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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 from motion 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
m s−1) than in the 10-meter walk test (1.32±0.18 m s−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 m s−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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Background1

Self-selected walking speed is one of the main performance indices of walking. It is the speed at2

which people normally choose to walk and is also known as preferred speed or comfortable speed.3

Walking speed determines the time required in achieving the primary goal of walking: getting to a4

destination. Healthy adults normally choose to walk at about 1.3 m s−1 although they can walk much5

faster (> 2.0 m s−1) [1]. Normal walking speed likely results from balancing many factors, including6

energy use, time spent in transit, appearance, and comfort. It has often been observed that self-selected7

walking speed is close to the speed that minimizes metabolic energy consumption [2, 3] or muscle fatigue8

[4] in traveling a unit distance. Self-selected walking speed also has been emphasized as a promising9
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measure to assess physical health. For example, walking speed is a good predictor of health status and10

survival rate in older adults [5, 6] and a useful measure for rehabilitation progress [7].11

There are different ways to measure self-selected walking speeds. A standard method commonly12

used in physical therapy and gait studies is the so-called 10-meter walk test [8, 9]. In a 10-meter walk13

test, subjects are instructed to walk at their comfortable speed across a 15 ∼ 20 m walkway, and the14

time taken to traverse the middle 10 m section is measured with a stopwatch to calculate self-selected15

walking speed. This process is often conducted multiple times then averaged for reliable measurements.16

Another common way of measuring self-selected speed is by asking subjects to manually select their17

comfortable speeds while walking on a treadmill that changes from slow to fast or fast to slow speeds18

[10, 11, 12]. Measuring comfortable speeds on a treadmill is useful for certain cases, such as collecting19

data in a treadmill-based gait laboratory [13] and studying assistive technologies with immobile systems20

[14]. On the other hand, this manual selection process requires the subjects to walk at various speeds,21

which can be time consuming, and to consciously distinguish comfortable from uncomfortable treadmill22

speeds, which can be confusing for those who are not familiar with walking on a treadmill.23

Self-paced treadmills can also be useful in measuring walking speed. A treadmill that can seam-24

lessly adapt to a subject’s walking speed can provide an overground-like walking environment and can25

compensate for shortcomings in the manual speed selection approach. Self-pacing controllers typically26

consist of two parts, usually treated independently. The first estimates the subject’s speed and posi-27

tion. The second controls treadmill speed based on the estimation. The treadmill speed is typically28

controlled to match subject speed and to keep the subject in the middle of the treadmill [15, 16].29

Various approaches of estimating subject speed and position have been used. One approach is to use a30

marker-based optical motion capture system [17, 16, 18], which is widely used in research laboratories31

as a part of a commercial virtual reality package [19]. Researchers have evaluated these motion capture32

based self-paced treadmills by comparing kinematic and kinetic gait features collected on the self-paced33

treadmill to those during fixed speed treadmill walking [16] and overground walking [18]. In addition,34

these self-paced treadmills have been used in rehabilitation research for children with cerebral palsy35

[20, 21], individuals with chronic stroke [22], and individuals with transtibial amputation [23]. Other36

approaches with low-cost sensors or simpler hardware have been proposed as well, such as using a37

marker-free infrared-based motion sensor [24], an ultrasonic distance sensor [25], a harness with force38

sensors [26], and force plates on an instrumented treadmill [15].39

A self-pacing controller using force-plate data from an instrumented treadmill is attractive because40

it does not require additional hardware or instrumentation. Feasel and colleagues [15] have proposed41

such a controller and used it to separately control the belts on a split-belt treadmill for asymmetric42

gait. They calculated the ground reaction forces and center of pressure from the force-plate data and43

combined them with a Kalman filter to track walking speed. The study focused on testing the feasibility44

of improving gait symmetry in hemiparetic patients with a virtual environment that integrated the self-45

paced treadmill and a visual scene. Although they reported that the hemiparetic patients self-selected46

to walk at speeds comparable to their overground speeds, a more thorough evaluation of self-selected47

walking speed on this type of self-paced treadmill would improve our understanding of its efficacy.48

