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Abstract

Aim: Resistance training is the most famous method for the
prevention, rehabilitation of myotendinous injuries and especially
for the development of muscle’s ability in competitive and recre-
ational sports. The purpose of the present study was to exam-

ine the average exerted force the mean power con-

sumption (Pmean) and the work production on Quadriceps
Femoris Muscle of elite athletes, in accordance with joint’s knee
movement velocity, during eccentric contractions, before and af-
ter the application of a specific resistance training program. 

Methods: 14 elite athletes participated in this study. Sev-
en of them (training group) performed isometric and eccen-
tric contractions on isokinetic dynamometer before and after
the application of specific resistance training program. The
other seven athletes (control group) followed the training
program of their team and they have participated only to
the procedure of measurements.

Results: The results showed, that after the application of
the specific training program, the subjects improved signifi-

cantly (p � .05) Pmean (p � .05) at high angular ve-

locities of joint’s knee movement and maximal isometric ex-

erted force ( p � .05).

Conlusion: This study suggests that the application of the
specific training program creates adaptations to the subject
muscles’ which concerns the power consumption ability and
the maximal effort activation.

Key Words: Force-velocity relationship, eccentric action, aver-

age force, power consumption, work production, resistance training.
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INTRODUCTION

Muscle strengthening is not only a significant tool in the prevention and re-
habilitation of myotendinous injuries but also in the improvement of the per-
formance of athletes (29). The successful performance in most sports de-
pends upon attainment of some threshold level for strength, power and
velocity (21). Strength is the ability of neuromuscular system to generate
force. The force-velocity relationship together with three types of muscle ac-
tion: concentric, isometric, eccentric, is described by Hill (18, in vitro). While
in vitro, the level of force produced during eccentric action, increases with the
increase of the velocity of movement (1 to 1,85 times higher than isometric,
29, 2), In vivo (during voluntary eccentric actions of human muscle) the exerted
force is not altered (it maintains a level consistent with that of the isometric)
while the speed of the joints increases (6, 8, 10, 31, 32). These results differ
when an electrical stimulation is applied to subjects’ muscles (9, 33). Research
has shown that resistance training is the most widely applied and commonly ac-
cepted method of muscle strengthening. There are two major resistance training
methods. The first one concerns the use of low resistance – high velocity con-
tractions and the second the use of high resistance – low velocity contractions
without  any of them to exceeding muscle strengthening (1). While eccentric ac-
tion is related to a high level of exerted force and myotendinous injuries (12) it is
important that athletes in training be prepared for the strenuous load which their
muscle system carries while involved in athletic activity (3). Considering power,
her expression and development is important from a sports performance per-
spective. By definition, more power is consuming when the same amount of
work is produced in a shorter period of time or when a greater amount of work
is produced during the same period of time. In many sport activities such as
throwing, jumping, striking and change of directions the time over which ath-
letes can apply force and accelerate their body or other masses is minimal (19).
The purpose of this research is to study the average exerted force

the power consumption (Pmean) and the work production (W) on Quadri-

ceps Femoris Muscle of elite athletes, during eccentric actions, before and af-
ter the application of a specific resistance training program.

MATERIALS AND METHODS

Participants: Fourteen elite athletes (14) who participated in A1 division in
the Greek volleyball, handball and basketball championship (6 volleyball play-
ers, 4 basketball players and 4 handball players) took part in the research.
Seven (7) of whom undertook a specific resistance training program (training
group, 3 volleyball players, 2 basketball players and 2 handball players) while
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the other seven athletes (control group, 3 volleyball players, 2 basketball
players and 2 handball players) followed the training program of their teams.
Table 1 shows the anthropometric characteristics.

Table 1. Anthropometric characteristics of subjects, age (yr), height
(cm) and weight (kg). Values, means and SD for training and
control group.

