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Application of force-length curve
for determination of leg stiffness during a vertical jump
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Purpose: The aim of this study was to present the methodology for estimation of a leg stiffness during a countermovement jump. The
question was asked whether leg stiffness in the countermovement and take-off phases are similar to each other as demonstrated in previ-
ous reports. It was also examined whether the stiffness in left lower limb is similar to the one in right lower limb. Methods: The research
was conducted on 35 basketball players. Each participant performed three countermovement jumps with arm swing to the maximum
height. Measurements employed a Kistlerforce plate and a BTS SMART system for motion analysis. Leg stiffness (understood as an
inclination of the curve of ground reaction forces vs. length) was computed for these parts of countermovement and take-off phases
where its value was relatively constant and F(∆l) relationship was similar to linear. Results: Mean value (±SD) of total stiffness of both
lower limbs in the countermovement phase was 7.1 ± 2.3 kN/m, whereas this value in the take-off phase was 7.5 ± 1 kN/m.
No statistically significant differences were found between the leg stiffness in the countermovement and the take-off phases. No statisti-
cally significant differences were found during the comparison of the stiffness in the right and left lower limb. Conclusions: The calcula-
tion methodology allows us to estimate the value of leg stiffness based on the actual shape of F(∆l) curve rather than on extreme values
of ∆F and ∆l. Despite different tasks of the countermovement and the take-off phases, leg stiffness in these phases is very similar. Leg
stiffness during a single vertical jump maintains a relatively constant value in the parts with a small value of acceleration.
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1. Introduction

Leg stiffness is a variable that has been used
mainly in analyses of human and animal locomotion.
Although it might seem to an observer that the body is
able to move at a constant velocity, human movement
occurs as a result of cyclic propelling moves of lower
limbs. This causes that the moving “body” (movement
of the centre of mass) is exposed to alternate phases of
acceleration and deceleration. Therefore, locomotion
of bipedal mammals connected with walking, running,
hopping, trotting or galloping resembles the bouncing
ball movement. Therefore the term “bouncing gait”
has been used to describe locomotion where lower
limbs perform the role of springs responsible for
movements of the centre of body mass. A spring-mass

model has been employed to describe bouncing gait.
The model is comprised of a point that represents the
total body mass and the massless lower limb modelled
as a spring [5], [9], [10].

Elasticity is a property of macroscopic bodies
which consists in ability to recover the previous shape
and volume after mechanical forces that cause defor-
mation are removed. The ability to absorb and recover
elastic energy in human body is observed in tendino-
muscular groups. One example of the tissue that be-
haves like a spring that absorbs and releases the elas-
tic energy during human locomotion is long and
compliant Achilles tendon. It is estimated that the
Achilles tendon is able to accumulate 35% of the me-
chanical energy necessary for performing the running
gait [7]. The quantitative measure of body elastic
properties is stiffness, which represents the measure of
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resistance to strain. According to equation (1), stiff-
ness (K) is the ratio of the value of the cause of the
strain (∆F) to quantitative measure of strain (∆l)

.
l
FK
Δ
Δ

= (1)

Elastic energy is also used during locomotion
movements performed in stretch-shortening cycle
(SSC), for example, vertical jumps (single or cyclic).
Performing a countermovement before take-off
(lower limbs flexion) leads to the rapid extension of
muscles, tendons and other compliance tissues (in
lower limbs and trunk) before the contraction, which
helps accumulate elastic potential energy and, conse-
quently, doing greater work in the concentric phase.
The factor that causes an increase in the work done
during a contraction is the phenomenon of tissue
elasticity, which reveals during stretch-shortening
cycle and the stretch reflex [15], [18]. Thanks to the
ability of tendinomuscular groups to absorb and re-
lease elastic energy, this energy is added to the con-
traction work. Too slow (little dynamic) counter-
movement causes that the elastic energy accumulated
during the eccentric phase will be partly dissipated,
e.g., in the form of heat [1]. During a vertical jump,
the values of potential energy of gravity, elastic and
kinetic energy are changed. At the highest point of
a jump (during flying phase), potential energy of the
gravity is the greatest, whereas potential elastic en-
ergy and kinetic energy are equal to zero. During
falling down, the kinetic energy of the system in-
creases. Potential elastic energy is an energy deter-
mined for the elastically deformed body. Therefore,
it can be adopted according to the model presented in
Fig. 1 that these deformations occur in the lower
limb of a person who performed a vertical jump. The
potential energy accumulated during the counter-
movement phase adds up to the energy supplied by
contracting muscles used in the take-off phase. Con-
sequently, the total mechanical energy used during
the jump might have higher values. Transformation
of this energy during the flying phase in potential
energy allows higher jump height to be obtained.
Potential elastic energy of the elastic body with lin-
ear profile is proportional to the squared strain

2

2
1 lKEps Δ⋅⋅= , (2)

where Eps means potential elastic energy, K is the
stiffness, and ∆l is the length change.