Various aspects of a walking speed test protocol can unexpectedly affect gait and self-selected49

walking speed. For example, the treadmill speed controller can induce changes in gait. The mechanics50

of walking on a treadmill that moves at a constant speed are identical to overground walking. However,51

when the treadmill accelerates, the belt reference frame is no longer equivalent to a fixed-ground52

reference [27]. In fact, some belt speed control dynamics can lead subjects to walk at speeds far from53

their preferred over-ground speed [28]. People may also choose different speeds for different walking54

tasks, such as to walk for a preset time or a preset distance. If people wish to minimize their energy55

cost in the fixed distance task, they should walk at a speed close to their normal overground speed. In56

order to minimize effort in the fixed time task, however, they should walk very slowly or even stand57
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still [3]. Then again, people might not be familiar with the implications of a fixed-time walking task, or58

might place higher weights on comfort or appearance, or might use a heuristic that defaults to a typical59

speed in both tasks. The specifics of the task, such as the target distance, may also affect walking60

speed [29, 30]. People may also change their walking speed in response to other contextual variations,61

such as the visual environment [31, 32] or auditory cues [33]. Even the details of the verbal instructions62

provided to participants can have a strong effect on walking speed [34]. Therefore, it is important to63

validate the self-selected speed test protocol of interest.64

A straightforward way of validating a self-selected walking speed test is to compare its measured65

speeds to those from the standard walking speed test. However, only a few studies have thoroughly66

compared walking speed on a self-paced treadmill to that during overground walking, and most of those67

studies were for a motion capture based commercial self-paced treadmill [35, 18]. Van der Krogt and68

colleagues [35] compared self-selected speeds of typically developing children and children with cerebral69

palsy in outdoor walking, overground walking in a lab, and walking on a self-paced treadmill in a70

virtual environment. Children were instructed to “walk at their own preferred, comfortable walking71

speed.” Both groups of children walked the fastest outdoor, about 5% slower in the lab, and about 10%72

slower on the self-paced treadmill. Similarly, Plotnik and colleagues [18] compared self-selected speeds73

in healthy adults during walking for 96 m overground, on a self-paced treadmill, and on a self-paced74

treadmill with a virtual environment. Subjects were instructed to “walk at their own self-selected75

preferred comfortable speed.” Subjects walked on the self-paced treadmill at speeds comparable to76

their overground speeds, while they walked slightly faster when a virtual environment was presented.77

In addition, walking speed converged faster to steady speed with the virtual environment. These tests78

demonstrate the value of characterizing response to a self-paced treadmill prior to using it to evaluate79

the effects of other interventions on self-selected walking speed.80

Here, we adapt the force-based self-paced treadmill controller proposed by Feasel and colleagues81

[15] and evaluate two self-selected walking speed tests using it. First, we explain how the proposed82

self-pacing controller estimates subject speed and position and adjusts the treadmill speed. Then, we83

evaluate the speed and position estimations of our controller by comparing them with motion capture84

data. We then validate the use of the self-paced treadmill for measuring self-selected walking speed. We85

compare self-selected walking speeds measured from five different speed tests: the standard 10-meter86

overground walk test, a 150-meter overground walk test, a commonly used manual speed selection87

treadmill test, a 2-minute self-paced treadmill test, and a 150-meter self-paced treadmill test where88

subjects can see their goal and progress on a monitor. We compare self-selected walking speed in the89

10 m and 150 m overground conditions to test whether the standard measure well represents speeds90

in longer bouts of walking. We validate the self-paced treadmill tests by evaluating how well they91

correlate with the standard measure and by comparing them to the commonly used treadmill test. The92

2-minute and 150-meter self-paced treadmill tests are compared to each other to examine whether it is93

necessary to explicitly motivate subjects to walk at their typical speeds by setting target distance and94

showing their progress. Finally, we discuss the implications of our findings and potential extension of95

our self-paced treadmill for rehabilitation and assistive device studies.96

Methods97

Self-pacing Algorithm98

We revised the self-pacing controller for force-instrumented treadmills proposed by Feasel and col-99

leagues [15]. The central idea is to estimate subject walking speed from foot contact positions and to100

improve the estimations by incorporating force measurements using a Kalman filter. In our implemen-101

tation, we track both speed and position with a Kalman filter, which is updated every time step. The102

filter uses noise matrices determined empirically from motion capture data. We provide a complete103

description of the algorithm and share the code [36] so that it can be easily used by other researchers.104
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State Estimator
(every time step)

Speed Controller
(every footstep)

force plate data,
treadmill speed subject speed

and position

speed command

Figure 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.

Our self-pacing controller consists of a subject State Estimator and a treadmill Speed Controller105

