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Abstract— This paper concerns the whole physiological pa-
rameters identification of a musculoskeletal model of a human
subject. The patient is equipped with an implanted Functional
Electrical Stimulation (FES) system as part of the SUAW’s
European project [1]. The biomechanical model represents the
knee and its associated muscles. The identification protocol
is noninvasive and based on the in-vivo experimental data
acquisition of a Spinal Cord Injured (SCI) patient. However,
the human noninvasive identification poses problems of inac-
cessibility to some data.

The identification procedure consists of several steps, in order
to identify: the anthropometrical parameters, the geometrical
parameters, the joint mechanical parameters, the force-length
relationship and the recruitment function. Up to now, only
the quadriceps muscle is considered with the knee joint in
the identification procedure. A cross-validation has been done
using data set not used during the identification process. The
identified model shows a satisfactory response comparing to the
measured knee response, which is obtained by stimulating the
quadriceps through the implanted FES system. In this work,
knee model-parameters of the implanted subject were identified
successfully using the noninvasive identification procedure.

I. INTRODUCTION

The movement of limbs, in healthy subjects, is performed

from Central Nervous System (CNS), which sends neural sig-

nals to muscular fibers that produce the required force. This

natural control becomes impossible in the case of a subject

with a complete spinal cord lesion, which leads to paralysis.

Functional Electrical Stimulation (FES) may then be used

to substitute the CNS by contracting the skeletal muscles

[2]. In addition, FES presents many therapeutic benefits for

SCI patients. However, the restoration of human paralyzed

muscle-limb involves a complicate control problem due to

the high complexity, nonlinearity and the time variation of

the fatigued stimulated muscle.

An accurate numerical model of the muscle-limb dynam-

ics is needed for the model-based control technique. Hill

[3] described the macroscopic mechanical characteristics of

muscle while Huxley [4] detailed its microscopic concepts.

An adaptation of these models to FES control was done in

[5],[6]. The accuracy of the model implies to identify several

parameters using the FES signal as an excitation input.

The physiological parameters of isolated animal muscle

were successfully identified in isometric condition using the

Sigma-Point Kalman Filtering [7].

Identification of the quadriceps-shank dynamics in noni-

sometric condition was investigated in several works, online

[8],[9] or off-line [10],[11]. An identification in isometric

and isotonic conditions was achieved in [12] based on a

black-box nonlinear model. In these works surface electrodes

are used for the stimulation. As far as we know, there is

no work about the identification using another stimulation

type, although, the neural or epimysial implanted stimulation

allows a high accuracy, high selectivity and the repeatability

of the muscle’s response. The SUAW project [1] succeeded

in the implantation of an advanced neuroprosthetic device on

two patients, using either epimysial or neural electrodes. The

goal of the work presented in this paper, is the identification

of the quadriceps-shank system, stimulated through neural

electrodes, of one subject of the SUAW European project

[1]. A combination of both isometric and nonisometric iden-

tification is applied and the measured kinetic data set is used

for a cross-validation. The identified model allows predicting

the behavior of the quadriceps-shank system, which is very

useful for the synthesis of the optimal stimulation patterns

in the movement restoration context [13].

In the next section, the experimental setup and the patient

characteristics are introduced; the knee biomechanical model

and the physiological muscle model are presented in section

III. In section IV, the parameters identification protocol is

described. In section V, we present and discuss the results.

Section VI presents the conclusion and the perspectives.

II. EXPERIMENTAL SET-UP

The subject is 40 years old, 1.75 m tall and weighs

66 kg. His paraplegia is ASIA A (American Spinal Injury

Association) type T8 level. He has an FES system implanted

able to stimulate six different muscles per leg to perform all

the kinematics needed for balanced standing and walking.

It stimulates through either epimysial or neural electrodes:

(i) the gluteus maximus, the gluteus medius and the iliacus

for hip flexion-extension and stabilization; (ii) the quadriceps

and the hamstrings for knee flexion-extension and (iii) the

tibialis anterior for foot dorsal flexion.

