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Abstract

The purpose of this study was to examine spatiotemporal parameters of the walk-to-run transition (WRT) and run-to-walk transition

(RWT) when speed is altered with different constant accelerations. Twenty women (height: 168.9 � 3.36 cm) performed three accelerations

(0.05, 0.07 and 0.1 m s�2) and three decelerations (�0.05, �0.07 and �0.1 m s�2) on a motor-driven treadmill.

The transition step in the WRT (first step with a flight phase) and RWT (first step with a double stance phase) occurred at the same speed for

all accelerations but these did not occur in the same way. The most striking difference was the presence of a transition step with specific

spatiotemporal characteristics in the WRT, whereas this was not observed in the RWT.

The transition is not a sudden one-step-event. WRT occurred before transition and consisted of a ‘‘pre-transition period’’ and the transition

step whereas RWT occurred after transition and consisted of the transition step and a ‘‘post-transition period’’. Both transition periods were

characterized by an exponential evolution of step frequency and step length. Step frequency and step length showed a linear evolution before

and after transition.

The flight phase of the transition step in the WRT reached a minimum with comparable duration of the last flight phase in the RWT. The

flight phase could be considered as an intrinsic dynamical factor of transition. Further research in kinematics, the trajectory of the body centre

of mass and energy fluctuations will give more insight in these transitions.
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1. Introduction

Walking and running differ from each other in the

absence or presence of a double stance phase and in the

range of speeds [1–3]. Walking has a double stance phase

and is more commonly used at lower speeds of locomotion,

while running is characterized by a flight phase and is used at

higher speeds [1,4,5]. When changing speed, humans

intuitively change from walking to running or vice versa

[6]. Thorstensson and Robertson [6] suggested that this

transition is based on previous experience in combination
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with information from peripheral receptors and the activity

in the central networks controlling locomotion.

Recently it has been suggested that locomotion is not

strictly controlled by higher executive command structures

[7]. According to the dynamical systems approach,

locomotion is a pattern emerging from all intrinsic, or

physical, properties of the entire locomotion system

interacting with the environment and specific task con-

straints [8–10]. Aerts et al. [11] suggested that this largely

self-organised system, or ‘‘integrated black box’’, deter-

mines the very specific combination of step frequency and

length, i.e. the collective output of the system, at each speed.

Changes in this system represent changes of the ‘‘integrated

black box’’ or the descending modulation of that black box

[10,11]. Therefore, when gradually increasing the control
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Table 1

Subjects characteristics: mean (X) and standard deviation (S.D.) for height,

body mass, leg length and age

X S.D.

Height (cm) 168.9 3.36

Body mass (kg) 63.2 5.98

Leg length (cm)a 91.4 1.80

Age (years) 24.5 2.76

a Leg length = distance trochanter major-ground.
parameter, e.g. speed, the organisational status of the system

is preserved over a wide range of speeds, resulting in the

typical walking pattern. However, as speed increases, the

order parameter moves away from the walking attractor.

This causes the organisational status to become ‘‘unstable’’

which is characterized by an increased movement variability

[8,9,12]. At transition, the order parameter changes to the

running attractor with a different, but relatively stable,

pattern. Therefore, a transition can be seen as a discontinuity

in gait [13].

Most researchers believe that transition is an explicit

event, based on findings in walking and running at different

discrete constant speeds in the proximity of transition [14–

20]. Li and Hamill [21], however, observed a gradual change

in the ground reaction force pattern of the last steps before

the transition point in a protocol with gradually changing

speed. From that point of view, transition is no longer to be

seen as an explicit event but merely as a process. At the

transition point, duty factor (ratio of contact time and total

stride time) immediately changes but it is not yet known

whether or not an adaptation, to complete the transition,

follows the transition point. A protocol with gradually

changing speed is necessary to determine whether transition

is an event or a process. A transition period should be studied

to fully comprehend the transition phenomenon. This

transition period comprises the transition point – defined

as the first step with a flight phase (walk-to-run transition:

WRT) or the first step with a double stance (run-to-walk

transition: RWT) – together with a number of steps before

and after the transition point. In earlier research acceleration

was found to be an important task constraint, which

influences WRT as well as RWT speed [10]. The amount of

acceleration would be one of the factors for hysteresis (WRT

speed differs from RWT speed) [10,18]. Therefore, different

accelerations were incorporated in current study.

