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ABSTRACT

Aims: Single-leg triple jump for distance (SLTJD) is a common test used to assess footedness.
Inter-limb differences in leg stiffness (KLEG), ankle dynamic joint stiffness (ADJS), and knee
dynamic joint stiffness (KDJS) are expected to be present. The objective of the present study is to
verify this.

Study Design: Comparative study.

Place and Duration of Study: MovLab/CICANT/Universidade Lusofona de Humanidades e
Tecnologias, between November 2013 and June 2014

Methodology: A group of 31 participants (20 female and 11 male) presenting different footedness
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studied parameters.

(right and left) was assessed. Six SLTJDs (three each side) were recorded using a 3D motion
capture system and a force platform. KLEG was calculated for each of the trials recorded by each
participant, and synchronised ankle sagittal moment of force and angular position were used to
calculate ADJS and KDJS for the support phase of the last jump of the SLTJD, dividing it into two
sub-phases: Controlled dorsiflexion and powered plantar flexion. A paired samples t-test was
calculated to assess the influence of footedness on biomechanical variables.

Results: No significant differences were found between the dominant and non-dominant limb in the

Conclusion: Footedness does not seem to influence KLEG, ADJS, or KDJS in the SLTJD.

Keywords: Single-leg triple jump for distance; dynamic joint stiffness; leg stiffness; joint stability;

footedness; laterality.
1. INTRODUCTION

Footedness is defined as the preference for
using one foot with respect to its contralateral
foot [1-2]. This difference in limb selection
seems to be very important in the analysis of
human activities and yet, the importance given to
it by present research is low [1,3—7]. This is
despite the fact that some studies consider
footedness a better predictor of cerebral
dominance assessment then handedness, due to
less cultural influence [7-8]. Footedness then
can contribute to the functional asymmetry of
movement [1-2,7]; thus, differences should be
expected between the dominant and non-
dominant lower limb [2,9]. The methods used to
assess footedness vary between questionnaires
and performance tasks with no consensus
regarding which is the better association of those
measures, regardless of the good results
reported for any of these approaches [6,8,10—
11]. Jumping tasks are often used to assess
footedness; these include hopping [8,12—14],
hopping forward [15-16], single-leg long jump
[17-18] and SLTJD [19]. These tasks are also
used to assess functional and neuromuscular
control because they prove to be reliable [20—
22].

Joint stability and moment of force differences
between the lower limbs are two of the
biomechanical variables that can be assessed
with these tests [20]. During a functional task,
such as jumping or hopping, ankle joint stability
consists of maintaining the alignment of the joint
segments and their angular position during the
performance of the task, respecting the joint’s
normal passive constraints [2,23-24]. The
observed response during the task is the result of
the individual contribution of the active and
passive joint components, which provide for the
specific stability needs of that task, allowing
study of the body’'s modulation and adaptation

mechanisms [2,23]. The study of joint stability is
possible by calculating dynamic joint stiffness
(DJS) because DJS is considered to be a joint
stability indicator [23]. DJS is defined as the
resistance offered by muscles and other joint
structures to the displacement of the joint’s
segments and as a reaction to the external
moment of force [23,25-26]. To study DJS, it is
necessary to observe the behaviour of joint
moments and angle relations [27-29]; analysis of
these factors allows the study of the spring-like
behaviour of the joint, which is required to
calculate DJS and the mechanical energy
exchanges [27,29].

Another measure used to assess stiffness in
jumping tasks is leg stiffness (KLEG) [26,30].
KLEG results from the quotient of the maximum
value of the vertical component of the ground
reaction force (GRFy) by the change in vertical
leg length, and it takes into consideration the
horizontal displacement of the body’s centre of
mass (CoM) [26,30]. In our study, we assessed
KLEG associated with ADJS and KDJS
computation because KLEG results from the
contribution of the individual joint stiffness of
each joint of the lower limb, with a higher
contribution of ADJS [26,31-32]. Some important
differences appear in the literature regarding the
leg length calculation for KLEG computation.
Some authors use the CoM vertical displacement
to calculate KLEG [25,31-32], whereas others
use the kinematic data acquired from a mark
located at the greater trochanter landmark [33—
34]. However, some authors state that the
greater trochanter is not the actual hip joint
centre and that the hip joint centre should be
used as the correct reference for leg length
calculation [26,35].