In this work, only the quadriceps muscle group is stim-

ulated, through a neural electrode, for the knee extension

while the other muscles are considered as having a passive

effect. In fact, the unstimulated muscles contribute through

its parallel element described in the mechanical model of

the Hill-Maxwell model (figure 4). All passive effects of

muscles are thus usually reported to the joint dynamics. This

assumption is often made to separate the passive and active
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Fig. 1. The experimental set-up. The subject is seated; the thigh and the
trunk were fixed. (a) The shank is free and the angles were measured with
an externally mounted electrogoniometer (device 3). (b) The shank is fixed
at different positions using the fixation system (device 1) and the torques
were recorded through a force sensor (device 2).

identification like in [10], where the passive parameters of

the joint (including the passive effect of muscles) were

assumed independent of the active quadriceps torque. During

all experimental procedure, the paraplegic patient is seated on

a chair with the thigh and the trunk fixed as shown in figure

1. The right knee angle was recorded in free shank situation

using an electrogoniometer with a 40ms sampling period as

shown on figure 1.a. In isometric case, the right knee angle

was fixed (see figure 1.b), the torques were recorded with a

396µs sampling period using the force sensor of the chair

developed in our previous works. The implanted stimulation

system [1] is controlled by a laptop and can generate a square

stimulation waveform at different frequencies, pulse width

and amplitudes.

III. MODELING

The biomechanical knee model includes two parts, which

are: a) the knee joint model and b) the stimulated muscle

model (actuator).

A. Knee joint model

We consider a 2D biomechanical model in the sagittal

plane with one degree of freedom, characterizing the knee

joint, controlled by the quadriceps muscle group. Figure 2

represents the joint, where θ is the knee joint angle, L f

the femur length and Log the distance between the center

of mass of the shank and the center of the joint. We

model the knee joint as a pulley of radius r1 supporting the

quadriceps muscles. Fq is the quadriceps force applied on

the shank. Ms is the shank mass and g = 9.8 m/s2 is the

acceleration of gravity. The rest position is at θ = π
2

and the

full knee extension is at θ = 0. The quadriceps controls the

knee joint extension while the gravity force allows the knee

flexion. From the illustration 2, the geometrical formulation

of quadriceps muscle length is easily given by eq. (1):

Lq(θ) = Lqext + r1 ·θ (1)

O

Quadriceps

θ

Lf

Log

g.sM

qF

r1

Fig. 2. Knee biomechanical model. The moment arms of muscular force
are the pulley radius r1. The quadriceps controls the knee joint extension.

Where Lqext is the quadriceps length at the maximal extension

(i.e. θ = 0◦).

The dynamic behavior of the joint around the rest position

(π/2) is given by the following second order nonlinear

equation [14]:

Tq = J ·
d2γ

dt2
+Fv ·

dγ

dt
+Tg +Te (2)

Where, γ = π
2
− θ is the knee angles from the vertical

in counter-clockwise direction. Tq = Fq · r1 is the active

quadriceps torque, Tg = Ms ·g ·Log ·sin(γ) is the gravity torque

and Te = Ke ·γ is the elastic torque. Fv and Ke are respectively

the viscosity and elasticity coefficients; J is the shank inertia

around the center of rotation O.

B. Muscle model under FES

The muscle model used in the following is from the one

proposed in [6] simplified considering the muscular fiber

fusion assumption as proposed in [15]. One of the main

aspects of this model is that its input is the FES signal. The

square signal is described by its pulse width PW , amplitude

I and frequency f . The control of one of these parameters

leads to the control of the muscular force. The muscle model

is composed of two parts (figure 3):

• The activation model: It describes the fiber recruitment

function. It represents the relation between the electrical

charge applied on the muscle and the ratio of the

activated fiber. Its outputs is the recruitment rate α . We

assume that the stimulation frequency is higher than the

fusion frequency of the fibers, which makes a chemical

control constant (i.e. u = 1)[15]. This corresponds to the

tetanic contraction, which is obtained here at 31.25Hz.

• The mechanical muscle model is based on the Hill-

Maxwell structure [3] (figure 4). It includes the con-

tractile element Ec. Es and Ep are serial and parallel

elements and represent the passive effect of the tendons.

Fc and Fs are the forces of the contractile and the serial

elements respectively and Lc, Ls are their lengths. As

discussed above, the effect of the parallel elements Ep

is reported to the knee joint as a part of passive effect.
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Fig. 4. Controlled mechanical muscle model. Fc and Fs are the forces
of the contractile and the serial elements. The contractile element state is
controlled by the recruitment rate α .