Training Group Control Group

Subjects Age Weight Height Subjects Age Weight Height
N = 7 (yr) (kg) (cm) N = 7 (yr) (kg) (cm)

TRE 1 31.00 85.00 189.00 CON 1 23.00 94.50 197.00
TRE 2 28.00 91.00 196.00 CON 2 28.00 94.00 200.00
TRE 3 21.00 91.50 186.00 CON 3 28.00 84.50 180.50
TRE 4 25.00 84.00 190.00 CON 4 22.00 99.00 206.00
TRE 5 24.00 104.00 207.00 CON 5 22.00 94.00 194.00
TRE 6 23.00 92.00 177.50 CON 6 24.00 80.00 172.00
TRE 7 24.00 105.00 197.00 CON 7 26.00 85.50 190.00

Mean 25.14 93.21 191.79 Mean 24.71 90.21 191.36
SD 3.34 8.34 9.35 SD 2.63 6.87 11.71

Apparatus: The isokinetic dynamometer Kin-Com 2 (Chattanooga Group,
Inc., Chattanooga, TN) was used to measure the exerted force of the Quadri-
ceps Femoris Muscle.

Measurements: Average value of force is the mean of values

of force that was measured on the tibia, at a distance of 0,34m from the cen-
tre of joint’s rotation, per 0.01 s from the beginning of measurement and up
to the point where the maximal force was appeared. calculation con-

cerns the numerical medium value by the beginning of movement until the

peak value of force at the time curve with sampling rate 100 val-

ues/ s:

were: k = number of moment Force measurements by the beginning of move-
ment until the peak value of force at each angular velocity and
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was measured during eccentric actions of the left Quadriceps Femo-

ris Muscle in fifteen (15) different (10°/ s, 20°/ s, 30°/ s, 40°/ s, 50°/ s, 60°/ s,
70°/s, 90°/s, 110°/s, 130°/s, 150°/s, 200°/s, 250°/s, 300°/s) angular velocities

( °/s), of the knee joint. Also the maximal exerted force of the same muscle

was measured during isometric action in the angle of the join at

900 (at 0° we have full knee extension). The exerted force is defined, in the
present study, as this force, with the same amount of torque, applied to the
tendon of quadriceps femoris muscle and it is measured by Kin-Com, on the
tibia, at a distance of 0,34 m from the centre of joint’s rotation.  

Mean power consumption (Pmean, Watt) was also calculated. Power con-

sumption was calculated by the mathematic relation (gradient

product) where and was the moment measurements every 0.01 s

while the Pmean was calculated as the numerical medium value of the mo-
ment values of power:

were: n = number of moment measurements at each angular velocity.

The calculation of linear velocity (m/ s) was estimated by the mathematic
relation:

were: is the moment angular velocity converted from deg/ s (°/s) in rad/ s 

is the length of lever arm (m). 

Finally the mechanical work production (W, Joule) was calculated. Work
production was defined as the integral, according Riemann, of moment values
of power in the time that the measurement lasted. Work was calculated with
numerical integration according Riemann of values of power sampling in all
the length of force-time curve so that are taken into consideration any possi-
ble alterations of velocity at the beginning and the end of effort (acceleration
and deceleration phases):  

 

W P dt
t

t a

      •

   

   

=
=

=

∫
0

  R
��  
ω
��

           (   )•V R inner product
�� �� ��

= ω

   
P

F V

n
n Amean

i i

i

n

        