The main purpose of this investigation was to describe

and interpret spatiotemporal parameters of the walk-to-run

and run-to-walk transition period when speed is altered with

different constant accelerations. Our hypotheses were: (1)

that a transition process is visible in the spatiotemporal

characteristics of several steps before and after the transition

point and (2) that the WRT is different from the RWT.
2. Materials and method

2.1. Subjects

A group of 20 active, normal female human subjects

participated in the study having given informed consent.

Average values and standard deviations for age, height and

mass can be found in Table 1. Subjects were selected on sex,

height, being minimal 1.65 m and maximal 1.75 m to rule

out any possible influence of height and leg length, although

only weak correlations have been found between anthro-

pometric variables and transition speed [6,15,17–19]. The
ethical committee of the Ghent University Hospital

approved the experimental protocol.

2.2. Treadmill protocol

Before the tests all subjects were familiarised with the

treadmill by using it for at least 15 min at different speeds

[22].

Each subject performed 25 trials divided into five blocks of

five trials with a rest period of 30 s between each block, after

one familiarisation trial block. Each block was characterized

by a specific constant acceleration and were 1P

(a = 0.1 m s�2), 5P (a = 0.05 m s�2), 7P (a = 0.07 m s�2),

1N (a = �0.1 m s�2), 5N (a = �0.05 m s�2) and 7N

(a = �0.07 m s�2). ‘P’ and ‘N’ indicate positive and negative

acceleration, respectively, causing walk-to-run transitions

(WRT) and run-to-walk transitions (RWT). By choosing these

magnitudes, the acceleration at which the WRT speed equals

probably the RWT speed, i.e. no hysteresis at 0.07 m s�2 [10]

is included as well as lower (0.05 m s�2) and higher

(0.1 m s�2) values. The blocks were divided at random over

the subjects but alternating a P with an N-block. The first

block was considered a familiarisation trial block and was not

incorporated in the calculations.

The speed of the treadmill was electronically registered

(5 Hz) on-line and synchronized with video recordings by

means of LEDs.

2.3. Video recordings

Sagittal plane films using a high-speed video camera

(JVC DVL9800) at 200 frames/s were taken of all trials and

focussed on the leg movements. The moment of initial

contact and of final contact of the foot with the treadmill

were determined from the video recordings [23] (maximal

error = 0.01 s). This permitted the analysis of a step, the

smallest functional physiological increment that represents

changes in spatiotemporal output. The following spatio-

temporal parameters were calculated [24]:

Duty factor (df) = ratio of contact time and total stride

time (period between two heel strikes of the same foot).

Step frequency (sf) = number of steps over a period of

time, calculated as 1/Dt (Dt: time between two successive

foot contacts).
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Fig. 1. Intra-subject variability. The evolution of the intra-subject varia-

bility by means of the standard deviation on step frequency in the (a) WRT

and (b) RWT.
Step length (sl) = distance travelled from heel strike of

one foot to the heel strike of the other foot (treadmill

speed divided by step frequency).

Double stance phase = period in a walking stride with

both feet touching the ground.

Distance of double stance phase = double stance duration

multiplied with the instantaneous speed of the treadmill.

Flight phase = period in a running stride with both feet in

the air.

Distance of flight phase = flight phase duration multi-

plied with the instantaneous speed of the treadmill.

2.4. Statistics

All data were analysed using the SPSS 11.0 package.

Descriptive statistics (mean � S.D.) were calculated for

subject characteristics, speed (v), duty factor (df), step

frequency (sf) and step length (sl). The analyses to compare

v, df, sf and sl were done in a step-by-step manner. The

transition step was named step zero (0) and defined as the

first step with a flight phase when speed was increased

(WRT) or the first step with a double stance phase when

speed was decreased (RWT). Before transition, steps were

given negative signs; steps after transition were given

positive signs. For each condition the average of all

successfully recorded trials (minimum three, maximum five)

was used since intra-subject variability was low (see Section

3). Therefore, intra-class correlation coefficients (ICCs)

were calculated separately for each individual and for every

acceleration/deceleration. In the transition period (step �8

until step +8) a best fit through least squares regression

(linear and polynome of second order) was calculated.

