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Determination of loading in the lower limb joints
during step-forward lunge in fencing
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Purpose: Sabre is one of the three disciplines in fencing, characterised by the use of a lightweight cutting weapon to score hits on an
opponent while maneuvering for position with dynamic footwork. The aim of this study is concerned with the estimation of the load
applied to the lower extremities during a step-forward lunge. Methods: The study group comprised sixteen subjects from ASA club.
Examinations of kinetic parameters of analyzed movement were carried out using Vicon system, Kistler plates and the equipment de-
signed to measure joint torques in isometric conditions. Results: Maximal value of the vertical component of the ground-reaction-force
generated by the lead leg is significantly higher than the one recorded in the rear leg. The maximal value of hip flexion torque of lead leg
in dynamic conditions significantly exceeds the value for this joint recorded in isometric conditions. The maximal value of knee flexion
of rear leg in dynamic conditions significantly exceeds the value obtained in the isometric conditions. In general, the sequence of the
joint loading from the highest to the lowest is as follows: hip, knee, ankle. Conclusions: The comparative analysis of the torques gener-
ated by the muscles in isometric and dynamic conditions provides an adequate tool for the assessment of the characteristics of the muscle
effort. Therefore, it defines the structure of movement patterns in saber, from the kinetics’ point of view, in the process of improving
fencing footwork.
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1. Introduction

The transformations in fencing in recent years, due
to changes in the referees rules, have significantly
influenced the importance of fencing footwork [5].
Among many other modification, fencing underwent
changes that have resulted in the decrease of the length
of fencing piste to 14 meters. The, so-called, 2-meter
portion of the strip is abandoned, which resulted in
a penalty point after a fencer leaves the rear limit. The
limitation of the time intervals in the programming of
the referees electronics has also become an important
factor determining the footwork. As a result, in saber,
the timing has dropped from 250 to 125 ms in the con-
ditions of an actual dual. It means that a successful
attack needs to be executed in a short moment of

time, i.e., within a maximum interval of 125 ms ahead
of a successful riposte from the opponent. If a counter
hit is completed within this interval, a lamp is lit to
demonstrate that a point is scored [21].

Today’s fencing footwork, especially in saber,
which is a conventional weapon, is characterized by
extreme dynamics and requires high neuromuscular
coordination and capacity of both lower limbs as well
as the hand holding the fencing weapon. The basic
fencing steps according to leg work are: lunge, flèche
and step-forward lunge. The latter element is most
often used as part of the fencing tactic associated with
an increased distance between fighting sabers and is
characterized by exceptional effectiveness, due to the
effect of surprise. A step-forward lunge is formed by
a kind of combined forward step and lunge. In training,
three phases of acquiring movement techniques are
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applied: a step forward to the heel of the lead leg,
bringing rear foot to the same level as the lead one,
and performing lunge. We can emphasize that saber
and foil as conventional weapons (characterized with
a priority of attack over defense) require the adoption
of a slightly different technique of maneuvering when
it comes to coordination of footwork, than in the case
of épée [1]. In the initial phase of action, coordinated
movements of the lower limbs appear to take on a more
important role, while the arm is bent at the elbow at
this time. The arm is being fully extended in the final
stage of the outbreak lunge before touching the ground
with the heel of the front leg [7], [11]. The research
problem discussed in this work is associated with the
assessment of loads applied to joints throughout the
step-forward lunge as it forms the basic element of
footwork in terms of the kinetic parameters of the
fencing technique. An experiment was applied for
this purpose, which involved measurements of the
torques in the knee and ankle joints in isometric con-
ditions during extension and flexion movement based
on the patterns followed in fencing. The obtained data
was used for comparative analysis in dynamic con-
ditions recorded by a motion capture system. In ad-
dition, the movement pattern of the step-forward
lunge was assessed in the aspect of injury prevention to
the lower extremities of sabers (girls and boys), who
follow a specialized training course.

2. Material and methods

2.1. Participants

Sixteen competitors (10 male and 6 female) with
a mean age of 18.69 ± 2.82 years, body mass of 68.5
± 9.49 kg and a height of 178.69 ± 5.51 cm were

evaluated during the study. The participants of the
study were members of the Academic Sports Associa-
tion in Warsaw from the fencing section, with a spe-
cialty in saber, with training experience of no less
than 5 years and no more than 16 years. Thirteen
of them belonged to the national team. The other
three were trying to enter the national team. The sub-
jects provided a written consent to participate in the
experimental procedures approved by the Senate
Committee for Ethics in Scientific Research of the
Józef Piłsudski University of Physical Education in
Warsaw.