Leg stiffness is a concept that relates to the limb as
a whole system rather than only to tendinomuscular
systems. With this approach, leg stiffness depends on

the stiffness of all the compliant tissues such as liga-
ments, blood vessels or bones [17]. Tendon stiffness is
almost constant, whereas muscle stiffness might vary
over a broad range. Muscle tension causes the in-
crease in its stiffness and ability to accumulate elastic
energy, whereas relaxing the muscle increases sus-
ceptibility to deformation [27], [28]. The maximally
excited muscle achieves greater stiffness than tendons
[27], [28]. It is expected that both relatively high and
low values of leg stiffness might lead to injury of soft
tissues and joints. Also, magnitude of inter limb
asymmetry in leg stiffness may increase the potential
injury risk during jumping [12], [20].

Previous studies on leg stiffness have been mainly
based on measurements of the ground reaction forces
recorded by means of a force plate and measurements
of changes in location of the body's centre of mass
(COM). Equation (1) is substituted with: maximum
value of the ground reaction forces and maximum
displacement of COM during body contact with the
ground [3], [4], [6], [8]–[10], [12], [16], [20], [21].
Dalleau et al. [6] presented a method to determine leg
stiffness during hopping. The method assumed that
the curve that describes the relationship between
ground reaction force and time is a part of a sine
wave. Currently there are several computational
methods, but they do not necessarily yield the same
values of leg stiffness [3], [4], [13], [23]. However,
these methodologies estimate only the apparent or
quasi-stiffness and not the true stiffness as it is de-
fined in mechanics [17]. In complex movements, ob-
taining one value for leg stiffness suggests a relatively
constant level of stiffness over its duration. Further-
more, the relationship F(∆l) is not as linear for the
lower limb as in the case of an ideal spring. Latash
and Zatsiorsky [17] suggest the division of the stiff-
ness into the three groups:
– “stiffness – the measurements are performed at

equilibria, resistance to the external force is pro-
vided by elastic forces and potential energy is be-
ing stored,

– apparent stiffness – the measurements are per-
formed also at equilibria, the physical nature of the
resistive forces is being disregarded,

– quasi-stiffness – the measurements are performed
not at equilibria” [17] but during transient states.
Therefore, stiffness determined based on the ob-

servation made during the movement should be con-
sidered as the third group. This means that an accurate
description of the research methodologies that allows
for determination of what is actually examined is es-
sential. The above division ensures the elimination of
the conceptual chaos around stiffness as this concept
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has been overused or improperly used also with re-
spect to other body parameters [17]. Only a uniform
and reliable measurement methodology offers oppor-
tunities to explain still unresolved questions about the
relationships between leg stiffness and sport move-
ment performance or injury risk [4], [23].

The aim of this study was to present the methodol-
ogy for estimation of a leg stiffness during a counter-
movement jump (CMJ). We attempted to determine
value of leg stiffness for the phases of countermovement
and take-off separately due to eccentric-concentric work
of muscle with dissimilar character and purpose in
both phases. Earlier reports have demonstrated that
the values of leg stiffness in the countermovement and
take-off phases during CMJ should be similar [24].
Movement patterns for both limbs during counter-
movement and take-off phases in CMJ are similar.
Therefore, the question can be asked whether stiffness
will be similar in left and right lower limb.

2. Material and methods

The study was conducted among 35 basketball
players from II division. The study group was charac-
terized by the following mean parameters (±SD): body
height – 190.4 ± 8.1 cm, body mass – 81.9 ± 10 kg,
age – 19.5 ± 1.7 years. Training experience was
6.8 ± 2.5 years. A dominant limb used by each athlete
to shoot the ball during a game was the right one. During
all measurements, the study participants were wearing
professional basketball shoes they wear during everyday
training. The tests were carried out in the Biomechanical
Analysis Laboratory at the University School of Physical
Education in Wrocław, Poland, with the quality man-
agement system certificate (ISO 9001:2009). Prior to the
tests, the participants were familiarized with the purpose
of the study and signed their written consent for partici-
pation in the experiment. Before the experiment, the
subjects were informed about the activities they were
supposed to perform and were motivated to properly
perform the assignment. The research project was ap-
proved by the Senate’s Research Bioethics Commission
at the University School of Physical Education in Wro-
cław, Poland.

