Svetlana Rapoport
Joseph Mizrahi

e-mail: jm@bm.technion.ac.il
Eitan Kimmel
Oleg Verhitsky

Department of Biomedical Engineering,
Technion, Israel Institute of Technology,

Constant and Variable Stiffness
and Damping of the Leg Joints in
Human Hopping

The present study deals with the stiffness and damping profiles of the leg joints during the
ground-contact phase of hopping. A two-dimensional (sagittal plane) jumping model,

consisting of four linked rigid segments and including the paired feet, shanks, thighs, and
the head-arms-trunk segment, was developed. The segments were interconnected by
damped torsional springs, representing the action of the muscles, tendons and ligaments
across the joint and of the other joint tissues. A regressive function was used to express

Haifa 32000, stiffness and damping, and included second-order dependence on angle and first-order
Israel dependence on angular velocity. By eliminating redundancies in the numerical solution
using multicollinearity diagnostic algorithms, the model results revealed that the correct
and sufficient nonlinearity for the joint stiffness is of the first order. Damping was found
Eli Isakov negligible. The stiffness profiles obtained were bell-shaped with a maximum near mid-
Loewenstein Rehabilitation Center, stance and nonzero edge values. In predicting the joint moments, the obtained variable
Raanana 43100, joint stiffnesses provided a closer agreement compared to a constant stiffness model. The

Israel maximal stiffness was found to be in linear correlation with the initial stiffness in each
joint, providing support to the of muscles’ preactivation strategy during the flight phase of
hopping. All stiffnesses increased with increasing hopping frequency. The model presented
provides an effective tool for future designing of artificial legs and robots and for the
development of more accurate control strategig3Ol: 10.1115/1.1590358

Introduction Physiologically, however, the conception of constant mechani-
F_al stiffness may not be applicable. For instance, muscular activa-

Vertical jumping and landing is an important element in sport: believed 1o be directly related to ioi ife ies duri
ing and other activities. With the development of biomechanic§Ph: Pelleved to be directly related to joint stifiness, varies during
stance phase. For that reason, hopping is not a purely har-

models of human body motion, it has become possible to simuld - . i ; .
vertical jumping in order to gain insight into intermuscular coorMoNic motion and human joints are not simple mechanical
dination and to elucidate control strategies of the musculoskele®®Ings. Apart from its ability to store, release and absorb energy,
system. A common method to deal with this type of problems is the¢ muscle—tendon complex can also generate energy and, as
lump together elements of the human body, e.g., muscles, tendéi¥pve mentioned, its stiffness generally depends on the activation
ligaments, bones, and joints so that the overall musculoskelegiel of the muscle. Thus, it can be expected that the joint stiffness
system is represented as a damped elastic mechanism. is nonlinear in nature and that damping may be present and that a
Several models describing the landing phase of running, hamodel accounting for these facts may improve the system’s rep-
ping, or jumping can be found in the literatre-6]. These mod- resentation and model predicti¢ph3,16.
els are usually characterized by the presence of elastic springs andariations of the leg and joint stiffnesses were considered in
viscous dampers, with constant properties and provide a reasggst models as a result of variation in hopping, or stride, fre-
able prediction of the maximal vertical foot—ground reaction forcguency and in ground stiffne§s,13,17—19 It was argued that a
(FGR). . . . . . . stiffer leg leads to a higher stride frequency and shorter stride
In repetitive physical activity, such as in running, hopping, anflnqh at a given speed. Mechanical impedance variation in the

trotting, the subject bounces on the ground in a spring-like man L ; L . )
[7—13. Depending on the range of joint flexion and on the fr&qubtalar joint was also considered to vary with joint angle in sud

