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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 durin
ground-contact phase of hopping. A two-dimensional (sagittal plane) jumping m
consisting of four linked rigid segments and including the paired feet, shanks, thighs
the head–arms–trunk segment, was developed. The segments were interconnect
damped torsional springs, representing the action of the muscles, tendons and liga
across the joint and of the other joint tissues. A regressive function was used to ex
stiffness and damping, and included second-order dependence on angle and first
dependence on angular velocity. By eliminating redundancies in the numerical sol
using multicollinearity diagnostic algorithms, the model results revealed that the co
and sufficient nonlinearity for the joint stiffness is of the first order. Damping was fo
negligible. The stiffness profiles obtained were bell-shaped with a maximum near
stance and nonzero edge values. In predicting the joint moments, the obtained va
joint stiffnesses provided a closer agreement compared to a constant stiffness mod
maximal stiffness was found to be in linear correlation with the initial stiffness in e
joint, providing support to the of muscles’ preactivation strategy during the flight phas
hopping. All stiffnesses increased with increasing hopping frequency. The model pres
provides an effective tool for future designing of artificial legs and robots and for
development of more accurate control strategies.@DOI: 10.1115/1.1590358#
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Introduction
Vertical jumping and landing is an important element in spo

ing and other activities. With the development of biomechani
models of human body motion, it has become possible to simu
vertical jumping in order to gain insight into intermuscular coo
dination and to elucidate control strategies of the musculoske
system. A common method to deal with this type of problems is
lump together elements of the human body, e.g., muscles, tend
ligaments, bones, and joints so that the overall musculoske
system is represented as a damped elastic mechanism.

Several models describing the landing phase of running, h
ping, or jumping can be found in the literature@1–6#. These mod-
els are usually characterized by the presence of elastic springs
viscous dampers, with constant properties and provide a rea
able prediction of the maximal vertical foot–ground reaction fo
~FGR!.

In repetitive physical activity, such as in running, hopping, a
trotting, the subject bounces on the ground in a spring-like man
@7–13#. Depending on the range of joint flexion and on the fr
quency of motion, a considerable amount of elastic energy ca
stored and re-used. It has been shown that the dissipated ene
muscles increase when the amplitudes of joint movement are
creased@14#. Bosco and Komi@15# also commented on the utili
zation of stored elastic energy stating that this depended on
shortness in latency between the stretch and shortening phas
the muscles. Accordingly, during the ground-contact period
running, hopping and trotting, the leg was modeled as a sin
linear spring or, in terms of the leg joints, as constant torsio
springs for the ankle, knee, and hip joints, with no damping. T
stiffness of these springs, termed ‘‘average’’ stiffness, was defi
as the ratio between overall force or moment change to ove
vertical displacement or angle change for the leg and joint s
ness, respectively@5,13#.
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Physiologically, however, the conception of constant mecha
cal stiffness may not be applicable. For instance, muscular ac
tion, believed to be directly related to joint stiffness, varies dur
the stance phase. For that reason, hopping is not a purely
monic motion and human joints are not simple mechani
springs. Apart from its ability to store, release and absorb ene
the muscle–tendon complex can also generate energy and
above mentioned, its stiffness generally depends on the activa
level of the muscle. Thus, it can be expected that the joint stiffn
is nonlinear in nature and that damping may be present and th
model accounting for these facts may improve the system’s
resentation and model prediction@13,16#.

Variations of the leg and joint stiffnesses were considered
past models as a result of variation in hopping, or stride, f
quency and in ground stiffness@5,13,17–19#. It was argued that a
stiffer leg leads to a higher stride frequency and shorter st
length at a given speed. Mechanical impedance variation in
subtalar joint was also considered to vary with joint angle in s
den inversion motion of the foot@20#. Rotational springs with
nonlinear stiffnesses were recently studied in a three-segmen
modeling of repulsive tasks like human running and jumping@16#.
No studies were found dealing with the variability of the impe
ances of the leg joints during the stance phase of hopping.

