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Active joint visco-elasticity estimation of the human knee using FES

Seiya Sakaguchi, Gentiane Venture, Christine Azevedo and Mitsuhiro Hayashibe

Abstract—In order to understand the human motion control  results [10] [11] [12]. To overcome this issue, we propose in
strategies and to restore these functions, or to artificially this paper to use Functional Electrical Stimulation (FES) to
generate limbs motion it is necessary to have an accurate gtimy|ate muscle and control the level of muscle contraction

understanding of the limb dynamics. The inertial parameters to identifv th tive k oint Vi lasti i .
can be identify easily, however the joint dynamics is stil t© identify the active knee joint visco-elastic properties using

difficult to model due to the time change with muscle contrac- the "Pendulousness of the leg".

tion level, fatigue and non-linear dynamics. Using Functional FES is one of the solutions to improve lost motor functions
Electrical Stimulation (FES) we propose to identify the joint in persons with Spinal Cord Injury (SCI) or cerebral injury.
active dynamics with the pendulum test and to establish a The electrical currents artificially generate action potentials

relationship between the level of muscle contraction induced by th f the alph t to ind |
the stimulation and the visco-elasticity. We measure the data on the axons ol the alpha motor neurons 1o induce muscle

of 2 healthy subjects and propose a model for the knee joint Ccontraction in place of the Central Nervous System (CNS).

visco-elasticity changes. The intended movement is achieved by the correct stimu-
lation pattern, which depends on the specific applications
[. INTRODUCTION and stimulation interface. The challenge in the present FES

The viscoelastic properties of the human joints result in afyStém starts with the problem of how to process the high

extremely complex combination of elasticity, viscosity andionlinearity and complexity of musculoskeletal systems,

friction of the joint constitutive elements and material defor¥Nich complicate the model identification process. Most of

mation: the passive musculo-tendon, the connective tissué'%,e FES control research focused on its joint angle closed
the soft tissues and the contractive element of the muscl@oP feedback [13]. However, some of the other works
[1]. The stiffening of a joint is the result of complex changeéerpOSEd to control joint stiffness to improve the stability

that cannot be represented by the stiffening of muscléd limbs. Matjacic and Bajd [14], [15] have demonstrated

alone as it is accompanied by biomechanical changes B2t @ paraplegic subject, after appropriate training, is able

the surrounding tissues, stiffening of the tendons, as wép stabilize himself using his trunk muscles if a certain level

as changes at the joint level such as the deposition of gﬁstiffness around the ankle joint is present. Jaime and Hunt
extra amount of collagen according to [2]. [16], [17] have investigated the control of paraplegic ankle

When the muscles are not active (passive movements)j(ﬁ.int stiffness using FES while standing. They concluded that
is possible and rather simple to observe the fundamen nkle stiffness control has the potential to ease the task of
joint dynamics [3]. During such movements no contraction O§tabilizing upright posture by application of additional upper-

muscles occurs around the concerned joint. The Wartenber S\yf?ries._ fiv detail the identificati d th
test or "Pendulousness of the leg" [4], often used in medical € tirst brietly detail the identification procedure, then we

studies of the knee is a typical passive motion of the knedresent our experimental protocol, finally the experimental

joint [5] [6]. However, during active movements (movement§eSUItS are detailed and analyzed.
with contraction of muscles) the viscoelastic properties of [I. DYNAMICS MODELING OF THE KNEE JOINT AND
the joints change with time, the level of muscle contraction, IDENTIFICATION

the external forces and fatigue [7]. Empirical models thag_ Modeling human joints during passive movements
describe the behavior of muscles during active movements . . .
The inverse dynamics of a multi-body system with

are complex non-linear systems and numerically poorl . )
referenced [8]. The redundancy of muscles actuating or%éee grees of freedom can be described by Eq. 1 [18]

joint is also a limitation to in-vivo studies. Using EMG to T=+Q=H(q,q,6,1p)+ 1" 1)
measure the level of activity of the muscle is sometime\;vhere_
used [9]. As controlling the level of voluntary contraction )

is not trivial, these model are not providing convincing ° ris theN x 1 vector of J(.)".]t torques,
« I is theN x 1 vector of joint forces or torques due to
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« qis theN x 1 vector of joint angleg andq are its first - Dis the(1x 2) regressor, function of the vector of joint

and second time derivatives, angleq and its first and second derivatives,
« Ip is the (1x 10N) vector of inertial parameters of the - 7 is the joint torque and external forces and torques.
system: mass, inertia, first moment of inertia, The dynamic model (3) is sampled along a movement.