A two (negative versus positive acceleration) by three

(high 0.1 m s�2, intermediate 0.07 m s�2, low 0.05 m s�2

acceleration) repeated measures analysis of variance

(ANOVAs) was used to test the effects of sign and

magnitude of the acceleration. A paired samples T-test

was then used to examine the differences in duty factor, step

frequency and step length between steps �1 and 0 and

between steps 0 and +1. Slopes were calculated for every

individual at each level. A two (before and after

transition) � three (acceleration) repeated measures

ANOVA was used to examine possible differences before

and after transition and between accelerations in the WRT

and in the RWT.

Table 2

Transition speed: mean (X) and standard deviation (S.D.)

Transition speed (m s�1)

a (m s�2) X S.D.

WRT 0.1 2.16 0.12

0.07 2.10 0.06

0.05 2.12 0.08

RWT �0.1 2.19 0.14

�0.07 2.12 0.09

�0.05 2.17 0.06
3. Results

3.1. Intra-variability

The intra-variability was very low for speed, duty factor,

step frequency and step length which was indicated by the

high ICCs which were never lower than 0.93 for all subjects.

Because of the high ICC, the average of each subject could
be used instead of the separate trials. Intra-subject variability

for step frequency is indicated in Fig. 1.

3.2. Transition speed

There was no significant difference for transition speed

between the six different conditions (Table 2). Transition

was not affected by the sign of acceleration (F1,15 = 1.744;

p = 0.206) nor by the magnitude of acceleration (F2,30

= 1.981; p = .175). The repeated measures ANOVA did not

reveal any interaction effect either (F2,30 = .185; p = .832).

3.3. Duty factor

In the protocols with increasing speed, duty factor

slightly decreased from step �8 until step �1 before
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Fig. 2. Duty factor. The evolution of mean duty factor in the (a) WRT and

(b) RWT is represented.
transition in a linear fashion (Fig. 2a). In step �1, the duty

factor then fell from approximately 0.58 to the significantly

lower value 0.46 in the transition step (Table 3a), to decrease

further significantly to 0.42 in step +1 after transition. After
Table 3

Average (X) and standard deviation (S.D.) for steps �1, 0 and +1

a (m s�2) Step �1

X S.D. Ta dfa pa

(a) Results of paired sample T-test between steps 0, �1 and +1 for duty factor

WRT 0.1 0.55 0.023 12.838 15 <0.01

0.07 0.58 0.013 17.309 15 <0.01

0.05 0.56 0.033 10.335 15 <0.01

RWT �0.1 0.47 0.029 �13.181 16 <0.01

�0.07 0.46 0.016 �8.146 16 <0.01

�0.05 0.46 0.017 1.57 16 ns

(b) Results of paired sample T-test between steps 0, �1 and +1 for step frequen

WRT 0.1 1.96 0.22 �10.15 15 <0.01

0.07 1.90 0.18 �14.17 15 <0.01

0.05 1.87 0.13 �12.29 15 <0.01

RWT �0.1 1.98 0.17 �2.13 16 ns

�0.07 1.97 0.16 �0.11 16 ns

�0.05 1.98 0.10 1.57 16 ns

(c) Results of paired sample T-test between steps 0, �1 and +1 for step length

WRT 0.1 1.10 0.05 9.023 15 <0.01

0.07 1.09 0.07 7.194 15 <0.01

0.05 1.12 0.06 12.373 15 <0.01

RWT �0.1 1.12 0.07 3.532 16 <0.01

�0.07 1.08 0.08 �0.406 16 ns

�0.05 1.11 0.06 0.358 16 ns

a Comparison between transition step and step �1.
b Comparison between transition step and step +1.
transition (step +1 until step +8) the duty factor slightly

decreased (Fig. 2a). Slopes remained the same for all

accelerations, but a significant difference was found between

the slope before and after transition.