The main goal of the present work was to study the hypothe
that, apart from its variation with jumping frequency, the stiffne
and damping of the leg joints vary also during the stance phas
hopping. The present study was thus intended to provide an
sight into the mechanisms, by which the stiffness and damping
adjusted to accommodate changes taking place during the gr
phase of jumping at different jumping frequencies. Studies t
reproduce human motion have indicated the need for such mo
in prosthetics@21# in robotics @22#. Generally, leg design strate
gies for animals and robots rely on the range of safe operation
stiffness adjustment has been shown to extend the range of s
leg bending@16#. Additionally, control strategies based on the im
pedance approach require information on the continuous nonli

-
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behavior of the joints@22#. Thus, the results of the present r
search should have implications on the design of spring ba
prosthetic legs and legged robots.

Methods

Experimental Procedure

Hopping Trials. Eight female subjects of average age 27~SD,
2! years, body mass 54.8~SD, 4.8! kg, and body height 1.63~SD,
0.02! m, performed two-legged continuous vertical hops with t
feet landing on one force platform, while keeping their hands
the waist. All the subjects were in an excellent state of health, w
no previous histories of muscle weakness, neurological dise
or drug therapy. Each subject provided informed consent to
ticipate in the study according to the University’s ethical comm
tee’s guidelines.

The hops were performed at three hopping frequencies, eac
a separate trial, as follows: Self-selected~or preferred frequency
PF!, 18 percent lower~LF!, and 18 percent higher~HF! frequency
than the PF. For each individual subject the PF was determine
advance while the vertical component of the ground reaction fo
~GRF! was used as a means to visualize and monitor the chara
of the hops during the stance phase. Each subject was instruct
hop at her personal preferred frequency. The maximal devia
between the subjects was within 1.6%~see later in results!. This
allowed obtaining uniformity of the testing conditions and setti
each of the PF~now termed middle frequency, MF!, LF and HF to
the same values for all the subjects. To help the jumpers ke
stable frequency, a metronome was used during the experimen
pace the hopping rhythm.

The subjects were trained prior to the experiments. All of th
being not sportwomen, were demonstrated the jumping techn
and were run through the experiment without data taking. In or
to warm up, the subjects were requested to perform elemen
gymnastic exercises. As was clearly indicated by the GRF d
the initial five hops were unstable and showed a significant de
tion from the afterwards stabilized frequency and were, theref
discarded from the data analysis. Each hopping trial started af
10 min warmup. The trials lasted 20 s each~corresponding to
approximately 37 hops in the MF!, during which kinematic and
force-plate data were collected. Two minutes of rest were allow
before each trial, in order to enable fatigue-free initial conditio
All the jumpers were provided with the same manufacturer a
type of shoes and were carefully instructed and trained before
experiments.

Kinematic Measurements.For the kinematic measuremen
six-retroflective hemispherical markers of 2 cm diameter w
used. The markers were located on the following sites: Two on
shoe sole~one below the lateral malleolus and one opposite to
head of the fifth metatarsal!, one on the lateral malleolus, one o
the lateral epicondyle of the knee, one on the tip of the gre
trochanter, and one on the lateral side of the head, 5 cm abov
top of the ear.

Video data were collected by a NM-M300EN Panasonic cam
~50 frames/s!.

The front plane of a calibration cage measuring 1.032.0 m was
positioned on the force plate in the plane of motion and calib
tion was made using six control points by means of Ariel Perf
mance Analysis System~APAS! software. The optical axis of the
camera was set centrally and perpendicular to the plane of mo

Force-plate Measurements.Three components of the GR
and the moment around the vertical axis of the force pl
~KISTLER type 9281B! were recorded. The data were acquir
using theLABVIEW package after they were sampled at 1000
per channel.

