and d vs. b). The walking speeds in self-
paced treadmill tests were 1.23±0.28m s−1 and 1.23±0.27
m s−1, respectively. The speeds were not significantly dif-
ferent from Overground 10 m speeds (p = 0.13 in both
tests) and were slightly closer than Manual Speed Selec-
tion speeds were. However, participants with slower over-
ground walking speeds reduced their speed more on the
treadmill. The three slowest subjects walked significantly
slower in the self-paced treadmill tests compared to the
standard test

(
0.87 ± 0.11 vs. 1.11 ± 0.07, p = 6 × 10−5),

while the remaining seven subjects did not (1.38±0.15 vs.
1.41 ± 0.13, p = 0.49).
Walking speeds measured in Self-Paced 2 min and

Self-Paced 150 m were very similar. The fitted model
was close to the identity line (vSP150 = 0.96vSP2 + 0.06),
and the correlation coefficient was very high(
R = 0.98, p = 7 × 10−20).
The intra-subject variabilities in all tests were low and

were not significantly different (p = 0.49). The average
across all tests and participants was SDintra = 0.042 ±
0.030 m s−1. The variability values of individual tests were
all lower than 0.1 m s−1, which has been suggested as a
threshold for clinical significance of differences in walking
speed [5, 6, 9].
The self-paced treadmill tests required about a third

of the time required for Manual Speed Selection. The
mean and standard deviation of the times required
for a trial of each test were TOG10 = 87 ± 9 s,
TOG150 = 124 ± 16 s, TMSS = 371 ± 141 s, TSP2 =
125 ± 1 s, and TSP150 = 138 ± 35 s. Walking speed
test type had a significant effect on measurement time(
ANOVA, p = 4 × 10−37). All the tests were significantly
different from each other (paired t-tests, p < 0.002),
except for Self-Paced 2 min and Self-Paced 150 m (p =
0.051) and for Overground 150 m and Self-Paced 2 min
(p = 0.754). Manual Speed Selection took the longest
on average and also was the most variable across sub-
jects. The large time variation was due to some subjects
having large gaps between the speeds identified to be
faster or slower than comfortable speeds while others had
smaller gaps.
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Fig. 3 Estimations of State Estimator and motion capture system. The plots show the subject’s estimated a instantaneous speed v, bmean speed of
each step, v̄, c instantaneous position, p, and dmean position of each step, p̄. All speeds and positions are in the lab reference frame. The values are
estimated with the proposed Kalman filter (black line), motion capture system (blue line), and by simply integrating the ground reaction forces (red
line). e The data are collected during a one-minute trial where the treadmill speed, vtm , changes from 1.8 to 0.8 m s−1 as shown in the bottom plot.
Panels at right provide an enlarged view of the final five seconds of data

Analysis of speed convergence in the self-paced tread-
mill tests suggests that the preset time and distance can
be much shorter than 2 min and 150 m. The mean and
standard deviation of the convergence time in Self-Paced 2
min were tcnvg = 22± 22 s while mean and standard devi-
ation of convergence distance in Self-Paced 150 m were
dcnvg = 42± 29 m (Fig. 5). This convergence distance cor-
responded to tcnvg = 34±22 s in time, significantly longer

than that in Self-Paced 2 min (p = 0.048). This result sug-
gests that the times used in the current Self-Paced 2 min
(TSP2 = 125 s) and Self-Paced 150 m (TSP150 = 138 s)
could be much shorter. For example, the average speed
during the last five seconds of the first minute of the Self-
Paced 2 min test is not statistically different from the
current measure (p = 0.89). This would require about one
sixth the time of the conventional treadmill speed test.
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Fig. 4 Speeds measured in the self-selected walking speed tests. The self-selected walking speeds measured in a Overground 150 m, bManual
Speed Selection, c Self-Paced 2 min, and d Self-Paced 150 m are compared to those from Overground 10 m. The data points relate a self-selected
walking speed measured in a test to the one measured in the standard test in the same block. Each data point is a mean of four measurements
(Fig. 2), with whiskers depicting ±1 standard deviation. The exception is for Manual Speed Selection, where the standard deviation is for two
measurements because a pair of faster and slower than comfortable speeds are required to obtain one measurement of comfortable speed. Three
data points from the same subject are connected with a line and marked in the same color. The linear model, correlation coefficient, and p-value for
the fit are shown at the bottom right of each plot

The survey results suggested that subjects found walk-
ing at their comfortable speeds in the self-paced treadmill
tests to be as comfortable as in the common treadmill
speed selection test but not as comfortable as in over-
ground tests. The mean and standard deviation of the
scores for “it was comfortable walking” were 4.3 ± 0.7
for Overground 10 m, 4.4 ± 0.5 for Overground 150 m,
3.5 ± 1.0 for Manual Speed Selection, 3.9 ± 0.7 for Self-
Paced 10 m, and 3.8± 0.8 for Self-Paced 150 m, where 1 is

strongly disagree and 5 is strongly agree. The scores for the
“it was easy to choose my walking speed” statement were
4.4±0.7, 4.5±0.7, 3.0±1.2, 3.3±0.7 and 3.4±1.0, respec-
tively. Speed test type had a significant effect on survey
results

(
ANOVA, p = 0.002 and 1 × 10−5, respectively

)
.