Ground reaction forces were measured using two
Kistler force plates (9286A) in order to ensure meas-
urement of the ground reaction forces for each limb
separately. The time of take-off and landing allows for
evaluation of the duration of the flying phase and,
consequently, calculate the jump height. The kine-
matic data were recorded by BTS SMART system

(BTS Bioengineering, Milan, Italy) for comprehensive
motion analysis based on technology of passive mark-
ers that reflect infrared radiation (IR). The system
features 6 cameras with frame rate of 120 Hz. In order
to facilitate synchronization of the measurements, the
sampling rate for the signal from force plates was set
at 240 Hz. BTS SMART Analyzer software aids syn-
chronization of the data recorded and preparation of
a report from measurements.

Before the test, all study participants underwent an
individual warm-up procedure which consisted of
continuous shuttle run over the distance of 10 m. The
run occurred at a moderate pace of ca. 10 distances
per minute and was continued until reaching the heart
rate of 150 bpm. The reflection markers were located
at the height of the greater trochanters of the femur.
During the measurement of body weight, the partici-
pants stood on the plates (each feet on separate plate)
and maintained body motionless for 5 seconds. Addi-
tionally, L variable, which was the height of the mark-
ers located at the greater trochanters of the femurs
(used as a conventional upper end of lower limbs) was
also measured. It was adopted that the change in the
height of the greater trochanter represents a measure
of the change in the “length” (∆l) of virtual spring
(which represents lower limb). The measurement of
∆l strain performed in this manner represents lower
limb strain more accurately than the change in the
height of the centre of mass for the whole body, with
its displacement depending on changes in locations of
all the body parts. The next step was to record three
CMJ for maximum height. Upon a signal, the athlete
performed a vertical jump, preceded by a rapid coun-
termovement of lower limbs and arm swing. Landing
was performed on the same platforms as take-off. The
focus was also on simultaneous take-off from both
lower limbs. A 10-second rest took place before single
jumps. The analysis concerned the highest jump per-
formed by each participant. Figure 1 presents an
analogy between human movement (during perform-
ance of lower limbs countermovement) and a simple
spring-mass model.

Leg stiffness was determined as a ratio of changes
in ground reaction forces to the respective changes in
the height of the greater trochanter of the femur (re-
corded by BTS Smart system based on marker dis-
placements). Countermovement is understood as low-
ering the position (through flexing lower limbs),
followed by immediate take-off. Therefore, the coun-
termovement phase starts at the moment of a decline
of the ground reaction force curve with respect to the
value equal to body weight and ends at maximum
knee joint flexion (maximum greater femoral tro-
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chanter displacement). The end of the countermove-
ment phase is also the beginning of the take-off phase,
which ends at the moment when the feet losing con-
tact with the ground (value of ground reaction forces
drops to zero) and beginning of the flying phase. Leg
stiffness was calculated in the parts of the counter-
movement phase and take-off phase where slope of
the F curve with respect to the ∆l axis was relatively
constant and the F(∆l) profile was nearly linear (Fig. 2).
It is only these parts that allow for expression of leg
stiffness by means of a (single) concrete numerical
value. For the countermovement phase, this was the
part between the lowest value of ground reaction force
and the lowest position of the greater trochanters of
the femurs (marked dark grey in Fig. 2). The bounda-
ries of the part for the take-off phase were repre-
sented by local maximum of ground reaction forces
(points from which ground reaction forces only de-
creased) and the moment of take-off from the plates
(marked light grey in Fig. 2) [24]. Therefore, this
calculation was approximate in the above parts of the
F(∆l) curve slope, with its slope coefficient equal
numerically to stiffness.

The initial part of the take-off phase (dotted part of
the F(∆l) curve presented in Fig. 2) was disregarded in
the analysis due to the difficulty of its unequivocal
interpretation. The profile of the F(∆l) curve in this
part is unique and shows strong interindvidual vari-
ability and the variability between individual repeti-
tions of the jump.

The relative leg stiffness was obtained through
normalization of the absolute value with respect to
body mass. The legitimacy of this procedure can be
explained with the effect of inertia on final leg stiff-
ness value [11], [17], [24].

