
Original Article

Methodology to Analyse Three-Dimensional Asymmetries in the Forces

Applied to the Pedals in Cycling
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Abstract—The asymmetries study between both legs of the
forces applied to the pedals in cycling is important because
they may affect the performance of the cyclist or prevent the
occurrence of injuries. Studies focused on analysing asym-
metries in forces tend to consider only the effective force,
disregarding the three-dimensional nature of the force.
Furthermore, these studies do not analyse the possible
physical or neurological causes that may have led to the
appearance of the asymmetries. This paper presents a
methodology to carry out three-dimensional analysis of the
asymmetries of the forces applied in both pedals and
discriminate the possible sources of these asymmetries. Seven
participants, amateurs and without pathologies, were anal-
ysed. Two commercial pedals were instrumented to measure
the three components of the force applied to each pedal. The
Normalized Symmetry Index (NSI) and the Cross Correla-
tion Coefficient (CCC) were used for the asymmetries
analysis. Results showed that both indexes need to be used
in conjunction to analyse the causes of asymmetry in the
pedal forces from a 3D perspective along the pedal cycle. The
NSI is an index that makes it possible to evaluate asymmetry
by considering only the value of the force applied by each leg
at each instant. The CCC makes it possible to evaluate
whether the temporal evolutions of the forces applied by each
leg are similar. Preliminary results suggest that the proposed
methodology is effective for analysing asymmetries in the
forces in a pedalling cycle from a three-dimensional point of
view. Forces in the sagittal plane showed a high level of
symmetry. The lateral-medial force presented the highest
level of asymmetry due to the difference in the magnitudes of
the applied forces by both legs and the existing time shift
between the two force patterns. The results of this work will

allow for more complete and accurate three-dimensional
dynamic analyses of the lower body during pedalling.
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INTRODUCTION

An important concept in cycling is pedalling per-
formance,5 associated with the ability to apply an
effective, power-generating pedalling force.4 This per-
formance can be highly influenced by the degree of
asymmetry in the application of forces on the two
pedals.8 In addition to purely mechanical considera-
tions, asymmetries in pedalling can have a biome-
chanical effect, related to gestures and postures that
can lead to overloading of muscles and joints resulting
in possible injuries to the cyclist.2,34

Focusing on the mechanical aspect, the asymmetries
study can be carried out by means of a kinematic or
kinetic analysis. To the best of our knowledge, the
asymmetries analysis in kinematics is not very ex-
tended, highlighting the studies carried out by Pouli-
quen et al. 30 and Edeline et al.18 in which the existence
of asymmetries for the 3D kinematics of the lower
body is analysed. The asymmetries study in cycling
kinetics is more extended due to the direct relationship
between effective force, power and perfor-
mance.2,3,6,7,9–11,14,17,24,31,33,34 In this field, the asym-
metries analysis is usually based only on the power,
torque or effective force applied to each
pedal.2,3,6,7,9–11,14,17,24,31,33,34 The most relevant of
these studies are described as follows. Bini et al.7

Address correspondence to Ezequiel Martı́n-Sosa, Departamento

de Ingenierı́a Mecánica y Fabricación, Escuela Superior Técnica de
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analysed asymmetries in the torque applied to the
crank every 5 km in a 20 km test. Smak et al.34 con-
ducted a study analysing the effect of cadence on the
presence of asymmetries in the torque exerted on the
crank. Kell et al.24 analysed the effect of using a cycle
ergometer to reduce existing asymmetries in bicycle
power output. These studies do not consider the 3D
character of the forces, ignoring the effect that the
other force components may have on the asymmetries
occurrence. To the best of our knowledge, there are no
studies in the literature that study asymmetry consid-
ering force outside the sagittal plane.