Comfort and ease of speed selection in self-paced tests
were not significantly different from those in the conven-
tional treadmill test (paired t-tests, p > 0.10) but were
worse than those in overground tests (p < 0.053).



Song et al. Journal of NeuroEngineering and Rehabilitation           (2020) 17:68 Page 11 of 14

Fig. 5 Convergence of walking speeds in self-paced treadmill tests. Walking speeds normalized by final estimated speed in a Self-Paced 2 min and b
Self-Paced 150 m tests. Walking speed from individual trials are shown in colored lines. The mean and ±1 standard deviation across all trials are
shown as a black line and gray shaded area. The solid and dotted vertical lines indicate the mean and mean plus one standard deviation of
convergence time and distance

Discussion
Our results indicate that the proposed self-paced tread-
mill can be used to measure self-selected walking speed.
Subjects selected walking speeds in self-paced treadmill
tests that were highly correlated with their speeds in the
standard overground test. Intra-subject speed variations
in the self-paced treadmill tests were low, demonstrat-
ing repeatability. The self-paced treadmill tests required
only about a third of the time to complete of a common
treadmill test, with no reduction in comfort or ease.
Although the walking speeds from self-paced tread-

mill tests highly correlated with the standard 10-meter
walk test, the actual speeds were not the same. More
specifically, subjects who walked at slow speeds in
Overground 10 m walked even slower in Self-Paced 2
min and Self-Paced 150 m (Fig. 4-c,d). We can spec-
ulate different reasons for this observation. First, our
self-pacing controller may be tuned better for nor-
mal and fast walking than walking at slow speeds.

However, that would not explain why the slow walk-
ing subjects also selected slower speeds in Manual
Speed Selection (Fig. 4-b). Second, which is more
compelling in our opinion, contextual changes [31–33]
other than segment dynamics (i.e. force interactions
between subjects and the treadmill or ground) may have a
larger effect during slower walking. The influence of these
contextual changes may depend on walking speed because
control strategies may change for different speeds [38, 39]
as modeling studies suggest slower walking should rely
more on active balance control than on passive dynam-
ics [40]. This hypothesis could be tested by studying
how the amount of context-induced gait changes corre-
late with walking speed. Whatever the reason, the strong
correlation between self-paced and overground speeds
suggests that changes in self-selected walking speed on
the self-paced treadmill will translate into changes during
overground walking, though the absolute magnitudes may
differ.
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Subjects selected to walk at very similar speeds on our
self-paced treadmill whether they were walking for a pre-
set time or a preset distance. This was unexpected because
it would seem inconsistent with the minimum effort prin-
ciple. So why did subjects walk at similar speeds in the
preset time (Self-Paced 2 min) and present distance (Self-
Paced 150 m) tests? First, subjects may have tried to fulfill
the experimenter’s expectation. We instructed the sub-
jects to walk at their comfortable speed in all five tests,
which the subjects may have interpreted as walking at a
particular speed. However, such interpretation or intent
of matching experimenter expectation was not apparent
from subject feedback. Second, it could be that the objec-
tive of walking for a preset time was not clear to subjects
because it is different enough from other walking tasks
that they had experienced. Walking for a preset distance
is close to walking to a target location, which is very com-
mon in daily life. Walking or running on a treadmill in a
gym for a preset time as a workout might seem similar
but is different from the preset time test in our study, in
that the speed is usually set based on energy expenditure
goals. For the unique task of walking for a preset time in
an experiment, subjects may have aimed to walk in a way
they were most familiar with, which is to walk for a preset
distance. Regardless of the reason, all subjects in our study
self-selected to walk at similar speeds in the preset time
and preset distance tests. Therefore, we can use the pre-
set time on a self-paced treadmill to measure self-selected
walking speeds, which can be easier to administer than for
preset distance.
The proposed self-pacing controller is different from