Fig. 2. Ground reaction force in left lower limb
for one of the study participants depending on vertical displacement
of the greater trochanter of the femur with respect to the ground

with trend lines for the parts studied and values
of determination coefficient R2 that represent the quality

of model match (trend line to parts of profiles of the F(∆l) curve)

Leg stiffness measurement error is composed of
the measurement error for two values of vertical com-
ponent of ground reaction forces and measurement
error of two vertical coordinates of marker location.
Measurement error for vertical component of ground
reaction force measured using the Kistler force plate is
composed of:
– error of sensitivity of conversion of the pressure

force into electric charge, δs = ±(0.5÷1)%,
– error of linearity of conversion of the pressure

force into electric charge, δl = ±(0.3÷0.5)%,
– error of hysteresis of conversion profile, δH =

±(0.3÷0.5)%,
– error of charge amplifier, δa ≤ ±1%,
– error of analog-to-digital converter, which con-

tains the analog component δk ≤ ±0.5% and quan-
tization error which depends on the resolution of
the converter,

– dynamic errors connected with frequency proper-
ties of the measurement track, (usually disregarded
in error analyses due to difficulties with evaluation
of these errors).
The errors caused by the above components of the

measurement track are aggregated. Therefore, it can
be adopted that the total relative error of measurement
of the vertical component of ground reaction force by
means of the Kistler force plate model used in the
study is not greater than (2.6÷3.5)%, assuming that
the force measured has the value close to the upper
limit of the measurement range. In another case, i.e.,
during measurement of the lower force, the error is
higher, e.g., measurement of the force with the value
corresponding to the half measurement range will
show twice greater error i.e. in the range of (5.2÷7)%.
According to the documentation of BTS SMART

Fig. 1. Motion pattern of human body and spring-mass model
during counter movement, where L denotes lower limb length,
∆l is lower limb strain and αmax is the value of knee joint angle

that determines the boundary between the phases
of counter movement and take-off
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system, measurement of vertical coordinate of marker
location occurs with relative error Δy ≤ ±0.85 mm,
thus the value of relative measurement error is lower
than 1%. Therefore, error of measurement of leg stiff-
ness is not greater than (7.2÷9)%.

The vertical component of the movement velocity
of the conventional upper end of the lower limbs (rep-
resented by the vertical velocity of the markers) was
calculated as a time derivative of marker displace-
ments (markers located at the greater trochanters of
the femurs).

Due to the normal distribution, analysis of the dif-
ferences between the variables was based on the t-test
for dependent variables. The level of significance was
set at α = 0.05. Advanced Statistica 10 PL software
package was used for this purpose.

3. Results

Table 1 presents mean values (±SD) of leg stiff-
ness in the countermovement and take-off phases of
the CMJ. Statistical analysis found no significant
differences between leg stiffness in the counter-
movement and take-off phases in the group studied
( p > 0.05). No statistically significant differences
were found during comparison of stiffness in the right
and left lower limb. Mean height of CMJ used for
analysis was 0.45 ± 0.05 m.

4. Discussion

The construction of the living motion system
causes that, from the formal standpoint, dynamic
analysis has to take into consideration the components
that cause inertia forces and damping in a model of
human body. Additionally, the spring that represents

lower limb should be one-dimensional and the meas-
urements should be performed in steady states of body
strain (equilibrium). The overall form of the simpli-
fied linear equation of one-dimensional motion of the
system including mass, damping component and
spring is given by

lKvbamF ⋅+⋅+⋅= (3)

where F denotes the force, m – mass, a – acceleration,
b – damping, v – velocity, K – stiffness and l – length.
Therefore, in formal terms, length derivative of force
represents not only stiffness, but also a complex ex-
pression which also contains the factors responsible
for damping and inertia. The above derivative depends
not only on changes in m, b and K over time but also
on motion kinematics. If measurement of stiffness is
not performed in steady states of body strain, the sub-
stantial value of dF/dl might contain the components
originating from inertia forces and damping [17]. Ap-
plication of equation (3), despite its simplified form, is
practically impossible, at least due to the impossibility
of determination of the value of damping in the area
of lower limbs. Additionally, the conceptual and
methodological confusion connected with the concept
of stiffness seems to be insignificant compared to the
confusion related with the concept of “damping” and
“viscosity”. Zatsiorsky [26] found eleven different
interpretations of the concept of “viscosity”. Equation
(1) was obtained through simplification. Therefore,
the stiffness of components of the motion system in

human body obtained from this equation does not
meet the criteria of formal accuracy and, conse-
quently, is subject to error. Therefore, the leg stiffness
is not the stiffness viewed in strict terms due to a sub-
stantial contribution of other factors that have an ef-
fect on the F(∆l) relationships, especially during tran-
sient states. According to the division of Latash and
Zatsiorsky [17], stiffness calculated from equation (1)

Table 1. Mean values (±SD) of leg stiffness in the phases of CMJ

K (kN/m)

Left lower
limb (KL)

Right lower
limb (KL)

Total
(KL + KR):