: - - %en inversion motion of the fodt20]. Rotational springs with

guency of motion, a considerable amount of elastic energy can beé . . o
stored and re-used. It has been shown that the dissipated ener%olﬂlm_ear stlffnessc_es were re_cently studied ina thre_e-segment leg
muscles increase when the amplitudes of joint movement are [0€!ing of repulsive tasks like human running and jumpite.
creased14]. Bosco and Kom[15] also commented on the utili- No studies were _fo_und degllng with the variability of the_ imped-
zation of stored elastic energy stating that this depended on @&ces of the leg joints during the stance phase of hopping.
shortness in latency between the stretch and shortening phases dfie main goal of the present work was to study the hypothesis
the muscles. Accordingly, during the ground-contact period #fat, apart from its variation with jumping frequency, the stiffness
running, hopping and trotting, the leg was modeled as a singi®d damping of the leg joints vary also during the stance phase of
linear spring or, in terms of the leg joints, as constant torsionAbpping. The present study was thus intended to provide an in-
springs for the ankle, knee, and hip joints, with no damping. Thgight into the mechanisms, by which the stiffness and damping are
stiffness of these springs, termed “average” stiffness, was definadjusted to accommodate changes taking place during the ground
as the ratio between overall force or moment change to overghase of jumping at different jumping frequencies. Studies that
vertical displacement or angle change for the leg and joint stiffeproduce human motion have indicated the need for such models
ness, respectivelys,13]. in prostheticg21] in robotics[22]. Generally, leg design strate-
gies for animals and robots rely on the range of safe operation and
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behavior of the jointd22]. Thus, the results of the present re-
search should have implications on the design of spring bas
prosthetic legs and legged robots.

Methods

Experimental Procedure 03

Hopping Trials. Eight female subjects of average age(3D,
2) years, body mass 54(8D, 4.8 kg, and body height 1.6@&D,
0.02 m, performed two-legged continuous vertical hops with th
feet landing on one force platform, while keeping their hands ¢
the waist. All the subjects were in an excellent state of health, wi
no previous histories of muscle weakness, neurological disea
or drug therapy. Each subject provided informed consent to pi
ticipate in the study according to the University’s ethical commit
tee’s guidelines. (b)

The hops were performed at three hopping frequencies, eact
a separate trial, as follows: Self-selected preferred frequency, ] ) ) ] )
PP, 18 percent lowefLF), and 18 percent highéHF) frequency Fig. 1 Two-dimensional h_op_pmg model in the sagittal plane.
than the PF. For each individual subject the PF was determined @) aPsolute angles of the joints;  (b) anatomical angles of the
advance while the vertical component of the ground reaction forts:
(GRP was used as a means to visualize and monitor the character
of the hops during the stance phase. Each subject was instructed to
hop at her personal preferred frequency. The maximal deviation
between the subjects was within 1.6%ee later in resulis This
allowed obtaining uniformity of the testing conditions and settin
each of the PFnow termed middle frequency, MALF and HF to
the same values for all the subjects. To help the jumpers keep avodel
stable frequency, a metronome was used during the experiments to . )
pace the hopping rhythm. Second-order Representation of the Mechanical Impedances.

The subjects were trained prior to the experiments. All of thef) two-dimensional hopping model in the sagittal plane was used
being not sportwomen, were demonstrated the jumping techni g. 1), consisting of four linked rigid segments identified as the
and were run through the experiment without data taking. In ord&et. shanks, thighs, and HAhead, arms, and trunk24-27.
to warm up, the subjects were requested to perform element&§ch of the ankle, knee, and hip joints was considered to be a
gymnastic exercises. As was clearly indicated by the GRF datfctionless hinge, representing the joint action of the paired hu-
the initial five hops were unstable and showed a significant devi&an 1egs. The foot was considered to establish contact with the
tion from the afterwards stabilized frequency and were, therefofé20r through a virtual hinge located at the tip of the toe. The
discarded from the data analysis. Each hopping trial started afte}&gments are interconnected by three mechanical impedances,
10 min warmup. The trials lasted 20 s eagorresponding to represz_entlng the fur_1ct|onal behawo_r of the jqnﬁlﬁ]. Each of
approximately 37 hops in the MFduring which kinematic and these impedances includes a nonlinear torsional stiffness, con-
force-plate data were collected. Two minutes of rest were allow8§cted in parallel to a nonlinear torsional damper.
before each trial, in order to enable fatigue-free initial conditions. |t Was assumed that during the stance phase, motion takes place
All the jumpers were provided with the same manufacturer add the sagittal plane and is accomplished by pure rotation of the