The use of ratios12,13,25,29 for the gait asymmetries
analysis is common in the literature, with the ratio
proposed by Patterson et al.29 being one of the most
widely used by the scientific community. This ratio is
an adaptation of the ratio developed by Cuk et al.13

which was implemented to estimate bone length
asymmetries. The ratio proposed by Patterson et al.29

provides correct results when asymmetry is studied at
specific points in the pedalling cycle, such as the instant
of greatest or least application of effective force on the
pedal or the instant when the hip flexion reaches a
peak. However, it has limitations if the temporal evo-
lution of the asymmetries for all the instants that make
up the pedalling cycle is evaluated, especially when the
variables analysed have values close to zero, as
demonstrated by Pouliquen et al.30 To avoid these
limitations, Gouwanda et al.22 and Pouliquen et al.30

made modifications to this ratio, calling it the Nor-
malized Symmetry Index (NSI). The modifications
focused on normalising the value of the variable so
that it would never have a value close to zero. These
modifications make it possible to correctly evaluate
any instant of the pedalling cycle. In addition, other
less common ratios in the asymmetries study, such as
the cross-correlation coefficient26 (CCC), are also
proposed in these studies. This coefficient is used to
check whether there is similarity in the time pattern of
the variables of one leg with respect to the other. To
the best of our knowledge, these two ratios, NSI and
CCC, have not been used to the asymmetries study in
the three force components applied to the pedal, they
have only been used in the study of asymmetries in the
cycling30 and human gait kinematics.22

This paper establishes the following hypotheses as
starting points. First, the asymmetries analysis in
pedalling forces only in the sagittal plane neglects
valuable information for the 3D biomechanical ped-
alling analysis. This hypothesis is based on the fact that
those force components that are not analysed may be
presenting asymmetries, which can have a significant
impact on the performance and health of the partici-
pant.8 Secondly, the asymmetries analysis at every
moment of the pedalling cycle, and not just at one

single instant, allows to know more details about the
differences between both legs. Third, asymmetry in the
pedalling forces is not only due to differences in the
values of the forces applied by each leg. In order to
analyse the validity of these hypotheses, the main
objective was established as an asymmetry analysis of
the three components of the forces applied to each
pedal during pedalling. For this purpose, the three-
dimensional forces applied to the pedals by both legs
during pedalling were experimentally recorded using
equipment developed by the authors.28 This equipment
is attachable to any conventional bicycle and pedals
and, due to its small size and location, it does not alter
the natural pedalling of the cyclist. The NSI and CCC
coefficients were used to study the asymmetry temporal
evolution in the forces exerted during pedalling.

MATERIALS AND METHODOLOGY

Participants

This study included 7 male participants, adults, and
amateurs, with a mean age of 27.96 ± 3.98 years, a
mean height of 1.77 ± 0.12 m and a mean mass of
79.01 ± 5.22 kg. The sample size was based on previ-
ous studies found in the literature.9 The main objective
of the work was to develop a methodology to analyse
the asymmetries in the pedalling forces in a general and
complete way throughout the cycle.

The inclusion/exclusion criteria were as follows:

– Participants over 18 years of age.
– No diagnosed locomotor or cardiopulmonary

pathology that would prevent the test from being
performed.

– No lower limb dysmetry greater than 5 mm.
– Participants size fits the test bike size.
– Participants intrinsic Q-factor no greater than the

bicycle standard Q-factor of 285 mm.
– Regular use of bicycles as a means of transport, but

not for sporting or improving the performance.

To assess the discrepancy between lower limbs, the
direct method with a tape measure was used, with
measurement in the supine position from the anterior
superior iliac spine to the lateral malleolus, comparing
both legs. Dysmetry was considered to have no clinical
impact when it was less than 5 mm. Radiological
measurements were not used for ethical and subject
safety reasons. All subjects had dysmetry of less than
5 mm and were therefore included in the study.