The dynamical equations, describing the contractile element

of the muscle, are based on those presented in [6] and are

as follows:


















K̇c =
(

K0 + svqF0Kc

1+pKc−svqFc
Kc

)

α −
(

1+ svqFc+svaε̇
1+pKc−svqFc

)

Kc

Ḟc = F0
1+pKc−svqFc

α + (bKc−svaFc)ε̇−Fc

1+pKc−svqFc

(3)

Where, Fc and Kc are respectively the force and the stiffness

of the contractile element and F0, K0 are their maximum. F0

and K0 are related to the muscle length through the force-

length relationship that we will define later. a, b, p and q are

constants of the muscle, such as:

a = L0
Lc0

, b = L0, p = 1
Ks

and q = 1
Lc0Ks

Where L0, Lc0 are the rest lengths of the whole muscle and

its contractile element, and Ks is the serial element stiffness.

α = f (PW, I) is the recruitment rate of muscle, which is a

function of the stimulation signal parameters.

sv is equal to sign(ε̇c), where εc is the relative deformation

of the contractile element. ε is the relative deformation of

the whole muscle.

IV. IDENTIFICATION PROTOCOL

The identification procedure requires data recorded on a

human subject. However, many data or parameters are very

difficult or impossible to obtain directly with noninvasive

protocols unlike the animal experiments where the muscle

can be isolated [7]. Our identification protocol includes five

successive parts, which are the identification of:

1) Anthropometrical parameters

2) Geometrical parameters

3) Joint mechanical parameters

4) Force-length relationship

5) Recruitment function

For the whole protocol, the stimulation frequency is fixed at

31.25Hz, which corresponding to the tetanic contraction and

respecting the assumption above.

A. The anthropometrical parameters

In this method, usually used [11], [9] and well discussed

in [14], the mass Ms, the inertia J and the distance from the

knee center to the center of mass Log, were estimated from

the mass and length of the whole body through the regression

equations [16].

B. The geometrical parameters

The geometrical estimation provides the value of Lqext and

r1 of the equation (1) using the quadriceps length at different

samples of knee angle. Quadriceps length is obtained from

the Hawkins laws [17]. Linear least square method is applied,

through the equation 1, to obtain r1, Lqext .

C. The mechanical protocol

In order to identify the mechanical parameters Fv and Ke

of the equation 2, the passive pendulum test is usually used.

This test is based on the passive oscillation movement of the

shank around the rest position without any muscle activation

(Tq = 0). Assuming small oscillations around the rest position

(sin(γ) ≈ γ), The equation 2 becomes linear as follows:

J ·
d2γ

dt2
+Fv ·

dγ

dt
+Keq · γ = 0 (4)

Where Keq = Ms · g · Log + Ke is called a virtual stiffness

[14]. During this test, the angles were measured using the

electrogoniometer (figure 1.a). These data were filtered using

Butterworth filter low-pass with a cutoff frequency of 30Hz.

From the analytical procedure, we obtained the values of

the natural frequency Wn =
√

Keq/J and damping ratio ζ =
Fv/(2

√

KeqJ).

D. Force-length relationship

The force-length equation (Eq.5, Eq.6) is a relationship

between muscular maximal force/stiffness (F0/K0) and mus-

cle length, which is related to the knee angle. In isometric

condition, we stimulated the quadriceps with the maximal

amplitude I = 3mA and a maximal pulse width PW = 600µs.

A shank was fixed at only 5 angles, which corresponds to

5 different muscle lengths, (7◦,24◦,42◦,60◦,77◦) in order to

avoid fatigue. The corresponding maximal torque Γq was

measured, filtered and averaged to obtain the corresponding

maximal muscular force. From the maximal forces F0 and

their corresponding muscle lengths estimated using equation

1, we used the linear least square method to identify the pa-

rameter of shape bl from the following exponential equation:

F0(Lq) = Fmax · exp

[

−

(

Lq/Lopt −1

bl

)2
]

(5)

Where, Fmax is the maximal force and Lopt its corresponding

muscle length. The parameters of equation 6 are the same

than those identified previously except the maximal stiffness,

which could not be measured through this protocol. Indeed,
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Fig. 5. The recruitment identification principle. We used the nonlinear
least square (NLS) to identify the recruitment function parameters, which
minimizes the angular joint least square errors.

it involves a fast change of force around a small displacement

of muscle length and requires a supplementary device that

we did not have. However, we notice a very small sensitivity

of the used model to the parameter Kmax, thus it was taken

from the literature and given by Kmax = 104.

