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1. Introduction

Recently, walking assist systems, such as robotic systems (Kawamoto et al., 2003) and
functional electrical stimulation (FES) for hemiplegic walking (Yu et al., 2002; Bajd et al.,
1997; Tong et al., 1998), have been widely studied for the purpose of improving activities of
daily living (ADL) for paralyzed individuals. 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
consideration, 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 muscular response patterns to perturbations
within a short period of time ranging from several tens of ms to 200 ms.

Our ultimate goal is to realize artificial reflexes in real-world walking support systems for
paralyzed 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.
Reflexes of different functional organs and limbs (e.g., upper limbs (Cathers et al., 2004),
hearts (Nakamura et al., 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 studied in the fields of kinesiology
and neuroscience. It has also been shown that the 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 during walking have been an object of
study for quite some time (Zehr and Stein, 1999; Berger et al. 1984; Dietz et al. 1987), most
studies were concerned with muscle activity recording and data analysis, through which
several working hypotheses were generated. For example, electroneurograms (ENG) of
high-spinal curarized cats were recorded and analyzed 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.
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Thus, the spatio-temporal relation among neuro-control mechanisms, muscle activities and
physical motions remains unknown. Moreover, there is no widely accepted theory on the
underlying neural mechanisms of the reflexes during walking, nor are there clear
experimental results that could be directly referenced in the disciplines of physiology and
motor control. However, neuro-control-level understanding and verification are necessary
to artificially realize the reflexes to perturbation during walking.

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

In our previous study (Yu et al, 2007), we investigated 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 approach to study the role of afferent
information during human (Taga, 1994) and animal walking (Prochazka et al., 2001). In an
animal study, virtual reflexes were realized by a set of if-then rules, and the gait of cat
walking with and without 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 experiment data.

3) Comparing joint trajectories of the simulation model with those of a human subject
during normal walking to verify the simulation model’s conformity with human walking.

4) Using muscle activity profiles of reflexive responses (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 display behavior 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 quantitatively clarified. However, understanding the roles of these
functional mechanisms is not only important from the viewpoint 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-modulation mechanism. By using the human walking simulator developed
in our previous study, a series of simulation experiments were performed to investigate the
roles in perturbation-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 human walking models. Qualitative evaluation was performed to compare the
different functional mechanisms.
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For the quantitative evaluation, we used two stability criteria. One is the Energy Stability
Margin (MESSURI et al. 1985), which is used to evaluate static postures. However, human
walking and balance recovery are apparently 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.

Besides, in order to study another strategy, we tried spastic hemiplegic gait’s simulation,
that is one of hemiplegic gait. It suggests that spastic hemiplegic gait’s simulation can
consist of pes equinus and a compensated walk, and our simulated reflexive mechanisms
could also improve the perturbation resistance for the spastic walking model.

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 et
al., 2007).

The difference between muscular activities during normal 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 deviation of the first 2.5 s of data from the subtracted
activity profile, i.e.,, the point at which the amplitude goes beyond meant3 SD was
considered the onset time. Additionally, for EMG recordings, the data after 2.54 s would be
scanned for the onset determination. The 0.04-s gap was set according to the shortest muscle
latency possible for reflex responses (Nakamura et al., 1992).

The latency data was further processed to extract muscular 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 muscular-reflexive-patterns.

Muscles | Gluteus  Vastus Semi Anterior Gastroc

Side Medius Lateralis Tendinosus Tibial = Nemius
slip side 149(ms) 175 (ms) 178 (ms)

another side | 143(ms) 88 (ms) 116 (ms) 176 (ms)

“/” indicates the side on which the muscles do not satisfy the conditions.
Table. 1. Latencies of the selected muscles.

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 (GN), were recorded and analyzed, and our results
showed the same temporal activation sequence on the contralateral side for both. That is, TA
was activated first, followed by GN. 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
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treadmill could realize deceleration within 60 ms, whereas the deceleration time of the split-
belt walking machine was 100 ms.

