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Isochron of human walking derived from the perturbation of floor
Tetsuro Funato1, Tetsuro Hosokawa2, Shinya Aoi13, Nozomi Tomita3 and Kazuo Tsuchiya23

1 Kyoto University, Kyoto, Japan. (Tel. & Fax: +81-774-65-6489; E-mail: funato@me.kyoto-u.ac.jp)
2 Doshisha University, Kyoto, Japan. 3 CREST, JST, Japan.

Abstract: The rhythm of human walking is controlled for maintaining the stability. The stable motion composes limit
cycle and the stabilization property is determined by the phase condition neighbor to the limit cycle described as isochron.
This paper draws the isochron by analyzing the stabilization process after frontal perturbation. The isochron contained
discontinuous flow around the hopping phase, considered to reflect the tuning of the phase control at hopping.

Keywords: Human walking, Isochron, Limit cycle.

1. INTRODUCTION
Walking is a cyclic motion actuated by the rhythm

generated by the central pattern generator. The rhythm
attracts the walking motion into stable cycle, which en-
ables the walking with limited feedback control. Animals
are considered to improve the stability by controlling the
rhythm itself, such as resetting the rhythm by the timing
of hopping and landing [1]. The motion slightly departed
from the limit cycle returns by the effect of the attractor
and the active tuning of the rhythm control. The process
of the stabilization is described by isochron that is the
contour of the phase over the whole area in phase space
[2]. The property of the rhythm control for walking is en-
tirely described by the isochron, thus the control mecha-
nism by the rhythm can be described by the isochron.
Human body contains large number of segments in-

cluding left and right limbs and trunk, and this high de-
gree of freedom (DOF) has complicated the discussion of
the limit cycle. Whereas, researches has shown the limbs
and their segments moves rather coordinately and sub-
stantial DOF for walking has shown to be no more than
two or three, thanks to the coordination. We have shown
the limit cycle of the walking can be drawn in the three
dimensional space spanned by the principle components
using singular value decomposition (SVD)[3].
The aim of this research is to depict the isochron of

human walking in the three dimensional phase space and
to discuss the property of the walking rhythm reflecting
the rhythm control. The experiment applying perturba-
tion on human during walking is performed, and the re-
turning process to the limit cycle is analyzed.

2. MATERIALS ANDMETHODS
Experimental device and procedure
Treadmill is set on the floor that can move horizontally

by the equipped motor (Fig.1), and the perturbation is ap-
plied on the subject walking on the treadmill. The veloc-
ity of the treadmill is 4.0 [km/h] and the trial continues
for 40 [s]. The floor moves from behind to front (arrowed
direction) once in one trial. The amplitude of the pertur-
bation is 30 [mm] and the velocity is 270 [mm/s].
Subjects are 3 healthy males. They are required to

look at a small circle which locates far front of the sub-
jects and the motions of their joints were measured with

Fig. 1 Experimental de-
vice. Treadmill hor-
izontally moves with
servo motor equipped
on the floor of the tread-
mill. Subjects walk on
the treadmill suffering
pulsed perturbation in
arrowed direction once
for one trial.

a motion capturing system. Reflective markers were at-
tached to the subjects’ skin overlying the following body
landmarks of both hemibodies: ear tragus, upper limit of
the acromion, greater trochanter, lateral condyle of the
knee, lateral malleolus, second metatarsal head, and heel.
The markers are also attached at treadmill and floor for
measuring the translation of floor. The sampling rate is
500[Hz]. Subjects gave informed consent prior to data
collection according to the procedures of the Ethics Com-
mittee of Doshisha University.

Calculation of limit cycle by SVD
The elevation angles of 8 segments (head, trunk,

thigh(right,left), shank(right,left), foot(right,left)) re-
ferred as θsegment are calculated. The motion of these 8
segments is mutually coordinated and the coordinate pat-
tern of segments and that of time can be derived by SVD.