type of shoes and were carefully instructed and trained before $ggments around the mentioned four joints. The kinematics of the
experiments. multibody system can thus be described in terms of the absolute

anglesq;, 4., gz, andq, [Fig. 1(a)] of the foot, shank, thigh,

Kinematic Measurements.For the kinematic measurementsand HAT, respectively, measured from the horizontal line and rep-
six-retroflective hemispherical markers of 2 cm diameter wefesented by the generalized coordinate vegtor
used. The markers were located on the following sites: Two on the T
shoe soldone below the lateral malleolus and one opposite to the q=[d1 92 ds Q4] @
head of the fifth metatarsalone on the lateral malleolus, one onThe joint anglegFig. 1(b)] can be calculated from the absolute
the lateral epicondyle of the knee, one on the tip of the greatgsordinates as follows:
trochanter, and one on the lateral side of the head, 5 cm above the

P2
Pi

Anthropometric data were estimated from body height and
Body mass of the subjects by using scaling metH@8%

top of the ear. p1=01— Ot «

Video data were collected by a NM-M300EN Panasonic camera = Oae Ot 77 @)
(50 frames/s P2=03~ 02

The front plane of a calibration cage measuring<i200 m was p3=0O3— Qg+

positioned on the force plate in the plane of motion and calibra-h —123 h | f th Ke. k d hi
tion was made using six control points by means of Ariel PerfolYN€rep; (j=1,2,3) are the angles of the ankle, knee and hip,
mance Analysis SysteifAPAS) software. The optical axis of the respectively, andr is the constant heel angle of the foot segment.

; .-~ The mechanical properties of biological material are, in general
camera was set centrally and perpendicular to the plane of motion. . . o ) Lo 2 '
y perp P multiple variable-dependent. Specifically stiffness, in addition to

Force-plate MeasurementsThree components of the GRFits being nonlinear, e.g., strain dependent, often depends on the
and the moment around the vertical axis of the force platieformation rate. This is the case with borj@§], tendons and
(KISTLER type 9281B were recorded. The data were acquiretigaments[29], cartilage[30] and muscle[31]. Similarly with
using theLaBviEw package after they were sampled at 1000 Hdamping, which can be position-dependent.

per channel. Accordingly, stiffness and damping during the stance phase of
An external trigger was used for synchronization of the forckopping are represented by a second-order regressive function, as
plate and the video data. follows:
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where the subscrigt=1, . .. n indicates a sample point amdis 233 1 2 L L
the total number of sample points during the stance pigsand & 3. Anklep )
B; are, respectively, the stiffness and damping of the jpicor- §,
responding to the sample poihandk;; andb;;, i=0,...,3,are < 2r
coefficients to be determined from the solution. In genpjaind . L L L 1
w; denote, respectively, the joint angle and angular velocity ar Anklejoirt Power

pjo andw;, are their values at the beginning of the stance phass 600: w
For simplicity, the indexX is omitted in the expressions to follow. 5_600_ Locs | rigng

When integrated, Eq¥3), yield the elastic ;) and My;) L L

; . 0.0 12 24
damping torques: Time (sec)

Msj| pil

f dMsj:f Kj(Pj ,wj)dpj Fig. 2 Typical traces of hopping at 1.53 Hz: Joint angles are

Msjo Pjo 4) shown in the three upper traces and ankle power is shown in

the lower trace

Mji wj|
Mgjo wjo

- . . . Singularity of the Hessian matrix can signify multicollinearity,
The total joint torque is the sum of the elastic and damping, “rejative dependence between the parameters and redundancy
torques: of information.
M;j=Mg;+ My 5 The following diagnostic criteria were used to indicate multi-
collinearity: (a) High determinant value of the Hessiatl) high
The joint torques, reaction forces and torque powers are next caltio between the largest eigenvalue to the smallest @hexis-
culated using Newton—Eulerinverse dynamics. Then, the coeffénce of nonzero off-diagonal elements.
cients in Egs(3) can be solved from the calculated torques)( For parameter estimation to be correct all predictor variables in
by parameter estimation using optimization procedures. Minimihe multiple linear regression analysis must be uncorrelated. Thus,
zation of the following objective functiod; was thus performed in case of multicollinearity, a reduction of the variables in the

for each of the joint¢ankle, knee, and hjp stiffness and damping functions should be done. Elimination of
n multiple collinearity was achieved by deletion of the offending

