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The roles of CPG phase modulation and reflexive muscular patterns in balance recovery
during walking—a simulation study
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Most walking assist systems reported are not available for real world environments where frequent perturbations are caused
by slips, uneven terrain, slopes and obstacles. It is evident that humans are able to cope with such perturbations with reflexes
that cause unconscious, relatively fixed muscular response patterns to perturbations within a short period of time. In our
previous study, we showed that artificial reflexes could improve the perturbation resistance for simulated walkers, though the
roles of different reflexive mechanisms were not quantitatively clarified. In this study, we focused on the different roles of
reflexive muscle responses and the CPG phase modulation mechanism. By proposing and evaluating two stability criteria
through a series of simulation experiments, we revealed different roles for two mechanisms in the simulated walkers. These
will not only further increase the possibility of realising artificial reflexes for paralysed individuals, but also bring new
insights into the field of motor control.

Keywords: reflexes during walking; walking simulation model; walking assist; functional electrical stimulation

1. Introduction
Recently, walking assist systems, such as robotic systems
(Kawamoto et al. 2003) and functional electrical stimula-
tion (FES) for hemiplegic walking (Bajd et al. 1997; Tong
and Granat 1998; Yu et al. 2002) have been widely studied
for the purpose of improving daily living for paralysed indi-
viduals. However, most systems were unable to address the
perturbations resulting from uneven terrain, slips, slopes
and obstacles, which frequently occur in daily-life walking;
as they have not taken these perturbations into considera-
tion, they are not yet suitable for practical use in real-life
situations.

However, it is evident that humans can cope with such
perturbations, especially when they cannot be predicted
or perceived in advance, by means of reflexes (Zehr and
Stein 1999) which cause relatively fixed, unconscious mus-
cular response patterns to perturbations within a short pe-
riod of time ranging from several tens of milliseconds to
200 ms.

Our ultimate goal is to realise artificial reflexes in real-
world walking support systems for paralysed individuals,
whose afferent and efferent neural pathways are usually
weakened so that the reflexive system is also impaired to
a certain degree. This goal requires both a qualitative and
quantitative understanding of human reflexive mechanisms
during walking.
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Reflexes of different functional organs and limbs (e.g.
upper limbs (Cathers et al. 2004), hearts (Nakamura and
Saito 1992) and lower limbs (Zehr and Stein 1999)) in
different contexts (e.g. during flexion/extension (Cathers
et al. 2004), during free fall (Bisdorff et al. 1999) and
during walking (Zehr and Stein 1999)) have been stud-
ied in the fields of kinesiology and neuroscience. It has
also been shown that flexor reflexes play an important
role in locomotion, and these reflexes were implemented
in several commercially available FES systems (Quintern
2000).

Although the reflexive responses to perturbation dur-
ing walking have been an object of study for quite some
time (Berger et al. 1984; Dietz et al. 1987; Zehr and Stein
1999), most studies were concerned with muscle activity
recording and data analysis, through which several working
hypotheses were generated. For example, electroneuro-
grams of high-spinal-curarised cats were recorded and anal-
ysed to show that the stimulation of flexor reflex afferents
could induce a clear resetting of the locomotion rhythm
(Schomburg et al. 1998). However, it is almost impossible
to test this hypothesis using the same methods in humans.

Thus, the spatiotemporal relation among neuro-control
mechanisms, muscle activities and physical motions re-
mains unknown. Moreover, there is no widely accepted
theory on the underlying neural mechanisms of the reflexes
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during walking, nor are there clear experimental results that
could be directly referenced in the disciplines of physiol-
ogy and motor control. However, neuro-control-level under-
standing and verification are necessary to artificially realise
reflexive responses to perturbation during walking.

Our basic hypothesis is that if the muscle activity pro-
file of the reflexive responses to perturbation during walk-
ing can be acquired via non-invasive measurement, and if
a neuromusculoskeletal walking simulation model able to
present conformable behaviour to human normal walking
could be developed, albeit without the reflexive mechanism
pre-wired (as they are still unknown), parts of the candi-
dates for the underlying neural mechanisms can be clarified
by investigating which candidate can match the measured
muscle activity profile.