o 1" is the N x 1 vector of torque due to the visco- The ng samples give an over-determined linear system of
elasticity and friction of the joints. If the joint has equations:

no visco-elasticityr’®" = 0; if the jointi is viscoelastic
then " = 9(q;, ). Y =W (q,6,6)X+p @
During passive movemenp(q,q) can be considered as

a well-known model in biomechanics [5]. During passive : . )
movements a joint with viscoelastic properties has constant™ ¥ IS the (nsx 1) vector of joint torques, obtained by
subject-specific parameters and can be represented by its SaMPlNgT: _ ,
stiffnessk, its dampingh as shown in Eq. (2), whereg, is - W IS the (nsx2) _observatlon matrix (or regressor),
the zero position. It has been shown in [3] that the friction ob_tamed by samplin@: )
coefficient is extremely small and does not need to be taken™ P iS the (nsx 1) vector of modeling and measurement
into account. This model provides a good description of  €Ors:
the behavior for a medium range of motion (avoiding the After the computation of the minimal set of parameters
boundaries); however it fails in describing the behavior dhat can be identified, nameshse parameter§26], which
the boundaries as we have shown in [19]. In this papeg}epend on the excitation properties of the movement used for
we consider that the knee doesn’t not reach its boundal§entification, the solutioiX of Eq. (4) is obtained using the
in flexion, so it is enough to describe the joint behaviorinear least squares method; which is implemented in many
Moreover, as we stimulate muscle at a fixed level of FESOftware packages with efficient algorithms. This method
we can utilize the same model for each level of stimulatiollows high flexibility, concatenation of different movements

where:

and calculate& andh for each stimulation level. and computation of indicators for the interpretation of the
results [18], [27], such as:
#(0,9) =k(q—0az) +hq 2 « the condition number of the regressor matfik

- the relative standard deviatioogz% for each of the

The zero-positiong, is defined as the normal resting identified parameters iX

position. It is to be noted that when unknown, the zero
position can be identified as it appears in a linear form I1l. EXPERIMENTS

in the model as an offset. In our experiments, the zero gyperiments were performed with the aim of identifying
position is the resting position when starting and finishingnee joint visco-elasticity for two healthy male athletes
the measurements. (Subjectl and Subject2) that were selected for this study.
B. Identification technique Priori to the experiments, the contents and purpose of the

In order to compute the joint torque it is necessary to experiment was clearly explained to them and they gave a
written consent.

have accurate measurements of the geometric parametersrhe Inertial Measurement Units (IMU) is used as sensor
the inertial parameter$p. These parameters are subject-

o . in this experiment. The IMU has acceleration sensor and
specific and vary considerably from one person to an other.

. . ggroscopes. The IMU used in this experiment measures the
The geometric parameters, mainly length of segments, a . . "
a%celeratlons along 3-axis and the angular velocities around

directly measured; inertial parameters cannot be measur, . .
y P ;axis. The IMU compute rotation angles around 3-axis

and thus need to be estimated. A common method would
. . om these measured values and reports measured values
be to interpolate those parameters from literature data [2 J

Individual identification is also possible [21]. Once the hd computed values. We use the rotation angle and angular

parameters computed it is possible to identify the join?cceleratlon that we differentiate from the angular velocity

. . o analyze the joint torque. The subject sits back in a high
dynamics. The identification method we use was develope%at so that the feet do not touch the ground. The IMU is

for robotics systems [22] and since then it has been appll(?lxed at the subject’s ankle on the face of the leg. We arrange

W|qlely to various mechanical systems [23], [24], .[25]' .Itthe axes such that the gravity is along the vertical axis of the
relies on the linear property of the inverse dynamics with . . .
respect to the parameters to be estimated. IMU. The set of experiment is shown on Fig. 1. \_NQ measure
._the distance between the IMU and the knee joint axis of
Tlexion/extension. The operator extends the leg of subjects
up to about 60 degrees, and releases it. We record the leg
swings during these free motion. The leg stops naturally, then
7= D(q,¢6) X 3) we repeat the operation. We records 3 swings of the leg in a
o row with the same condition. The subject has to relax the leg
- X is the (2x 1) vector of parameters to be estimatedand not to contract his muscles. The leg swing is therefore

X =k h, a passive movement and not to touch something.

parametersk and h, in a linear form. Consequently the
inverse dynamics (1) can be written as follows:



TABLE |

THE IDENTIFIED JOINT VISCO-ELASTICITY PARAMETERS AT NO =
STIMULATION g b
<@
Subjectl % 0.5
parameter [ X g% [ X og% [ X ox% =
k [Nm/rad] | 0.941 0.93| 0.874 0.99| 0.994 1.05 = h
h [Nms/rad] | 0.048 3.65| 0.047 3.73| 0.052 4.18 ko] 0 AVA" -
Subject2 g V
k [Nm/rad] | 2.673 3.28| 1.647 4.84| 1.237 5.28 a —05
h[Nms/rad] | 0.369  5.77| 0.345 5.21] 0.356  4.10 g2
10 20 30 40

