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Gait cycle modeling in cerebral palsy condition

Sabrina OTMANI!2, Guilhem MICHON!, Bruno WATIER?

Abstract— Autonomous gait is a fundamental element for
access to independent life and avoiding the de-socialization of
people with motor disabilities. In this context, this research
is part of the EXOKID project which aims at designing a
personalized exoskeleton for children with cerebral palsy. For
such personalisation, two 9 years old twin sisters, one with
spastic cerebral palsy (C) and a healthy one (H) without any
impairments, performed several walks with electromyography
(EMG), kinematics and force acquisitions. This paper presents
a model of the knee and hip’s spastic angular displacement
of C during a walk using mechanical differential equations.
Two models were designed: one based on the timing of the
muscular activation, the other where the timing is defined using
a genetic algorithm (GA). These models highlight the spastic
contributions of the muscles involved in the walk (agonists and
antagonists of the joints studied) and their activations. The
amplitude of the activations for both models was carried out
using GA.

Gait cycles were modeled with a determination coefficient
(R?) higher than 84% for both models.

I. INTRODUCTION

One of the most common causes of motor disability,
especially during childhood, is cerebral palsy (CP) with an
incidence of 2.0 to 2.5 per 1000 live births. It is a "group
of non-progressive, but often changing, motor impairment
syndromes secondary to lesions or anomalies of the brain
arising in the early stages of development" [1]. A wide range
of prenatal, perinatal, and postnatal isolated or combined
factors are considered the main causes of cerebral palsy:
hypoxia, gene abnormalities... The severity of the CP can
be quantified using Growth Motor Function Classification
System (GMFCS) decomposed into 5 levels from the lowest
to the highest severity. In this context, the biomechanical
analysis of the CP gait aims to better understand the key
features of the kinematics and muscle activation. Different
CP subtypes exist like ataxic CP, dyskinetic CP and spastic
CP which is the subtype studied in this paper. Spasticity is
also the most common disabling condition seen in cerebral
palsy [2][3] characterized by an abnormal increase in
muscle tone creating pathological and involuntary reflexes
[4][5] or stiffness of muscle, which can impact the walk
of the subject. Spasticity is known to be a "hypersensitive,
velocity-dependent response to passive muscle stretch” and
also position-dependent as some lower-limb configurations
cannot be reached due to the spasticity[6][7][8].

This paper will first focus on the modeling and
characterization of the effect of spasticity on a gait
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cycle of a 9 years old girl called C. who has a spastic
CP with a GMFCS level of 2. A gait is a succession of
several gait cycles which are determined by two consecutive
heel strikes of the same foot [9]. Thus, right and left gait
cycles are defined according to the food considered. To
model the gait cycle, a double pendulum will be considered
composed of the hip and the knee, the joints studied. This
model represents the swing phase of the movement which
is responsible for the magnitude of the step movement.
In this model, we assume that the ankle does not have
mobility. This work is then divided into two steps: an
experimental one to extract the customized data (muscular
activity (EMG) and kinematic data) and a modeling one
to recreate the gait using the previous data and a common
genetic algorithm (GA) to find the optimal parameters. To
simplify the modelization, the right and left gait cycles will
be modelized as those cycles can be repeated to reconstruct
the walk. In the end, we aim to determine how a spastic
gait cycle can be modeled using a double pendulum model.
This paper is part of the EXOKID project which aims
to design a customized exoskeleton for a child with a
specific spastic cerebral palsy and with the final purpose to
determine how it can correct or enhance the gait of this child.