The opposite was observed in the protocols with

decreasing speed. Before transition, duty factor increased

slightly, then suddenly increased significantly (Table 3a)

from approximately 0.46 in step �1 to 0.55 in step +1

(Fig. 2b). There was no difference between the slopes before

and after transition or between accelerations.

3.4. Step frequency–step length

In the WRT-protocol, the evolution of step frequency and

step length in the last walking steps (Fig. 3) was best fitted

with second order polynomes. The last two walking steps

were characterized by an increased step frequency and

decreased step length. Step frequency and step length in the

transition step were significantly different from both the last

walking and the first running step (Table 3b and c) showing a

clear discontinuity in the collective output of the system.

After transition, the spatiotemporal characteristics of the

first running steps evolved in an opposite but linear way. A

slightly decreasing step frequency and increasing step length

was observed.

In the RWT-protocol (Fig. 4) step frequency and step

length of the last running steps before transition had a linear

evolution, whereas a second order polynome best described

the evolution during the first walking steps after transition.
Step 0 Step +1

X S.D. X S.D. Tb dfb pb

0.46 0.034 0.41 0.034 5.062 15 <0.01

0.47 0.015 0.43 0.024 7.141 15 <0.01

0.47 0.028 0.41 0.024 6.27 15 <0.01

0.57 0.026 0.55 0.019 4.211 16 <0.01

0.55 0.030 0.56 0.016 �1.306 16 ns

0.55 0.019 0.55 0.020 1.185 16 ns

cy

2.37 0.29 2.04 0.22 6.32 15 <0.01

2.41 0.31 1.97 0.21 11.99 15 <0.01

2.41 0.28 2.02 0.21 6.60 15 <0.01

2.03 0.19 1.98 0.19 1.39 16 ns

1.97 0.19 2.03 0.19 �2.08 16 ns

1.96 0.20 2.06 0.17 �5.94 16 <0.01

0.91 0.07 1.09 0.03 �6.94 15 <0.01

0.87 0.12 1.04 0.07 �8.367 15 <0.01

1.12 0.06 1.07 0.08 �7.772 15 <0.01

1.08 0.09 1.09 0.09 �0.598 16 ns

1.09 0.05 1.02 0.07 6.58 16 <0.01

1.11 0.05 1.04 0.06 7.569 16 <0.01
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Fig. 3. Spatiotemporal factors for the walk-to-run transition (WRT). The

evolution of mean step frequency (sf), mean step length (sl) and mean speed

can be seen for the different accelerations (a) 0.1 m s�2, (b) 0.07 m s�2 and

(c) 0.05 m s�2. Regression lines have R2 values ranging between 0.27 and

0.86.

Fig. 4. Spatiotemporal factors for the run-to-walk transition (RWT). The

evolution of mean step frequency (sf), mean step length (sl) and mean speed

can be seen for the different accelerations (a) �0.1 m s�2, (b) �0.07 m s�2

and (c)�0.05 m s�2. Regression lines have R2 values ranging between 0.26

and 0.97.
Before transition there was a decrease in both step frequency

and step length. The transition step was closely related to the

last running step (step �1), as can be seen in Table 3. In

comparison to the first walking step (step +1) the step

frequency was altered. After transition there was a

substantial decrease in step frequency and increase in step

length. This latter increase reached a peak at step +4, with

step frequency decreasing slightly and step length remaining

relatively constant thereafter.

3.5. Flight phase and double stance

In WRT-protocol the last walking steps before transition

had a reduced double stance. In the RWT-protocol flight

phase also decreased before transition.

There was no significant difference between the flight

phase duration of the last step before transition in the RWT-

protocol (Fig. 5b) and the first step after transition in the
WRT-protocol (Fig. 5a). On the other hand the double stance

of the last step before transition in the WRT-protocol (Fig. 5a)

was significantly longer than the first double stance in RWT-

protocol (Fig. 5b) in two of the three accelerations ( p < 0.01).

In the WRT-protocol the flight phase of the transition step was

significantly shorter than the double stance of step�1 and the

flight phase of step +1. In the RWT-protocol the double stance

of the transition step was shorter than the flight phase of step

�1, before transition ( p < 0.01) (Fig. 5b).