J':E (11— M )2 ©) predictor variable from the regression model, without impairing

N L the ability to predict the system’s response. This was done in an

. . o . L iterative process, while the F-test was used to examine the signifi-
Herej designates the joint andlis the length of the joint moment cance of improvement of the target function. The elements of the

vector. correlation matrix were normalized by subtracting the mean value
Model Constraints. Four inequality constraints were appliedT™®m €ach data point and then by dividing by the standard
as follows. The first two assign positive values for stiffness arfieViation.

damping. Thus, Parameter Estimation and Statistical Analysiarameter
K. =0 identification was performed by using two metho@s:Quadratic
It (7) programming(QP) [33]; and (b) genetic algorithm(GA) [34].
B;=0 Comparison between the two methods by means of the ¢ttt
P <0.05). Comparison between the various testing conditions was
carried out by using nonparametric Wilcoxon signed rank test for
Esjl P repeated measures. Statistical significance was established at
J dESJ:f Msjdp{ <0.05. The results are presented by their means and SD’s.

The next constraint

Esjo Pjo

Ey;=0 @ Results

. . . The preferred jumping frequency of all the subjects ranged be-
means that the potential elastic eneEy of the spring cannot be twgfen 1.84 and 1.90 Haverage 1.87, SD 0.03 HzDue to the

negative, i.e., the spring cannot provide more energy than stoi variability between subjects LF, MF, and HF were 1.53, 1.87,

" ITt'he last constraint precludes energy storage in the dam aérr]d 2.20 Hz, respectively, for all the subjects.
P ay 9 PETAIl the subjects demonstrated a coordinated flexion—extension

Thus, pattern of the ankle, knee and hip joints during the stance phase,
Paji= —Mgjij as shown in Fig. 2. The bottom plate of this figure presents a
typical power curve for the ankle joint, as computed from inverse
Pgj<0 (9) dynamics. The amount of energy obtained in the brakgative

- . . . o hase is shown in Table 1. The brake energy was not significantl
Multicollinearity Diagnostic Criteria. The model parameters (Fj)ifferent from the puslipositive energy. It isgzoted from 'Igable 1 y

o . X Yhat the highest average energy values in the brake phase were
criteria combined with F-te$82] were thus used to reveal depen'oot}tained in the ankle and the lowest—in the hip.

dencies and eliminate redundancies in the numerical solution
the stiffness and damping coefficients. The Hessian matrix wasEffect of Hopping Frequency. Typical curves of the normal-

first formed. Its elements are the second derivatives of the objezed vertical GRF versus the vertical excursion of the hip during
tive function with respect to each of the parameters of the modéhe ground-contact phase are shown in Fig. 3. It is noted from
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Table 1 Summary, for all subjects [Mean (SD), n=8], of the kinematic and kinetic results
during the stance phase of hopping, at three different frequencies.

Farley &
This study Morgenroth, 1999
Frequency(Hz) 1.53 1.87 2.20 2.20
Peak GRRN/BW) 2.5 3.0 3.5 2.9
0.9 0.3 (0.9 0.2
Stance timgmseg 458 333F 282 308
(70) (40) (35 (8
Vertical excursion of hip 0.27 0.22 0.18 0.12¢
(m) (0.09 (0.02 (0.03 (0.003
Ankle 0.88 0.69 0.59 0.56
(0.10 (0.10 (0.09 (0.02
] Range of Knee 0.7¢* 0.4Z 0.27 0.40
exion (r2d 03 018 i 028
Hip ©0.2) (0.04 (0.02 (0,02
Ankle 233.4 281.3 359.2 227
Maximal (30.1 (25.6 (4.1 (14
moments Knee 96.8 115.3 123.8 150
(Nm) %4 89 Gox 12
Hip 6.2) 3.4 4.9 (24)
Ankle 51.8 307 21.°
Brake phase 5_%72)1 (gga) (zfl. g
energy Knee (3.7 (1.9 0.7)
O i 0.7 0.6 0.4
Hip 0.2 0.2 0.7

®Denote significant differencesP 0.05) between Low and Medium, Medium and High, and Low and High frequencies,

respectively.
PDenotes leg compression, expressed in m.