An external trigger was used for synchronization of the fo
plate and the video data.
508 Õ Vol. 125, AUGUST 2003
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Anthropometric data were estimated from body height a
body mass of the subjects by using scaling methods@23#.

Model

Second-order Representation of the Mechanical Impedan
A two-dimensional hopping model in the sagittal plane was us
~Fig. 1!, consisting of four linked rigid segments identified as th
feet, shanks, thighs, and HAT~head, arms, and trunk! @24–27#.
Each of the ankle, knee, and hip joints was considered to b
frictionless hinge, representing the joint action of the paired h
man legs. The foot was considered to establish contact with
floor through a virtual hinge located at the tip of the toe. T
segments are interconnected by three mechanical impedan
representing the functional behavior of the joints@13#. Each of
these impedances includes a nonlinear torsional stiffness, c
nected in parallel to a nonlinear torsional damper.

It was assumed that during the stance phase, motion takes p
in the sagittal plane and is accomplished by pure rotation of
segments around the mentioned four joints. The kinematics of
multibody system can thus be described in terms of the abso
anglesq1 , q2 , q3 , andq4 @Fig. 1~a!# of the foot, shank, thigh,
and HAT, respectively, measured from the horizontal line and r
resented by the generalized coordinate vectorq:

q5@q1 q2 q3 q4#T (1)

The joint angles@Fig. 1~b!# can be calculated from the absolut
coordinates as follows:

r15q12q21a

r25q32q21p (2)

r35q32q41p

where r j ( j 51,2,3) are the angles of the ankle, knee and h
respectively, anda is the constant heel angle of the foot segme

The mechanical properties of biological material are, in gene
multiple variable-dependent. Specifically stiffness, in addition
its being nonlinear, e.g., strain dependent, often depends on
deformation rate. This is the case with bones@28#, tendons and
ligaments @29#, cartilage @30# and muscle@31#. Similarly with
damping, which can be position-dependent.

Accordingly, stiffness and damping during the stance phase
hopping are represented by a second-order regressive functio
follows:

Fig. 1 Two-dimensional hopping model in the sagittal plane.
„a… absolute angles of the joints; „b… anatomical angles of the
joints.
Transactions of the ASME
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K jl ~r j l ,v j l !5k0 j1k1 j~r j l 2r j 0!1k2 j~r j l 2r j 0!2

1k3 j~v j l 2v j 0!

Bjl ~r j l ,v j l !5b0 j1b1 j~v j l 2v j 0!1b2 j~v j l 2v j 0!2

1b3 j~r j l 2r j 0! (3)

where the subscriptl 51, . . . ,n indicates a sample point andn is
the total number of sample points during the stance phase;K jl and
Bjl are, respectively, the stiffness and damping of the jointj cor-
responding to the sample pointl andki j andbi j , i 50, . . . ,3, are
coefficients to be determined from the solution. In generalr j and
v j denote, respectively, the joint angle and angular velocity
r j 0 andv j 0 are their values at the beginning of the stance pha
For simplicity, the indexl is omitted in the expressions to follow

When integrated, Eqs.~3!, yield the elastic (Ms j) and (Md j)
damping torques:

E
Ms j0

Ms jl

dMs j5E
r j 0

r j l

K j~r j ,v j !dr j

(4)

E
Md j0

Md jl

dMd j5E
v j 0

v j l

Bj~r j ,v j !dv j

The total joint torque is the sum of the elastic and damp
torques:

M j5Ms j1Md j (5)

The joint torques, reaction forces and torque powers are next
culated using Newton–Eulerinverse dynamics. Then, the co
cients in Eqs.~3! can be solved from the calculated torques (t j )
by parameter estimation using optimization procedures. Mini
zation of the following objective functionJj was thus performed
for each of the joints~ankle, knee, and hip!.

Jj5(
l 51

n

~t j l 2M jl !
2 (6)

Here j designates the joint andn is the length of the joint momen
vector.