In our previous study (Yu and Ikemoto 2007), we in-
vestigated reflexive responses during walking through the
following methods:

(1) Acquiring muscle activity profiles during normal
walking and slip-perturbed walking by recording
and processing electromyographic (EMG) signals
of several walking-related muscles in a human gait
experiment.

(2) Developing a central pattern generator (CPG)-
based neuromusculoskeletal simulation model.
Computer simulation has been employed as an ap-
proach to study the role of afferent information dur-
ing human (Taga 1994) and animal walking (Proc-
hazka and Yakovenko 2001). In an animal study,
virtual reflexes were realised by a set of if–then
rules, and the gait of cat walking with and with-
out the virtual reflexes were compared. The results
showed that walking with virtual reflexes was more
stable and perturbation resistive. However, there are
few studies employing a hybrid approach coupling
human walking simulation with human gait exper-
iment data.

(3) Comparing joint trajectories of the simulation
model with those of a human subject during nor-
mal walking to verify the simulation model’s con-
formity with human walking.

(4) Using muscle activity profiles of reflexive re-
sponses (defined as muscular reflexive patterns
in the present study) extracted from EMG data
recorded for slip-perturbed walking in the human
gait experiment to construct a rapid responding
pathway.

The results indicated that the simulation model could dis-
play behaviour resembling that of normal human walking,
and, on the occurrence of a slip perturbation, together with
the CPG phase modulation, the rapid muscular response
could improve perturbation resistance and maintain balance
for the simulated walker.

Although these results were quite encouraging, the roles
of different reflexive mechanisms have not yet been quanti-
tatively clarified. However, understanding the roles of these
functional mechanisms is important not only from the view-
point of assistive engineering, but also for possible scientific
insights into the field of motor control.

In the present study, we focused on the different roles
of the reflexive muscle responses and the CPG phase mod-
ulation mechanism. By using the human walking simula-
tor developed in our previous study, a series of simulation
experiments were performed to investigate the roles in per-
turbation resistance played by two functional mechanisms,
i.e. muscular reflexive patterns and CPG phase modulation
strategies, as well as the afferent feedback pre-wired in hu-
man walking models. Qualitative evaluation was performed
to compare the different functional mechanisms.

For the quantitative evaluation, we used two stability
criteria. One is the energy stability margin (Messuri and
Klein 1985), which is used to evaluate static postures.
However, human walking and balance recovery are ap-
parently dynamic processes, and a static stability criterion
may not correctly reflect the essence of these functions.
Thus, we proposed energy difference, calculated from the
rotational energy of lower limbs, to evaluate the dynamic
aspect of stability.

The remainder of this article is organised as follows.
Firstly, the muscle activity profiles of reflexive responses
(defined herein as muscular reflexive patterns) extracted
from EMG data of slip-perturbed walking in previous hu-
man gait experiments (Cathers et al. 2004; Yu and Ikemoto
2007) as well as the structure of the walking simulation
model are described. Two simulated walkers, corresponding
to different reflexive mechanisms, are also described. Next,
the two stability criteria are defined. In Section 3, several
experimental results comparing the two walkers’ capability
to cope with perturbations are examined. Finally, the inter-
play between the three functional mechanisms is discussed.

2. Materials and methods

2.1. Muscular reflexive responses

The muscle activity profiles of reflexive responses can be
extracted from EMG data recorded from slip-perturbed
walking in previous human gait experiments (Cathers et al.
2004; Yu and Ikemoto 2007).

The difference between muscular activities during nor-
mal walking and perturbed walking was compared to a
threshold to determine the onset of reflex responses. The
threshold was defined using the mean and standard devi-
ation (SD) of the first 2.5 s of data from the subtracted
activity profile, i.e. the point at which the amplitude goes
beyond mean ±3 SD was considered the onset time. Addi-
tionally, for EMG recordings, the data after 2.54 s would be
scanned for the onset determination. The 0.04-s gap was set
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Table 1. Latencies of the selected muscles.