Θ = Θ0 +
∑

i

zi (λi vi)
T ,

here Θ is a matrix whose column composed by the time
series of θsegment (Θ = [θhead, θtrunk, . . .]). Θ0 is the matrix
of the same size with Θ, which the temporal average of
Θ is iteratively arrayed. zi, vi, λi are left singular vector,
right singular vector and singular value of Θ − Θ0 for
each.
The level of singular values of walking has indicated

that over 99% of the motion during 1 step is composed by
3 components, and the whole motion is constructed by
the activation of time independent pattern z i by λivi as
activation pattern. The orbit of λivi draws a stable cycle
in the space spanned by zi as the coordination, and this
stable cycle can be considered as a limit cycle of whole
body motion [3].
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Perturbation

Isochron

Limit cycle

x(t i)
x(t i+T)
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Fig. 2 The calculation proce-
dure of isochron. Curved
line around the limit cycle
represents the returning
route after perturbation.
Isochron is derived by the
relation among one point
on the curved line (x(ti))
with the points after cycles
(x(ti + T ), x(ti + 2T ), · · · ).
x(ti): state on the route at
time ti. T : cycle duration.
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Fig. 3 Limit Cycle depicted on the z1-z2-z3 space. The
circle labeled by ’perturbation applied’ represents the
perturbation phase and the the orbit is drawn for 3
cycles after the perturbation. The part drawn by black
line is single support phase (SS) and that drawn by
gray line is double support phase (DS). Both figures
A and B are the result of the same trial drawn from
different viewpoints.

Derivation of isochron
Isochron is a contour of the phase spanned entire area

in the phase space, where points on the same isochron
has same phase with corresponding points on limit cycle.
After the motion has slightly flied out from the limit cy-
cle, the state returns with the orbit characterized by the
isochron (fig.2 as image). The point x(t i) at time ti and
the points n cycle after that point (x(ti + nT )) exists on
the same isochron with different place. Thus the part of
isochron can be calculated by connectingx(t i), x(ti+T ),
x(ti + 2T ), · · · .
In this paper, the lines for isochron is calculated for

100 points on the returning route of 1 trial. The ex-
periment is duplicated for 75 times, thus the resulting
isochron is depicted by 7500 lines.

3. RESULTS AND DISCUSSIONS
Limit cycle and the cycle of perturbation
Limit cycle of the whole body motion can be depicted

in the 3 dimensional space of zi. Before drawing the
limit cycle in 3 dimensional space of zi, we have con-
firmed whether the coordination of the cycle with pertur-
bation zperti is identical to that of cycle without perturba-
tion zstablei . For this purpose the correlation between z perti
and zstablei is calculated. Then the correlation z perti · zstablei
was higher than 0.9 for every trial. This result indicated
the perturbed cycle can be depicted in the same space.
Then, the orbit of whole body motion is drawn in the
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Fig. 4 The calculated isochron from the experiment.
The colors on the figure A represents the phase of
the isochron. A: the isochron with the same view-
point with Fig.3B. Fig.B is the closeup of the Fig.A
around hopping phase, and Fig.C is that around land-
ing phase. The direction of isochron around hop-
ping phase (Fig.B) changes discontinuously and not
around landing phase (Fig.C).

space spanned by z1-z2-z3 as shown in Fig.3. The fig-
ure shows the orbit for three cycles starting from the per-
turbation labeled as ’perturbation applied’. Double sup-
port phase(DS) and single support phases(SS) was dis-
tinguished by their colors, both Figs. A and B displayed
same one trial where the perturbation is applied during
SS. As shown in figure B, the orbit gradually approaches
the limit cycle after perturbation tracking different route
among first cycle and two cycles after that.

Isochron
Fig. 4 shows the calculated isochron by connecting

the points on orbit from 1st to 5th cycle after the per-
turbation. Isochron exists as surrounding the limit cycle
and the direction of the flow of isochron heads opposite
the flow of motion without the part of DS. In DS, the di-
rection of flow of isochron changes at the center of DS,
and the flow of isochron concentrated at the connection
of DS and SS, i.e. hopping time (Fig.4B). This discon-
tinuous of the flow cannot be observed around landing
time(Fig.4C). This result indicates the phase is tuned by
the hopping event against frontal perturbation.

4. CONCLUSION
Isochron of the humanwalking was depicted by the ex-

periment with frontal perturbation. The derived isochron
showed disconnection at hopping considered to be the ef-
fect of rhythm tuning.
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