After transition there was a gradual increase in the

duration of flight phase in WRT and of double stance in the

RWT.
4. Discussion

A transition process was present in all accelerations and

differences were observed between the WRT and the RWT



V. Segers et al. / Gait & Posture 24 (2006) 247–254252

Fig. 5. Duration of double stance phase and flight phase. Duration of flight

phase and stance phase in the (a) WRT and (b) RWT for the three different

accelerations/decelerations. R2 values for the regression line for flight phase

vary between 0.89 and 0.97 in the WRT and between 0.05 and 0.16 in the

RWT. R2 values are low but the regression lines only have an illustrative

value. An exponential relationship is chosen because linear regression had

even smaller R2 values. R2 values for the regression line for double stance

phase vary between 0.59 and 0.88 in the WRT and between 0.76 and 0.94 in

the RWT.

Fig. 6. Evolution of step length and step frequency. The evolution of step

length and step frequency (with standard deviation indicated) for (a) six

subjects from 15 steps before transition in the WRT-protocol. R2 for the lines

of regression vary between 0.57 and 0.94. (b) Five subjects from transition in

the RWT-protocol to 15 steps after transition with R2 varying between 0.62

and 0.87.
indicating that our hypotheses were confirmed. This

transition process seemed very stable since both intra-

subject and inter-subject variability were low. Inter-subject

variability was not reported separately but can be seen for

the interval steps �1 to +1 in Table 3 in Fig. 6.

4.1. Walk-to-run transition (WRT)

An exponential relationship in step frequency and step

length was found from step�8 to the transition step (Fig. 3),

in contradiction to the linear evolution described previously

[4,24–26]. To consider this further, we examined step

frequency and step length in the interval steps �15 to �8,

where a linear evolution of step frequency and step length

was found (Fig. 6a). Due to technical limitations, recordings

were limited to 8 seconds and data of the interval steps �15

to �8 were only available for six subjects.

WRT was not a sudden event but more of a process

consisting of a ‘‘pre-transition period’’ and the transition

step. The pre-transition period was situated from steps�8 to

�1, since the linear evolution of step frequency and step

length changed at that point into an exponential evolution.

The R2 values of the exponential regression were highest

starting at step�8. Of importance is that a transition process

exists, rather than knowing its exact starting point.
The most striking event in the WRT was the outlying

transition step (Figs. 2 and 3, Table 3). Since it is the first step

with a flight phase, the duty factor dropped below 0.5, and

this step is different from the following running step.

Moreover, step 0 was an outlier for step frequency and step

length. Due to these specific spatiotemporal characteristics

the transition step could neither be classified under walking

nor under running and probably is a key factor in the

conversion from walking to running. Because of the

presence of a flight phase, this step was defined

kinematically as a running step but this assumption should

be regarded with caution as this step’s spatiotemporal

behaviour (duty factor, step frequency and step length) was

significantly different from step +1 (Table 3).

After the transition point, when running, a linear

evolution of step frequency and step length was observed,

(Fig. 3) as expected in submaximal running [27]. Increase in

speed was mainly due to a larger step length [27,28], and was

accomplished mostly by the increasing distance covered

during the flight phase.

Using the dynamical systems theory, it could be

concluded that the walking pattern is drifting away from

the walking attractor throughout the last steps before the

transition step, where the control parameter, e.g. speed,

reaches its critical value [8–10,20,21]. The locomotion
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system moved through an unstable region, situated

approximately between steps �8 and 0. The coordination

pattern abruptly changed at the transition point to the

running attractor [8,9]. At critical values of the control

parameter, the order parameter (step frequency) underwent a

major change in value and was accompanied by an increased

variability, as has been noted previously [8,9,20]. These so-

called critical fluctuations are visible in Fig. 1a. The

transition resulted in a rise in step frequency, a drop in step

length and an increase in variability in line with the

predictions of the attractor theory [8].

4.2. Run-to-walk transition (RWT)

The last steps before the transition step were character-

ized by a decrease in step length and a less pronounced

decrease in step frequency. This linear evolution of step

frequency and step length (Fig. 4) is in line with earlier

findings of spatiotemporal characteristics of submaximal

running [27]. The transition step follows the evolution of

step length and step frequency of the last running steps.