(Fig. 1). The State Estimator takes data from two force plates (third-order Butterworth filter; cutoff106

frequency: 25 Hz) and the treadmill speed as input and estimates the subject’s speed and position107

every computational time step, ∆t. Based on the estimated speed and position, the Speed Controller108

adjusts the treadmill speed at the beginning of each footstep.109

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 values 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,
yf1, as the COP at contact detection. Foot position on the prior step in the lab reference frame, yf0,
is calculated by the COP at the previous contact plus the integral of the treadmill speed over the time
between the contacts (yf1 and yf0 are shown in Fig. 1). We then estimate the fore-aft acceleration,
velocity and position of the subject in the lab reference frame as

ames =
fy
m

(1)

v̄mes =
yf1 − yf0

t1 − t0
− v̄tm (2)

p̄mes ≈
yf1 + yf0

2
(3)

where m is the mass of the human subject, and t0 and t1 are times when each foot contact occurs,110

and the variables with a bar indicate mean values during that step (i.e. between consecutive foot111

contact detections). Eq. 1 is Newton’s second law. Eq. 2 estimates the subject’s mean speed in the112

lab reference frame, v̄mes, by subtracting treadmill speed (v̄tm) from the subject’s walking speed. The113

subject’s walking speed is calculated as step length (yf1 − yf0) divided by step time (t1 − t0). Eq. 3114

defines the subject’s mean position, p̄mes, as the middle of the leading and trailing foot placements at115

a new foot contact.116

We implemented a Kalman filter to combine the measurement values ames, v̄mes and p̄mes to con-117

tinuously estimate the subject’s speed and position (Table 1). The filter keeps track of subject speed118

and position by predicting them every time step from ames (Table 1: line 2), and by correcting them119

with new measurements v̄mes and p̄mes every footstep (line 6). The measurement update is conducted120

when a new foot contact is detected (line 4). The filter rejects steps of unreasonable duration (greater121

than 1.2 seconds) to skip the measurement update when subjects cross over the belts (e.g. stepping122

on the left belt with the right foot). The system model, A and B (and the observation model C = I),123
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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 · σ2
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).

describes the relationship between the measurement values according to Newton’s second law. The124

noise matrices, Q and R, as well as the initial error covariance matrix P0 are determined from data125

collected in walking sessions, where two subjects walked on a treadmill at speeds between 0.8 and 1.8126

m s−1 in ten one-minute trials. The noise matrices are set based on σa, σv and σp (Table 1), which are127

the differences in ames, v̄mes and p̄mes, respectively, calculated from force-plate data and motion capture128

data. P0 is set to the mean of the values P converged to at the end of the pilot sessions.129

The Speed Controller adjusts the treadmill speed to match subject speed and to keep the subject
near a baseline position. It updates the treadmill speed once per footstep when a new foot contact is
detected. This is different from other self-paced treadmills in previous studies, where speed adjustment
is done at a much faster rate (30∼120 Hz) [17, 16, 18]. Controlling the treadmill speed at a higher
frequency can lead to undesired dynamics due to natural speed oscillations during walking. Instead
of filtering 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)

5
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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 filter. 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 subject 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 familiarization 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 walking speed, and Gp = 1 will result in a speed that brings the
subject to p0 in 1 second. However, in pilot tests, we found a controller with these high gains to be
unstable. Therefore, we use lower gains of Gv = 0.25 and Gp = 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 sec, similar to the duration of a walking step.130

The code of our self-pacing controller and a graphical user interface are publicly available [36]. The131

self-pacing controller is implemented in Matlab/Simulink Real-Time and runs on a real-time target ma-132

chine (Speedgoat) at 1000 Hz (i.e. ∆t = 0.001). The real-time target machine receives force-plate data133

from the instrumented treadmill (Bertec) at the same rate. The graphical user interface implemented134

in Matlab runs on a desktop machine at 100 Hz and allows the experimenter to communicate with the135

real-time target machine. In addition, it receives the target treadmill speed and acceleration from the136

real-time target machine and commands it to the treadmill.137

Experiment 1: State Estimator138

To evaluate the State Estimator, we compared the estimated position and velocity to those from139

motion capture data. One subject wore a waist belt with four reflective markers and walked on the140

force-instrumented treadmill for six one-minute trials. Treadmill speed was manually controlled in most141

of these trials as we wanted to evaluate the State Estimator independently from the Speed Controller.142

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,143

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,144

the same speeds were presented in reverse order. Then, the treadmill was controlled with our self-145

pacing controller in the last trial. Positions of the four reflective markers were captured with a motion146

capture system (Vicon Vantage; 8 cameras), sampled in 100 Hz and low-pass filtered using a third-order147

Butterworth filter with a cutoff frequency of 20 Hz. The mean of those maker positions, pmocap, and148

its time derivative, vmocap, were used for evaluation.149

We report how the main outputs of the State Estimator v̄KF and p̄KF compare to those from150

motion capture data. For the mean step velocity, we report the root-mean-square (RMS) differences,151

RMSv̄ =
√

1
n

∑n
step=i (v̄KF,i − v̄mocap,i)

2, where n is the total number of steps in a walking trial, and152

v̄mocap,i is the mean value of vmocap on the ith step. RMSp̄ was calculated similarly, but with offset-153

corrected values for each one-minute trial. This is because p̄KF is not tracking the position of the waist.154