2.2. Measures and data analysis

The experiment was carried out in an indoor hall
adapted to conduct biomechanical fencing tests. Prior
to the experiment, anthropometric measurements were
taken for all the subjects. Next, the subjects performed
the measurement of maximum flexion and extension
torques in static condition in ankle, knee and hip of
both limbs. Each test was performed three times. The
highest values were taken for the analysis. After this
part, thirty-four spherical markers were placed at
anatomical landmarks according to the biomechanical
model which followed the PlugInGait standards avail-
able in the motion capture system (Vicon Motion
Systems Ltd, UK). Two force plates (Kistler Holding
AG, CH) embedded into the floor were used to meas-
ure ground reaction force (GRF) data at a sampling
rate of 1000 Hz. The motion capture system consist-
ing of nine infrared cameras was employed to collect
kinematics data at a sampling rate of 100 Hz. The
force plates were synchronized with the motion cap-
ture system. Before the trials were conducted, both
systems were calibrated according to the manufactur-
ers’ recommendations. Each subject performed three
trials of a step-forward lunge, so that after the second

Fig. 1. Phases of step forward-lunge
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phase – lunge, each foot was on a different platform
(Fig. 1). The analysis was performed based on the trials
without any random mistakes, with the individual
performing the task naturally and the trial evaluated
by the coach as good.

Two phases were identified in the step-forward
lunge (Fig. 1). Phase I – step-forward – from the first
contact with the ground of lead leg until the first
contact with the ground of rear limb. Phase II – lunge
– from the contact with the ground of rear limb to
maximal knee flexion of lead limb. Therefore, the
lunge is performed propelling forward by fully ex-
tending the rear leg from the “en garde” position
(feet shoulder width apart, legs in perpendicular
planes, with the lead leg facing forward), and landing
on the lead leg.

The following parameters were taken into ac-
count for the analysis: distance between heels of lead
and rear legs during step-forward lunge, duration of
each phase, maximal values of vertical ground re-
action force for both legs, and also maximal values
of torques for the lead and rear  legs during first and
second phase of step-forward lunge and in static
conditions.

Statistical analysis was conducted using the Statis-
tica software (StatSoft, USA). A significant p-value
was set at 0.05 for all analyses. The normality of the
distributions of all parameters was verified using the
Shapiro–Wilk test. Next, the non-parametric Wilcoxon
test was used to identify difference in the following
study aspects: distance, duration of each phase, ground
reaction forces and torques.

3. Results

3.1. Distance
and ground reaction force

In Figure 2A a distance change graph between heels
of lead and rear leg during a step-forward lunge is
shown. Statistically significant differences ( p = 0.0001)
were found between the maximum (1.26 ± 0.13 m) and
minimum (0.26 ± 0.06 m) values of the distance between
the heels and for the duration of phase I (0.34 ± 0.07 s)
and phase II (0.58 ± 0.12 s) of the step-forward lunge.

Such fast motor activity accompanying a step-
-forward lunge generates large peaks recorded in
terms of ground reaction forces (Fig. 2B), for which
mean maximal value of vertical component in phase I
was: 9.52 ± 1.57 N/kg for lead leg and in phase II:
17.90 ± 1.91 N/kg for lead leg and 13.36 ± 1.47 N/kg
for rear leg. All combinations of values were statisti-
cally significant ( p ≤ 0.05).

3.2. Torques

Analysis of joint torques may be conducted at three
levels: relationship between static and dynamic con-
ditions, comparison of the same joints between the
limbs under dynamic conditions and comparison of all
joints within one limb separately.

Fig. 2. Mean and standard deviation of: A. distance between heels during step-forward lunge,
B. vertical component of ground reaction force during step-forward lunge; LL – lead leg, RL – rear leg
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A. The relationship between static
and dynamic conditions

The maximal value of hip flexion torque of lead leg
in dynamic conditions in phase II significantly exceeds
(by 79%) the value that was recorded for this joint in
isometric conditions ( p = 0.0037) (Fig. 3A). On the
other hand, the values obtained for rear leg are signifi-
cantly higher for extension in isometric conditions
( p = 0.0016). In the knee joint, statistically significant
higher values in dynamic conditions were observed only
in the first phase for the rear limb ( p = 0.0013). For the
ankle joint, the values obtained under isometric condi-
tions for all phases of movement were significantly
higher ( p ≤ 0.05) compared to those in dynamic condi-
tion. Summarizing, in the hip and knee joints achieved
are values of torques that significantly exceed those
achieved in isometric conditions are achieved.