II. RELATED WORK AND CONTRIBUTIONS

1) Double-pendulum system: Spasticity models are often
characterized and designed using data obtained from a pen-
dulum drop test. In [10], a non-linear function representing
a couple modeling the contribution of involuntary spastic
movements is developed. In [11], spasticity is modeled by
a torque representation of muscle hypertonicity and the leg
model itself corresponds to a differential equation dependent
on the viscoelastic parameters of the agonist and antagonist
muscles of the knee. In this continuity, [6] focuses their work
on the muscular contribution in the knee angular displace-
ment during a pendulum drop test. The purpose is to clearly
indicate that the knee rotation of subjects with spasticity is
an active process. They defined additional velocity-feedback
torques to emphasize the velocity-dependent aspect of spas-
ticity. An optimization algorithm was used to define the
timing and amplitude of those torques without any consid-
eration for muscular activity. This optimization can enhance
the performance of the best fitting model but is a source of
inaccuracy when it conceals the actual origin of spasticity,
which is the involuntary and pathological activation of the
muscles [4][5].

All of the cited models studied only the knee joint with
a simple pendulum. However, as our final goal is to cor-



rect a whole spastic gait, the main contribution of our
work is to model a double-pendulum system composed of
a thigh/shank/foot system based on the work of [6] and
experimental data.

2) Voluntary muscular activations: As we consider a
gait cycle and not a simple pendulum drop test, muscular
activations torques were added to better represent the normal
contribution of the muscles during a movement as in [12].
Two models were then defined: one using the onsets/offsets
of the muscular activations as the period of activation for the
torques representing voluntary muscular activations and one
in which the period of activation is obtained using GA. The
amplitude of the spasticity torques was defined using GA.

3) Position-dependent torques: Moreover, additional
position-feedback torques are added for the spastic model to
bring forward the position-dependent character of spasticity
with the same timing as velocity-feedback torques [8].

III. MODELING OF THE SPASTICITY USING A GENETIC
ALGORITHM (GA)

A. Method

1) Participants: Two 9 years old twin sisters (C and H)
performed a clinical gait analysis (CGA). C has a GMFCS
of 2. No maximum voluntary contraction was recorded due
to the quick fatigue occurring for C. The anthropometry of
C. is presented in Table I. The masses of the segments were
computed using regression equations of [13] for children of 9
years old. Before data collection, we obtained informed con-
sent and assent from the parents and the twin, respectively.
The parents also have signed an informed agreement that the
Declaration of Helsinki is respected during the experiment.

TABLE I
BODY PARAMETERS OF THE TWO TWINS

[ Parameters [ C ]
Height (cm) 123
Body weight (kg) 22

Length of the thigh (cm) 33
Mass of the thigh (kg) 2.18
Length of the shank (cm) 28
Mass of the shank (kg) 1.1
Mass of the foot (kg) 0.46

2) Experimental data acquisition: For three-dimensional
gait analysis, 48 markers were fixed on subject bone land-
marks following the recommendation of the International
Society of Biomechanics (ISB) [14][15]. The positions of the
reflective markers were recorded by twenty optoelectronic
cameras sampled at 200H z (VICON, Oxford’s metrics, Ox-
ford, UK). A 6-dimensional external contact wrench applied
to the subject by the ground was recorded by five force plates,
2 AMTI platforms and 3 Sensix force platforms, embedded
in the ground and sampled at 2000H z. (Figure 1 & 2).

Sixteen wireless EMG electrodes were placed on the
bodies (Table II) based on the SENIAM recommendations

Fig. 1. Experimental setup view from the VICON software. Platform 4 is
the Sensix platform and the others are the AMTI force platforms.

Fig. 2. CREPS laboratory. Cameras are indicated with the red circles and
the three platforms with the blue circle

[16] for both legs. Before the electrode application, the
skin was shaved and cleaned with alcohol. The electrodes
were active parallel bar sensors and were placed in the
middle of the muscle, longitudinally to the underlying
muscle fibers. Electrodes were secured with adhesive tape
before recording. EMG signals were digitized at a 2000H z
sampling rate. Table II presents the muscles studied, based
on the literature studying muscle activations [17][18][19].