Because of the presence of a first double stance, with a

comparable duration of the last flight phase, the duty factor

immediately rose above 0.5 (Table 3). As the system moved

to the transition point the typical critical fluctuations were

not observed, in contrast to the findings in the WRT

(Fig. 1b).

After the transition point, step frequency increased in the

first walking step, then decreased exponentially in a period

of 6–7 steps, and vice a versa for step length (Fig. 4). For the

same reason as in the WRT, the period following the

transition was examined (steps +8 to +15). This additional

information was only obtained in five subjects because of

technical limitations. Depending on the individual, the linear

evolution of step frequency and step length started at steps

+6 or +7 (minimum root mean square). The exact timing of

the process is less important than the recognition of the

existence of the RWT process, which consists of the

transition step and a ‘‘post-transition period’’.

4.3. Transition step(s): functional hysteresis

In the present research, WRT and RWT speeds did not

differ and different accelerations in both transitions did not

lead to other transition speeds. This was in contrast with the

findings of Li [10] who identified acceleration as an

important task constraint determining transition speed. The

difference might be explained by the fact that acceleration is

only one among many constraints, such as the chosen

population. In the current study a homogeneous population

of trained women was chosen to eliminate any bias that

might be seen in the heterogeneous population studied by Li

[10].

In the present study no hysteresis in the strict sense of its

definition was found as transition speed in the WRT and

RWT protocols did not differ. However, a ‘‘functional
hysteresis’’ was observed: WRT and RWT are realized

another way. Firstly, we have shown that a transition step

was present in WRT and not RWT. In line with the findings

of Lee and Farley [29], the transition step in the WRT might

enable the locomotion system to accomplish the greater

compression of the standing leg (more knee flexion).

Secondly, transition from one mode of locomotion to

another took place in the walking steps close to transition as

well in the WRT (before the transition point) as in the RWT

(after the transition point). The spatiotemporal nature of the

running pattern was more likely to be related to the unique

step frequency–step length combination at each speed, even

in proximity of the transition point, which could be

interpreted as the strength of the running attractor. The

term ‘functional hysteresis’ may be illustrated by consider-

ing comparisons between ‘equivalent’ steps. The first step

with a flight phase in the WRT-protocol (step 0) was

compared to step �1 in the RWT protocol and so on. The

running steps did not differ. The walking steps in the

transition period, on the other hand, showed significant

differences, indicating that the adaptation to running (WRT)

differed from the adaptation to walking (RWT).

4.4. Trigger

One intriguing question in gait transitions is to consider

what triggers an alteration in a locomotion pattern? Hreljac

[16] formulated four criteria in order to label a variable as

trigger. The variable had to (1) change abruptly to a (2)

different value at a (3) critical point that had to remain (4)

constant in different conditions.

The flight phase reached a minimum at the transition

point in both the WRT and RWT protocols. The last flight

phase in the WRT-protocol was not significantly different

from the first flight phase in RWT-protocol. The transition

step was launched as soon as the minimal duration of flight

could be generated in the WRT. Double stance appeared

whenever the flight phase duration could not decrease any

further in the RWT. The flight phase can be considered an

intrinsic dynamical constraint of human locomotion [30,31].

It is likely that the integrated black box [11] was then

stimulated to undergo a modulation based on the intrinsic

dynamical characteristic.

WRT and RWT do not occur at the same point in time and

are more likely to be a process, as is the case in some animals

[32,33]. The steps in the transition process have a double

stance and an exponential evolution of step frequency and

step length. A possible explanation could be that the system

output adapts to produce the most efficient transition

possible. However, it is not possible to explain fully the

exact mechanism based on spatiotemporal factors alone.

Further research in kinematics, the trajectory of the centre-

of-mass and energy fluctuations in this transition zone might

help a better understanding of the transition phenomenon.

In conclusion, the WRT and RWT processes were not the

same. Adaptation to changing task constraints takes place
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primarily in the walking steps close to the transition both in

WRT and in RWT and results in a pre- and post-transition

period, respectively. In WRT an outlying transition step was

observed, whereas no such step was seen in the RWT. The

flight phase reached a minimum at the transition point and

could be considered an intrinsic dynamical factor.
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