Muscles side Gluteus medius Vastus lateralis Semi tendinosus Anterior tibial Gastroc nemius

Slip side (ms) 149 175 178
Another side (ms) 143 88 116 176

Note: ‘/’ indicates the side on which the muscles do not satisfy the conditions.

according to the shortest muscle latency possible for reflex
responses (Nakamura and Saito 1992).

The latency data was further processed to extract mus-
cular reflexive responses. It is noted that effective latency
could not be detected for all muscles and all subjects. Thus,
only the muscles for which an effective latency could be
detected for more than 5 of 10 trials and more than 7 of 10
subjects were selected as the ones that should be activated
during reflexive responses (Table 1). The selected muscles
and their averaged latencies were designated the muscu-
lar reflexive patterns.In similar studies (Berger et al. 1984;
Dietz et al. 1987), the split-belt treadmill was employed
to study the corrective reactions to unpredictable one-sided
deceleration and acceleration perturbations during walking.
The EMG signals of two muscles, the tibialis anterior (TA)
and gastrocnemius, were recorded and analysed, and our re-
sults showed the same temporal activation sequence on the
contralateral side for both. That is, TA was activated first,
followed by gastrocnemius. TA was activated at a latency
of 65 ms; however, our TA latency was 116 ms. This may
have been due to differences in deceleration time, i.e. the
treadmill could realise deceleration within 60 ms, whereas
the deceleration time of the split-belt walking machine was
100 ms.

2.2. Simulation models

Two simulation models were developed. One was named the
Normal Walker (Figure 1), which receives a command from
the central nervous system and consists of a CPG model,
a musculoskeletal model and a sensory feedback module.
The other was designated the Reflexive Walker (Figure 2),
having the same basic elements of the Normal Walker, but
with an additional reflex mechanism modulating the torque
output from the CPG model. We present the details of the
two simulation models below.

2.2.1. Normal Walker

The CPG was constructed as a set of coupled neural oscil-
lators, each of which is expressed by a set of simultaneous
differential equations (Matsuoka 1985). The simultaneous
differential equations are shown in Equation (1). Neurons
innervating lower limb muscles were mutually coupled so
that their oscillations could be entrained to each other; con-
sequently, the skeletal system controlled by the nervous

system could display coordinated motion. Figure 3 shows
the coupling relations between neurons:

τnu̇n = −un +
∑

s

wnsfmax(us)n − βvn + zn + feed,

τ ′
nv̇n = −vn + fmax(un),

fmax(ξ ) = max(ξ, 0),

Neural system

CPG model

Sensory 
feedback 
module

Musculoskeletal 
model

Torque

Sensory
signal

InputCentral 
nerve

Walking    Environment

Interaction

Normal Walker

Figure 1. Composition of the Normal Walker and its walking
environment.

Figure 2. Overview of the Reflexive Walker.
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Figure 3. Neuron-neuron and neuron-link connections.

where un is the inner state of the nth neuron; fmax is the
output of the nth neuron; vn is a variable representing the
degree of the adaptation or self-inhibition effect of the nth
neuron; zn is an external input with a constant rate; w is
the connecting weight between coupled neurons; and τ and
τ ′ are time constants of the inner state and the adaptation
effect, respectively. Neuron output fmax(un) is treated as the
torque generated by the modulated muscle. Torques acting
on joints were calculated as the differences of antagonistic
muscle pairs.

This neural expression has also been widely used in
other walking simulations (Taga 1994; Ogihara and Ya-
mazaki 2001). The feed in Equation (1) can be calculated
in Equation 2 (Matsuoka 1985) as follows:

f eed = A(−X) + BRhFgR(−X) + BLhFgL(−X)