°Denotes that braking energy not significantly different than pushing energy.

these curves that, with increasing frequency, the normalized GRF
increases while the vertical displacement range is reduced. Figure

4 shows typical moment/angle curves of the joints during the
ground-contact phase. The joint moments were computed from
inverse dynamics. The maximal moments take place at maximu 400
joint flexion and they increase with increasing frequency. The 200}

joint moments and angular displacements were smallest in the hi 0

Hip Inverse Dynamics

and largest in the ankle.

A summary of the average kinematic and kinetic data obtaine
for all the subjects in the three tested frequencies is also present
in Table 1. With increasing frequency the peak GRF increase 200}
(P<0.05) and the stance time decreasBs<(0.05). During the

400+

stance phase the range of flexion of the joints and the vertici L L e e e
£
Z.400:
=
........... 220 Hz . g 200:
N 1.87 Hz ; c O
| — 153Hz =
30 400t
2 I 200 / /
& ‘ > R
G 2.0F oh . o — T T ‘
w©
£ 400} +  Ankle Constant stiffness model
] |
> \
1.0t 2007 yd / M
5 Angular displacement
00 C 1 s - 1 1
-0.1 0.0 . 0.1 Fig. 4 Typical moment /angle curves of the leg joints during
Vertical displacement of the hip (m) the ground-contact phase of hopping. The moments were com-
puted from inverse dynamics for the ankle, knee and hip joints.
Fig. 3 Typical curves of vertical ground reaction force (GRF), Variable stiffness, constant stiffness model solutions are also
normalized to body weight (BW), versus the vertical excursion given for the ankle joint. Left curves  (dotted )=2.20 Hz; central
of the hip during the ground-contact phase of hopping curves (dashed)=1.87 Hz; right curves (solid )=1.53 Hz.
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Table 2 Summary, for all subjects [Mean (SD), n=8], of stiffness of the Leg, ankle, knee and

hip joints, and of the stiffness coefficients in Eq. (10).
Frequency This study Farley et al., Farley &
(Hz) 1998 Morgenroth, 1999
Stiffness 1.53 1.87 2.20 2.20 2.20
Leg, overall 9.8 14.6 20.9 13.9 14.5
(kNm™1 (0.9 (0.8 (1.9 (0.7)
Overall 278.8 434.3 584.8 48C¢° 401
(Nm rad™%) (65.9 (40.9 (52.2 (29
Average 268.58' 426.2 586.6'
> (Nm rad™ %) (66.6 (87 (110.2
é Ko 178.8 223.3 301.4
(Nmrad?) (32.3 (57.9 (63.9
ky 193.3 560.8' 948.2
(Nmrad ?) (39.9 (96.0 (149.9
Overall 142.G 292.4 470.8 40¢F 368
(Nmrad?) (45.4 (28.9 (318 (80)
Average 153.2 270.6' 471.6'
® (Nmrad 1) (33.9 (79.0 (84.9
N Ko 110.8% 158.8 230.9
(Nmrad™%) (29.9 (67.0 (66.9
kq 169.3 541.3 884.8
(Nm rad™?) (33.6 (77.9 (175.9
Overall 1((%4(.))1’1 %2261;;’ f’:i?g 280 366
(Nmrad) . . . (131
Average 127.8 218.68 277.3P
T ko 95.3 139.4 175.4
(Nmrad™%) (37.0 (31.9 (28.0
k 161.8 526.9 894.8

(Nmrad?) (24D (966 (1723

#Denote significant differencesP 0.05) between Low and Medium, Medium and High, and Low and High frequencies,
respectively.

PDenotes a significant differencé & 0.05) between constant stiffness and variable stiffness models.