Participants signed a consent form approved by the
Ethics Committee Andalusian Biomedical Research
Ethics Platform (approval number 20151012181252).
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Each participant was asked about their dominant leg,
such as the leg used to kick a ball.8,20,21,27,34

Instrumentation

The applied force in the pedal was assumed to be
pointwise at the centre of the pedal. A system of axes
attached to the pedal axle and the crank was defined to
estimate the three components of this force, following
the methodology used by Martı́n-Sosa et al.28 (Fig. 1a
and b). The X-axis was defined in the direction tan-
gential to the path of the crank attachment point to the
pedal axle, the Y-axis in the direction of the crank axle
and the Z-axis in the direction of the pedal axle
(Fig. 1a). This definition of the coordinate system was
used for both the left and right pedal, due to the plane
of symmetry defined by the bicycle frame (Fig. 1b).
The following nomenclature was used to define the
components of the forces: the force applied in the X
direction was called tangential force, FT, because it is
tangent to the trajectory of the end of the crank. The
force applied in the Y direction was called radial force,
FR, which follows the direction of the crank axis.
These two force components are in the sagittal plane,
parallel to the bicycle frame (Fig. 1c and d). Finally,

the component of the force in the Z-direction, which
follows the direction of the pedal axle, was termed the
lateral-medial force, FLM. According to these defini-
tions, only the FT force produces an effective moment
which rotates the crank. The other two forces, FR and
FLM, do not produce any effective moment on the
crank. The position of the crank was defined by the
angle a, formed from this and the vertical, where 0� is
the angle corresponding to the top dead centre, TDC
(Fig. 1c and d). With the crank at TDC, the positive
direction of the forces is as follows: FT positive in the
forward direction. FR positive in the upper direction.
FLM positive in the medial direction.

Measurements of the three components of the force
applied to each pedal were carried out using an elec-
tronic device developed by Martı́n-Sosa et al.28

(Fig. 1e), which can be attached to a conventional
bicycle and pedals. This equipment used six strain
gauges for each pedal, four placed on the pedal axle
and two on the crank. The gauges were arranged in
pairs, in a half Wheatstone bridge configuration. The
maximum error recorded for each force component
was 3.27% for the tangential component, 4.21% for
the radial component and 1.34% for the lateral-medial
component.28 The two measuring devices were moun-

FIGURE 1. (a) Right Pedal Coordinate System. T: Tangential direction. R: Radial direction. LM: Lateral-medial direction. (b) Left
Pedal Coordinate System. (c) Right crank rotation angle, a, respect to a vertical line and forces components FT y FR applied to the
left pedal. (d) Left crank rotation angle, a, respect to a vertical line, and forces components FT y FR applied to the right pedal. (e)
Measurement Equipment.
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ted on a commercial bicycle, model Triban 500, which
was anchored to an Elite Roller training roller. The
equipment placed in the described locations did not
alter the natural pedalling of the participants. WPD-
M17C clipless pedals were used.

Test Conditions

Participant trials were conducted with a pedalling
power of approximately 150 W and at a pedalling ca-
dence of approximately 60 rpm. The pedalling condi-
tions were defined according to the characteristics of
the sample used. Each participant was asked about the
time spent on the bicycle during their usual riding, the
frequency of use of the bike and the approximate
average speed.

In addition to this information, A pulse oximeter
and individual maximum frequency measurement were
also used, together with a basic health questionnaire
consisting of the following items:

– Personal history
– Cardiopulmonary auscultation. Oxygen saturation

and resting heart rate.
– Measurement of lower limb length
– MRC scale for assessment of dyspnoea with

exercise. This scale was chosen because it is a
sample of non-athletes.