+CRhFgR + CLhFgL + D(−Xd ), (2)

where feed is a vector consisting of 14 elements correspond-
ing to the feedback to 14 neurons (please refer to Figure 3
for the neuron settings) and X is a vector variable express-
ing the state of the simulated links. (X1, X2), (X3, X4), (X6,
X7), (X9, X10), (X12, X13), (X15, X16) and (X18, X19) ex-
press the positions of the centre of gravity of the hip joint,
left thigh, right thigh, left lower leg, right lower leg, torso
and head, respectively. X5, X8, X11, X14 and X17 express
the angle of the left thigh, right thigh, left lower leg, right
lower leg and torso, respectively. Correspondingly, Xd5,
Xd8, Xd11, Xd14 and Xd17 stand for the angular velocity of
the left thigh, right thigh, left lower leg, right lower leg and
torso, respectively. hFgR and hFgL are two-value functions,
taking a value of 1 during the stance phase and 0 during the
swing phase for the right and left sides, respectively. A, BR,
BL, CR, CL and D are the coefficient matrices.

Since feed contains pose- and angle-change information
of the simulated links, as well as the reaction forces from
the ground to the skeletal system, the interaction between

the neuromusculoskeletal system and the external world
could be realised. Our simulation model also employed
this expression.

The weight and size of the body segments were set as
follows. The head was set as a point, with a weight of 4 kgf.
The torso, thigh, lower leg and foot were set as rectangles,
whose width × height pairs are 0.7 × 0.05, 0.5 × 0.05,
0.6 × 0.05 and 0.25 × 0.3 m, respectively. Their weights
were set as 32, 7, 4 and 1 kgf, respectively. The relative
mass ratios of body segments are approximately in agree-
ment with those of actual humans (Nakamura and Saito
1992).

The model was developed using MATLAB version 7.0
software (The MathWorks, Natick, MA, USA) and Working
Model 2D version 7.0 software (MSC Software, Santa Ana,
CA, USA). They were coupled by DDE (dynamic data
exchange) protocol.

The utility of the simulation model is verified by com-
paring its joint trajectories during walking with those of a
human subject.

2.2.2. Reflexive Walker

In order to realise the reflexive responses in the simulator,
the following three points, that is, three aspects of the reflex
function, should be determined:

(1) Spatial aspect: The muscles that should be acti-
vated. In this article, this was decided by the mus-
cular reflexive patterns described in Subsection
2.1.

(2) Temporal aspect: The onset timing, order of mus-
cle activation and interval of muscle activation. The
triggering problem is addressed in a previous study
on perturbation occurrence detection (Hagane
et al. 2006) and will not be discussed in this article.
The order of muscle activation was again decided
by the results of the measurement experiment. The
interval of muscle activation was difficult to esti-
mate from our human gait experiments, so the value
is derived by an optimal search of computer sim-
ulation experiments. In this study, we used three
different intervals (0.02, 0.05 and 0.09 s) because
the human subject could modulate the strength of
muscular reflexes suitably according to the strength
of perturbation.

(3) Relation to CPG output: The human walking
rhythm is known to show phase shift or ‘resetting’
in response to external perturbation, and it is
believed that such responses correct the perturbed
motion and prevent the walker from falling
(Yamasaki et al. 2003). Thus, in this study, after
muscular reflexive activation, the CPG phase was
set to be the same as that before the reflexive
activation (CPG phase modulation). Figure 4
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Figure 4. CPG phase modulation.

shows the outline of CPG phase modulation.
The effective timing of CPG phase modulation
(reset time) was derived from a previous computer
simulation experiment.

The slip perturbations to the simulated walkers were
implemented by setting the friction coefficient to 0 for a
period of time from the moment of heel strike. Different
slip intervals would be used as parameters to adjust the
levels of the perturbations.

If a walker was able to keep walking for three steps
after perturbation, then its balance recovery was judged to
be ‘successful’; otherwise, balance recovery was judged as
‘failed’.

Phase portraits, whose horizontal axis gives the angle
and vertical axis gives angular velocity, were used to reveal
qualitative data regarding the dynamics of the simulated
walkers.

2.3. Evaluation

Only the successful/failed evaluation was unable to reflect
the difference between the same ‘fell’ or ‘recovered’ cases.
With regard to quantitative evaluation, we used two stability
criteria.