Our approach does not estimate the absolute position of the person’s center of mass, but rather its155

position relative to the average center of pressure at consecutive foot strikes. Note that any measure156

of body position can be used to maintain a desirable position on the treadmill by comparing it to a157

corresponding nominal value, typically determined during a fixed speed calibration trial. In this sense,158

it is unlikely that any aspect of body position is more useful than any other for self-pacing purposes;159

only the displacement relative to the nominal position matters.160
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Experiment 2: Self-selected Walking Speed Tests161

We conducted an experiment to evaluate the validity of our self-paced treadmill in measuring self-162

selected walking speeds. Ten healthy adults (5 females and 5 males; height: 1.69 ± 0.08 m; age:163

25 ± 3 years) participated in the experiment. All subjects participated in a session that consists of164

familiarization trials and three blocks of five walking speed tests (Fig. 2-a). The familiarization trials165

were for the subjects to get familiar with walking on our self-paced treadmill and at their comfortable166

speed in different settings. In addition, the subject’s baseline position, p0, was found in the fixed-speed167

portion of the treadmill familiarization. The five walking speed tests in each of the three blocks were168

presented in random order.169

We compared five different self-selected walking speed tests. The settings and measurements of170

the tests are described in Fig. 2-b. Overground 10 m is the standard 10-meter walk test [9, 37] that171

we used as a reference point in evaluating the outcomes of the other tests. Overground 150 m is to172

Overground 150 m

25 m walkway

x 3

record 10 m

Walk: 25 m walkway back and

Measure: middle 10 m sections

Self-selected walking speed

forth three times without stopping

≜ mean(last 4 measures)

Overground 10 m

15 m walkway

x 3

record 10 m

Walk: 15 m walkway 6 times

Measure: middle 10 m section

Self-selected walking speed
≜ mean(last 4 trials)

Manual Speed Selection

x 3

Treadmill: start at slow/fast speed then

Subject notes when passed comfortable speed

Self-selected walking speed

increase/decrease by 0.02 m s-1 every 3 s

≜ mean(last 4 selected speeds)

Self-Paced 2 min

Treadmill: self-paced mode for 2 min

Measure: six 8 s sections

Self-selected walking speed
≜ mean(last 4 measures)

b

Self-Paced 150 m

Treadmill: self-paced mode for 150 m

Measure: six 10 m sections

Self-selected walking speed
≜ mean(last 4 measures)

Display: subject's position on virtual track

Overground Treadmill

familiarization
(25 min)

block 1
(15 min)

block 2
(15 min)

block 3
(15 min)

in random order

• Overground 10 m
• Overground 150 m
• Manual Speed Selection
• Self-Paced 2 min
• Self-Paced 150 m

each block consists of

a

2) Explore self-paced 5 min
3) Self-Paced 2 min
4) Manual Speed Selection
5) Overground 10 m
6) Self-Paced 2 min
7) Overground 10 m
8) Self-Paced 2 min

1) Treadmill 0.8~1.8 m s-1 2 min

Figure 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.
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check whether the standard test represents longer distance walking, as walking distance can affect self-173

selected speed [30]. Manual Speed Selection is a common way to measure preferred walking speed on174

a treadmill [10, 11, 12]. The correlation between the speed measures in Manual Speed Selection and175

those in Overground 10 m will be the benchmark value for our self-paced treadmill tests. Self-Paced 2176

min and Self-Paced 150 m are the tests using our self-paced treadmill. Subjects were informed whether177

they would walk for 2 min or 150 m, and, for the latter, subject position was shown on a 150 m virtual178

track on a monitor in real-time. We applied both fixed-time and fixed-distance tests on the self-paced179

treadmill to determine whether it was necessary to motivate participants to walk a given distance in180

order to obtain self-selected walking speeds that correlated well with overground, fixed-distance tasks.181

The self-selected walking speed tests were designed to be coherent and comparable with each other.182

For example, 150 m of walking distance in Self-Paced 150 m was selected to match the distance in183

Overground 150 m, and the 2 min of walking time in Self-Paced 2 min is the time it takes to walk184

150 m at a typical walking speed of 1.25 m s−1. Similarly, in Self-Paced 2 min and Self-Paced 150 m,185

walking speeds were measured in six sections that correspond to the 10-meter-sections in Overground186

150 m. We used consistent instructions in all the walking trials [34]. Subjects were instructed to “walk187

at a comfortable speed” in the overground and self-paced treadmill tests and to verbally indicate when188

the treadmill gets “faster (or slower) than what you would choose as a comfortable speed” in Manual189