K0(Lq) = Kmax · exp

[

−

(

Lq/Lopt −1

bl

)2
]

(6)

E. Recruitment function

In this work, the pulse width was fixed to PW = 430µs

and only the amplitude of stimulation is changing. Then the

recruitment function is a 2D function as presented below:










α(I) = Dr(tanh(R−Cr)+ tanh(Cr))
with,

R = Br

(

1+aI
I

Imax

)

I

(7)

In this protocol, we used the dynamical movement of the

shank. The stimulation-determined patterns were chosen

experimentally taking into account the patient safety and

avoiding the fatigue. It include the amplitudes between

0mA and 3mA, which correspond to the whole range of

the recruitment function. The angles were recorded using

the electrogoniometer. These input/output data were used to

identify the recruitment function parameters (aI , Br, Cr, Dr)

through a nonlinear least square method as shown on figure

5.

V. RESULTS AND DISCUSSION

The identification parameters are summarized on Table

I. The performance of each identification step was quan-

titatively estimated using RMS error, calculated between

predicted and measured data. The RMS error was normal-

ized to the RMS value of the measured data (NRMSE) as

presented in [10]. The parameters values obtained from the

anthropometrical estimation are the following:

• The shank mass Ms = 4.026 kg

• The position of the center of mass Log = 0.194 m

• The inertia J = 0.343 kg ·m2

The value of shank length and mass seem realistic according

to the direct measurement on the subject (≈ 0.4m) and

the body characteristics of the subject. The moment inertia

is also realistic comparing to its value obtained from the

TABLE I

PARAMETERS IDENTIFICATION AND CROSS-VALIDATION. NRMSE IS A

NORMALIZED RMS ERROR OF IDENTIFICATION (%). FOR THE

ANTHROPOMETRICAL AND GEOMETRICAL PARAMETERS ESTIMATION

THERE IS NO EXPERIMENT, THUS THE RMS ERROR COULD NOT BE

EVALUATED.

identification step NRMSE Paremeters Values

Anthropometrical
shank mass (Ms) 4.026 kg

- center of mass (Log) 0.194 m

shank inertia (J) 0.343 kg ·m2

Geometrical
- pulley radius (r1) 0.048 m

muscle length at
maximal extension
(Lqext )

0.412 m

Mechanical
of joint

elasticity coefficient
(Ke)

4.441 N ·m/rad

25 % viscosity coefficient
(Fv)

0.201 N ·m · s/rad

Force-
length
relationship

shape parameter (bl ) 0.054
24 % maximal quadriceps

force (Fmax)
230 N

optimal length of
muscle (Lopt )

0.455 m

aI −0.295
Recruitment 17.1 % Br 0.593
function Cr −0.994

Dr 4.203

Cross-validation 16.3 % - -

parallel axis theorem, as shown in [14]. The anthropometrical

estimation was often obtained from healthy subjects [16],

which can effect the final prediction. However, the limited

errors of this identification can be compensated during non-

isometric identification, which takes implicitly into account

the gravity torque and the inertia of the shank.

The geometrical parameters, which are the pulley radius

r1 = 0.048m and the quadriceps length at the maximal exten-

sion Lqext = 0.412m, were obtained. The maximal extension

is realistic according to the femur length L f = 0.424m, which

was obtained from the anthropometrical estimation.

In the mechanical protocol, from the values of the

natural frequency Wn =
√

Keq/J and damping ratio ζ =
Fv/(2

√

KeqJ) of the passive movement, we obtained the

virtual stiffness Keq =W 2
n ×J = 12.115 N ·m/rad and the vis-

cous friction Fv = 2×ζ ×Wn×J = 0.201 N ·m ·s/rad. Then,

we deduce the elasticity coefficient Ke = Keq − m.g.Log =
4.441 N ·m/rad. Figure 6 illustrates the results, where the

measured knee angles and the simulated one appear to be

close. However, the normalized RMS error (Table I) seems

large because a significant errors appear when the shank

stop moving. Indeed, we note that the simulated angles

(dotted line) continue to oscillate when the measured one

stop moving because we did not include the coulomb friction,

as noted in few works [14], which is meaningful only at

a very small movement amplitude. The introduction of the

coulomb friction improves the knee joint dynamical model

but it requires more complex identification procedure.

The shape parameter of the force-length relationship

(equations (5)-(6)) is identified as bl = 0.054. The maxi-

3552



0 2 4 6 8 10 12 14
-25

-20

-15

-10

-5

0

5

10

15

20

time (s)

K
n
e
e
 a

n
g
le

s
 (

°)

measured

simulated

Fig. 6. The oscillation during the passive pendulum. The curve of simulated
knee angles (dotted line) obtained from the identified model and the curve
of the measured angles recoded from the electrogoniometer appear to be
close.