The chosen participants were not used to pedalling
at high cadences and high power, so the test conditions
were adapted to their physical characteristics, to avoid
the effects of fatigue. For this reason, 150 W and
60 rpm were chosen. An increase in cadence to 90 rpm
and power to 200 W produced the appearance of fa-
tigue in the participant in a few minutes, affecting
pedalling. If only the cadence was increased, leaving
the pedalling power at 150 W, the subject would notice
little resistance in pedalling, causing difficulty in
maintaining the desired cadence and, consequently,
generating pedalling cycles that were not homogeneous
due to the constant increase and reduced pedalling
cadence. If the pedalling power was increased and the
cadence was maintained, the subjects began to report
muscle fatigue, especially in the quadriceps, due to the
application of force. This fact would lead the subject to
adopt a different pedalling posture to relieve muscle
pain, thus causing a change in both the pedalling
movement and the application of forces. For all these
reasons, 150 W and 60 rpm were finally chosen. Any-
how, during the recording of the forces, participants
were asked to assess their level of fatigue. In all cases, it
was reported that there was no physical fatigue.

The decision was made to stablish unique cycling
conditions for all participants but affordable for all so

as not to introduce another possible biasing variable in
the analysis of the results.

The influence of cadence was a very important as-
pect to consider. The selected power output showed
that increasing or decreasing the cadence could sig-
nificantly alter the pedalling pattern. A very high ca-
dence could result in the participant not being able to
maintain a uniform pedalling pattern. Conversely, by
decreasing the cadence, participants could become fa-
tigued, as the torque to be achieved was higher.

Shoes were provided to the participants. Several
sizes were available so that participants could choose
the shoe size that best fit them and thus pedal com-
fortably. The correct placement of the cleats was ver-
ified following a protocol. First, the cleat and shoe
recommendations of the manufacturer were followed
for the location and orientation of the cleats in the
shoes. Then, for each participant, it was verified that
the cleats were located on the fat pad at the level of the
1st metatarsal head.1 The correct position of both
cleats was certified by checking that the tip of the shoe
for both feet were the same distance from a reference
point. Additionally, cardboard shoe insoles to verify
that the cleat orientation in both shoes was identical
and correct were used. In short, the correct position of
the cleats for each test was verified with considerable
precision.

Saddle height was determined from the flexion angle
of the right knee as it was stablished by Holmes23 but
in a dynamic way. To determine this angle, reflective
markers were placed on the greater trochanter, lateral
epicondyle and lateral malleolus, all on the right side,
and the inverse kinematic problem was solved. To
achieve greater comfort for each participant, the saddle
height could be slightly modified, provided that the
minimum angle of knee flexion was within the range
(30�–40�).19 A linear relationship between the saddle
height and the subject height was not found, since
other parameters such as the length of the legs or the
flexibility of the muscles have an influence on the
flexion angle.19 The Fig. 2 showed the knee flexion
angle for the seven participants. It can be verified that
the minimum flexion angle is within the range defined
previously, except for participant 5 who showed a
minimum knee flexion of 29�. As this value was out of
range by only 1�, the saddle height was left as valid
because the subject had reported discomfort with
smaller saddle heights.

The duration of each trial was about 15 min, with
the first five minutes being used for a light warm-up
and adaptation to the power and speed conditions set.
Once the saddle height was adjusted and taking into
account that one of the inclusion/exclusion criteria for
the sample was the compatibility of the size of the
partcipant with the size of the bicycle, the participant
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was allowed to lean on the handlebars in the way that
was most comfortable for them. The position of the
handlebars could not be altered, which was a limita-
tion of the study. However, in all cases, the partici-
pants reported feeling comfortable with the bicycle
setup and pedalling conditions. The forces applied to
the pedals during the remaining 10 min of the test were
measured. The start of each pedal cycle was taken at
TDC of the right pedal.