most previous controllers in that it uses data from tread-
mill force plates to estimate subject speed and position.
Therefore, it requires a force-instrumented treadmill, and
subjects should not cross over the belts when stepping,
which can interfere with their natural gait. However, step-
ping on the correct belt on an instrumented treadmill is a
common requirement for gait studies [13], in which case,
the self-pacing controller can be used with little over-
head. We have previously tested other approaches that
require additional parts on subjects, such as motion cap-
ture markers or string potentiometers, and those setups
can easily increase the burden in complex gait experi-
ments, such as studies on robotic exoskeletons or prosthe-
ses [14, 41]. Improving the performance of the self-pacing
controller in the presence of cross-over steps would allow
it to be used in additional protocols or when using single-
belt instrumented treadmills. To enable position updates
during cross-over steps, the algorithm should be able to
estimate the timing and position of new foot contacts
without the assumption that each step is made on the
corresponding belt. Using the COP estimated from GRFs
combined from both belts and sensing abrupt changes in
this COP could be an effective approach.

Another difference from most prior self-pacing con-
trollers is that ours adjusts the treadmill speed only once
per footstep. Most other self-paced treadmill controllers
update treadmill speed at a higher frequency (30∼120 Hz)
[16–18]. If the treadmill speed instantaneously matches
subject body speed, it will fluctuate within every stride
due to natural speed oscillations in normal walking (Fig. 3-
a) and may introduce undesired treadmill dynamics. To
minimize this effect, previous studies low-pass filtered
the estimated body state with a low cutoff frequency
(e.g. 2 Hz), which can introduce time delays. Instead, our
controller updates the treadmill speed once-per-footstep
based on the mean values in that footstep. We find our
approach to be conceptually more consistent with the
control goal of matching walking speed, not instanta-
neous speed. A more thorough investigation of tread-
mill speed adjustment strategies could be instructive and
might improve the self-pacing controller. For example, we
use a simple heuristic control scheme (Eq. 4) with low con-
trol gains in matching subject speed and position, which
is similar to previous approaches [16]. While higher gains
can respond more quickly to speed and position changes,
we empirically found lower gains to be stable and reliable
for walking at steady speeds and moderate speed changes.
Gain scheduling that matches large speed changes as
well as steady walking would extend the potential use of
self-paced treadmills in gait studies.
In the future, this self-pacing controller could be

extended to address additional locomotion behaviors and
its usability could be improved. We expect that the con-
troller could be extended to running and to inclined and
declined surfaces with only minimal changes. The human
response to the controller under these conditions would
need to be tested in an experiment similar to the one
described in this study. It should be possible to create a
version of the self-pacing software that runs on a per-
sonal computer without a real-time target machine, which
would allow additional researchers to use the technique.
We plan to update our repository with such extensions as
they occur [42].
The proposed self-paced treadmill can be used in

rehabilitation treatment and in gait assistance research
but should be re-validated for substantially different pop-
ulations or tasks. All of the subjects that participated in
our experiment found walking on the self-paced treadmill
intuitive and easy. However, the subtle dynamics and
apparent contextual differences induced by self-paced
treadmills may have a larger effect for subjects with
different health status or for different locomotion tasks.
For example, it has been reported that children with
cerebral palsy experienced larger changes in gait on a
self-paced treadmill than typically developing children
[35]. Nevertheless, for healthy adults walking at typical
speeds, self-selected walking speed on this self-paced
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treadmill can be used as an indication of overground
walking behavior.

Conclusions
We presented a self-paced treadmill controller for force-
instrumented treadmills that can be used to measure
self-selected walking speeds. The controller is adapted
from a previous study [15] and solely uses force-plate data
to estimate and adapt to the subject’s walking speed and
position. To validate its use for measuring self-selected
walking speeds, we compared walking speeds measured
in a range of walking speed tests, where the subjects
were instructed to walk at or select their comfortable
speed. The tests using our self-paced treadmill measured
walking speeds that were highly correlated with those
from the standard overground test. The differences in
the measured speeds from the self-paced treadmill and
overground tests were small and consistent. The low intra-
subject variability of measured speeds supports the relia-
bility of the self-paced treadmill tests. The times required
for the self-paced treadmill tests were a few times less than
that for a common treadmill test, where subjects manually
select their comfortable speeds, with the potential for fur-
ther substantial reductions in duration. Subjects found the
self-paced treadmill tests to be as comfortable and easy
as the common treadmill test. These results demonstrate
that measurements of self-selected walking speed made
using the self-paced treadmill are relevant to overground
conditions, and that the self-paced treadmill provides a
strong alternative to manual speed selection on an instru-
mented treadmill. We provide a complete description and
code for the self-pacing controller and graphical user
interface to facilitate use by other gait researchers and
clinicians [36].
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