TABLE II
LIST OF THE MUSCLES STUDIED IN THE EXPERIMENT AND THEIR
FUNCTION.
[ Muscles [ Acronym | Function I
Medial gastrocnemius M.G Knee flexor and Ankle extensor

Rectus femoris R.F Hip flexor and Knee extensor

Vastus lateralis V.L Knee extensor

Semi-tendinous S.T Knee flexor and Hip extensor

Biceps femoris B.F Knee flexor

Gluteus maximus GM Hip extensor

Linear envelopes for each muscle were obtained by low-
pass filtering fully rectified raw EMG signals with a 10H 2
lowpass filter (2nd order Butterworth, zero lag). The EMG
data was then filtered with a 4th-order bandpass Butterworth
filter between 20 and 400Hz. For each participant and
each muscle, EMG envelopes were normalized using their
mean value over the whole cycle. Muscle activations (onsets
and offsets) were determined using an estimation of the
proportion p of the signal corresponding to the baseline. The



threshold was set as the mean plus three standard deviations
of the p% lowest values of the sample multiplied by the
signal-to-noise ratio. Only periods in which the signal was
above the threshold for more than 100ms were considered
activations. Manual adjustments were done to be more pre-
cise on certain signals. Normalization of the EMG signals
was done to express each as a percentage of a gait cycle.
Markers trajectories were filtered by a 4th-order low pass
Butterworth filter with a 10H z cutoff frequency. Gait cycles
and events (foot strike and toe-off) were identified manually.
The inverse kinematics was performed with OpenSim [20].
Three-dimensional joint angles were computed for each trial
(ABC Euler sequence) at the lower limbs.

B. Double pendulum modelization:

Once the data are collected, the thigh and shank
trajectories are modeled by wusing double pendulum
equations and the equations defined in [6] (Equations 1 and
2). The foot is considered as a point mass at the end of
the shank. The modeling of the knee-muscle spasticity is
performed using equations developed in [6]. The spasticity
model [6] developed for one degree of freedom (DOF) is
used (Equation 5).

For the Hip:

O (m1d? + I + mal? + mal?)+
05 (malidacos(©1 — O2) — malilacos(©1 — O9))+
0% (malydysin(©1 — O2) + malilasin(©1 — 05))+
g * sin(01)(midy + maly + msly)
+ TspasticityModel + Tact =0 (1)

For the Knee:

04 (madj + I + m3l3)+
07 (malidacos(©1 — Oz) + mglilacos(©1 — O2))+
O (—malidysin(0©; — O3) — mslilysin(©1 — 02))+
g * 5in(O3)(mady + msly)
+ TspasticityModel + Tact =0 (2)

with:

o O1/2, O] /20 oY /ot joint relative angle, velocity and
acceleration of the hip joint (1) and the knee joint (2).

o I;/5: moment of inertia of the thigh and shank expressed
at the center of the joint,

e dy,ds: distance between the hip joint(1)/ knee joint(2)
and the center of mass of the thigh/shank

e [y,l5: length of the thigh and shank

e M1, Mo, m3: mass of the thigh, shank and foot respec-

tively

e TspasticityModel: Torques produced by the spasticity
model

e T, Torque vectors produced by voluntary muscular
activations

This model does not consider contact forces as external
forces to the system. Only gravity is considered here.

T,c: represents the vectors for each joint of the torques pro-
duced by their flexors and extensors. Flexors are considered
during flexion and extensors during extension (see Table II
for the muscles and their functions). Thus, depending on the
joint studied and the phase of the gait (extension or flexion),
T.ct can be defined as follows :

For the hip :

TactHip = [S-Tvectora G-Mvector; VL'uectom R-Fvector] (3)
For the knee:

TactKnee = [S~Tvector7 M'Gvectorv B~Fvector» R~Fvect0r]
“)
They represent the vectors of the corresponding voluntary
muscular activations torques (Table II).