             •

   �

� ��

=
∑

∈1

       V
��

       F
�   P F V              •=

� ��

  ( ,  )   F Niso

�  ω
��

,

     F mar

�

32 JBE  –  VOL. 4,  2008



a = duration of movement 
P = consumed power

Measurement Procedure: The measurement procedure was carried out at
the National Centre for Athletic Research of Athens, one day prior the begin-
ning and one day after the completion of the resistance program. Each par-
ticipant was requested to sign a consent form. After a specific warm up pro-
tocol the participant sat on the dynamometer chair (the angle formed 110°,
angle to the back of the chair) placing his left knee beside the power meter
lever. Special straps were used in order for the spine to be stabilized at the
chair back, the left thigh to be stabilized on the chair seat and the left tibia to
the meter lever arm. A padded inelastic cuff was placed between the meter
lever arm and the tibia and the necessary modifications were made so that
the meter’s rotation axis was aligned with knee joint rotation axle, at the
maximum possible grade, relevant to the anatomy of the knee joint. Prior to
the beginning of the testing, the weight of the exercised limb was measured
with the dynamometer so that the force measurement would be corrected by
the inertial force (gravity effect). The position of each participant and the
lever arm length were recorded in order to remain the same throughout the
testing. The researcher verbally encouraged the participants in order to in-
crease their motivation during the testing. The participants were able to follow
their effort on the screen in real time so that they had visual feedback of
their performance (28). The lever arm’s length remained the same for all par-
ticipants at 0.34 m. The first recorded measurement concerned the isometric
action. Every participant performed the isometric contraction while the lever
arm was at the angle of 90o (at 0° we have full knee extension). Before the
measurement commence each participant performed 3 trial sub-maximal ef-
forts. After A 90 s rest period, 3 maximal voluntary isometric contractions
were performed with a 5s duration and a 90s rest period. Maximal isometric
force was determined from the plateau of the force-time curve. The eccentric
contractions were performed at different movement velocities of the knee joint
starting from the faster (300°/s) and concluding with the slower (10°/s). The
participant performed from 2 to 5 sub-maximum efforts under every angular
velocity. After a 90 s rest period he performed 3 maximum efforts. The knee
joint movement was taking place between the angle of 17° and 90°, meaning
that the movement range was 73°. In order for the dynamometer lever arm to
start moving, at the angular velocity that it was adjusted to, the athlete, with
his knee joint angle at 17°, had to overcome the prearranged force (preload)
that was 30% of the average maximum voluntary isometric force while having
the knee joint at 90°.

Training Procedure: The training program, which the participants followed ,
lasted 55 days and included weight lifting (during isotonic contractions) at
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the kinetic schema (Figure 1) of the measurement procedure at repeated
working periods of 10s (set) with equal rest periods and increasing load for
each following set (26). The number of sets was 4 (4 sets comprised 1 train-
ing cycle). The participant was obliged to carry out 10-12 repetitions at each
set during which time no pause was allowed at the edge of the movement (at
90° and 0° of knee joint). These limitations, during the execution of the repe-
titions of each set, ensured that the training program would take place under
greater knee joint angular velocities (180°/s -216°/s). Each session comprised
four training cycles and the rest period between the cycles was three min-

utes. The load of the first set was equal to 30% of the while the in-

crease in the weight, at each level, was equivalent to 25% of the previous
load (Table 2). The participants carried out one session per day. 

Figure 1: The kinetic schema of resistance training program using weight ma-
chine.

Table 2. Resistance training protocol.

Set A B C D

Load (kg) 30% (MMI 90°) LA + 25% LA LB + 25% LB LC + 25% LC

Exercise period (sec) 10 10 10 10

Rest period (sec) 0 Time 10 10 10 180

Repetitions 10 - 12 10 - 12 10 - 12 10 - 12

     F iso

�

34 JBE  –  VOL. 4,  2008



MMI 90°: maximal exerted isometric force (as measured in Kin-Com) of quatrecips at
angle of knee joint of 90°(kg)