Analysis of Asymmetries

Analysis of the existence of asymmetries between
the dominant and non-dominant leg for each compo-
nent of the force applied to the pedal was carried out

by applying two coefficients to the data collected:
firstly, the NSI presented in the work of Pouliquen
et al.30 and Gouwanda et al.22 which is a modification
of the Symmetry Ratio implemented by Patterson
et al.29 Secondly, the CCC developed by Li and
Caldwell.26

The NSI was used to determine the degree of
asymmetry at each instant of the pedal cycle between
the dominant and non-dominant side:22,30

NSI tð Þ ¼ FNC
D tð Þ � FNC

ND tð Þ
0:5 � FNC

D tð Þ þ FNC
ND tð Þ

� � � 100% ð1Þ

FNC
i tð Þ ¼ FC

i tð Þ � FC
min

FC
max � FC

min

þ 1 ð2Þ

FIGURE 2. Temporal evolution of the knee flexion angle for the 7 participants after adjusting the saddle height. The dashed
horizontal lines delimit the interval defined by Ferrer-Roca.19
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In Eq. (1), NSI(t) represents the normalised rate of
symmetry between dominant and non-dominant leg

for each time instant t. FNC
DðtÞ and FNC

NDðtÞ are the

normalised force values for the C component (tan-
gential, radial or lateral-medial) corresponding to in-
stant t for the dominant and non-dominant leg
respectively. The normalised forces are defined in

Eq. (2), where FC
i ðtÞ is the value of the C component of

the force for time instant t and leg i, where i is either leg

dominant (D) or non-dominant (ND). FC
max and FC

min

are the maximum and minimum values respectively for
the analysed cycle of the C component of the force,
they can belong to either the dominant or non-domi-
nant leg. Normalisation prevents possible singularities
from appearing when force values tend to zero. When
evaluating the NSI, values close to 0 will represent high
symmetries, positive values will reflect a higher force
applied with the dominant side while negative values
will indicate a higher force applied with the non-
dominant side as long as the forces have a positive
sign. In the case where the forces are negative, it may
be possible to obtain an index with a negative value
and yet the value of the component of the dominant
force is greater in absolute value than the component
of the non-dominant leg. In this work, a threshold
value of NSI = 0.1 has been adopted, above which a
state of asymmetry between dominant and non-domi-
nant leg components is considered.9 From this
threshold value, a new Asymmetry During Cycle
(ADC) index has been defined, as follows:

ADC ¼
t NSIj j>0:1

T
� 100 ð3Þ

where T is the duration of a pedalling cycle and
t NSIj j>0:1 the time where the index NSI is higher than

0.1 in modulus. This index can be used to determine
the percentage of the pedal cycle in which a component
of the force behaves asymmetrically.

The CCC26 was used to detect similarities in the
temporal evolution of the forces applied by the domi-
nant and non-dominant legs. It is defined as follows:

CCC kð Þ¼ cFDFND
kð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PN

t¼1 FC
D tð Þ�FC

D

� �2

�
PN

t¼1 FC
ND tð Þ�FC

ND

� �2
r

ð4Þ

where:

cFDFND
kð Þ¼

XN�k

t¼1

FC
D tð Þ�FC

D

� �
� FC

ND tþkð Þ�FC
ND

� �
þ

þ
XN

t¼N�kþ1

FC
D tð Þ�FC

D

� �
� FC

ND t�Nþkð Þ�FC
ND

� �
;ifk2 1;N½ �

XN�k

t¼1

FC
D tð Þ�FC

D

� �
� FC

ND tð Þ�FC
ND

� �
; ifk¼0

8
>>>>>>>>>><

>>>>>>>>>>:

ð5Þ

In Eq. (4), CCC(k) represents the cross-correlation
coefficient for a time shift k between the dominant and
non-dominant side signal. For this purpose, the mea-
surements of the signals applied on the non-dominant
side were put in phase with the signals applied on the
dominant side to synchronise both signals at the start
of the pedal cycle, TDC. For the set of equations,