Model Constraints. Four inequality constraints were applie
as follows. The first two assign positive values for stiffness a
damping. Thus,

K jl >0
(7)

Bjl >0

The next constraint

E
Es j0

Es jl

dEs j5E
r j 0

r j l

Ms jdr j8

Es jl>0 (8)

means that the potential elastic energyEs j of the spring cannot be
negative, i.e., the spring cannot provide more energy than st
in it.

The last constraint precludes energy storage in the dam
Thus,

Pd jl52Md jlv j l

Pd jl<0 (9)

Multicollinearity Diagnostic Criteria. The model parameter
should be independent of each other. Multicollinearity diagno
criteria combined with F-test@32# were thus used to reveal depe
dencies and eliminate redundancies in the numerical solutio
the stiffness and damping coefficients. The Hessian matrix
first formed. Its elements are the second derivatives of the ob
tive function with respect to each of the parameters of the mo
Journal of Biomechanical Engineering
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Singularity of the Hessian matrix can signify multicollinearit
i.e., relative dependence between the parameters and redund
of information.

The following diagnostic criteria were used to indicate mul
collinearity: ~a! High determinant value of the Hessian;~b! high
ratio between the largest eigenvalue to the smallest one;~c! exis-
tence of nonzero off-diagonal elements.

For parameter estimation to be correct all predictor variable
the multiple linear regression analysis must be uncorrelated. T
in case of multicollinearity, a reduction of the variables in t
stiffness and damping functions should be done. Elimination
multiple collinearity was achieved by deletion of the offendin
predictor variable from the regression model, without impairi
the ability to predict the system’s response. This was done in
iterative process, while the F-test was used to examine the sig
cance of improvement of the target function. The elements of
correlation matrix were normalized by subtracting the mean va
from each data point and then by dividing by the stand
deviation.

Parameter Estimation and Statistical Analysis.Parameter
identification was performed by using two methods:~a! Quadratic
programming~QP! @33#; and ~b! genetic algorithm~GA! @34#.
Comparison between the two methods by means of the t-test~with
P,0.05). Comparison between the various testing conditions
carried out by using nonparametric Wilcoxon signed rank test
repeated measures. Statistical significance was establishedP
,0.05. The results are presented by their means and SD’s.

Results
The preferred jumping frequency of all the subjects ranged

tween 1.84 and 1.90 Hz~average 1.87, SD 0.03 Hz!. Due to the
low variability between subjects LF, MF, and HF were 1.53, 1.8
and 2.20 Hz, respectively, for all the subjects.

All the subjects demonstrated a coordinated flexion–extens
pattern of the ankle, knee and hip joints during the stance ph
as shown in Fig. 2. The bottom plate of this figure present
typical power curve for the ankle joint, as computed from inve
dynamics. The amount of energy obtained in the brake~negative!
phase is shown in Table 1. The brake energy was not significa
different from the push~positive! energy. It is noted from Table 1
that the highest average energy values in the brake phase
obtained in the ankle and the lowest—in the hip.

Effect of Hopping Frequency. Typical curves of the normal-
ized vertical GRF versus the vertical excursion of the hip dur
the ground-contact phase are shown in Fig. 3. It is noted fr

Fig. 2 Typical traces of hopping at 1.53 Hz: Joint angles are
shown in the three upper traces and ankle power is shown in
the lower trace
AUGUST 2003, Vol. 125 Õ 509
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Table 1 Summary, for all subjects †Mean „SD…, nÄ8‡, of the kinematic and kinetic results
during the stance phase of hopping, at three different frequencies.

Frequency~Hz!

This study
Farley &

Morgenroth, 1999

1.53 1.87 2.20 2.20

Peak GRF~N/BW! 2.5a 3.0a 3.5a 2.9
~0.3! ~0.3! ~0.4! ~0.2!

Stance time~msec! 458a 333a 282a 308
~70! ~40! ~35! ~8!

Vertical excursion of hip
~m!