In this paper, 2 spastic models are thus defined:

a) Model A: In this model, the timing of the muscular
activations torques (7,.;) corresponds to the real moment
of muscular activations obtained from the EMG data. The
magnitude of those torques is obtained using GA.

b) Model B: This model corresponds to the
optimization of the timing where the muscles are activated
: in this case, the torques T, are applied during the entire
cycle and their amplitudes are optimized using genetic
algorithms.

C. Spasticity model:

The equation of motion of the thigh and the shank are
given respectively by equations 1 and 2 for extensors (sub-
script e, when ©’ < 0) and flexors (subscript f, when ©° > 0).
Thus, extensors are considered during the flexion (spasticity
due to the extensor will impact the flexion) and the same
reasoning for the flexors.

TSpasticity]Wodel = Be,fel + Ke,f@ + Te,f + B@I + Ko

®)

with :

e B., By: damping coefficients,

e K., Ky: stiffness coefficients,

e T,, Ty: nonlinear stiffness torques defined by [21] as
K1, j(e K259 — 1)

e B = BE or BF: velocity feedback gains for extension
(BE) or flexion (BF).

e K = KF or KF: position feedback gains for extension
(KF) or flexion (KF).

BE, BF, KE and KF gains are considered applied
during the whole gait without interruption and with an
unknown magnitude as quantification of the spasticity in a
muscular activation cannot be done easily and accurately.
Their values are obtained using GA.



The values of the damping coefficients (5. and By)
corresponding to the damping part of the muscle fibers,
spring coefficients (K. and Ky), and KI/K2 from the
non-linear stiffness torques remain unknown for both hip
and knee joints and will be determined using GA.

GA is a method used to solve constrained but also
unconstrained optimization problems based on a natural
selection process that imitates biological evolution [22].
The goal of GA is to minimize a cost function defined by
determining some parameters, chromosomes (Figure 3). A
chromosome is a vector of parameters to be determined by
the GA.

Initial Populatien : randomized
or chosen
(lteration = 1)

Evaluation of the
chromosome

2
for eaan lteration = lteration +1

A

to
produce the "child

Mo chromosome”
B

lteration > max_iterations?

Yes

has the smallest result for the cost

Best chromosome = chromosome which
function over all the iterations.

Fig. 3. Flowchart of genetic algorithm (GA).

In this paper, GA aims to identify 2 chromosomes: one
for the hip joint (Equation 6) and one for the knee joint
(Equation 7) defined as follows:

Chip: [KeaKfvBeanaKleaKQGaK1f7K2fv (6)
BFvectm'a BEUectora KFuectora KEvectora TactHip]

Cknee: [K€7Kf7B€7BfaKleaK2€7K1f7K2f7 7)
BFvectora BEvector; KFvectory KEvectora TactHip]

with Tocerrip and Tyetionee defined in Equations 3 and 4.

Each cycle has its size representing the number of
values per cycle considering the sampling frequency. Thus,
BEJECtOTv BEvectora KFvectm”, KEvector’ TactHip and
Toctiknee have the same size as the gait cycle studied.
Indeed, during a gait, muscular activations are expected
but it is complicated to determine the part of spasticity in

these activations. Therefore, we assumed that spasticity is
effective during the whole gait cycle without interruption
and with unknown magnitudes.

To determine the parameters of each chromosome, the
genetic algorithm was computed with the following
parameters:

o Number of parameters to determine : (size of the gait)
*10 + 16 parameters for the hip and knee.

o Number of iterations: 5000,

¢ Number of chromosomes to test at each iteration: 1000,

o Maximum stall generation: 100,

o Tolerance value: 1e~°

A large number of chromosomes to test at each iteration al-
lows converging quickly to an optimal solution. The number
of iterations, the maximum stall generation and tolerance
value allow us to consider all possible cases and to stop
when there is no significant improvement in the cost function.
The parameters presented were chosen after several tests
to find a compromise between the accuracy of the results,
the convergence of the solution and computing time. The
cost function used was based on the difference between
modeled angular positions (determined by the resolution of
the differential equation using a Newton-Euler method with
a time step of 0.05s) and experimental angular positions
of the thigh/shank. The cost function used is based on
the coefficient of determination (R?). The cost function is
defined as follows for each joint:

R? — S (yi —4i)°

— 3
21:1 (yz - g)Q

Cost_Function =1 —
with :
« m: number of experimental measurements,
o y;: value of the experimental measurement i,
e ;. corresponding modeled data,
e y: mean of all the experimental data

At each iteration, the chromosomes are initialized
randomly with parameters. The cost function is thus
computed and the algorithm continues its calculation until
finding an optimal solution. The final cost function used
corresponds to the mean of the cost function of the hip and
the knee.

In this paper, a single gait of C. was chosen as muscular
activations and spasticity vary from one walk to another
so the results may be significantly different from one walk
to another. This gait is divided into 12 right and left gait
cycles. For each model, 2 gait cycles are considered: one
right and one left gait cycle. For each gait cycle, the right
and left sides of the lower limb are modeled. Those gait
cycles were chosen for the lack of issues in their acquisitions.
To demonstrate the closeness of those cycles with the other
ones, the Normalized Root Mean Square Error (NRMSE)
is computed to quantify the difference between the gaits
chosen and the others. NRMSE corresponds to the Root
Mean Square Error (RMSE) divided by the mean of the



experimental signal (Equation 9). NRMSE goes from 0 to
1 which corresponds to the worst result.

Yi

RMSE = 2= Wi Z9) RMSE
m

2
S NRMSE = ©)

Considering all the right gait cycles in this walk, the right
gait cycle chosen has an NRMSE of 0.15 with the other right
gait cycles. For the left gait cycle, the left gait cycle chosen
has an NRMSE of 0.1332. Those results demonstrate that
those chosen gait cycles are close enough to the other ones
of the walk and can be representative.

D. Data Processing

1) Angular displacement values: Hip and knee angular
displacement obtained after the modelization were filtered
using a 4th-order lowpass Butterworth filter with a cutoff
frequency of 10Hz .

2) EMG: As a reminder, EMG data were filtered with
a-4th order bandpass Butterworth filter between 20 and
400H z. Onsets and offsets were determined manually after
determining the signal baseline and threshold.

E. Onsets and offsets of the muscular activations

Onsets and offsets of the muscular activations are pre-
sented in Table III for a Left Gait Cycle and in Table IV for
a Right Gait Cycle. The definition of the onsets and offsets
is presented.

TABLE III
VALUES OF THE ONSETS AND OFFSETS OF MUSCULAR ACTIVATIONS
DEFINED AS THE PERCENTAGE OF THE LEFT GAIT CYCLE

A. Model A

As explained, in this model, the timing where the
muscular activations torque vectors are applied is based on
the onsets and offsets of muscular activations presented in
Tables III and IV.

TABLE V
[MODEL A]VALUES OF THE 16 FIRST PARAMETERS COMPOSING THE
FINAL CHROMOSOME FOR BOTH LEFT AND RIGHT SIDES OF THE LEFT

GAIT CYCLE
[Left Side ||
[ Hip | Ke [Kf | Be |[Bf | Kil.| K2.| Ki;] K2/
\ [ 25 ] -18 | 26 | 27 | -45 | 38 | 49 | 43 |
[ Knee [Ke | Kf | Be |Bf | Ki.| K2.| Ki;] K2/
\ [ 36 [ -13 [ 1.0 |10 [09 |03 |15 | 04 |
[ Right Side ||
[ Hip | Ke [Kf | Be |Bf | Ki.| K2.| Ki;] K2/
\ [ 41 [28 | 38 [30 |43 |34 [49 [31 |
[ Knee [Ke | Kf | Be |Bf | Ki.| K2.| Ki;] K2/
\ [ 33 ] 31 | -11 | 08 [05 |13 | -15 | 09 |
TABLE VI