FC
DðtÞ and FC

NDðtÞ represent the C component (tangen-

tial, radial or lateral-medial) of the forces applied by
the dominant and non-dominant leg at each instant of
time t. N is the number of instants that compose the

pedalling cycle. FC
D and FC

ND represent the average va-

lue of the C-component of the force exerted by the
dominant and non-dominant leg over the analysed
pedalling cycle, respectively. slag is defined as the pedal

angle delay and indicates the lag of the non-dominant
component with respect to the dominant component.
It corresponds to the value of k at which the correla-
tion coefficient CCC(k) is maximum. A slag positive

value indicates that the non-dominant leg component
is shifted forward in the pedal cycle relative to the
dominant leg. The CCC(k) oscillates in the interval
[2 1, 1], with the maximum value corresponding to the
best overlap between the forces on the dominant side
and the non-dominant side. The CCC (k = 0) will give
an indication of pattern similarity between the two sets
of data. If there was a time (or phase) shift between
two-time series that have similar patterns, the magni-
tude of this shift could be found by assessing CCC(k)
at different values of k. An objective measure of the
time shift is the k at which CCC(k) is maximized. The
95% confident interval (CI) of the highest CCC can be
calculated by the following expression:

CI95% ¼ e2h1 � 1

e2h1 þ 1
;
e2h2 � 1

e2h2 þ 1

� �
ð6Þ

where

h1 ¼ 1
2 ln

1þCCC
1�CCC

� �
� 1:96ffiffiffiffiffiffiffi

N�3
p

h1 ¼ 1
2 ln

1þCCC
1�CCC

� �
þ 1:96ffiffiffiffiffiffiffi

N�3
p

ð7Þ
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The CI95% of CCC(k) can be converted to corre-
sponding values in the time domain to determine if the
phase shift between the two set of data is statistically
significant. It will be statistically significant if the value
of CCC(k = 0) does not belong to the CI95%

26.
Due to the fact that no values have been found in

the literature, thresholds have been established to
consider asymmetries in the strength patterns. Thus,
maximum CCC values above 90% and an offset below
10� would indicate that there is a great symmetry
between the two strength patterns (dominant and non-
dominant leg). In any case, the proposed methodology
is general and independent of the threshold values
defined to analyse the asymmetries.

RESULTS

Figure 3 showed the maximum and minimum val-
ues for the three force components applied to the pedal
for the dominant and non-dominant leg for all par-
ticipants.

Figure 4 showed the angle evolution of the average
forces applied on the pedal for the dominant and non-
dominant leg and the temporal evolution of the aver-
age NSI index for the three force components for the
seven participants.

Table 1 showed the average values and deviations of
the ADC index for the three components of the forces
applied to the pedal for each of the participants.

DISCUSSION

Firstly, the temporal evolution of the forces
recorded on the pedals was studied for the seven par-
ticipants. Although the amateur nature of the partici-
pants could a priori be a limitation of the study, a
sample was defined to represent subjects who use the
bicycle on a daily basis as a means of transport because
it is a population group that, in the opinion of the
authors, is becoming increasingly important in the
world today. Therefore, the authors thought that this
population may be of interest when analysing asym-
metries and, consequently, possible injury risks. In any
case, the force curves performed during pedalling were
analysed and it was found that these were very much in
agreement with previous studies.15,16 Therefore, even
though the participants were amateur, their pedalling
technique was good enough to consider that this could
be a distorting factor. Then, each force component was
then analysed separately.

FT analysis showed a temporal pattern qualitatively
similar for both legs (Fig. 4). However, the maximum
modulus forces occurred in the dominant leg (Fig. 3).

The instants of maximum FT also produced the max-
imum dispersion in the results. In any case, the maxi-
mum dispersion obtained in the results was around the
15% at the moments of maximum FT. The error of the
measuring equipment was less than 5 N, which repre-
sent around the 10% of the variability. Therefore,
most of the variability observed was due to the exe-
cution by the participants. From the point of view of
inter-subject analysis, some variability in the results
was also observed due to oscillations around the set
pedalling conditions. Thus, although the conditions of
150 W and 60 rpm were fulfilled on average, oscilla-
tions around these parameters were observed instan-
taneously, especially when instants of maximum force
were reached.