0.27a 0.22a 0.18a 0.121b

~0.05! ~0.02! ~0.03! ~0.003!

Range of
flexion ~rad!

Ankle 0.85a 0.69a 0.59a 0.56
~0.10! ~0.10! ~0.09! ~0.02!

Knee 0.70a 0.42a 0.27a 0.40
~0.10! ~0.07! ~0.05! ~0.04!

Hip 0.37a 0.18a 0.11a 0.18
~0.1! ~0.04! ~0.02! ~0.02!

Maximal
moments

~Nm!

Ankle 233.4a 281.3a 359.2a 227
~30.1! ~25.6! ~44.1! ~14!

Knee 96.8a 115.3 123.8a 150
~6.2! ~11.9! ~11.5! ~14!

Hip 26.4 28.9a 36.1a 112
~6.1! ~3.4! ~4.8! ~24!

Brake phase
energyc

~J!

Ankle
51.8a 30a 21.1a

¯~9.7! ~6.5! ~4.0!

Knee
15.2a 6.9a 2.2a

¯~3.7! ~1.9! ~0.7!

Hip
0.7 0.6 0.4a

¯~0.2! ~0.2! ~0.1!

aDenote significant differences (P,0.05) between Low and Medium, Medium and High, and Low and High frequenc
respectively.
bDenotes leg compression, expressed in m.
cDenotes that braking energy not significantly different than pushing energy.
g
t
r

n

t

these curves that, with increasing frequency, the normalized G
increases while the vertical displacement range is reduced. Fi
4 shows typical moment/angle curves of the joints during
ground-contact phase. The joint moments were computed f
inverse dynamics. The maximal moments take place at maxim
joint flexion and they increase with increasing frequency. T
joint moments and angular displacements were smallest in the
and largest in the ankle.

A summary of the average kinematic and kinetic data obtai
for all the subjects in the three tested frequencies is also prese
in Table 1. With increasing frequency the peak GRF increa
(P,0.05) and the stance time decreases (P,0.05). During the
stance phase the range of flexion of the joints and the ver

Fig. 3 Typical curves of vertical ground reaction force „GRF…,
normalized to body weight „BW…, versus the vertical excursion
of the hip during the ground-contact phase of hopping
, AUGUST 2003
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Fig. 4 Typical moment Õangle curves of the leg joints during
the ground-contact phase of hopping. The moments were com-
puted from inverse dynamics for the ankle, knee and hip joints.
Variable stiffness, constant stiffness model solutions are also
given for the ankle joint. Left curves „dotted …Ä2.20 Hz; central
curves „dashed …Ä1.87 Hz; right curves „solid …Ä1.53 Hz.
Transactions of the ASME
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Table 2 Summary, for all subjects †Mean „SD…, nÄ8‡, of stiffness of the Leg, ankle, knee and
hip joints, and of the stiffness coefficients in Eq. „10….

Frequency
~Hz!

This study Farley et al.,
1998

Farley &
Morgenroth, 1999

Stiffness 1.53 1.87 2.20 2.20 2.20

Leg, overall
(kN m21)

9.8a 14.6a 20.9a 13.9 14.5
~0.4! ~0.8! ~1.1! ~0.7!

A
nk

le

Overall
(Nm rad21)

278.8a 434.3a 584.8a 480c 401
~65.9! ~40.9! ~52.2! ~25!

Average
(Nm rad21)

268.5a 426.2a 586.6a
¯ ¯~66.6! ~87! ~110.2!

k0

(Nm rad21)
178.5a 223.3a 301.4a

¯ ¯~32.3! ~57.4! ~63.4!
k1

(Nm rad22)
193.3a 560.8a 948.2a

¯ ¯~39.7! ~96.0! ~149.4!

K
ne

e

Overall
(Nm rad21)

142.0a 292.4a 470.8a 400c 368
~45.4! ~28.9! ~31.8! ~80!