[MODEL A]VALUES OF THE 16 FIRST PARAMETERS COMPOSING THE
FINAL CHROMOSOME FOR BOTH LEFT AND RIGHT SIDES OF THE RIGHT

GAIT CYCLE

[Left Side ||

[ Hip [ Ke [ Kf | Be |[Bf | Ki.| K2.| Ki;] K2/
\ [ 31 [ 45 | 05 ] 07 | 41 | 32 | 44 | 41 |
[ Knee [Ke | Kf [Be |Bf | Kl | K2 | Ki,j| K%]
\ [ 27 ] 44 [03 [ -19 | -18 | -15 | -19 | 08 |
[ Right Side ||

[ Hip | Ke [Kf | Be |Bf | Ki.| K2.| Ki;] K2/
\ [ 26 ] 32 |09 | 22 ] 36 | 38 [ 49 |32 |
[ Knee [Ke | Kf | Be |Bf | Ki.| K2.| Ki;] K2/
\ [ 43 [ 39 [ 15 |02 070916 |05 |

Ist activation 2nd activation 3rd activation
Muscles Onset (%) | Offsets (%) | Onset (%) | Offsets (%) | Onset (%) | Offsets (%)
Rectus femoris 0.06 51 73 99 / /
Vastus Tateralis 0.06 52 80 100 7 7
Semi tendinous 0.05 44 54 60 86 100
Gluteus maximus 0.05 47 56 72 93 100
Medialis gastrocnemius 0.05 5 16 72 88 100
Biceps femoris 0.07 48 59 77 84 99
TABLE IV

VALUES OF THE ONSETS AND OFFSETS OF MUSCULAR ACTIVATIONS
DEFINED AS THE PERCENTAGE OF THE RIGHT GAIT CYCLE

[ | 1st activation | 2nd activation | 3rd activation |

Muscles Onset (%) | Offsets (%) | Onset (%) | Offsets (%) | Onset (%) | Offsets (%)
Rectus femoris 0.06 45 55 65 76 100
Vastus lateralis 0.06 45 53 66 84 99
Semi tendinous 0.17 45 56 72 85 89

Gluteus maximus 0.96 47 55 75 84 100
Medialis gastrocnemius 2 73 91 99 / /
Biceps femoris 0.05 49 58 79 88 99
IV. RESULTS

In this part, figures 4 and 5 present the results for the
model A and B copared to the experimental data for a right
and left gait cycle and for both sides (right and left leg).

1) Left Gait Cycle: Results for the left gait cycle for both
sides are presented in Figure 4 and Table V.

a) Right side: The right side has an R? equal to 84%:

right hip at 80% and right knee at 87%. For BF, BE
vectors, the mean value is around -0.55+8.4 and for KF,
K FE vectors, the mean value is around 0.1448.4.
For the muscular activation vectors, the mean value is around
-0.05£8.7 N.m with a maximum of 13 N.m. For the hip
flexors, the mean value is around -0.37 N.m and for the
extensors around 0.10 N.m. For the knee flexors, the mean
value is around -0.07N.m and for the extensors around -0.37
N.m.

b) Left side: The left side has an R? equal to 90%:
right hip at 91% and right knee at 89%. For BF' and BE
vectors, the mean value is around 0.2548.5 and for K F' and
K FE vectors, the mean value is around 0.2148.4.

For the muscular activation vectors, the mean value is around
0.06+8.6 N.m with a maximum of 14.6 N.m. For the hip
flexors, the mean value is around -0.11 N.m and for the
extensors around -0.72 N.m. For the knee flexors, the mean
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Fig. 4. Simulated and experimental left gait cycle for the left and the right
side of the lower limb for both models.

value is around 0.63 N.m and for the extensors around -0.11
N.m.