Speed Selection. When subjects asked for clarification, we elaborated a comfortable speed as “whatever190

speed feels natural to you.”191

We compared self-selected walking speeds measured in each test to the value in the standard over-192

ground test. The main evaluation was how well walking speed in each test correlated with the speed193

in the standard test, Overground 10 m. We also compared self-selected speeds in Self-Paced 2 min and194

Self-Paced 150 m to see whether setting a target walking distance was necessary. In total, we measured195

5 sets of 30 self-selected walking speeds: in the five tests, ten subjects walked for three times. For each196

walking speed test other than Overground 10 m, we report a linear model, b1 vOG10 + b0, that fits these197

30 measurements to those in Overground 10 m with the minimum mean-squared-error. A test that198

has a fit of b1 = 1 and b0 = 0 indicates that subjects, on average, are likely to walk at the same speed199

they walked at in Overground 10 m. We also calculate the Pearson’s linear correlation coefficient, R,200

in these pairs of 30 measurements. The correlation coefficient of 1 and 0 correspond to perfect and201

no correlation, respectively, where a high correlation indicates that much of the variation in measured202

speeds are captured in the fitted linear model. We considered the linear fit and correlation values to203

be statistically significant if their p-value is smaller than 0.05.204

We calculated the variability of self-selected walking speed in each test to determine whether the205

self-paced treadmill tests were as consistent as the standard overground test. To this end, we calculated206

the standard deviation of the three walking speed measurements of the same subject within each test,207

SDintra. We compared these standard deviation values in each test to determine whether certain tests208

show higher variability than others.209

We estimated the time taken to conduct one trial of each walking test to determine whether the self-210

paced treadmill tests required less time than the common treadmill test. We calculated the minimum211

time used in all trials in our experiments from the recorded data and report their mean and standard212

deviation for each walking test. The time for an Overground 10 m trial is calculated as TOG10 =213

1.5 × TOG10,rec + 6 × 3, where TOG10,rec is the sum of six recorded times for crossing the 10 m section,214

multiplication of 1.5 accounts for the additional 5 m walk of the 15 m walkway, and the last term is the215

three-second countdowns before each of the six bouts. For TOG150 of the Overground 150 m test, we216

report the recorded time taken by subjects in completing the 150 m course plus 3 s for the countdown.217

The time used in the Manual Speed Selection, TMSS is reported as the duration the treadmill was218

controlled in speed sweep mode plus 3 s for the countdown. Similarly, the times used in Self-Paced 2219

min, TSP2, and Self-Paced 150 m, TSP150, are reported as the duration the treadmill was in self-paced220
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mode plus 3 s. Most of the reported times underestimate the actual time required for trials; for example,221

there were a few additional seconds between each of the six bouts in an Overground 10 m trial, and a222

few seconds spent before and after speed sweep and self-paced modes in the treadmill trials.223

We calculated the time required for walking speed to converge in self-paced treadmill tests to224

determine the minimum duration of a test with reliable measurements. We observed that participants225

seemed to converge to steady speed in much less time than the approximately two minutes provided226

in self-paced walking speed tests. To determine the convergence time in Self-Paced 2 min, we first227

calculated the mean and standard deviation of walking speeds during the last 20%, or the last 24 sec,228

of the trial. Then we found the moment when walking speed first entered the range of the mean plus229

or minus one standard deviation, and determined it to be the convergence time, tcnvg. We determined230

the convergence distance in Self-Paced 150 m similarly by setting the threshold from the mean and231

standard deviation of the last 30 m of the trial. Note that the initial treadmill speed was 0.8 m s−1 in232

all the self-paced treadmill trials.233

We assessed subject experience in each walking speed test with a survey in order to determine234

whether the self-paced tests were comfortable and intuitive compared to the standard tests. Subjects235

rated two written statements for each test after completing all the walking trials. The statements were236

“it was comfortable walking” and “it was easy to choose my walking speed,”and the subjects had five237

options: strongly disagree, disagree, neutral, agree, and strongly agree. We quantified the selections by238

assigning scores from 1 to 5 for strongly disagree to strongly agree, respectively.239

The statistical significance of differences across walking speed tests, in terms of intra-subject vari-240

ation, time to measure, and survey scores, was tested using two-way analysis of variance (ANOVA)241

accounting for different tests and subjects. If a significant effect of test type was found in ANOVA, we242

conducted paired-sample t-test for every pair of tests. We used significance level of α = 0.05.243

Results244

Self-pacing Algorithm245

The proposed self-pacing controller successfully matched subject speed and kept subjects near the246

baseline position. In the exploration trial of the familiarization session, all subjects easily walked (or247

even ran) on the self-paced treadmill at a wide range of speeds (about 0 to 2 m s−1).248