Average
(Nm rad21)

153.2a 270.6a 471.6a
¯ ¯~33.9! ~79.0! ~84.9!

k0

(Nm rad21)
110.0a 158.8a 230.9a

¯ ¯~29.6! ~67.1! ~66.6!
k1

(Nm rad22)
169.3a 541.3a 884.8a

¯ ¯~33.6! ~77.5! ~175.4!

H
ip

Overall
(Nm rad21)

104.1a 224.4a 380.6a 280c 366
~5.0! ~20.3! ~34.0! ~131!

Average
(Nm rad21)

127.8b 218.6a 277.3a,b

¯ ¯~50.0! ~52.1! ~99.4!
k0

(Nm rad21)
95.3a 139.4a 175.4a

¯ ¯~37.0! ~31.5! ~28.0!
k1

(Nm rad22)
161.8a 526.9a 894.8a

¯ ¯~24.1! ~96.6! ~172.3!

aDenote significant differences (P,0.05) between Low and Medium, Medium and High, and Low and High frequenc
respectively.
bDenotes a significant difference (P,0.05) between constant stiffness and variable stiffness models.
cEstimated from Farley et al.~1998!.
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excursion of the hip were found to significantly decrease w
frequency. The maximum moments in the joints significantly
crease with increasing frequency~see Table 1!.

The slopes determined by the ratio between overall GRF
moment change, to overall vertical displacement, or angle cha
~Figs. 3 and 4! provide a measure of the ‘overall stiffness’ of th
leg or joint, respectively. Summary of the overall leg and jo
stiffnesses for all the tested subjects are presented in Table 2

Reduction of the Model. By applying the multicollinearity
diagnostic criteria and F-test, the most significant stiffness coe
cients~with P,0.05) werek0 j and k1 j @Eqs. ~3!#. The damping
coefficients showed no significance, except forb0 j , which
showed significance only in 30 percent of the subjects’ jum
Thus, we suggest reducing the optimal model to a 3-param
model, with a linearly variable stiffness and a constant damp
as follows:

K j~r j !5k0 j1k1 j~r j2r j 0! (10)

Bj5b0 j (11)

Summary of the stiffness coefficients of Eq.~10! are also pre-
sented in Table 2.

Parameter Estimation. Comparison of the two methods o
parameter identification revealed that they converged to the s
coefficients, approving the validity of the solution.

Stiffness/time curves were obtained by the QP optimizat
procedure. The stiffness behavior was similar in the ankle, kn
and hip joints~Fig. 5!. As shown in this figure, nonzero stiffnes
values are noticed both at the touchdown and take-off instant
the stance phase. The stiffness reaches its maximum value at
echanical Engineering
ith
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ge,

e
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ps.
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ng,

f
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ee,
s
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mid-

stance, when the jumper’s joints are maximally flexed. Dir
comparison of the measured and fitted torques is demonstrate
Fig. 4. The mean value of the stiffness/time of the curve w
calculated and the average for all the subjects is presented in T
2, together with the overall joint and leg stiffnesses. The value
the damping coefficient was below 0.72 Nms/rad and the con
bution of damping to the net moment did not exceed 6%. Aver
ankle joint moment~for all the tests! at the high frequency hop
ping is shown in Fig. 6. The moment was obtained by three me

Fig. 5 Typical stiffness Õtime curves for the ankle during the
stance phase of hopping
AUGUST 2003, Vol. 125 Õ 511
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ods: ~i! From inverse dynamics,~ii ! prediction from kinematics
and overall stiffness, and~iii ! prediction from kinematics and th
actual stiffness profile@Eq. ~10!#. Each of the predicted solution
was compared to the solution obtained from inverse dynamics
calculating the sum of the square of the errors~SSE!. The results,
presented in Table 3, indicate that the constant stiffness solu
was significantly different from the inverse dynamics solutio
while the variable stiffness solution was not.