Countermovement phase 3.6 ± 1.2 3.5 ± 1.2 7.1 ± 2.3
Take-off phase 3.8 ± 0.6 3.7 ± 0.5 7.5 ± 1

Krel (kN/(m·kg))
Countermovement phase 0.044 ± 0.015 0.043 ± 0.016 0.087 ± 0.029
Take-off phase 0.046 ± 0.005 0.046 ± 0.006 0.092 ± 0.011

K denotes absolute leg stiffness, whereas Krel is relative leg stiffness.
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that stems from mechanics should, with respect to
living bodies, be termed quasi-stiffness (q), given by

l
Fq
Δ
Δ

= . (4)

Latash and Zatsiorsky [17] defined quasi-stiffness
as an ability of human body to oppose to the external
displacements with disregard to the profile of dis-
placements with respect to time. Therefore, in the
studies concerning human motion, one should use the
above concept. Numeral value of quasi-stiffness
(equation (4)) seems to be elevated compared to actual
stiffness (equation (3)). In our article to avoid exces-
sive chaos compared to the commonly used expres-
sions, leg quasi-stiffness is termed leg stiffness and
denoted with K symbol. There are a number of
“varieties” of stiffness, including: musculoskeletal-,
musculotendinous-, musculoarticular-, dynamic-, joint-
, (intrinsic) muscle-, short range-, vertical-, limb-, total
body -stiffness. Therefore, it should be noted that the
term stiffness is used to denote the variables which do
not match its strict definition, which is additionally
reflected by the use of units which are untypical of
stiffness, such as Nm or s–2 [5], [14]. Therefore, the
attempts to systematize the meaning of the term stiff-
ness proposed by Latash and Zatsiorski [17], which
ensures solving the problem of the conceptual chaos
around stiffness seems to be critical. However, lack of
direct use of the term quasi-stiffness seems to be the
smallest yet common mistake that causes misinter-
pretations. The use of general displacement of the
centre of mass as ∆l causes that the value of leg stiff-
ness is not calculated at all. The change in ∆l occurs
not in the lower limbs but in the whole body and de-
pends on the spatial position of each body part, in-
cluding upper limbs. In this case, one should use the
concept of vertical stiffness that relates to the whole
body rather than only to lower limbs [5], [7], [8], [14].
Therefore, the substantial majority of the studies on
leg stiffness should be properly qualified as vertical
quasi-stiffness of human body. Due to the above, this
study seems to be one of the few studies that actually
relate to leg quasi-stiffness.

The profile of the F(∆l), which in the counter-
movement phase (part between the lowest value of
ground reaction force and the lowest position of the
greater trochanters in the femurs of the subject) and
the take-off phase (part between local maximum of
ground reaction force from which the value of ground
reaction force only decreased and the moment of take-
off from the plates) of single CMJ is similar to linear,
allowed for calculation of leg stiffness in parts of
these phases (see Table 1). The charts analogous to

the chart presented in Fig. 2 have been previously
obtained by various authors [3], [5], [7]–[12], [14],
[21], [25]. However, estimation of stiffness based on
these charts has not been often performed in practice.
Probably the first researchers that are likely to have
determined the relative value of vertical stiffness in
humans in motion (running) were Cavagna et al. [5].
For this purpose, they used the profile of changes in
the vertical component of acceleration of the centre of
mass as a function of changes in its displacement. The
slope of the curve determined during the foot contact
with the ground was estimated using the least square
method. Arampatzis et al. [2] attempted to use the
analogous method to determine leg stiffness during
the amortization phase of drop jump (DJ), obtaining
the linear profile of changes in ground reaction forces
to displace of COM. Furthermore, Granata et al. [11]
verified linearity of the F(∆l) curve for hopping by
correlating the vertical ground reaction force with
COM displacement. If the value of correlation coeffi-
cient r exceeded 0.8, the profile was considered as
linear. Presently, the method based on linear regres-
sion was displaced by the faster and simpler method,
which requires only the use of force plate. The value
of leg stiffness (K) is mostly calculated based on the
equation in the form