2.3.1. Energy stability margin

It is used to evaluate static postures of a walking machine
(Messuri and Klein 1985), and defined as ‘the potential
energy gain by the change of the centre of mass on the
occurrence of perturbation’ (Equation 3):

S = M(hmax − h0), (3)

where M is the mass of a walking object; hmax is the height
that a COG is changed to on the occurrence of fall; and h0

is the current height of the COG.

2.3.2. Energy difference

It is proposed for the dynamic evaluation of stability during
walking, and defined as ‘the difference of the lower limb’s

rotational energy in swing phase between perturbed and
normal walking’ (Equation 4):

ED = 1

2
Iωperturbed

2 − 1

2
Iωnormal

2, (4)

where I is a moment of inertia, and ω is angular velocity
of each lower limb at the time of normal and perturbed
walking.

3. Results

In this section, we first compare the gaits of perturbed walk-
ing of the Normal Walker and the Reflexive Walker to re-
veal the roles of different functional mechanisms, i.e. phase
modulation, muscular reflexive patterns and afferent feed-
back pathway.

3.1. Gaits of the Normal Walker and Reflexive
Walker

3.1.1. Normal Walker

In cases where no perturbation occurs, the Normal Walker
can start from a still state and walk as long as required.
The first half of Figure 5 shows stable gait; however, on
the occurrence of a slip perturbation (duration: 0.1–0.3 s,
illustrated by the red arrow) at the moment of heel strike,
the Normal Walker fell down, as shown in the latter half of
the stick graph (Figure 5a). The muscular–skeletal model
completely lost its balance, falling backwards and failed to
carry the rear leg forwards for the next step.

Figure 5. Stick graphs of the Normal Walker and the Reflexive
Walker (arrows denote the slip period): (a) the Normal Walker
fell down when a slip perturbation occurs; and (b) the Reflexive
Walker recovered from slip perturbation.
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Figure 6. Phase portraits of hip joint angle: (a) Normal Walker
and (b) Reflexive Walker.

However, the tested reflexive muscular patterns, as well
as CPG phase modulation, achieved some successful bal-
ance recovery cases. Figure 5b shows one of the walk-
ers successfully coping with a perturbation, in which the
walker initially supported the weight with its rear leg to
prevent the body from falling backwards, while simulta-
neously delaying the timing to move the rear leg forwards
for the next step, which is also observed in human gait
experiments.

Figure 6 shows the phase portraits of the hip joint angle
of the perturbed side. In the phase portrait of the Normal
Walker (Figure 6a), the left closed loop stands for a limit
cycle denoting walking in the normal condition. After the
slip perturbation, the phase trajectory deviated from and
could not return to the limit cycle denoting normal walking.
However, as shown in Figure 6b, in the case of the Reflexive
Walker, after the slip perturbation occurred, the trajectory
tended to return to the limit cycle for normal walking. Note
that, in Figure 6b, the dotted line shows the trajectory after
the slip perturbation occurred.

3.2. Roles of different regulation mechanisms

3.2.1. Phase modulation with muscular reflexive patterns

It is clear that muscular reflexive patterns and CPG phase
modulation could enable the Reflexive Walker to recover
from stumbles resulting from slip perturbations. Figure 7
shows the balance recovery by CPG phase modulation and
muscular reflexive patterns.

As shown in Figure 7, effective reset time differs by slip
duration, and becomes longer as slip duration increases. It
is also observed that a longer muscular reflex (activation
period = 0.09 s) is effective for larger perturbations, and a
shorter muscular reflex (activation period 0.02 s) is effective
for smaller perturbations.

For example, the case in the circle means ‘The walker
recovered by CPG phase modulation (reset time 0.22 s)
and muscular reflexive patterns (activation period 0.05 s)
against 0.25-s slip perturbation’.

Figure 7. Balance recovery by CPG phase modulation and mus-
cular reflexive patterns when slip perturbation duration changes.
The ‘reset time’ is a parameter of CPG phase modulation, mean-
ing the timing at which CPG restarts from a phase memorised at
the occurrence of a slip perturbation, counting from the time of
perturbation occurrence. A blank (no mark) stands for a complete
loss of its balance at the corresponding reset time and slip dura-
tion. Different marks (∇, � and �) indicate the following recovery
cases: Blank Fell down though with muscular reflexive patterns
∇ Recovery with muscular reflexive patterns (activation period =
0.02 s). � Recovery with muscular reflexive patterns (activation
period = 0.05 s). � Recovery with muscular reflexive patterns
(activation period = 0.09 s).