2.2. Simulation models

Four simulation models were developed. One was named the Normal Walker, which receives
a command from the central nervous system and consists of a CPG model, a
musculoskeletal model, and a sensory feedback module. The second one was designated the
Normal Walker with Reflex, having the same basic elements of the Normal Walker, but with an
additional reflex mechanism modulating the torque output from the CPG model. The third
one was designated the Spastic Walker, having the same basic elements of the Normal Walker,
but having pes equinus by biasing its plantarflexor neuron and compensatory actions for
balance maintenance. The last one was designated the Spastic Walker with Reflex, having the
same basic elements of the Spastic Walker, but with a same additional reflex mechanism as
above.

The followings are the details of the four simulation models.

Normal Walker: Fig.1 shows the composition of this simulation model. The CPG was
constructed as a set of coupled neural oscillators, each of which is expressed by a set of
simultaneous differential equations (Matsuoka, 1985). The simultaneous differential
equations are shown in eq.l. Neurons innervating lower limb muscles were mutually
coupled so that their oscillations could be entrained to each other; consequently, the skeletal
system controlled by the nervous system could display coordinated motion. Fig.2 shows the
coupling relations between neurons.

T nl’.ln = _un + Zwm‘f‘max (ux)n _B Vn +Zn +f€€d,
s

T,V ="V +fmax(un)= (1)

n-n

Juax € ) = maxg ,0),

where u, is the inner state of the nth neuron, fu. is the output of the nth neuron, v, is a
variable representing the degree of the adaptation or self-inhibition effect of the nth neuron,
z, is an external input with a constant rate, w is the connecting weight between coupled
neurons, and 7 and 7’ are time constants of the inner state and the adaptation effect,
respectively. Neuron output fmax(1s) 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 et al., 2001). The feed in eq.1 can be calculated in eq.2 (Matsuoka, 1985) as

feed = A(-X)+ B,hFg,(-X)+ B, hFg, (-X)
+CyhFg,+C, hFg, + D(-X,),

(2)

where feed is a vector consisting of 14 elements corresponding to the feedback to 14 neurons
(please refer to Fig. 2 for the neuron settings) and X is a vector variable expressing the state
Of the Simulated links. (X1, Xz), (Xg, X4), (Xg, X7), (Xg, X10), (X]z, X13), (X15, X]g) and (X1g, X19)
express the positions of the center of gravity of the hip joint, left thigh, right thigh, left lower
leg, right lower leg, torso and head, respectively. X5, X3, X11, X14 and X;7 express the angle of
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the left thigh, right thigh, left lower leg, right lower leg and torso, respectively.
Correspondingly, Xus, Xas, Xa11, Xa1a and X417 stand for the angular velocity of the left thigh,
right thigh, left lower leg, right lower leg and torso, respectively. hFgr and hFg; 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, B, By, Cr, Cr 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 realized. 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
widthxheight pairs are 0.7x0.05, 0.5x0.05, 0.6x0.05 and 0.25x0.3 m, respectively. Their
weights were set as 32, 7, 4 and 1 kgf, respectively. The relative mass ratios of body
segments are approximately in agreement with those of actual humans (Nakamura et al.,
1992).

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

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

Neural system
Central | input torque | Musculoskeletal
nerve CPG }nodel model
sensory
Sensory signal
feedback
module
Normal Walker
l interaction ]

Walking Environment

Fig. 1. the composition of Normal Walker
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Fig. 2. The neuron-neuron and neuron-link connections

Normal Walker with Reflex: Fig.3 shows the composition of this simulation model. In order to
realize 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 activated. In this study, this was decided by the
muscular-reflexive-patterns described in subsection 2.1.

2) Temporal aspect: the onset timing, order of muscle 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 paper. The order
of muscle activation was again decided by the results of the measurement experiment. The
interval of muscle activation was difficult to estimate from our human gait experiments, so
the value is derived by an optimal search of computer simulation experiments. In this study,
we used three different intervals (0.02 s, 0.05 s, 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). Fig.4 shows the
outline of CPG-phase-modulation. The effective timing of CPG-phase-modulation (reset-
time) was derived from a previous computer simulation experiment.
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Fig. 3. The composition of Normal Walker with Reflex

Bave the phase

Phase resel

slip ¢ + t > recover

Muscular reflexive pattermns CPG-phase-modulation

Fig. 4. CPG-phase-modulation

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 3 steps after perturbation, then its balance recovery
was judged to be “successful”. Otherwise, balance recovery was judged as “failed”.