°Estimated from Farley et &.998.

excursion of the hip were found to significantly decrease witstance, when the jumper’s joints are maximally flexed. Direct
frequency. The maximum moments in the joints significantly incomparison of the measured and fitted torques is demonstrated in
crease with increasing frequentsee Table 11 Fig. 4. The mean value of the stiffness/time of the curve was
The slopes determined by the ratio between overall GRF, calculated and the average for all the subjects is presented in Table
moment change, to overall vertical displacement, or angle chang@etogether with the overall joint and leg stiffnesses. The value of
(Figs. 3 and s provide a measure of the ‘overall stiffness’ of thehe damping coefficient was below 0.72 Nms/rad and the contri-
leg or joint, respectively. Summary of the overall leg and joinbution of damping to the net moment did not exceed 6%. Average
stiffnesses for all the tested subjects are presented in Table 2.ankle joint momentfor all the tests at the high frequency hop-

Reduction of the Model. By applying the multicollinearity ping is shown in Fig. 6. The moment was obtained by three meth-

diagnostic criteria and F-test, the most significant stiffness coeffi-
cients (with P<<0.05) werek,; andky; [Egs.(3)]. The damping

coefficients showed no significance, except fog;, which 1200p
showed significance only in 30 percent of the subjects’ jump: | e 290 Hz
Thus, we suggest reducing the optimal model to a 3-paramel 1000} e 1.87Hz
model, with a linearly variable stiffness and a constant dampins;_ —— 153 Hz
as follows: 3
= 8001
Ki(pj)=koj+Kk1j(p;—pjo) (10) z
Bj =Dy (11) 5 800
Summary of the stiffness coefficients of E@.0) are also pre- c
sented in Table 2. « 400¢
Parameter Estimation. Comparison of the two methods of ® 200k
parameter identification revealed that they converged to the sai
coefficients, approving the validity of the solution.
Stiffness/time curves were obtained by the QP optimizatio ] 5 o 0'2 0'3 04
procedure. The stiffness behavior was similar in the ankle, kne " Stance Time (sec) '

and hip joints(Fig. 5). As shown in this figure, nonzero stiffness
values are noticed both at the touchdown and take-off instantsmg. 5 Typical stiffness /time curves for the ankle during the
the stance phase. The stiffness reaches its maximum value at nstdnce phase of hopping
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+ Inverse dynamics data
(o] Variable stiffness rnodelI
iff d
400+ L] Constant stiffness mo e "‘ 9 O 0 |
e ® ?
300} ¢ © Le | i
£ . T . ? i ©
4 S
= 200+ I l . - s
€ © © | =
[} N -
§ 100} o Z
b= ¢ ? 3 o
o) . ' |
o ® éf © 500
0.1sec b=
L | b7
-100F f 1 e
L L L 1 ! [41]
0 25 50 75 100 & [
Stance Time % '%
Fig. 6 Average ankle moment at 2.20 Hz hopping as obtained =
from three different methods: Inverse dynamics; kinematics
with overall (constant ) stiffness; and kinematics with actual 100¢
(variable ) stiffness. Standard deviations for the constant stiff-

ness and variable stiffness moment results are indicated by the L . .
corresponding vertical bars. The difference between the mo- 100 200 300

ments using these two models was found significant (P ... . -1
<0.05) in points 2-5 and 10-12 along the time axis. Initial stiffness (Nm- rad )

Fig. 7 Average maximal stiffness versus average initial stiff-
ness for each of the joints and hopping frequencies

ods: (i) From inverse dynamicgji) prediction from kinematics

and overall stiffness, andii) prediction from kinematics and the

actual stiffness profil€Eq. (10)]. Each of the predicted solutions

was compared to the solution obtained from inverse dynamics Bjiscussion

calculating the sum of the square of the er@8B. The results, The basic outcome of this study is that joints demonstrate