Figure 7 presents a plot of the average maximal stiffness ve
the average initial stiffness for each of the joints and the hopp
frequencies. All stiffnesses increase with increasing frequenc
straight line was found to adequately describe the correlation
tween the two stiffnesses (r 250.95). The horizontal and vertica
bars represent the respective standard deviations and indicate
the deviations arelarger for higher frequencies.

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
„variable … stiffness. Standard deviations for the constant stiff-
ness and variable stiffness moment results are indicated by the
corresponding vertical bars. The difference between the mo-
ments using these two models was found significant „P
Ë0.05… in points 2–5 and 10–12 along the time axis.

Table 3 Comparison of the error of the joints moment over
time between the Inverse Dynamics „reference … model and each
of the constant stiffness and variable stiffness models
†Mean„SD…, nÄ8‡. The values presented were calculated from
the formula „SSEÃ10À3

…ÕN* FR, where N is the number of
points in the stance phase „NÄ22, 18, and 14 for LF, MF, and
HF, respectively … and FR „Ä50… is the frame rate of the camera.

Frequency Models Ankle Knee Hip

HF

Inverse dynamics, versus 12.16 0.20 0.09
Variable stiffness model ~16.21! ~0.22! ~0.10!
Inverse dynamics, versus 239.1a 39.00a 21.77
Constant stiffness model ~227.9! ~23.84! ~31.86!

MF

Inverse dynamics, versus 3.74 0.12 0.57
Variable stiffness model ~2.66! ~0.11! ~1.01!
Inverse dynamics, versus 95.70a 88.98 0.81
Constant stiffness model ~62.01! ~89.63! ~0.65!

LF

Inverse dynamics, versus 5.16 1.31 0.17
Variable stiffness model ~4.06! ~2.57! ~0.28!
Inverse dynamics, versus 32.05a 20.41a 1.44a

Constant stiffness model ~29.80! ~20.40! ~1.11!

aDenotes a significant difference (P,0.05) between the Inverse dynamics~refer-
ence! and Constant stiffness models.
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Discussion
The basic outcome of this study is that joints demonstr

angle-dependent stiffness properties during the stance phas
hopping. Furthermore, the model solution provided theform of
nonlinearity, which best described stiffness. It was found that
more general expressions in Eq.~3! for stiffness and damping are
reduced to linearly variable stiffness profiles and constant, sm
damping. These findings challenge previous studies on the
ject, suggesting that stiffness nonlinearities can be neglected in
prediction of the FGR@5,12,17,18# and stands in line with recen
studies demonstrating the importance of nonlinear stiffness in
bilizing elastic chains during dynamic loading@16#. Typically, the
stiffness profiles were bell-shaped with a maximum near m
stance. The stiffness of each joint at the beginning and at the
of the ground-contact phase had nonzero values. For all the
quencies studied, the maximal stiffness of each joint during
ground-contact phase, was found to be linearly proportional to
initial joint stiffness.

Several factors have been reported to affect reduction of p
forces as a result of landing impact, including initial flexion of th
joints @1#, range of motion@14,15#, timing in multi-joint motion
and synchronization between the various joints@35#.

Thus, pre-programmed nonreflex muscle action during the e
phase of impact would clearly help in reducing peak forces. T
necessity of setting the joint angles and of tuning the stiffn
before leg loading was discussed by Golhofer et al.@36#. Simi-
larly, Aura, and Viitasalo@37# found a high correlation betwee
pre-contact electromyogram~EMG! activity and the EMG activity
in the concentric phase~brake phase! of the ground-contact pe
riod. Gerritsen et al.@26# found that muscles can reduce the ve
tical peak ground reaction force, due to their ability to abso
energy during impact. Recently, it has been reported that stiffn
recruitment and activation proportional to initial stiffness can
achieved by positive muscle force feedback@38#. The present
study has indicated the presence of the initial joint stiffness fr
the stiffness profiles, suggesting that pre-activation is importan
controlling the peak forces. It should be noted, however, that it
not provide direct information on the individual activity of th

Fig. 7 Average maximal stiffness versus average initial stiff-
ness for each of the joints and hopping frequencies
Transactions of the ASME
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of
various muscles in the leg. For that purpose EMG measurem
should be added to and synchronized with the already meas
kinematics and foot ground reaction forces.