Phase portraits, whose horizontal axis give the angle and vertical axis gives angular velocity,
were used to reveal qualitative data regarding the dynamics of the simulated walkers.
Spastic Walker: Biasing the output of the plantarflexor neuron (ul0 or ul2 in Fig. 2) causes
pes equinus, and the model stumbles and falls. However it would keep stumbling away
with compensatory actions by knee flexor and so on. So we modulated the output of the hip
and knee flexors of the swing leg, so that the model could keep its balance. Appropriate
parameters were decided by a trial-and-error process.

Spastic Walker with Reflex: This model has the same basic elements of the Spastic Walker, but
also has the reflexive mechanisms explained in Normal Walker with Reflex section.
Appropriate reflexive parameters were empirically determined. It is not so intuitive to apply
the muscle activation profiles of healthy subjects to Spastic Walker. However, since the
profiles should reflect the fundamental elements of human balance-recovery, also in order to
make comparison under the similar condition, the same muscle activation profiles was

applied.
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2.3. Evaluation

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

Energy Stability Margin: used to evaluate static postures of a walking machine (MESSURI et
al., 1985), and defined as “the potential energy gain by the change of the center of mass on
the occurrence of perturbation” (Eq. 3).

§=M(h,,, —hy) (3)
Where M is the mass of a walking object, /1 is the height that a COG is changed to on the

occurrence of fall, and ho is the current height of the COG.

Energy Difference: 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” (Eq. 4).

1 1
ED = 5 ]wperturbed ’ - 5 I a)normal ’ (4)

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

This evaluation method is unfit for Spastic Walker and Spastic Walker with Reflex, therefore is
used only for Normal Walker and Normal Walker with Reflex.

3. Results and Discussion

3.1 Muscular reflexive patterns with phase modulation

Table 2 shows the balance recovery by CPG phase modulation and muscular reflexive
patterns. Here, the “reset time” is a parameter of CPG phase modulation, that is, the timing
at which CPG restarts from a phase memorized at the occurrence of a slip perturbation,
counting from the time of the perturbation occurrence. A cross-mark (x) stands for a
complete loss of its balance at the corresponding reset time and slip duration. A circle-mark
(0) means that the walker ultimately recovered successfully from the corresponding
perturbation, with each muscular reflexive pattern activation periods (a. 0.02 s, b. 0.05 s and
c.0.09s).

As shown in Table 2, effective reset time that conduce balance recovery 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.

The first half of Fig.5 shows stable gait; however, on the occurrence of a slip perturbation at
the moment of heel strike, the Normal Walker fell down, as shown in the latter half of the
stick graph in Fig.5a.

Besides, Fig.5b shows one of the results of Normal Walker with Reflex 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 simultaneously delaying the timing to
move the rear leg forward for the next step, which is also observed in human gait
experiments.
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(a) Muscular reflexive activation period 0.02s
resel time(s)

01 012/ 014/ 016 018 02 022 024 026 028 03 032 034 036 038 04 042 044 046 048 05 052 054 056 058
O 000 OO0 O X X KX |X XK XX X XX X X O O X O
= 012500 0|0 0|00 00 0 x| x|x x| x|[x %x|x|x x| O|x|x 0|x
c 015 X X | X | x X O 0 O 0 O 0O 0 O O x O x| x| x o x 9 x DO x| x %
= 0175 X s X s s X s s X s s X s s X s s X S s X S s X S
E 02 O O X X X X X X X X X X X X X X X X x X X x X X x
S 0285 X O 0O O O 0 % X x| x X X | x xX X | x %X X x X /x| x O 0O x
= 025 X s X x s X x s X x s X x s X x s x B s x B s x B
. E" 0275 X s X s s X s s X s s X s s X s s X S s X S s X S
= 03 X X X X X X X X X X X X X X X X X X x X X x X X x
0325 X = o x = o x = o x = o x = o x = X ES = X ES = X ES
(b) Muscular reflexive activation period 0.05s
resel ime(s)
01012/ 014/ 016 018 02 022 024 026 0258 03 032 034 036 038 04 042 044 046 048 05 052 054 056 058
’t;"‘ 01 X x X x * o x X B * s o X x x * o x X B * s o X x
"*E o125 X o X > * . o X > * . [eRNsERRECERRECHRS) X > * . x X x
S 015 X x| X % %X x x| xX|x x O0/0 0 0 O O O|x|x|x x| x|x x|Xx
‘S 0175 X X X XX X X X X X 0 0 0 00 O 0 0 O X x| X X O X
E 02 X X 0% X X X X x X X x X x X o 0 O 0 O O % X x
= 0225 X x x Pl X x X X x X = X X x X = x X | oo OO |C O
= 025 QO | OO | x O OO0 |0 |x x O 0|0 x O x| x|xX|X|x | x|xX|xX|X]|X
S 75 % X X XX X X x| x X X O X x| O O x|x x| x x O x| x %
™ 03 X OO [ x s [ x x| [  x x| x| x| x x| x x| x| x x| x|x]|x]|x
0325 X X X s s s X X S s s X X x s s s X X S s s X X x
(c) Muscular reflexive activation period 0.09s