B. Comparison of same joints in the limbs
in dynamic conditions

In hip joint, the lead leg is significantly more
loaded ( p = 0.0004) at phase II, compared to phase I
in the rear leg. In knee joint, significantly more loaded
is rear leg in phase I, compared to other values for
leading leg. However, in ankle joint of leading leg in
phase I has significantly higher values, compared with
rear leg (Fig. 3).

C. Comparison of all joints in one limb separately

In phase I, in lead limb, the most loaded joint is
ankle (1.3 ± 0.2 Nm/kg) with values by 12% higher

than those achieved for hip joint (1.16 ± 0.44 Nm/kg).
The lowest values are achieved in knee joint (0.94
± 0.39 Nm/kg), while in phase II, the sequence of load-
ing from the highest to the lowest values is as follows:
hip (3.63 ± 0.75 Nm.kg), knee (1.71 ± 0.64 Nm/kg)
and ankle joint (1.28 ± 0.15 Nm/kg).

During phase I, the highest flexion values are
achieved in the rear leg in the following sequence: hip
(2.27 ± 1.3 Nm/kg), knee (1.9 ± 0.8 Nm/kg) and ankle
(1.01 ± 0.11 Nm/kg). In phase II, the sequence of
loading is the same, but the values achieved are in
average by 70% lower than in phase I and in all joints
are in extension position (Fig. 3).

4. Discussion

The current investigation aimed to determine load-
ing in the lower limb joints during the step-forward
lunge in fencing. Lunge performance is one of the most
fundamental movements of fencing and also rocket
sports. It has been demonstrated that the correct and
fast execution of a lunge and its subsequent patterns
has a crucial role in the success in competing [10].
Fencing is a highly asymmetric sport, with the armed
side of the body executing movement over a substan-
tial duration of a competitive bout, and during training.
Moreover, the upper and lower extremities present
distinctive motion patterns, and a considerable load is
applied on the neuromuscular system, including ef-
fects of dominance on kinematics and kinetics [17].

Fig. 3. Mean and standard deviation of torques measured during step-forward (phase I),
lunge (phase II) and during isometric condition (ISO) for: A. Hip, B. Knee, C. Ankle, where: FLEX – flexion,

EXT – extension, LL – lead leg, RL – rear leg, * – statistically significant differences
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The advance, retreat, flèche and lunge movements,
commonly used in fencing, have been evaluated using
motion capture, demonstrating the greater joint mo-
tion and force output required to perform the flèche
and lunge movements [9], [18].

The results reported in this paper demonstrate that
in terms of the time and dynamic aspects, the move-
ment patterns followed during a step-forward lunge,
i.e., a complex element of an offensive activity in
fencing, correspond to the structure that has been de-
scribed in the literature [8], [18]. The mean duration
of a complex activity took, on average, 0.92 ± 0.19 s,
whereas lunge length was 1.26 ± 0.13 m, which con-
firms the result reported in [14]. We can stress that the
minimum value in the results (Fig. 2A) recorded for
fencing footwork is similar to chassé step, during
which feet never pass one another. In fencing and
gymnastics, chassé steps are often followed in prepa-
ration of the lunge steps, as they provide acceleration
to the entire movement pattern [4]. Such dynamic
footwork pattern during step-forward lunge and an
explosive extension of the fencer’s body, in which
acceleration provided by the rear leg in which the lead
leg is kicked forward, provides both power and range
to the fencer and helps to accelerate the weapon for
a rapid strike. Unfortunately, this action leads to con-
siderable loads applied to the athlete’s locomotive
system. The simplest assessment of musculoskeletal
system loads can be made using ground reaction forces
and by comparison of the values of joint torques in
static and dynamic conditions.

In terms of the vertical component of the ground
reaction forces, a sequence of two peaks generated
by the lead leg at a level of 9.52 ± 1.57 N/kg and
17.90 ± 1.91 N/kg is clearly visible. Another charac-
teristic element is associated with the value of the
ground reaction force in the rear leg at a level of 13.36
± 1.47 N/kg recorded over 40% of the duration of the
entire movement pattern. Comparing these values to
the results recorded during gait (12 N/kg) [3], we find
out that the values are greater during the step-forward
lunge by 49 and 11%, respectively.