Experiment 1: State Estimator249

The State Estimator and motion capture system were in close agreement as to the subject speed and250

position. The RMS differences between estimations of the Kalman filter and motion capture system251

during the six one-minute trials were RMSv̄ = 0.023 ± 0.003 m s−1 and RMSp̄ = 0.014 ± 0.008 m.252

Fig. 3 shows the Kalman filter estimations of the subject speed and position, vKF and pKF , and their253

mean values during each step, v̄KF and p̄KF , as well as those values from the motion capture data.254

In addition, the speed and position calculated by merely integrating ground reaction forces are shown255

to diverge, demonstrating the necessity of the once-per-footstep measurement update of the Kalman256

filter. Time update using subject acceleration (Table 1: line 2) allows continuous and more accurate257

tracking of subject speed and position.258

Experiment 2: Self-selected Walking Speed Tests259

All ten subjects completed the self-selected walking speed test protocol. In the standard Overground260

10 m test, the mean and standard deviation of the self-selected walking speeds were 1.32 ± 0.18 m s−1,261

ranging from 0.98 to 1.79 m s−1. Leg length, defined as the distance between anterior iliac spine and the262

medial malleolus, explained 20% of the variance in self-selected walking speed (R2 = 0.20, p = 0.01),263

which agrees with previous studies [1].264
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Figure 3: Estimations of State Estimator and motion capture system. The plots show the subject’s estimated
a. instantaneous speed v, b. mean speed of each step, v̄, c. instantaneous position, p, and d. mean 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.

Walking speeds measured in Overground 150 m were close to those in Overground 10 m. The fitted265

linear model was close to the identity line with a high correlation coefficient (Fig. 4-a). The mean and266

standard deviation of walking speeds were 1.35 ± 0.19 m s−1. This result supports that the standard267

test, Overground 10 m, reliably measures walking speed in longer distance walking.268

Speeds in Manual Speed Selection were highly correlated with those in Overground 10 m but were269

slower overall. Walking speeds in Manual Speed Selection were 1.18±0.24 m s−1, which was significantly270

lower (p = 0.01) than those in Overground 10 m (Fig. 4-b). This result agrees with previous studies271

with similar treadmill speed selection tests [10, 12]. The correlation value of R = 0.89 between Manual272

Speed Selection and Overground 10 m is set as the benchmark for our self-paced treadmill tests.273

Both Self-Paced 2 min and Self-Paced 150 m were highly correlated with Overground 10 m. The274

correlation coefficients of the self-paced treadmill tests (R = 0.93 and R = 0.94) were slightly higher275

than for Manual Speed Selection (Fig. 4-c and d vs. b). The walking speeds in self-paced treadmill tests276

were 1.23 ± 0.28 m s−1 and 1.23 ± 0.27 m s−1, respectively. The speeds were not significantly different277

from Overground 10 m speeds (p = 0.13 in both tests) and were slightly closer than Manual Speed278

Selection speeds were. However, participants with slower overground walking speeds reduced their279

speed more on the treadmill. The three slowest subjects walked significantly slower in the self-paced280

treadmill tests compared to the standard test (0.87 ± 0.11 vs. 1.11 ± 0.07, p = 6 × 10−5), while the281

remaining seven subjects did not (1.38 ± 0.15 vs. 1.41 ± 0.13, p = 0.49).282

Walking speeds measured in Self-Paced 2 min and Self-Paced 150 m were very similar. The fitted283

model was close to the identity line (vSP150 = 0.96vSP2 + 0.06), and the correlation coefficient was very284

high (R = 0.98, p = 7 × 10−20).285

The intra-subject variabilities in all tests were low and were not significantly different (p = 0.49).286
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Figure 4: Speeds measured in the self-selected walking speed tests. The self-selected walking speeds measured
in a. Overground 150 m, b. Manual 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 average across all tests and participants was SDintra = 0.042± 0.030 m s−1. The variability values287

of individual tests were all lower than 0.1 m s−1, which has been suggested as a threshold for clinical288

significance of differences in walking speed [5, 6, 9].289

The self-paced treadmill tests required about a third of the time required for Manual Speed Selection.290

The mean and standard deviation of the times required for a trial of each test were TOG10 = 87 ± 9291

s, TOG150 = 124 ± 16 s, TMSS = 371 ± 141 s, TSP2 = 125 ± 1 s, and TSP150 = 138 ± 35 s. Walking292

speed test type had a significant effect on measurement time (ANOVA, p = 4 × 10−37). All the tests293

were significantly different from each other (paired t-tests, p < 0.002), except for Self-Paced 2 min294

and Self-Paced 150 m (p = 0.051) and for Overground 150 m and Self-Paced 2 (p = 0.754). Manual295