2) Right Gait Cycle: Results for the right gait cycle for
both sides are presented in Figure 5 and Table VI

a) Right side: The right side has an R? equal to 91%:

right hip at 94% and right knee at 88%. For BF, BE
vectors, the mean value is around -0.06+8.7 and for KF,
K FE vectors, the mean value is around -0.1248.6.
For the muscular activation vectors, the mean value is around
-0.006+8.6 N.m with a maximum of 12.4 N.m. For the hip
flexors, the mean value is around -0.35 N.m and for the
extensors around 0.43 N.m. For the knee flexors, the mean
value is around -0.04N.m and for the extensors around -0.35
N.m.

b) Left side: The left side has an R? equal to 94%: right
hip at 91% and right knee at 96%. For BF', BE vectors, the
mean value is around 1.29+8.6 and for KF', K E vectors,
the mean value is around 0.05+8.7.

For the muscular activation vectors, the mean value is around
0.43+8.67 N.m with a maximum of 14.9 N.m. For the hip
flexors, the mean value is around -0.48 N.m and for the
extensors around 1.38 N.m. For the knee flexors, the mean
value is around 0.33N.m and for the extensors around -0.48
N.m.

Globally for model A, knee parameters and the mean value
of BF and BFE vectors are close to the values defined in [6].
Results obtained are higher than 80% for the R2.

B. Model B
TABLE VII

[MODEL B]VALUES OF THE 16 FIRST PARAMETERS COMPOSING THE
FINAL CHROMOSOME FOR BOTH LEFT AND RIGHT SIDES OF THE LEFT

GAIT CYCLE
[ Left Side |

[ Hip [ Ke [Kf [Be [Bf [Klo| K2.] Kij[ K2;|
\ [ 38 1-42 128709 [-20[-13 [-33 [-43 ]
[ Knee [ Ke [Kf [Be [Bf [Kle| K2.] Kij[ K2 |
\ [ 43 1-291-087-09]-05T-147]-027]-02]
[ Right Side ||

[ Hip | Ke [Kf [Be [Bf [Kl.| K2, [ Kij[ K2;|
\ [ 43 708 [-48 [-16 [33 [12 [25 [30 |
[ Knee [ Ke JKf [Be [Bf [ Klc| K2.| Klj[ K2y |
\ [38 [-28 [-15[-15709 [18 [-04 [02 |

Contrary to the previous model, the timing where the
muscular activations torque vectors are applied is not based
on the onsets and offsets of muscular activations presented
in Tables III and IV: they are determined by the GA as the
value of the gains for the muscular activations torque vectors.

1) Left Gait Cycle: Results for the left gait cycle for both
sides are presented in Figure 4 and Table VII.

a) Right side: The right side has an R? equal to 95%:
right hip at 93% and right knee at 96%. For BF, BE
vectors, the mean value is around -0.0445.86 and for K F,
K FE vectors, the mean value is around 0.3445.6.

For the muscular activation vectors, the mean value is
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Fig. 5. Simulated and experimental right gait cycle for the left and the

right side of the lower limb for both models
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TABLE VIII
[MODEL B]VALUES OF THE 16 FIRST PARAMETERS COMPOSING THE
FINAL CHROMOSOME FOR BOTH LEFT AND RIGHT SIDES OF THE RIGHT
GAIT CYCLE

[ Left Side |

[Hip [Ke [Kf [Be [ B [ KiK. [ Ki;[K%]
\ [44 [ 30 [ 37 [ 30 [ 43 | 26 | 10 | 28 |
[ Knee [ Ke [Kf [Be [Bf [ Kle| K2.] Kij[ K2y |
\ [ 45 [ 47 [05 [ 10 [ 16 [ 02 [06 [09 |
[ Right Side |