0.85 0.9 0.95 1 1.05 1.1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Normalized muscular length (L
q
/L

opt
)

N
o

rm
a

liz
e

d
 m

a
x
im

a
l 
m

u
s
c
u

la
r 

fo
rc

e
s
 (

F
0
/F

m
a

x
) measured

identified

Fig. 7. The measured and identified force-length relationships of the
quadriceps. The forces and the muscle lengths were normalized compared
with the maximal force Fmax = 230N and the optimal muscle length Lopt =
0.455m.

mal quadriceps force Fmax is equal to 230N at an optimal

muscular length Lopt = 0.455m. The measured and identified

force-length relationship curves are presented on figure 7.

The normalized RMS error is about 24% (see Table I),

which is a relatively large error due to the divergence of

the first measured data. In fact, the measured force-length

relationship is rarely symmetrical [18] unlike the model.

For the identification of the recruitment function, the

excitation stimulation input consist of successive pulses, with

an increasing amplitude, as shown on figure 8.a. Figure 8.b

illustrates the identification results, where the errors between

the measured angles and the simulated one are minimized

in terms of least square. The parameters values of this

recruitment function was estimated at: aI = −0.295, Br =
0.593, Cr = −0.994, Dr = 4.203. The calculated normalized

RMS error fitting is around 17% (see Table I). The error is

reduced compared with the errors obtained from the previous
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Fig. 8. The stimulation input (a) and the measured/simulated system
responses (b) for the identification of recruitment function. The identified
parameters are: aI = −0.295, Br = 0.593, Cr = −0.994, Dr = 4.203.

identifications, which present a significant improvement of

the global identified model.

In nonisometric condition, we divided the set of data in

two part, the first part is the one used previously for the

identification of the recruitment function, and the second

part was used for the cross-validation as shown on figure

9. A cross-validation of our model is performed using a

stimulation data that have not been used for the identification

(second part). Figure 9.a illustrates the amplitudes of this

input stimulation, where the frequency and the pulse width

are fixed as previously. Figure 9.b shows the simulated knee

angles obtained from the identified model (simulated) and

the measured response for the same stimulation through the

implanted system. The results show a satisfactory agreement

between the measured and predicted knee angles considering

the quality of the measurements and the difficulties of the

noninvasive identification protocol for the implanted subject.

The normalized RMS error is about 16.3% (Table I) and

highlights a good agreement between the real and predicted

behavior.

All the model parameters described in the identification

protocol were identified using a measured data of the subject,

while other parameters were taken from the literature. The

identification of the missing parameters might improve the

quality of the model prediction. It will be investigated in the

future works. To understand the influence of each parameter

on the identification procedure, the sensitivity study will be

inspected in our future works.

VI. CONCLUSIONS AND FUTURE WORKS

In the current work, the parameters of human subject,

implanted in the European SUAW project, were identified
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Fig. 9. Data set divided in two parts (for identification and cross-validation).
The amplitude of the input stimulation (a). The measured and the identified
system responses (b) and the angular errors (c).

using the measured input/output data. The identification

procedure was applied to the knee joint and its quadriceps

muscle in order to identify:

• The anthropometrical parameters

• The geometrical parameters

• The mechanical joint parameters

• The force-length relationship

• The recruitment function

The quadriceps muscle was stimulated through the implanted

stimulator. The identification is based on the measurements

of the torque and the knee angle that were made through

noninvasive and safe devices.

A cross-validation of the identified model has been per-

formed using a stimulation patterns not used during the iden-

tification process. The parameters of the SUAW implanted

subject were identified successfully using a noninvasive pro-

cedure. The results showed the feasibility of the identification

and the validity of the model to predict the implanted subject

knee behavior under FES. This prediction is very useful for

the synthesis of the appropriate stimulation patterns in the

movement restoration context [13]. However, improvements

are planned in our future works by using the measurements

of the Electromyography (EMG) to obtain the muscular

activities. The future works are planned as follows:

1) Synthesize the optimal stimulation patterns to control

one knee joint through the quadriceps muscle.

2) Include the identification protocol of the antagonist

muscle, which is the hamstring.

3) Apply the same synthesis strategy in order to control

the knee joint in single contraction or co-contraction

cases.
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