resel Lime(s)

01/012/ 014/ 016 018 02/ 022 024|026 028 03032 034 036038 04| 042 044 046 048 05 052| 054 056| 058
= o1 % | x [ x [ x x| x| x| x[x x| x[x|x|x|x | x|[x|[x[x x| x|x|x|[x][x
N I A A A A A A A A A A A A A A A A
& 015 x [ x [ x| x x| x|[x[x|x x x|x[x|x|x x|x|[x|x|[x x|x[x]|x]|x
Slorm X [ x| x| x x| x| x [ x| x| x x|[x|x|[x|[x x| x|x|[x|[x|[x[x|x|x|x
& 02 % | % | % % x| x| x| x| x x x| % x| x| x x| x|x x x x x|x | x| x
S oo2es x| x| X X x| x| x X x x %X x x| x O OO0 00 o0 o0 o0 0o o0
T s 0 00 % %k x X x % X X %X . x . x x| & 00000000
ég“ 0275 O O |0 S O 0 |O |00 0 X |O|IC|0|C O 0| X | X O O X | % | x|
o 03 O x X O O x x| 0O 0 O 0 O x| x| x x| x| x| x x x| x x| |0 O

0325 ¥ [ X [ Xx |0 © ol x| 0lx 0 x| olx|x|x x|[x|x x|x x|x|x|[x]|x

Table 2. Balance recovery by CPG phase modulation and muscular reflexive patterns when
slip perturbation duration changes
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(b)
Fig. 5. Stick graphs of the Normal Walker and the Normal Walker with Reflex (arrows denote the
slip period): (a) the Normal Walker fell down when a slip perturbation occurs; and (b) the
Normal Walker with Reflex recovered from slip perturbation.

3.2. The roles of different regulation mechanisms

In order to examine the role of reflexive mechanisms, muscular-reflexive-patterns and CPG-
phase-modulation, we evaluated the perturbed walk of each walker (Normal Walker, Normal
Walker with Phase-modulation, Normal Walker with muscular reflex, and Normal Walker with
both reflexes that is Normal Walker with Reflex) by the Energy Stability 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. 6. Here, slip perturbation occurs at 1 s
in Fig. 6. In order to make a clear comparison, we selected an experimental condition (slip
duration=0.25 s) that could lead to successful balance recovery for all 4 walkers. Note that,
for the Normal Walker, this is the rare successful balance recovery case. Additionally, Fig. 7
shows the integration of the Energy Stability Margin of each walker after perturbation
occurrence. Furthermore, five seconds of Energy Difference of each walker in the same slip
perturbed condition is plotted in Fig. 8. Fig. 9 shows the integration of the Energy Difference
of each walker after perturbation occurrence. Arrows in the figures denote points for further
discussion. As shown in Figs. 6 and 8, the Normal Walker with Reflex 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 Normal Walker with Reflex (utilizing both
mechanisms) could achieve most effective balance recovery (Figs. 7 and 9). This suggests
that CPG-phase-modulation and muscular-reflexive-patterns display a cumulative effect for
balance recovery.
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Arrow 1 stands for the immediate improvement of balance after perturbation. Arrow 2
shows the beginning of recovered gait.
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Fig. 7. Integration of Energy Stability Margin (from left, Normal Walker, Normal Walker with
phase modulation, Normal Walker with muscular reflex, Normal Walker with Reflex)
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Arrow 1 indicates the immediate improvement of balance after perturbation, by a much
smaller energy difference, compared with the 4th 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.
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Fig. 9. Integration of Energy Difference (from left, Normal Walker, Normal Walker with Phase-
modulation, Normal Walker with muscular reflex, Normal Walker with Reflex)
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Fig. 10 (a) and (b) 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
condition and activation term are same for both tests, and only the hip angle values of the
perturbed side are plotted. The blue line and red lines represent the normal and perturbed
walks, respectively. It was observed that the muscular reflex with phase modulation case
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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. This result suggests
that CPG-phase-modulation is effective for modulating the relationship between internal
CPG and the body mechanisms enabling a fast recovery to a stable walking cycle.
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Fig. 10. Phase portraits of the hip joint angle (Normal Walker)