FR study results showed similar conclusions to FT in
terms of qualitative analysis, relationship between the
dominant and non-dominant leg although the maxi-
mum dispersion reached slightly higher values, around
20–25%.

The lateral-medial component temporal evolution
showed greater variability in the inter-subject analysis.
This happens because the force values recorded in this
direction were an order of magnitude smaller than the
forces in the sagittal plane. Therefore, the dispersion
commented in the results affected more this compo-
nent. Nevertheless, a similar qualitative evolution was
observed in all participants.

The NSI temporal evolution analysis in Fig. 4
showed that the FT presented a high level of symmetry
throughout the cycle, with the NSI not exceeding 16%
in modulus except in participant 6. However, the re-
sults showed a high level of variability across all par-
ticipants (see Fig. 5). The NSI modulus reached the
peak in two characteristic areas: for a crank angle of
about 90� and for a crank angle of about 300�. In the
first case, the force was decreasing with the same rate
of change in both legs, which was very high. However,
in the dominant leg it happened a little bit later, which
causes the difference of forces between dominant and
non-dominant leg to be very high. The second case
occurred when the FT modulus reached a peak while
the leg was ‘‘opposing’’ the movement of the pedal. In
this case, the non-dominant leg exerted less force in
absolute value because the gravitational component
was compensated by the inertial force and, in addition,
by the force applied to the leg, which was greater in the
dominant leg than in the non-dominant leg.

FT was positive in both legs until after the bottom
dead centre, with dominant leg component being
greater. In the second part of the cycle there came a
point where both forces were negative and thereafter
the component of the dominant leg was greater in
modulus. At this point there was a change of sign in
the NSI index. In the first instance, a positive NSI
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value implied that the force in the dominant leg was
greater than in the non-dominant leg and vice
versa.22,30 However, according to the mathematical
index definition (Eqs. 1 and 2), there may have been
cases where the physical interpretation of the numeri-
cal value leads to an erroneous analysis. This happened
in cases where the forces on both legs were negative,
but the dominant component was greater in modulus,
as occurs in FT of participant 1 when the angle a
reached a value of 227�. In this case, the NSI had a
negative value, but a greater force, in modulus, was

being exerted with the dominant leg than with the non-
dominant leg. To the knowledge of the authors, this
fact was inherent to any procedure in which the vari-
ables were normalised to avoid possible singularities in
the values of the asymmetry index. Therefore, some
additional information was required to make a com-
plete and unequivocal physical interpretation of the
NSI and, in general, of any index of asymmetry that
involved a normalisation of the variables. The
approach proposed in this work was the NSI modulus
analysis complemented with data from the force values

FIGURE 3. Differences between dominant and non-dominant leg side for the force components applied to the pedals. Left: forces
maximum values. Right: forces minimum value. Blue bars: Dominant leg. Red bars: non-dominant leg. FT: Tangential force. FR:
radial force. FLM: Lateral-Medial force. Data were presented as mean & 6 SD.
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involved in its calculation at each instant. Thus, for
example, FT of participant 1, for a crank angle of 270�,
showed an NSI in modulus of 5.8, which implied a
high level of symmetry, with the force applied with the
dominant leg being greater than with the non-domi-
nant leg.

In relation to FR asymmetry level showed that it
was slightly higher, reaching in some cases the maxi-
mum values in modulus of the NSI of 20%, except in
participant 6, which reached 22% (Fig. 5). The NSI
maximum value for FR was reached for an angle a
between 90� and 180�. In this interval of the cycle, FR

maximum values were reached, which were different in

FIGURE 4. Average forces evolution in a pedalling cycle and temporal evolution of the average NSI index for the three force
components. Upper: dominant leg force. Middle: non-dominant leg force. Lower: NSI index. Thick solid red: P1. Thick striped
green: P2. Blue thick dotted dashed: P3. Thick black dotted: P4. Solid fine black: P5. Fine striped red: P6. Green fine dot-dashed
green: P7. Thick black dot-dashed black: 0 N line. FT: Tangential force. FR: radial force. FLM: Lateral-Medial force.
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TABLE 1. ADC values for the force components of the 7 participants.