,max

l
FK
Δ

= (5)

or

max

max

l
FK
Δ

= , (6)

where Fmax denotes maximal ground reaction force, ∆l
is lower limbw strain understood as COM displace-
ment, and ∆lmax means maximum displacement of the
COM during contact with the ground. For such cyclic
movement as running or hopping, the above proce-
dures require several assumptions that many authors
seem to neglect, whereas measurement reliability
would require their verification. Firstly, maximal
value of ground reaction force must occur exactly at
the same time as extreme position of the COM. Then,
the increment in ground reaction force with respect to
COM displacement is linear or close to linear over the
whole duration of the phase of contact with the
ground. Therefore, the moment of reaching the Fmax

value should additionally divide contact time into two
halves (harmonic motion). Theoretically, this ensures
the same values of stiffness during the amortization
(deceleration) and take-off phases and justifies the use
of a single value (neglecting computations for the
take-off phase) as the leg stiffness during a specific
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motion. It seems that these assumptions for hopping
(with frequency higher than 2 Hz) should be reflected
in reality (at least in the most of the cases) which is
consistent with the charts obtained by Ferris and Far-
ley [10], Farley et al. [9], Granata et al. [11] and
Rabita at al. [21]. As shown by the curves F with re-
spect to ∆l axis presented by Farley and González [8],
these conditions will not always be met, particularly
for the run at a highvelocity or with small stride fre-
quency. For the hopping frequency lower than 2 Hz,
lower limbs also stop acting as linear springs, which
disfigures F(∆l) profile [3], [7], [12]. Kuitunen et al.
[16] demonstrated the simultaneous lack of maximum
ground reaction force with extreme displacement of
COM during hopping and single DJ. However, these
authors neglected this fact during calculations. The
linear profile of F(∆l) during running is disturbed by
strong heel strike [14]. Therefore, it is necessary, as it
is the case in this study, to determine leg stiffness for
both phases of movement separately. Assumption that
the value of leg stiffness in the amortization (decel-
eration) phase is the same as in the take-off phase
without verification of this thesis is too big simplifi-
cation. One solution was suggested by Hunter [14],
who proposed separation of the heel strike from the
support phase of running as a part with much greater
stiffness compared to other parts of gait cycle. The
above requirements cause that the use of equations (5)
and (6) is little rational (still possible) for the CMJ,
and similarly problematic for DJ as in the case of run-
ning. By analogy, the calculation methodology pre-
sented in our study can be successfully used for calcu-
lation of stiffness during other movements, including
commonly examined motions such as walking, running
or jumping.

The rough values of leg stiffness during loco-
motion movements which can be found in the lit-
erature vary substantially. Ranges of leg stiffness
are 2–8 kN/m [24], [25], 5–95 kN/m [2], [16] and
8–75 kN/m [6], [7], [9]–[11], [13], [19], [21], [23]
during CMJ, DJ and hopping, respectively. Substan-
tial variability in leg stiffness might result from the
use of various research methodologies (for measure-
ments and calculations) which are not always used
adequately from the formal standpoint. This prevents
from comparison of the results obtained by other
authors and causes a methodological and conceptual
ambiguity concerning what stiffness actually means
and how it should be examined. Therefore, it is im-
portant for these studies to describe the methodologies
used in detail so that it can be unequivocally verified
whether the value studied is actual stiffness. Undoubt-
edly, substantially higher values of leg stiffness com-

pared to the results obtained in our study might result
from calculations which were inconsistent with the
profile of the F(∆l) curve. This is caused by the use of
∆F and ∆l (often extreme) for which changes (maxi-
mal in the case of extreme values) do not correspond
to each other. This usually causes overestimation of
leg stiffness value. It is essential during evaluation of
limb stiffness to create the chart for the relationship
F(∆l) (as in Fig. 2). Slope coefficient for the part of
curve analysed equals numerical value of stiffness
in this part. Figures 3 and 4 illustrate how application
of equations (5) and (6) for single CMJ affects leg
stiffness and disturbs the shape of instantaneous pro-
file of the F(∆l) curve. Therefore, leg stiffness exam-
ined in this study differs from this value determined
based on equations (5) and (6).

Fig. 3. Slope coefficient for the F(∆l) curve for parts
of the countermovement phase (ca. 6170 N/m),

take-off (ca. 5520 N/m) and calculated based on equation (5)
(ca. 13200 N/m)

Fig. 4. Slope coefficient for the F(∆l) curve for parts
of the countermovement phase (ca. 6170 N/m),

take-off (ca. 5520 N/m) and calculated based on equation (6)
(ca. 3440 N/m)

As expected, leg stiffness for single CMJ was
relatively constant [24]. No statistically significant
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differences were found in the value of stiffness in the
countermovement and take-off phases. This leads to
the conclusion that the values of the variables studied
are much similar to each other despite different tasks
performed in individual phases. This is likely to be
attributable to the velocity and duration of the move-
ment. During running or hopping, leg stiffness main-
tains a relatively constant level if the frequency of the
movement is not changed [3], [5], [8], [10]–[12], [16].
Figure 5 shows that the profile of ground reaction
forces with respect to movement velocity in the parts
of the countermovement and take-off phases is rela-
tively linear, similar to F(∆l) and is additionally
characterized by extremely substantial slope. There-
fore, leg stiffness during a single vertical jump
maintains a relatively constant value over the parts
with low value of acceleration (relatively constant
motion velocity).