3.2.2. Phase modulation without muscular reflexive
patterns

Another possibility requiring inspection is whether CPG
phase modulation alone could result in types of balance
recovery. In order to clarify this point, sets of experiments
were conducted. Figure 8 shows the results of the compar-
ison between a CPG phase modulation alone case (‘+’ in
Figure 8) and CPG phase modulation and muscular reflex
case (‘o’ in Figure 8). As shown in the figure, even CPG
phase modulation alone could lead to several kinds of
perturbation resistance. However, in the case of slip dura-
tions over 0.3 s, no reset times led to a successful balance

Figure 8. Balance recovery in the CPG phase modulation alone
case (+) and the CPG phase modulation with the muscular reflex-
ive pattern case (o) when duration of slip perturbation changes.
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Table 2. Balance recovery by muscular reflexive patterns when duration of slip perturbation
changes.

Slip duration (s) 0.1 0.125 0.15 0.175 0.2 0.225 0.25 0.275 0.3 0.325

0.02-s Activation o o o × × × × × × ×
0.05-s Activation × × × × × × o × × ×
0.09-s Activation × × × × × × o × o ×
Note: ‘o’ indicates recovered; ×, fell down.

recovery. It is clear that the ability to recover takes advan-
tage of the activation of the muscular reflexive patterns.

3.2.3. Muscular reflexive patterns without phase
modulation

Similarly, the muscular-reflex-alone case should also be in-
vestigated. Table 2 shows the results of balance recovery
by muscular reflexive patterns alone. The three muscular
reflexive pattern activation periods (0.02, 0.05 and 0.09 s)
were applied. As shown in Table 2, even muscular reflex
alone can lead to several types of perturbation resistance,
although only to a very limited extent. Moreover, Figure

Figure 9. Phase portraits of the hip joint angle. The lines
represent normal/perturbed walks. It was observed that (a) the
muscular-reflex-alone case returned to the attractor in 2.9 s, while
(b) the Reflexive Walker returned to the attractor in 1.9 s.

9a and 9b show the hip joint angle phase portraits of the
muscular-reflex-alone case and the muscular reflex with
phase modulation case, respectively. Note that the slip con-
dition and the muscular-reflexive patterns activation period
are same for both tests, and only the hip angle values of the
perturbed side are plotted. It was observed that the Reflexive
Walker could return back to the normal walking attractor
within 1.9 s, while muscular reflex alone could lead the
walker back to the normal walking attractor within 2.9 s.

3.2.4. Evaluation

In order to examine the role of reflexive mechanisms, mus-
cular reflexive patterns and CPG phase modulation, we eval-
uated the perturbed walk of each walker (Normal Walker,
Normal Walker with phase modulation, Normal Walker with
muscular reflex and Reflexive Walker) by the energy stabil-
ity margin and energy difference (see section 2.4). Five
seconds of the energy stability margin of each walker in
the slip-perturbed condition (0.2-s slip) are plotted in Fig-
ure 10. Here, slip perturbation occurs at 1 s in Figure 10.
In order to make a clear comparison, we selected an ex-
perimental condition (slip duration = 0.25 s) that could
lead to successful balance recovery for all four walkers.
Note that, for the Normal Walker, this is the rare successful
balance recovery case. Additionally, Figure 11 shows the
integration of the energy stability margin of each walker
after perturbation occurrence. Furthermore, 5 s of energy
difference of each walker in the same slip perturbed condi-
tion is plotted in Figure 12. Figure 13 shows the integration
of the energy difference of each walker after perturbation
occurrence. Arrows in the figures denote points for fur-
ther discussion. As shown in Figures 10 and 12, the Re-
flexive Walker has better balance recovery ability than the
Normal Walker. It is also observed that both CPG phase
modulation and muscular reflexive patterns could achieve
more effective balance recovery than the Normal Walker
(excepting the energy stability margin value of the phase-
modulation-alone case, which will be discussed later), and
the Reflexive Walker (utilising both mechanisms) could
achieve most effective balance recovery (Figures 11 and
13). This suggests that CPG phase modulation and muscu-
lar reflexive patterns display a cumulative effect for balance
recovery.
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Figure 10. Energy stability margin: (a) Normal Walker, (b) phase modulation alone, (c) muscular reflex alone and (d) Reflexive Walker.
Arrow 1 stands for the immediate improvement of balance after perturbation. Arrow 2 shows the beginning of recovered gait.