LA: Load of A set equal to 30% of MMI 90°
LB: Load of B set
LC: Load of C set

Statistical analysis: Two-way ANOVA (training X velocity) with repeated
measurements were conducted in order to evaluate the effects of the training 

program on each of dependent variables the the work production (W)

and the power consumption (Pmean) at the the different angular velocities of
the movement. Follow-up analysis to the ANOVA, multiple comparisons with
the Bonferroni procedure was used in order to determine which knee joint an-
gular velocities revealed significant statistical differences between measure-
ments before and after the apply of the training program. The follow-up mul-
tiple comparisons were taken for the variants for which the ANOVA showed
that the training had an effect on the measurements. Simple linear regression
analysis was used in order to calculate the regression line of the variants be-
fore and after the application of the training program. A paired t-test analysis

was used in order to define the effect of the training program on the A

t-test analysis was used in order to define whether the measurements of the

at 300°/s knee’s joint movement velocity differ from those of the 

during isometric (knee’s joint angle 90°) contraction of the same muscle be-
fore the training application. A t-test analysis was used in order to define

whether the measurements of the at 300°/s knee’s joint movement

velocity differ from those of the during isometric (knee’s joint angle 90°)

contraction of the same muscle after the training application.

RESULTS

The effects of the training program on Fmar: A significant development

(F = 16.87, p � .01) on was noted after the application of training pro-

gram (Figure 2, Table 3). The multiple comparisons with the Bonferroni pro-

cedure (p � .05) showed that the athletes improved the after the ap-

plication of the training program at higher angular velocities of the knee joint,

150°/s, 200°/s, 250°/s (this improvement of fluctuated between 22.82%

to 24.41% at these velocities). There wasn’t any significant improvement on

after the application of the training program to the control group.     F mar
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Figure 2: Relationship of Average Exerted Force ( N) and angular ve-

locity ( °/s) of knee joint during eccentric actions of quadriceps

femoris muscle before and after the application of training program for

training and control group. *Significant alterations in (p � .05) 

after the application of training program. Regression lines for training
group before and after the application of training program.

The effects of the training program on Pmean: A significant development
(F = 13.62, p � .01) on Pmean was noted after the application of training pro-
gram (Figure 3, Table 4). The multiple comparisons with the Bonferroni pro-
cedure (p � .05) showed that the athletes improved the Pmean after the appli-
cation of the training program at higher angular velocities of the knee joint,
150°/s, 200°/s, 250°/s and 300°/s (this improvement of Pmean fluctuated be-
tween 20.53% to 25.50% at these velocities). There wasn’t any significant im-
provement on Pmean after the application of the training program to the control
group.
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Figure 3: Relationship of Power Consumption (Pmean, Watt) and Angular Ve-

locity ( °/s) of knee joint during eccentric actions of quadriceps

femoris muscle before and after the application of training program
for training and control group. *Significand alterations in Pmean
(p,.05) after the application of training program.

The effects of the training program on W: No significant change in Work
production was noted for either group after the application of the training
program (Table 5).

The effects of the training program on The paired t-test (p � .05)

showed (Table 6) that the was significantly increased after the applica-

tion of the training program. Contrary to that, there was not such a difference
within the control group. 

Comparison between (300°/s) and before and after the train-
ing program: The paired t-test analysis, showed (Table 7) that in the training

group the at a knee’s joint angular velocity of 300°/s was significantly

higher from after the application of the training program. There wasn’t any

significant difference between at a knee’s joint angular velocity of 300°/s

and before or after the application of the training program to the con-

trol group

The effects of the velocity on , W, Pmean: There was a significant af-

fect of the knee’s joint angular velocity to the Pmean (F = 65.4). On the con-
trary, the angular velocity of the knee’s joint didn’t have any significant affect
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Gradients in regression lines of , W, Pmean: The analysis of simple lin-

ear regression for showed that there was a positive change 19,330 in 

the gradient of the regression line (Table 8). The gradient of the regression
line did not change significantly for the control group.

DISCUSSION

The hypothesis of the present study was that the athletes, who participat-
ed in the specific training program, on the eccentric region of their force-ve-
locity curve, would demonstrate an increase of average exerted force, of pow-
er consumption and of work production especially at high knee joint angular
velocities. The results showed that there was a positive change (19,33°) in

the gradient of the regression line of (Figure 2, Table 8) with axon (x)

of angular velocity after the application of the weight lifting training program.