A comparative analysis of the torques generated
during muscular activity in isometric and dynamic
conditions provides an assessment of the characteris-
tics of the load and muscle activity during concentric and
eccentric conditions of muscle contractions [2]. Skeletal
muscles contract either by shortening or lengthening
(concentrically or eccentrically, respectively), how-
ever, the two contractions substantially differ from
one another in terms of mechanisms of force genera-
tion, maximum force production and energy expen-
diture. It is generally known that eccentric actions

generate greater force than isometric and concentric
contractions and at lower metabolic cost. Hence, by
virtue of the greater mechanical loading involved in
active lengthening, eccentric resistance training is as-
sumed to produce greater hypertrophy than concentric
resistance training [13]. It can be noted that the re-
corded values of the torques generated by the muscles
are directly proportional to the forces generated by the
muscles attached to a given joint, under the assump-
tion that the lever arm of the muscle force assumes
a constant value. For this reason, the criterion applied
to determine a considerable level of a load applied to
a joint adopted in the present paper was associated
with the value of the torque of the muscle force acting
in the dynamic conditions (for a step-forward lunge)
that exceed the torque of the muscle forces generated
in the ankle, knee and hip joint, respectively in iso-
metric conditions. The analysis of the results collected
during the study demonstrated that the hip is the joint
with the greatest load. The maximal value of torque,
corresponding to the hip flexion of the lead leg after
the completion of the lunge exceeds the value re-
corded for this joint during isometric flexion by 79%.
The knee forms the second joint in terms of the gener-
ated load. The maximal value of knee flexion of rear
leg in the dynamic conditions exceeds the value reg-
istered in the conditions of isometric flexion by 33%.
In ankle joint, all values obtained in dynamic condi-
tions were lower, compared to the conditions of
isometric flexion or extension. This analysis shows
that the hip and knee joints are the most vulnerable
to injuries during step-forward lunge. This state-
ment may be further confirmed by comparison with
the results for the gait analysis. We found that dur-
ing the second phase of the movement (lunge), the
following order of the highest to lowest values of
the load applied to the joints was recorded in: hip
(3.63 ± 0.75 Nm/kg), knee (1.71 ± 0.64 Nm/kg) and
ankle joint (1.28 ± 0.15 Nm/kg). Comparing these values
to those obtained during gait, we learn that the values
of torques during lunge are by 626 and 280% higher
than during gait in the hip and knee joints, respectively
(0.5 Nm/kg). At the same time, the maximum value
recorded in the ankle joint during gait was 1.5 Nm/kg
[2], which is by 13% greater than in the analyzed
movement pattern. In addition, comparing the maxi-
mum values recorded for the joints in the lead and rear
legs during the lunge, we can see that the loads are
greater for the lead leg, which was also confirmed in
other studies [6], [12], [15], [19], [20]. We can also add
that the approach followed in this study work has also
a physioprophylactic aspect. A comparative analysis of
muscle torque in isometric and dynamic conditions
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offers the assessment of the characteristics of internal
load and muscular effort in concentric and eccentric
conditions. This can form a source of information dur-
ing prevention against chronic injuries and injuries in
beginning and advanced fencers [16]. At this point it
is necessary to present some limitation of this study.
Fencing is a sport with unique patterns of asymmetri-
cal movements and biomechanics. A unique feature of
fencing is the metal carpet piste and the poor shock-
absorbing characteristics of the fencing shoes, which
increase the magnitude of impact forces and the risk
of foot/ankle and knee injuries [9]. Foremost, due to
differences in the characteristics of different weapons
and, therefore, movement requirements, findings of
this paper are not transferable across weapon type.
Moreover, fencing contest regularly lasts for more than
an hour, during which fencers experience rapid alterna-
tion between resting and intensive activity. Therefore,
muscle fatigue and psychophysical exhaustion would
influence performance measures and results. Future
studies are necessary to evaluate effects of fatigue on
fencing performance.

5. Conclusions

The results obtained in this paper highlight the size
of joint loading during performance of step-forward
lunge. Fencing requires high muscular strength even
during the early years of training. The results of the
present study may help in specifying strength capacity
and training specificity, and in preventing injury in good
fencers. These findings may be also useful in designing
of training and rehabilitation programs for this popula-
tion, considering that training methods should mainly
influence the muscles of hip joint.
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