If SLTJD is considered a commonly used
footedness assessment test [19], inter-limb
differences in KLEG, ADJS, and KDJS
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hypothetically exist, and if so, these differences
can highlight the foot preference demonstrated
by subjects. If this is true, then KLEG, ADJS, and
KDJS can be considered indicators of
footedness. Thus, the aim of the present study is
to verify whether footedness influences KLEG,
ADJS and KDJS as demonstrated by inter-limb
differences on those biomechanical variables.

2. METHODOLOGY
2.1 Participants and procedures

A total of 164 participants agreed to be part of
the initial phase of this study. This first phase
consisted of filling out an online version of the
Lateral Performance Inventory (LPI) [10]. The
LPI was used because it presents good reliability
in the assessment of the lateral profile composed
by handedness, footedness, eyedness, and
eardness [10]. The online version of LPI allows
us to reach more participants to answer the
questions, and online questionnaires prove to be
reliable [36]. A sample of 31 volunteers was
selected to be measured in the laboratory
according to the following inclusion criteria: age
between 18-40 years and no recent or past
history of ankle injury that could affect the
outcomes. The participants were clinically
assessed for ankle and knee instability prior to
the data collection. The sample was composed
of 20 females (mean age = 23.0+2.98 years,
mean weight = 60.3+9.8 kg, mean height =
16346.3 cm) and 11 males (mean age =
23.6412.25 years, mean weight = 74.4+11.6 kg,
mean height = 176.1£5.1 cm). The footedness
distribution was 81.8% right-footed and 18.2%
left-footed. Footedness indexes were calculated
in accordance with the inventory instructions [10].

In the experimental setup, one examiner again
passed the LPI to all participants prior to the data
collection process. This allowed the confirmation
of footedness as well as the other lateral indexes
presented in the inventory. Instead of verbal
answers, participants were asked to perform
each task as the examiner observed their
behaviours. Kinematic data was recorded at 200
Hz by a 3D motion capture system
(Vicon®Motion Systems, Oxford, UK), using a
Plug-in Gait full body model. Synchronised
kinetic data was recorded at 1000 Hz by a force
platform (AMTI BP400600-2000, USA). The
participants were instructed to perform an
SLTJD, starting from a line located at a distance
from the force platform corresponding to two
times the participant’s leg length. This strategy

assured that the final jump was carried onto the
force platform. The starting limb was selected by
the participant without the examiner’s influence.
A total of six jumps (three valid jumps each side)
were collected.

2.2 Data processing

The normal data processing used to compute the
ankle and knee DJS in jumping tasks describes
the slope value for one regression line that takes
into account both eccentric and concentric
muscle action [32,34]. In our study, we chose to
apply the same criteria for gait stance phase
analysis as that proposed by several authors
[2,27-29], which divides the moment-angle loop
into specific sub-phases related to the type of
muscle action performed. Thus, we divided the
stance phase of the final jump of the SLTJD into
two sub-phases: Controlled dorsiflexion (CDF)
and powered plantar flexion (PPF), the first
comprising the eccentric muscle action and the
second the concentric muscle action. The
regression models used the least squares
approach—as described in other studies—to
address regression lines for each of the sub-
phases [2,27,29]. For each sub-phase, the ADJS
and KDJS were calculated for the dominant and
non-dominant foot, using the formula DJS =
dM/d6 (where M is the ankle moment
[normalised to body weight] and 6 is the joint
angle), as described by several authors
[2,23,27,29]. The ADJS and KDJS calculations
were performed for each trial of each participant.
Mean values per participant were calculated to
allow statistical computation.

The KLEG was computed using the equation
described by McMahon & Cheng [37-38], KLEG
= Fmax/AL (where Fmax corresponds to
maximal vertical force; AL = Ay+L(1-cosB); 6 =
sin(vTc/2L); Ay is the vertical displacement of
the centre of mass, v is the forward velocity, L is
the initial leg length; and Tc is the contact time).

To assess footedness influences on KLEG,
ADJS, and KDJS, a paired samples t-test was
carried out. Statistical calculation was assured by
the Statistical Package for Social Sciences
software (SPSS version 20, IBM, USA).

3. RESULTS AND DISCUSSION

A KLEG mean score of 10.48+2.98 was obtained
for the dominant limb and 10.70+2.77 for the
non-dominant limb. The regression fit given by
the coefficient of determination (R2) for each
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regression line used for ankle and knee DJS
calculation and the score of DJS are grouped
according to the sub-phases defined for the
present study. On the dominant side, mean
values of ankle DJS in each sub-phase were
CDF: 1.37+0.48 and PPF: 0.841+0.23. On the
non-dominant side, mean DJS values were CDF:
1.29+0.44 and PPF: 0.88+0.22. The knee DJS
values presented for the dominant side were
61.67+32.55 in CDF and 56.47+24.58 in PPF.
The non-dominant side had mean DJS values of
59.74+31.28 CDF and 53.78+23.40 PPF. R2
values obtained for each of the regression lines
used to calculate ADJS and KDJS presented a
mean value between 0.95 and 0.98 for ADJS and
between 0.59 and 0.89 for KDJS.