3.2.5. Feedback during normal walking and perturbed
walking

Since the feedback in Equation (1) stands for the informa-
tion from the afferent pathway, it should also be able to
contribute to the balance maintenance. In Figure 14b, on
the occurrence of a 0.3-s slip perturbation, the feedback
values of three different walkers, i.e. the Normal Walker,
the Normal Walker with CPG phase modulation and the
Reflex Walker, are plotted with a thin line, dotted line and

Figure 11. Integration of Energy stability margin (from left,
Normal Walker, Normal Walker with phase modulation, Normal
Walker with muscular reflex, Reflexive Walker).

broken line, respectively. Five seconds of feedback output
data of the Normal Walker in normal condition are plotted in
Figure 14a. Circle (◦) and square (�) denote the beginning
of the slip perturbation and the moment of phase restora-
tion, respectively. During the period denoted by circle and
square, there is a peak in the broken line (the Reflex Walker),
which is the result of the muscular reflexive patterns. After
the moment denoted by square, the dotted line (CPG phase
modulation alone) exceeds the thin line (Normal Walker),
which is the result of phase restoration. Although the Nor-
mal Walker finally failed to recover from the perturbation,
indicating that feedback alone is not enough to resist the per-
turbation; nevertheless, as in the case of the Reflex Walker,
it is the feedback that drove the walker back to the normal
stable limit cycle after the prompt activation of the muscu-
lar reflexive patterns and CPG phase modulation. That is,
the feedback is not reactive to the perturbation; however, it
undoubtedly contributes to the long-term balance recovery
process.

4. Discussion

The present study demonstrated that perturbation resistance
could be improved by the reflexive responses that result
from a phase-modulation mechanism and the activation of
muscular reflexive patterns. The results are in partial agree-
ment with the outcome from the electroneurograms data
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Figure 12. Energy difference: (a) Normal Walker, (b) phase modulation alone, (c) muscular reflex alone and (d) Reflexive walker. Arrow
1 indicates the immediate improvement of balance after perturbation, by a much smaller energy difference, compared with the fourth drop
in the Normal Walker case. Arrow 2 denotes the beginning of the recovered gait, where the walker possesses the same rotational energy
as that of normal walking.

from an animal experiment (Schomburg et al. 1998), which
proposes that the flexor reflex affects gait phase resetting.
Our study further elucidates the experimental results on a
neural control level.

We also confirmed that, although the feedback pathway
could contribute to the long-term balance recovery process,

Figure 13. Integration of energy difference (from left, Normal
Walker, Normal Walker with phase modulation, Normal Walker
with muscular reflex, Reflexive Walker).

it is not reactive to perturbations. However, from a control
theory viewpoint, an adaptive gain scheduling might pos-
sibly result in a similar effect by reflexive responses. This
issue requires further studies in both physiology and control
theory.

Moreover, successful/failed evaluation of balance re-
covery may neglect some important aspects and factors.
Thus, we conducted a qualitative evaluation of walking and
dynamical responses to perturbation using static and kinetic
methods (energy stability margin and energy difference),
and examined the role of CPG phase modulation and the
muscular reflex.

Our results suggest that the muscular reflex is effec-
tive for balance recovery immediately after perturbations,
particularly large perturbations (Figures 8, 10 and 12). Con-
versely, CPG phase modulation is effective for modulating
the relationship between internal CPG and the body mech-
anisms enabling a fast recovery to a stable walking cycle
(Figures 9, 10 and 12).