3.3. Spastic Gait

As the result of the experiments, Spastic Walker acquired a stable gait pattern. Fig.11 shows
the gait of Spastic Walker, and Fig.12 (a) and (b) show the hip joint angle phase portraits and
five seconds of Energy Stability Margin of this walker, respectively. As shown in Fig.11,
Spastic Walker lifts its swing leg higher than Normal Walker, and avoids a stumbling. This
result is very similar to the result of paralyzed people’s gait experiment (Yu et al., 2002).
Moreover, it is observed the walker has a peculiar stable limit cycle, which is different from
that of Normal Walker (Fig.12 a). Also it is clear that the walker keeps its balance continually
throughout five seconds. (Fig.12 b)

Fig. 11. Stick graph of the Spastic Walker
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Fig. 12. (a) Phase portrait of the hip joint angle: and (b) Five seconds of the Energy Stability
Margin of Spastic Walker

3.4. Recovery from slip perturbation during Spastic Gait

As anticipated, the Spastic Walker lost its balance and fell down on the occurrence of short-
time slip perturbation (e.g. slip duration: 0.2s). However the Spastic Walker with Reflex was
able to keep its balance for a certain period of time after the perturbation, even though not
able to recover to its stable walking (Fig.13). Fig.14 shows the comparison between these
two walkers. Note that the Spastic Walker with Reflex keeps standing position for a longer
time than no-reflex case (Fig.14a; a period of 1.2s-2.0s), and has high balance stability
compared with no-reflex case (Fig.14b; a period of 1.2s-1.6s).

Thus the acquired muscle activation profiles could reflect the fundamental elements of
human balance-recovery, but it’s not enough for a complete recovery in the case of the
spastic walk. This denotes that, some additional mechanisms, other than the current
reflexive mechanisms, should be explored for the balance recovery. This will be another
issue for further investigation.

Fig. 13. Stick graph of the Spastic Walker with Reflex (the arrow denote the slip period): the
Spastic Walker with Reflex kept its balance after slip perturbation.
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Fig. 14. The comparison between the Spastic Walker (red line) and the Spastic Walker with
Reflex (blue dotted line). Note that a slip perturbation occurs from 1s to 1.2s: (a) Transition of
the height of CoM; and (b) Transition of Energy Stability Margin

4. Conclusion

In the present study, we developed four simulation models, and, through computer
simulation, revealed that: 1) on the occurrence of a slip-perturbation, the rapid responding
pathway could improve perturbation-resistance and maintain balance for walking; 2) using
the simulation models, the roles of the muscular reflexive patterns, CPG phase modulation
and afferent feedback were clarified; 3) a spastic gait can be modeled by pes equinus and
appropriate compensatory muscle supports; and 4) reflexive strategies extracted from
healthy subjects may contain fundamental elements of human balance recovery, thus it is
available to work to some extent for spastic walkers” perturbation-resistance.

That is, feedback pathway, phase modulation, reflexive muscular patterns, and
compensated gait play different but significant roles in balance recovery. Therefore, is
reasonably to conclude that our model has a redundancy mechanism for walking as the
human. These results demonstrated the practical possibility of realizing artificial reflexes for
paralyzed individuals.
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