Speed Selection took the longest on average and also was the most variable across subjects. The large296

time variation was due to some subjects having large gaps between the speeds identified to be faster297

or slower than comfortable speeds while others had smaller gaps.298

Analysis of speed convergence in the self-paced treadmill tests suggests that the preset time and299

distance can be much shorter than 2 min and 150 m. The mean and standard deviation of the conver-300

gence time in Self-Paced 2 min were tcnvg = 22±22 s while mean and standard deviation of convergence301

distance in Self-Paced 150 m were dcnvg = 42 ± 29 m (Fig. 5). The convergence distance in Self-Paced302

150 m, dcnvg, corresponded to tcnvg = 34 ± 22 s in time, significantly longer than in Self-Paced 2 min303

(p = 0.048). This result suggests that the times used in the current Self-Paced 2 min (TSP2 = 125 s)304

and Self-Paced 150 m (TSP150 = 138 s) could be much shorter. For example, the average speed during305
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Figure 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.

the last five seconds of the first minute of the Self-Paced 2 min test is not statistically different from the306

current measure (p = 0.89). This would require about one sixth the time of the conventional treadmill307

speed test.308

The survey results suggested that subjects found walking at their comfortable speeds in the self-309

paced treadmill tests to be as comfortable as in the common treadmill speed selection test but not310

as comfortable as in overground tests. The mean and standard deviation of the scores for “it was311

comfortable walking” were 4.3±0.7 for Overground 10 m, 4.4±0.5 for Overground 150 m, 3.5±1.0 for312

Manual Speed Selection, 3.9 ± 0.7 for Self-Paced 10 m, and 3.8 ± 0.8 for Self-Paced 150 m, where 1 is313

strongly disagree and 5 is strongly agree. The scores for the “it was easy to choose my walking speed”314

statement were 4.4 ± 0.7, 4.5 ± 0.7, 3.0 ± 1.2, 3.3 ± 0.7 and 3.4 ± 1.0, respectively. Speed test type315

had a significant effect on survey results (ANOVA, p = 0.002 and 1× 10−5, respectively). Comfort and316

ease of speed selection in self-paced tests were not significantly different from those in the conventional317

treadmill test (paired t-tests, p > 0.10) but were worse than those in overground tests (p < 0.053).318

Discussion319

Our results indicate that the proposed self-paced treadmill can be used to measure self-selected320

walking speed. Subjects selected walking speeds in both self-paced treadmill tests that were highly321

correlated with their speeds in the standard overground test. Intra-subject speed variations in the self-322

paced treadmill tests were low, demonstrating repeatability. The self-paced treadmill tests required323

only about a third of the time to complete of a common treadmill test, with no reduction in comfort324

or ease.325

Although the walking speeds from self-paced treadmill tests highly correlated with the standard 10-326

meter walk test, the actual speeds were not the same. More specifically, subjects who walked at slow327

speeds in Overground 10 m walked even slower in Self-Paced 2 min and Self-Paced 150 m (Fig. 4-c,d).328

We can speculate different reasons for this observation. First, our self-pacing controller may be tuned329

better for normal and fast walking than walking at slow speeds. However, that would not explain why330

the slow walking subjects also selected slower speeds in Manual Speed Selection (Fig. 4-b). Second,331
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which is more compelling in our opinion, contextual changes [31, 32, 33] other than segment dynamics332

(i.e. force interactions between subjects and the treadmill or ground) may have a larger effect during333

slower walking. The influence of these contextual changes may depend on walking speed because control334

strategies may change for different speeds [38, 39] as modeling studies suggest slower walking should335

rely more on active balance control than on passive dynamics [40]. This hypothesis could be tested336

by studying how the amount of context-induced gait changes correlate with walking speed. Whatever337

the reason, the strong correlation between self-paced and overground speeds suggests that changes in338

self-selected walking speed on the self-paced treadmill will translate into changes during overground339

walking, though the absolute magnitudes may differ.340

Subjects selected to walk at very similar speeds on our self-paced treadmill whether they were341

walking for a preset time or a preset distance. This was unexpected because it would seem inconsistent342

with the minimum effort principle. So why did subjects walk at similar speeds in the preset time343

(Self-Paced 2 min) and present distance (Self-Paced 150 m) tests? First, subjects may have tried to344

fulfill the experimenter’s expectation. We instructed the subjects to walk at their comfortable speed in345

all five tests, which the subjects may have interpreted as walking at a particular speed. However, such346

interpretation or intent of matching experimenter expectation was not apparent from subject feedback.347