: . , . , Time [s]
We experiment with FES changing condition of stimula-

tion strength. The muscle group is stimulated with amplitudgig. 2. Knee joint angle under condition of stimulatiom 17mA 18mA
modulation at a constant frequency (30 Hz) and constant P¥§mA for Subjectl
(300 us), by a portable stimulator (Cefar physio 4, Cefar
Medical, Lund, Sweden). We conduct the same pendulum
test as above at different conditions of stimulation. As we arglasticity from the information of the IMU. We compute
interested on the knee flexion-extension movement, the FE§que around the knee joint axis of flexion/extension with
electrodes are set on the quadriceps of the subjects as Figinkerse dynamics from joint angular acceleration, angle and
The quadriceps contracts during constant electrical curreparameters of lower leg. We identify the joint visco-elasticity
flow. First, we conduct experiment under the condition of n@parameters as described in section II-B.
stimulation, in other words, stimulation current strength is Fig. 2 shows the recorded angle around the knee joint axis
OmA, which correspond to totally passive movements. Next first condition of no stimulation for the Subject1 and Fig.
we change the condition, the stimulation current strength & under different levels of stimulation. From these figures
9mAfor Subjectl. We set the intensity of starting stimulationhe effect of the stimulation, thus muscle contraction on the
current according to subject’s sensibility: we progressiveljint visco-elastic properties is clear. We extract sampling
raised current values until inducing stimulus feeling to thejata that is part of the recorded full data, from the time
subjects. Such value was then chosen as starting stimulatigiz operator releases the subject's leg to the leg stop, and
current intensity. For Subject2, beginning current strength qfe identify the joint visco-elasticity parameters. For each
stimulation is 12nA The condition is changed progressivelystimulation level 3 swings are repeated, and we identify
as the electric current of stimulation strength raisetAlat  parameters at each swing. These parameters identified at each
a time: 15mA for Subject2. We conduct with again the testswing are summarized in Table I. The results of identification
under no stimulation every two step of changing condition tgor Subjectl at a stimulation level of A are given in
relax muscle. We repeat this process, changing the conditiqaple II. Similar results for all the stimulation level, and for
until the stimulation current strength is @@, which is  Subject2 are obtained. Direct and cross validation to verify
when the subject feels pain (Subjectl). For Subject2, thge validity of the estimated parameters are reported in Fig.
maximal stimulation current strength is B&A At last, we 4 and Fig. 5, respectively (at no stimulation) and in Fig. 6
experiment under the condition of no stimulation to verify theand Fig. 7, respectively (at 19mA stimulation). The summary
post-effect of stimulation. We estimate the knee joint viscoof the identification results for each stimulation level are
summarized on Fig. 8 for Subjectl and Fig. 9 for Subject2.

IV. RESULTS AND DISCUSSION

The joint stiffnessk and the viscosity are estimated with
good accuracy as seen from the low value of the relative
standard deviationsry ;% < 6%. There is a good correlation
between the obtained values for each of the repeated tests.
Fig. 4 and Fig. 5 give a graphical visualization of the
validation. The joint torque obtained by computation of the
inverse dynamic (blue solid line) and the joint torque
computed from the joint angle and estimated dynariits
(green dashed line) are compared. The error between the
two Y-WX (black dotted line) is also given. Fig. 4 and
gives the direct validation: the swing is in the data-set of
identification. The error is equivalent to the vector of error
Fig. 1. Experimental installation: FES electrodes on the quadriceps, IM{y term of the least squares Fig. 5 gives cross validations:
sensor on the ankle . . . . e .

the swing is not in the data-set used for the identification. In
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Fig. 3. Knee joint angle under condition of stimulatiomiX 18mA 19mA

for Subjectl

TABLE I
THE IDENTIFIED JOINT VISCO-ELASTICITY PARAMETERS WITH
STIMULATION

Subjectl (19mA of stimulation)

parameter | X ag% X oz % X oz %
k[Nm/rad] | 1.502 1.96| 1.649 1.73| 1.354 2.75
h [Nms/rad] | 0.198 3.07| 0.197 3.12| 0.180 4.38
Subject2 (27mA of stimulation)

k[Nm/rad] | 3.625 552] 4724 3.85] 3.634 4.75
h[Nms/rad] | 1.436 4.89| 1.175 5.92| 1.009 4.98

Fig. 5, the motion is the third swing, and is the vector of

estimated parameters during the second swing. The error is
low, showing good estimation of the joint torque using the

passive model with the identified parameters.

The identification results for all swings under each condi-
tion present the same properties. The identified parameters
at 19mA stimulation are summarized in Table Il. The direct
and cross validations at condition that stimulation current
strength is 1BAgiven in Fig. 6 and Fig. 7 are quite similar to
the results of the pure passive movemem{ Only a slight
degradation of the torque reconstruction can be seen. The 2-
parameter linear model describes fairly well the behavior of
the knee joint under FES induced muscle contractions.