Two stiffness measures were also calculated in this study~i!
The average stiffness from the stiffness profiles, termed ‘‘mo
average,’’ and~ii ! the overall stiffness, obtained from the rat
between overall moment change to overall angle change in
angle/moment curves of each joint. This latter measure is sim
in definition with that of previous studies@5#, in which the joint
stiffness was assumed constant. It is valid only in those ca
where the moment peak and the angular displacement peak o
simultaneously, which was the case in the present study~see, e.g.,
Fig. 4!. For each of the ankle and knee joints, the values of
two abovementioned stiffness measures were not different f
each other~Table 2! and, therefore, either of them could be us
for comparison with the variable stiffness model.

In predicting the joint moments from kinematics, the actu
stiffness profile gave a closer agreement than the overall, cons
stiffness~Table 3!. As to the moment maxima, it was found th
the two predictions were very close to each other and were
significantly different from the moment maxima obtained fro
inverse dynamics. Thus, in those cases where the accurate pr
tion of the complete moment trajectory is not essential and o
peak moments are sought, constant stiffness models are s
ciently adequate. Yet, the constant-stiffness assumption can
be regarded as a first approximation of the joint’s mechan
impedance. The nonlinear model does provide more reliable
resentation of the stiffness characteristics and it is, theref
viewed to be of importance for a more accurate simulation
human vertical jump. Recent works in robotics have also indica
the need for such models@22#.

Our model predictions of the average stiffness and overall s
ness of the joints and of the overall stiffness of the leg are
accordance with those of previous studies@11,13#. It was shown
that each of those quantities increases with the jumping freque
~Fig. 5, Table 2!. Joint stiffness is dominated by muscular activ
tion @39,40# and as the joints stiffen, they undergo smaller angu
displacements during the ground-contact phase, also resultin
smaller excursion of the hip and higher leg stiffness. With all
other conditions~e.g., surface stiffness! remaining the same, an
increase in joint stiffness should result in a higher peak of
impact forces~Table 1!.

Of the leg joints studied, the highest moments and powers w
found in the ankle. The reason can be related to the higher s
ness, the largest angular displacement and the relatively high
ment arm of the GRFs, which in hopping motion act in the reg
of the balls of the feet. Thus, it is expected that the ankle joint
in the motion studied here, the most important shock absorbe
the leg joints. In hopping, at the instant when the feet impact
ground, a sharp deceleration occurs resulting in a ‘‘shock wa
that is transmitted upwards the skeletal system. We demonstr
here that with higher frequency the peak GRF increases and
stance time decreases, indicating that a higher jumping freque
is associated with a higher impact peak of the vertical GRF
running motion previous studies have shown parallel res
whereby an increase of the stride frequencies increases the s
shock acceleration@41–43#. Thus, the frequency effect obtaine
here is an increase in stiffness, a decrease in range of motion
a decrease in the power transmitted, supporting the expe
shock increase.

While departing from the stiffness constancy concept,
model revealed that the correct and sufficient variability of
joint stiffness is of first order, as described by Eq.~10!. This was
obtained after eliminating redundancies in the numerical solut
using multicollinearity diagnostic algorithms, indicating that
higher order of nonlinearity is not necessary. This result should
considered meaningful in those problems where the constant
ness representation is not sufficient and in cases where the
tem’s representation has to be improved. The variable stiffn
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obtained solution also provides, through the obtained stiffn
profiles, an insight into the patterns of the muscular activation
the legs’ joints.

The fact that the simple model of a linearly variable stiffne
can predict major features of the jumping exercise makes it
effective tool for future designing of artificial legs and robots a
also for the development of more accurate control strategies.
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