Second, it could be that the objective of walking for a preset time was not clear to subjects because it348

is different enough from other walking tasks that they had experienced. Walking for a preset distance349

is close to walking to a target location, which is very common in daily life. Walking or running on a350

treadmill in a gym for a preset time as a workout might seem similar but is different from the preset351

time test in our study, in that the speed is usually set based on energy expenditure goals. For the352

unique task of walking for a preset time in an experiment, subjects may have aimed to walk in a way353

they were most familiar with, which is to walk for a preset distance. Regardless of the reason, all354

subjects in our study self-selected to walk at similar speeds in the preset time and preset distance tests.355

Therefore, we can use the preset time on a self-paced treadmill to measure self-selected walking speeds,356

which can be easier to administer than for preset distance.357

The proposed self-pacing controller is different from most previous controllers in that it uses data358

from treadmill force plates to estimate subject speed and position. Therefore, it requires a force-359

instrumented treadmill, and subjects should not cross over the belts when stepping, which can interfere360

with their natural gait. However, stepping on the correct belt on an instrumented treadmill is a361

common requirement for gait studies [13], in which case, the self-pacing controller can be used with362

little overhead. We have previously tested other approaches that require additional parts on subjects,363

such as motion capture markers or string potentiometers, and those setups can easily increase the364

burden in complex gait experiments, such as studies on robotic exoskeletons or prostheses [14, 41]. A365

useful future extension in this direction is improving the self-pacing controller to work with a single366

force-plate, which would allow subjects to cross over the belts.367

Another difference from most prior self-pacing controllers is that ours adjusts the treadmill speed368

only once per footstep. Most other self-paced treadmill controllers update treadmill speed at a higher369

frequency (30∼120 Hz) [17, 16, 18]. If the treadmill speed instantaneously matches subject body speed,370

it will fluctuate within every stride due to natural speed oscillations in normal walking (Fig. 3-a) and371

may introduce undesired treadmill dynamics. To minimize this effect, previous studies low-pass filtered372

the estimated body state with a low cutoff frequency (e.g. 2 Hz), which can introduce time delays.373

Instead, our controller updates the treadmill speed once-per-footstep based on the mean values in that374

footstep. We find our approach to be conceptually more consistent with the control goal of matching375

walking speed, not instantaneous speed. A more thorough investigation of treadmill speed adjustment376

strategies could be instructive and might improve the self-pacing controller. For example, we use a377

simple heuristic control scheme (Eq. 4) with low control gains in matching subject speed and position,378

which is similar to previous approaches [16]. While higher gains can respond more quickly to speed379

13

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 19, 2019. ; https://doi.org/10.1101/2019.12.18.870592doi: bioRxiv preprint 

https://doi.org/10.1101/2019.12.18.870592
http://creativecommons.org/licenses/by-nc-nd/4.0/


and position changes, we empirically found lower gains to be stable and reliable for walking at steady380

speeds and moderate speed changes. Gain scheduling that matches large speed changes as well as381

steady walking would extend the potential use of self-paced treadmills in gait studies.382

The proposed self-paced treadmill can be used in rehabilitation treatment and in gait assistance383

research but should be re-validated for substantially different populations or tasks. All of the sub-384

jects that participated in our experiment found walking on the self-paced treadmill intuitive and easy.385

However, the subtle dynamics and apparent contextual differences induced by self-paced treadmills386

may have a larger effect for subjects with different health status or for different locomotion tasks. For387

example, it has been reported that children with cerebral palsy experienced larger changes in gait on388

a self-paced treadmill than typically developing children [35]. Nevertheless, for healthy adults walking389

at typical speeds, self-selected walking speed on this self-paced treadmill can be used as an indication390

of overground walking behavior.391

Conclusions392

We presented a self-paced treadmill controller for force-instrumented treadmills that can be used to393

measure self-selected walking speeds. The controller is adapted from a previous study [15] and solely394

uses force-plate data to estimate and adapt to the subject’s walking speed and position. To validate395

its use for measuring self-selected walking speeds, we compared walking speeds measured in a range of396

walking speed tests, where the subjects were instructed to walk at or select their comfortable speed.397

The tests using our self-paced treadmill measured walking speeds that were highly correlated with those398

from the standard overground test. The differences in the measured speeds from the self-paced treadmill399

and overground tests were small but consistent. The low intra-subject variability of measured speeds400

supports the reliability of the self-paced treadmill tests. The times required for the self-paced treadmill401

tests were a few times less than that for a common treadmill test, where subjects manually select their402

comfortable speeds, with the potential for further substantial reductions in duration. Subjects found403

the self-paced treadmill tests to be as comfortable and easy as the common treadmill test. These results404

demonstrate that measurements of self-selected walking speed made using the self-paced treadmill are405

relevant to overground conditions, and that the self-paced treadmill provides a strong alternative to406

manual speed selection on an instrumented treadmill. We provide a complete description and code for407

the self-pacing controller and graphical user interface to facilitate use by other gait researchers and408

clinicians [36].409
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