Also there was an increase in at high angular velocities from 150°/s to

250°/s (Figure 2, Table 3). At the same time there was an increase in 

with the increase in angular velocity in an area of force velocity curve which
fluctuated from the velocity of 0°/ s (isometric action) to the velocity of 900/s
beyond that the became independent of velocity. These findings, that

the velocity of 90°/s is a «crucial» value of velocity beyond that there is no
increase in force development, are according to the results of the research
wherein electrical stimulation of the muscle was applied (9).

The improvement of after the training program, in the high angular

velocities could be due to the fact that the participants trained at these high ve-
locities (180°/s to 216°/s). The alteration in exerted force after isokinetic resis-
tance training in the velocity of the training (4, 5, 11, 20, 25), in slower veloci-
ties (22, 23) or in faster ones (7), has been reported in a number of studies
(mainly for the concentric action). Kanehisa & Mihashita (20) support that isoki-
netic resistance training at angular velocities between 180°/s to 240°/s has a
significant effect on exerted force at a wider range of velocities (slower and
faster than training velocity). Similar results were revealed in the present study,

as there is an improvement in (Figure 2) in the whole range of veloci-

ties (not always this improvement to representing statistical significance). Even-

tually the results about showed that, in the training group, the at
a knee’s joint angular velocity of 300o/s was significantly higher (p � .05) from

after the application of the training program (Table 7). These results

are in direct opposition to the results of former studies (6, 8, 10, 31, 32) that
showed that exerted force during eccentric actions, maintains a level consistent
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with that force during isometric actions, while the speed of the joints increases. At

last an improvement in was revealed in the present study, after the ap-

plication of the training program (Table 6). That is in opposition to former
studies which did not reveal any effect after the application of isocinetic re-

sistance training with high velocity on the or revealed a small im-

provement in after a high velocity training (vertical jumps) with light

weights (20). Of course the training program that is presented in the present
study cannot be compared for the type of movement during isokinetic training
nor with the training program with weights as in paper of Hakkinen (15).

The most important result of this research is the great improvement in

(oscillated from 20,04% to 23,46% at different velocities) and in 

(increased 4,8%) after the application of the training resistance program. In
accordance with the American College of Sport Medicine (1) there is a signi
ficant diversity in the effect of the training programs analogous to the initial
physical status of each participant. Therefore the untrained participants show
an increase around 40% in exerted force, after the application of a resis-
tance training program, while high level (elite) competitive athletes around
2% (the training period ranged from 4 weeks to 2 years depending the train-

ing protocol). The increases in and in the elite group of athletes

in the present study is significant not only statistically but also in the absolute
improvement of the level of exerted force of the athletes.

The ascertainments of the present study, as far as the comparison of the

levels of values of during eccentric action in relation to that of with-

out the application of electrical stimulation, are in direct opposition to the results
of former studies (10, 16, 8, 32, 7). The stabilizing of exerted force during the ec-

centric action, at level (diversification between in vitro και In vivo mea-

surements) has been given by a number of researchers in the mechanisms of
the nervous system which restrict the development of the greatest tension of
the muscle (in In vivo research) in an effort to protect the muscles from the
danger of injury and which it is supposed exists during isometric and slow con-
centric actions (5, 27, 34). The existence of such protective mechanisms during
the eccentric action is not supported by the results of the present study.

The training program didn’t influence to the mechanical work production of
athletes, possibly due to the short period of application of the training pro-
gram which was 55 days. Contrary there was a significant alteration in Pmean

after the application of the training program at the higher angular velocities.
This improvement of Pmean after the application of the training program, in
the high angular velocities, could be due to the fact that the participants
trained at these high velocities (180°/s to 216°/s). Alteration in maximal mus-
cular power after the application of resistance program utilizing light to mod-
erate loads at high velocities has been reported by previous studies (16, 17).
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Thus, the specific training protocol, which was used in the present study, didn’t
improve the mechanical work production but improved the rate of this produc-
tion. The ability for work production in high rates is one of the essential ele-
ments of elite athletic performance more than the high work production itself.