presen_teql_in Table_3, indicate that the constant stiffness SOI.UtigHgle-dependent stiffness properties during the stance phase of
Wfﬁ St'ﬁn'f'c"".mkl))l/ d'{.ff?rem frolmt_the |nver5(te dynamics SOIUtlorhopping. Furthermore, the model solution provided tbien of
whrie Ine variable stifiness solution was not. - . nonlinearity, which best described stiffness. It was found that the
Figure 7 presents a plot of the average maximal stiffness VeI dre general expressions in E) for stiffness and damping are
the average |n|t|allst|f'fness for each of .the' joints gand the hopplrg duced to linearly variable stiffness profiles and constant, small
frequencies. All stiffnesses increase with increasing frequency. Amping. These findings challenge previous studies on t’he sut;-
straight line was found to adequately describe the correlation kigét sugéesting that stiffness nonlinearities can be neglected in the
tween the two stiffnesses{=0.95). The horizontal and vertical '

b tth . tandard deviati d indicat Eta%iiction of the FGR5,12,17,18 and stands in line with recent
ars represent the respective standard deviations and indicate ies demonstrating the importance of nonlinear stiffness in sta-
the deviations arelarger for higher frequencies.

bilizing elastic chains during dynamic loadifig6]. Typically, the
stiffness profiles were bell-shaped with a maximum near mid-
stance. The stiffness of each joint at the beginning and at the end
of the ground-contact phase had nonzero values. For all the fre-
Table 3 Comparison of the error of the joints moment over quencies studied, the maximal stiffness. of each joint .during the
time between the Inverse Dynamics  (reference ) model and each ~ ground-contact phase, was found to be linearly proportional to the

of the constant stiffness and variable stiffness models initial joint stiffness. _
[Mean(SD), n=8]. The values presented were calculated from Several factors have been reported to affect reduction of peak

the formula (SSEX107%)/N*FR, where N is the number of  forces as a result of landing impact, including initial flexion of the
points in the stance phase (N=22, 18, and 14 for LF, MF, and  joints [1], range of motion 14,15, timing in multi-joint motion

HF, respectively ) and FR (=50) is the frame rate of the camera. and synchronization between the various jo{i35].

Thus, pre-programmed nonreflex muscle action during the early

Frequency Models Ankle — Knee HiP  phase of impact would clearly help in reducing peak forces. The
Inverse dynamics, versus  12.16 0.20 0.09 necessity of setting the joint angles and of tuning the stiffness
HE Variable stiffness model (16-2%) (0-2% (0.10 before leg loading was discussed by Golhofer e{2&]. Simi-
Inverse dynamics, versus = 239.1 39.0 2177 larly, Aura, and Viitasald37] found a high correlation between
Constant stiffness model (227.9 (23.849 (31.86 - L
pre-contact electromyogra(BEMG) activity and the EMG activity
Inverse dynamics, versus  3.74 0.12 0.57 in the concentric phasébrake phaseof the ground-contact pe-
ME VarlabledStlffne_SS model (2-6637 (0.1)  (1.09 riod. Gerritsen et al[26] found that muscles can reduce the ver-
Inverse dynamics, versus = 95.70 88.98  0.81 tical peak ground reaction force, due to their ability to absorb
Constant stiffness model (62.0) (89.63 (0.65 2 ) .
energy during impact. Recently, it has been reported that stiffness-
Inverse dynamics, versus  5.16 131 0.17  recruitment and activation proportional to initial stiffness can be
LF }ﬁ/r'ea}gfds}}fgne,‘fgsmv%‘jrghs 409, & 250 (079 achieved by positive muscle force feedbd@8]. The present
Constant stiffness model (29.80  (20.40  (1.1D study has indicated the presence of the initial joint stiffness from

the stiffness profiles, suggesting that pre-activation is important in
3Denotes a significant differencé®€0.05) between the Inverse dynamigsfer- controllmg the. peak forces. .It should be.no.te.d, howe\{e.n that it did
ence and Constant stiffness models. not provide direct information on the individual activity of the
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various muscles in the leg. For that purpose EMG measuremeal#ained solution also provides, through the obtained stiffness
should be added to and synchronized with the already measupedfiles, an insight into the patterns of the muscular activation in
kinematics and foot ground reaction forces. the legs’ joints.
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