The paired samples t-test results are presented
in Table 1, which indicates that there are no
significant differences between the dominant and
non-dominant lower limbs for the biomechanical
variables studied.

Often studies report inter-limb differences
associated with limb dominance [17]; these are
expected to occur. Thus, several studies have
reported differences in the functional activities
and physiological properties of muscle. For
example, functional asymmetries are expected to
be related to different patterns of muscle
activation and magnitude of activation [39], and
different strategies for postural control are
present in different footedness demonstrations
[40]. The importance of addressing such
differences is related to the significance of lower
limb dominance in retraining programmes, as this
is considered critical for greater effectiveness
[41].

Since jumping tasks are among those selected
for footedness assessment, where SLTJD is
included [19], differences in joint stability control
predictably exist because joint stability results
from the integrated action of both passive and
active joint components [2,23—-24]. Because DJS
is a joint stability indicator [23], dominant and
non-dominant differences should be evident as
different subjects are assessed, whatever the
footedness demonstration presented. Observing
Figs. 1 and 2, the plots and respective regression
lines used for ADJS and KDJS computation can
be seen. In the present study, a different
approach from that of other studies that
addressed DJS calculation is proposed. The
stance phase of the final jump of the SLTJD was
divided into two sub-phases: One essentially
eccentric and the other essentially concentric,

using the same criteria proposed to assess gait
stance phase in other studies [2,27,29]. This
procedure was selected because we assume
DJS to be different regarding the type of muscle
action being developed. This is a major
difference; other studies used only one
regression line including both behaviours [32,34].
This process should highlight the differences
between dominant and non-dominant limbs, as
observed in Figs. 1 and 2, in which the moment
of force-ankle angle plot and regression lines
show differences. Despite the fact that
differences can be observed—which indicates
the different stability strategies of each limb—
such differences are not considered significant
by the paired samples t-test as demonstrated in
Table 1. The moment-angle relationship was
considered to be very close to linear in ADJS, as
observed by the R2 values, but less so in KDJS.
This linear behaviour can, by hypothesis, be
related to the predominant elastic characteristics
of the joint’s passive and active components and
thus support the concept that the moment-angle
relationship is representative of the DJS.

The absence of significant differences between
the dominant and non-dominant limb can also be
observed in KLEG’s paired samples t-test shown
in Table 1. This result is expected because
KLEG results from the contribution of the
individual dynamic joint stiffness of each joint of
the lower limb, with a greater contribution of
ADJS [31]. To the best of our knowledge, no
studies have been conducted addressing KLEG
inter-limb differences between the dominant and
non-dominant limb; however, the KLEG results
can be explained in part by accepting that
different strategies performed by the body to
achieve a selected motor goal may produce the
same result, so that the net effect is almost
equal. This implies that we need to assume a
more generic view of the process and to be
aware of the differences that can occur in a more
specific part of the body. Another way to view the
problem is to search for more sensitive statistical
tools that highlight the observed differences.

Table 1. Paired Samples t-Test results

Paired differences

DOM vs NDOM Mean t P

KLEG -0.212+2.66 -0.444 0.660
ADJS_CDF 0.076+0.36 1.181 0.247
ADJS PPF -0.039+0.13 -1.644 0.111
KDJS_CDF -2.083+30.74 -0.371 0.713
KDJS PPF -0.519+19.34 -0.147 0.884
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Fig. 1. Ankle joint moment-angle loop for the dominant and non-dominant lower limb with the
regression lines for each one of the loop sub-phases
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Fig. 2. Knee joint moment-angle loop for the dominant and non-dominant lower limb with the
regression lines for each one of the loop sub-phases

4. CONCLUSION

KLEG, ADJS, and KDJS do not appear to be an
indicator of footedness. Even if stability changes
are expected to occur between the dominant and
non-dominant limb, it seems that this tends not to
be true. Differences can be observed graphically,
but commonly-used statistical tools used to

address these variables are unable to highlight
differences. Further studies should increase the
sample size and search for new statistical
procedures to highlight footedness differences.
Frontal plane assessments could increase the
understanding of DJS and KLEG contributions to
joint and body stabilisation strategies.
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