Table 6. Mean values of and before and after the application of 

training program for training and control group. *Significant al-

teration of (p � .05).

Training group

BEFORE (n = 7) AFTER (n = 7)

± SD (N) 734,04 ± 144,95 769,18 ± 140,49*

* Alteration in Fiso (p � .05)

Control group

BEFORE (n = 7) AFTER (n = 7)

± SD (N) 684,84 ± 122,26 689,30 ± 155,16

Further comparison of the results of the present research with those which
use training protocols with resistance is not possible since they refer almost
exclusively to the concentric actions while the evaluation of exerted force,
power consumption and work production does not occur across the range of
the force –velocity and power– velocity curve as in the present study. Also it
is difficult to make comparisons in the available bibliography about which re-
sistance training method (high or low velocity) is more effective to strength
development. This happens because the researchers are using different ex-
perimental procedures or different training protocols for which it is difficult to
equate the volume of training, the absolute work and its intensity (24). Also
significant is the role played by the initial level of training of the participants
and these factors contribute to the lack of an acceptable common method of
muscle strengthening (1). Further some researchers (13, 30) support that for
the development of exerted force, in high velocity movements, the training
should be carried out with high intensity (conscious, fast muscle contractions)
independent of the velocity of movement. The adaptations shown by the mus-
cle system of the athletes in the training group in the present study showed
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results comparable to those of Westing et al (33) and which concerned mea-
surements carried out using a superimposed electrical stimulation and voluntary
efforts. It is possible that this equivalence can be associated with the mechanism
of activation of the maximal effort which, in the research of Westing et al. (33) is
accomplished with the presence of a high potential due to the superimposing of
artificial electrical stimulation in the voluntary contraction, while in the present
study it is due to the adaptation of the muscle during the training program with
significant changes in power and with small intervals for energy recovery (total
time in area of 1 min). It is important to be pointed out that the mechanism of
power consumption is influenced at the present study and at the study of West-
ing et al. (33) in positive manner while there is an improvement in the level of
values of exerted force after the application of the training program at a wide
range of angular velocities. Moreover the level of values of exerted force is
higher than the level of isometric force (Table 7, Figure 2). Therefore it is im-
portant that training programs follow a design based on significant alterations in
power consumption so that the adaptations to the muscle system of the athletes
is productive in its use during competitive situations. 

Table 7. Mean values of and at 300°/s angular velocity be-

fore and after the application of training program for training

and control group. *Significant differences between and

(p � .05).

Training group

BEFORE (n = 7) AFTER (n = 7)

± SD (N) 738,48 ± 156.57 861,17 ± 119,36*

± SD (N) 730,71 ± 145,81 765,00 ± 136,11

* Signigicant differences (p � .05)

Control group

BEFORE (n = 7) AFTER (n = 7)

± SD (N) 664,63 ± 140,91 678,78 ± 183,04

± SD (N) 684,84 ± 122,26 689,30 ± 155,16     F iso
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Finally the variables in which the muscle presents adaptations, after the
application of the training program, in the present study are: the exerted
force, the angular velocity of knee’s joint movement and the power consump-
tion (Force X Velocity). The evaluation of such training protocol should be
carried out in the future, using assessment’s devices, for exerted force and
power consumption, in the field, under training loading conditions. The data
analysis of the present study was focussed mainly in the precise evaluation of
alterations that concerned the measurements of power consumption. An addi-
tional purpose was the precise calculation of total mechanical work production
at each measurement, so that this work would be possible to be correlated,
by future studies, with the work which the muscle consumes internally. 

Table 8. The angles (φ°) and angles alterations of regression lines of 

and F – t, with axis (χ) of angular velocity before and 

after the application of training program for training group.

Training group

Fmar Pmean W

Angle AFTER (°) –3.38 –73.11 –2.35
Angle BEFORE (°) –22.70 –69.52 8.16
Alternation (°) 19.33 –3.59 –5.81
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