Moreover, the two evaluation criteria, energy stability
margin and energy difference, both have merits and demer-
its. Energy difference could reflect the balance recovery
improvement by the phase modulation mechanism, while
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Figure 14. Transition of feedback for right hip joint. Horizontal axis is the elapsed time (s); vertical axis is the amplitude of feedback.
Slip perturbation starts from 1.09 s, duration 0.3 s. Circle (◦) stands for the beginning of the slip perturbation. Square (�) shows the
moment of phase restoration. Only the Reflexive Walker recovered from the perturbation and returned to stable gait after 2.0 s.

energy stability margin could not (Figures 10b, 12b). This
is because the former takes motion (i.e. the rotation of the
lower limbs) into consideration, while the latter only reflects
differences in posture. In contrast, as shown in Figure 12,
the energy difference values of all walkers remarkably de-
creased immediately after the perturbation. This is because
the behaviour of the models immediately after a perturba-
tion is deviated from that of normal walking, regardless of
whether certain reflexive mechanisms are involved. In such
cases, the difference in posture may reflect the essence of
balance recovery function. Thus, immediately after a per-
turbation, energy stability margin may serve as a better
evaluation criterion.

Nevertheless, these results showed that the playback
of muscular reflexive patterns and the phase reset of gait
are effective for balance recovery from slip perturbation,
thus revealing the practical possibility of realising artificial
reflexes for paralysed individuals.

However, in order to reach our ultimate goal, two addi-
tional issues, stated below, should be clarified.

(1) Perturbations could be detected immediately after
their occurrence so that the muscular patterns could
be ‘played back’ by robotic devices or FES to as-
sist in the balance recovery of walking-impaired
individuals. In a gait experiment described previ-
ously (Hagane et al. 2006), three triaxis accelerom-
eters + gyro sensors (GYROCUBE/3A, O-Navi
San Diego, CA, USA) were fitted on the head, waist
and ankle. Triaxial accelerometers have previously
been used to classify (Mathie et al. 2004) and detect
(Mathie et al. 2003) daily physical activities. In our
previous related study, we confirmed that, using the
aforementioned portable accelerometer and gyro-

scopes, slip perturbation could be detected within
100 ms after occurrence (Hagane et al. 2006). In
the future, we will investigate the effects of differ-
ent playback delays of muscular reflexive patterns
on balance recovery. Moreover, since the balance
recovery behaviour might have a strong individual
difference, we should take the aspect into consid-
eration. Also, according to (Zehr and Stein 1999),
reflexive responses are phase-dependent, whereas
in this study, we only investigated the slip occur-
rence at heel-strike moment, the most dangerous
slippery case. This will be another issue for further
investigation.
As our future work, the balance recovery behaviour
will be explored as the result of an interaction be-
tween neural, skeletal and muscular mechanisms,
and environment. In that case, the delay might
emerge from the exploration.

(2) The muscular reflexive patterns for normal sub-
jects may be sufficiently similar so that a represen-
tative muscular pattern could be established and
employed. However, for walking-impaired individ-
uals, the muscular patterns that are effective in at-
taining balance recovery may be different, depend-
ing on the cause, degree and stage of their im-
pairment. Individual-dependent muscular reflexive
patterns will be the next focus of our research.

5. Conclusion

In the present study, we developed two simulation mod-
els and, through computer simulation, revealed that (1) the
simulation model could present conformable behaviour to
human normal walking; (2) in the case of occurrence of
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a slip perturbation, the rapid responding pathway could
improve perturbation resistance and maintain balance for
walking; and (3) using the simulation models, the roles of
the muscular reflexive patterns, CPG phase modulation and
afferent feedback were clarified.

That is, feedback pathway, phase modulation and reflex-
ive muscular patterns play different but significant roles in
balance recovery. Several hypotheses on underlying neuro-
mechanism were also investigated. These results demon-
strated the practical possibility of realising artificial reflexes
for paralysed individuals.
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