Fig. 8 shows the identified parameters of stiffn&sand
viscosity h at each condition of stimulation intensity for
Subjectl. In these figures, the electrical current stimulation
is the horizontal axis, and the identified parameters are
plotted vertically. Similarly, the identified parameters for the
Subject2 are shown on Fig. 9. These figures show that the
joint visco-elasticity varies according to the stimulation cur-
rent strength. The results for these subjects, the relationship
between strength of FES and the joint visco-elasticity can be

Direct validation

1.2] = measured
= = = estimated
1 . t error:measured—estimatec

torque (Nm)

38
time (s)

Fig. 4. Direct validation at no stimulation for Subjectl

Cross validation

= measured
= = = estimated
nn error:measured-estimatec

1.5

torque (Nm)

51
time (s)

Fig. 5. Cross validation at no stimulastion for Subjectl



clearly evaluated. Our protocol also allows to verify that the We identify the parameteis;, ki, ko, hy, hy, he for each

identified parameters are not affected by fatigue at all timeandidate. The numerical results are given by Eq. 7, Eq. 8

of no stimulation.

We now look at the variations of the identified joint visco-
elasticity parameters versus stimulation current strength.
For both subjects the change knand h with respect to
stimulation present the same profile, despite a variation in
the relative values. The stiffnedsis unchanged before a
certain threshold (of IMA for the Subjectl, and 1SmA for
Subject2) and then linearly increasing over this stimulation
threshold. The plotted data of the stiffndssan be approx-
imated by a function of Eg. 5. While the viscosityfollow
an exponential increase and can be modeled by Eq. 6.

for Subjectl, and by Eq. 9 and Eqg. 10 for Subject2.
. [ 0915 (stim< 14)
k(stim) = { 0.117%tim—0.723 (stim>14) ()
h(stim) = 0.0450+ 1.82x 10°° x exp(stimx 0.597)  (8)

(121 (stim< 195)
k(stim) —{ 0.367stim—5.94 (stim> 19.5) ©

h(stim) = 0.280+ 1.12x 10* x exp(stimx 0.334)  (10)

K(stim) = ks (stim< 14) ) Fig. 8 and Fig. 9 by the black line. One can note that at
] kistim—ky  (stim> 14) the maximal stimulation, the stiffness drops dramatically for
h(stirm) = hy -+ hy x exp(he x stim) ©) both subject to a level that is below to passive movement,

These equation results are shown by the black line in

where:stimis the stimulation current strength.

Direct validation

b = measured
“ = = = estimated

t error:measured—-estimatec

1.5

torque (Nm)

though the viscosityh continues to increase according to
the exponential. It provides an interesting insight about the
muscle behavior.

V. CONCLUSION

Using FES on the quadriceps and the pendulum test of the
leg we identify the knee joint visco-elasticity under different
conditions of muscle contraction. The results show that the
pendulum test provides the necessary information to model
the knee-joint changes with respect to muscle contraction
induces by FES. The joint visco-elasticity under a constant
contraction can be measured and is modeled by a 2-parameter

2
B 15"
76 765 77 775 78 785 79 795 80 Z °
time (s) x 1 o ® °
4 i
Fig. 6. Direct validation at stimulation of 19mA for Subjectl =
3 0.5+
Cross validation [
2F . : : 0 i i i
L T measured 0 5 10 15 20
15 nn error:measured-estimatec Stimulation Stfength [mA]
' 0.8 : :
1 Lg‘ *
£ S
) 0.5+ E
g .04 ’
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. . 2
v ! >
v ! e . . 8
|"' 0 i i i
-1t ey I 1 I I I 1 I 0 5 10 15 20
835 84 845 85 tigse.?s) 8 865 87 875 Stimulation strength [mA]
Fig. 7. Cross validation at stimulation of 19mA for Subjectl Fig. 8. Identified parameters for the Subjectl



linear model. Moreover, the changes in the visco-elasticitys]
with respect to muscle contraction follow a linear profile for
k and an exponential variation fdr. At the maximal sup-
ported contraction level the elasticity drops significantly. This
results are obtained for two athletes. The low level of body
fat and the high response of the muscle provide an almog]
noise-free response. And we believe they can be extended
to non-athletes. In particular for FES implanted patients 8]
these results are of importance as they allow to develop
novel controller to assist gait. These results also provide
insight about the global joint behavior under contraction,l
which is crucial to understand human complex movement
control, and active joint stiffness and viscosity control. We10]
have studied the relation between stimulation-stiffness and
damping this time, to have more physiological relationship,
we could consider in the future to use directly the stimulatiofi1]
parameters as activation input, though the relation between
activation and stimulation is yet to be defined. [12]

(6]
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