[Hip [ K [Kr [Be [ B [ KL K2 ]Ki;[K%]
\ [19 Jo8 [-25-13[-1.7-07 28737
[Knee [Ke [ Kf [Be |Bf | K| K2 |Ki;[ K]
\ [06 [ 42 [ 06 [ 10 [ LI [ 11 [-10 [ 02 ]

around 0.18+5.6 N.m with a maximum of 9.9 N.m. For the
hip flexors, the mean value is around 0.64 N.m and for the
extensors around 0.37 N.m. For the knee flexors, the mean
value is around -0.44N.m and for the extensors around 0.64
N.m.

b) Left side: The left side has an R? equal to 98%:

right hip at 98% and right knee at 99%. For BF, BE
vectors, the mean value is around 0.48+5.7 and for KF,
K FE vectors, the mean value is around -0.10£5.5.
For the muscular activation vectors, the mean value is
around 0.494+5.81 N.m with a maximum of 9.99 N.m. For
the hip flexors, the mean value is around 0.67 N.m and
for the extensors around 0.77 N.m. For the knee flexors,
the mean value is around -0.08N.m and for the extensors
around 0.67 N.m.

2) Right Gait Cycle: Results for the right gait cycle for

both sides are presented in Figure 5 and Table VIII.
a) Right side: The right side has an R? equal to 98%

: right hip at 99% and right knee at 97%. For BF, BE
vectors, the mean value is around -0.36%8.5 and for KF,
K FE vectors, the mean value is around -0.2748.3.
For the muscular activation vectors, the mean value is
around 0.21+£8.4 N.m with a maximum of 14.1 N.m. For
the hip flexors, the mean value is around 0.29 N.m and
for the extensors around -0.73 N.m. For the knee flexors,
the mean value is around -0.16N.m and for the extensors
around 0.29 N.m.

b) Left side: The left side has an R? equal to 94%:

right hip at 95% and right knee at 92%. For BF, BE
vectors, the mean value is around 0.40+8.5 and for KF,
K FE vectors, the mean value is around 0.59+8.76.
For the muscular activation vectors, the mean value is
around 0.01+8.8 N.m with a maximum ok 15 N.m. For the
hip flexors, the mean value is around 0.24 N.m and for the
extensors around -0.11 N.m. For the knee flexors, the mean
value is around -0.04N.m and for the extensors around 0.24
N.m.

In model B, the period of the muscular activations



determined by the GA corresponds to the whole gait:
when the muscles should not be active considering values
presented in Table III and Table IV, the GA found optimal
to create muscular activation torques to better fit the gait
cycle. The R? results permit demonstrating objectively
the relevance of those methods. Model B presents better
results than model A: the mean difference is located in the
definition of the moment of muscular activations between
the two models. The fact that in model B considered a full
possible activation during the whole gait can hide 2 issues.
First, the manual determination of the offset and onsets
of the muscular activations can introduce errors that can
modify the timing of real muscular activations which can
be compensated by the torques representing the voluntary
muscular activations. Thus, a lack of information/parameters
used in the model of the gait cycle can be compensated by
those new torques as the absence of external forces due to
contacts. Nevertheless, the two models present good starting
points to model efficiently spastic gait cycles by introducing
the contribution of the extensors and flexors muscles.

V. CONCLUSIONS

This paper aims to model the left and right gait cycles

of a child with spastic cerebral palsy. The modeling of
the spasticity using data from EMG, GA and position-
dependent/velocity-dependent torques allows us to have sim-
ilar results compared to the experimental data from C.
This study is a case of study and focused on data of two
twin sisters who are not representative of a huge population.
This point does not represent a limit to our paper as the
aim of the project is to create a customized exoskeleton.
The protocol can be enhanced with other twins or other
children with spastic cerebral palsy. In this model, there is
no mobility for the ankle. In this paper, two gait cycles were
studied as cycles can be repeated to create a whole gait.
Those simplifications allowed us to focus on the definition of
the model. Future works will focus on the control of this gait
cycle to make it converge to the one of H. For this purpose,
a whole exoskeleton will be modeled and controlled and the
interaction of the human and the exoskeleton will be created.
Other methods of gait modeling will be tested.
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