Fig. 5. Ground reaction force for the left lower limb
in one of the study participants with respect to vertical component

of velocity of the greater trochanter of the femur
with marked parts for the countermovement

and take-off phases, by analogy to Fig. 2

An uneven growth of the core muscles in bas-
ketball players is caused by performing the activi-
ties connected with the specific nature of the sport
and the habitual use of the dominant body parts.
Lack of equal distribution of training load leads to
substantial functional asymmetry and the asymme-
try in muscle force distribution, mainly in the area
of lower limb. This phenomenon is unfavourable
and is conducive to injuries [22]. Therefore, the
lack of statistically significant differences between
the right and left lower limb stiffness should be
regarded as a positive phenomenon. Pruyn et al.
[20] and Hobara et al. [12] determined the level of
differences in leg stiffness during unilateral hop-
ping. The undesired state was the value of differ-
ence which exceeds 7% and 10%.

5. Conclusions

1. Leg stiffness examined by the authors should be
termed leg “quasi-stiffness”, similarly to other
studies that have examined human continuous
motion due to the contribution of inertia and
damping to the final result. The calculation meth-
odology presented in this study allows for estima-
tion of the value of leg stiffness based on the ac-
tual profile of the F(∆l) curve rather than on the
extreme values of ∆F and ∆l.

2. Leg stiffness during a single, maximum CMJ is
lower compared to the values that can be found in
the literature (mainly during cyclic motion such as
running, walking and hopping). Substantially
higher values of leg stiffness compared to the re-
sults obtained in this study might result from cal-
culations which were inconsistent with the profile
of the F(∆l) curve.

3. No statistically significant differences were found
between leg stiffness in the countermovement and
take-off phases in the group studied. Despite dif-
ferent tasks of the phases studied, level of stiffness
during these phases is much similar. Therefore, the
value of leg stiffness during a single, maximum
CMJ turned out to be relatively constant.

4. Leg stiffness during a single vertical jump main-
tains a relatively constant value over the parts with
low value of acceleration (relatively constant mo-
tion velocity).

5. No statistically significant differences were found
during comparison of stiffness in the right and left
lower limb. Therefore, stiffness values for the right
and left lower limb during CMJ are much similar
to each other.

References

[1] ANDERSON F.C., PANDY M.G., Storage and utilization of
elastic strain energy during jumping, J. Biomech, 1993, Vol.
26(12), 1413–1427.

[2] ARAMPATZIS A., SCHADE F., WALSH M., BRÜGGEMANN G.-P.,
Influence of leg stiffness and its effect on myodynamic jumping
performance, J. Electromyogr. Kines., 2001, Vol. 11(5), 355–364.

[3] BLUM Y., LIPFERT S.W., SEYFARTH A., Effective leg stiffness
in running, J. Biomech., 2009, Vol. 42(14), 2400–2405.

[4] BRUGHELLI M., CRONIN J., A review of research on the me-
chanical stiffness in running and jumping: methodology and
implications, Scand. J. Med. Sci. Spor., 2008, Vol. 18(4),
417–426.

[5] CAVAGNA G.A., FRANZETTI P., HEGLUND N.C., WILLEMS P.,
The determinants of the step frequency in running, trotting
and hopping in man and other vertebrates, J. Physiol., 1988,
Vol. 399(1), 81–92.



Application of force-length curve for determination of leg stiffness during a vertical jump 171

[6] DALLEAU G., BELLI A., VIALE F., LACOUR J.-R., BOURDIN M.,
A simple method for field measurements of leg stiffness in
hopping, Int. J. Sports Med., 2004, Vol. 3(25), 170–176.

[7] FARLEY C.T., BLICKHAN R., SAITO J., TAYLOR C.R., Hopping
frequency in humans: a test of how springs set frequency in
bouncing gaits, J. Appl. Physiol., 1991, Vol. 71(6), 2127–
2132.

[8] FARLEY C.T., GONZÁLEZ O., Leg stiffness and stride fre-
quency in human running, J. Biomech., 1996, Vol. 29(2),
181–186.

[9] FARLEY C.T., HOUDIJK H.H.P., VAN STRIEN C., LOUIE M.,
Mechanism of leg stiffness adjustment for hopping on surfaces
of different stiffnesses, J. Appl. Physiol., 1998, Vol. 85(3),
1044–1055.

[10] FERRIS D.P., FARLEY C.T., Interaction of leg stiffness and
surface stiffness during human hopping, J. Appl. Physiol.,
1997, Vol. 82(1), 15–22.

[11] GRANATA K.P., PADUA D.A., WILSON S.E., Gender differ-
ences in active musculoskeletal stiffness. Part II. Quantifica-
tion of leg stiffness during functional hopping tasks, J. Elec-
tromyogr. Kines., 2002, Vol. 12(1), 127-135.

[12] HOBARA H., INOUE K., KANOSUE K., Effect of hopping fre-
quency on bilateral differences in leg stiffness, J. Appl.
Biomech., 2013, Vol. 29(1), 55–60.

[13] HOBARA H., INOUE K., KOBAYASHI Y., OGATA T., A com-
parison of computation methods for leg stiffness during hop-
ping, J. Appl. Biomech., 2014, Vol. 30(1), 154–159.

[14] HUNTER I., A new approach to modeling vertical stiffness
in heel-toe distance runners, J. Sport Sci. Med., 2003,
Vol. 2(4), 139–143.

[15] KOMI P.V., GOLLHOFER A., Stretch reflexes can have an
important role in force enhancement during SSC exercise,
J. Appl. Biomech., 1997, Vol. 13(4), 451–459.

[16] KUITUNEN S., KYRÖLÄINEN H., AVELA J., KOMI P.V., Leg
stiffness modulation during exhaustive stretch-shortening cycle
exercise, Scand. J. Med. Sci. Spor., 2007, Vol. 17(1), 67–75.

[17] LATASH M.L., ZATSIORSKY V.M., Joint stiffness: myth or
reality? Hum. Movement Sci., 1993, Vol. 12(6), 653–692.

[18] MORAN K.A., WALLACE E.S., Eccentric loading and range of
knee joint motion effects on performance enhancement in

vertical jumping, Hum. Movement Sci., 2007, Vol. 26(6),
824–840.

[19] MRDAKOVIC V., ILIC D., VULOVIC R., MATIC M., JANKOVIC N.,
FILIPOVIC N., Leg stiffness adjustment during hopping at dif-
ferent intensities and frequencies, Acta Bioeng. Biomech.,
2014, Vol. 16(3), 69–76.

[20] PRUYN E.C., WATSFORD M.L., MURPHY A.J., PINE M.J.,
SPURRS R.W., CAMERON M.L., JOHNSTON R.J., Relationship
between leg stiffness and lower body injuries in professional
Australian football, J. Sport Sci., 2012, Vol. 30(1), 71–78.

[21] RABITA G., COUTURIER A., LAMBERTZ D., Influence of
training background on the relationships between plantar-
flexor intrinsic stiffness and overall musculoskeletal stiffness
during hopping, Eur. J. Appl. Physiol., 2008, Vol. 103(2),
163–171.

[22] SCHILTZ M., LEHANCE C., MAQUET D., BURY T., CRIELAARD
J.-M., CROISIER J.-L., Explosive strength imbalances in pro-
fessional basketball players, J. Athl. Training, 2009, Vol.
44(1), 39–47.

[23] SERPELL B.G., BALL N.B., SCARVELL J.M., SMITH P.N.,
A review of models of vertical, leg, and knee stiffness in
adults for running, jumping or hopping tasks, J. Sport Sci.,
2012, Vol. 30(13), 1347–1363.

[24] STRUZIK A., ZAWADZKI J., Leg stiffness during phases of
countermovement and take-off in vertical jump, Acta Bioeng.
Biomech., 2013, Vol. 15(2), 113–118.

[25] WANG L.-I. The kinetics and stiffness characteristics of the
lower extremity in older adults during vertical jumping, J.
Sport Sci. Med., 2008, Vol. 7(3), 379–386.

[26] ZATSIORSKY V.M., On muscle and joint viscosity, Motor
Control, 1997, Vol. 1(4), 299–309.

[27] ZAWADZKI J., Cyclic movements as a form of mechanical
resonance in the human musculoskeletal system, [in:] T. Bo-
ber, A. Siemieński (eds.) Contemporary biomechanics: se-
lected topics, International Congress of the Polish Society of
Biomechanics “Biomechanics ’08” Wrocław, Wydawnictwo
AWF, Wrocław, 2008, 66–79.

[28] ZAWADZKI J., SIEMIEŃSKI A., Maximal frequency, amplitude,
kinetic energy and elbow joint stiffness in cyclic movements,
Acta Bioeng. Biomech., 2010, Vol. 12(2), 55–64.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