Force comp

Participant

P1 P2 P3 P4 P5 P6 P7

ADC FT 14.36 ± 12.34 17.80 ± 12.37 13.53 ± 11.54 17.79 ± 12.83 6.56 ± 9.00 34.97 ± 7.67 23.23 ± 11.14

FR 39.91 ± 12.74 33.70 ± 9.02 11.22 ± 11.77 16.72 ± 13.30 8.69 ± 10.45 31.12 ± 8.90 9.21 ± 11.28

FLM 68.23 ± 11.45 69.45 ± 15.59 49.17 ± 15.86 46.65 ± 19.52 25.39 ± 16.21 34.50 ± 6.96 32.02 ± 11.53

Data were presented as mean & ± SD.

FT Tangential force, FR radial force, FLM lateral-medial force, Pi Participant i.

FIGURE 5. NSI and CCC values for the force components recorded at the pedals. Left: NSI values. Right: CCC and slag . NSI
graphics: Blue bars: NSI maximum values. Red bars: NSI minimum values. CCC and slag graphics: Blue bars: CCC values. Red
bars: slag values. FT: Tangential force. FR: radial force. FLM: Lateral-Medial force. Data were presented as mean & 6 SD.
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both legs and, moreover, were out of phase. These two
facts caused an increase in the asymmetry level as
mentioned above. A greater variability in asymmetry
was also observed in the inter-subject analysis (Fig. 5)
because of morphological asymmetries, the lack of
pedalling skills of the participants, etc. For example, in
the case of participant 1, the NSI was negative for most
of the cycle. The NSI maximum value in modulus was
reached for an angle a of approximately 45�. The leg
performed a compressive force on the crank at this
moment. Although the NSI value was negative, the
previously mentioned had to be taken into account and
the force values in the dominant and non-dominant
legs had to be analysed. Thus, a greater force in
modulus exerted by the dominant leg was observed.

FLM is the one which shows the highest levels of
asymmetry, reaching NSI values above 30% in many
cases, and variability (see Fig. 5). The maximum values
of the index occurred at two instants. Firstly, for val-
ues of a between 45� and 90�, instants when the forces
of both legs had a very high rate of variation but were
slightly delayed in time. In this way, the NSI reached
one of its maximums during the cycle. Secondly, when
the force of the dominant leg reached its maximum in
modulus, for a value of a between 135� and 180�.
Again, the gap between the two forces caused the NSI
to reach a maximum in modulus at that point. In a
similar way, the NSI value was negative, but the force
exerted by the dominant leg in modulus was greater
than that exerted by the non-dominant leg. This higher
value of the asymmetry level in the FLM could be due
to two main reasons. Firstly, as mentioned above, the
lack of experience of the participants, since they were
all amateurs without a refined knowledge of pedalling
technique. However, to confirm this explanation, the
results would have to be compared with those obtained
in professional cyclists. Secondly, the control of the
forces applied in the lateral direction was more com-
plicated from a biomechanical point of view, this force
component being particularly sensitive to factors such
as the configuration of the bicycle (saddle height, Q
factor, etc.), the morphology and the pedalling tech-
nique of the participant. In this way, the saddle height
was adjusted for each participant using the method-
ology developed by Holmes et al.23 However, the Q
factor was kept constant because it was, in general, a
standard and fixed parameter defined by the bicycle
manufacturer.

In order to analyse whether the proposed method-
ology allows validation of the second hypothesis of this
study, an index was defined based on the NSI that
provides information on the percentage of the pedal-
ling cycle in which the forces performed by both legs
were asymmetrical. For this purpose, a threshold value
of the NSI was defined in absolute value taken from

the literature.9 The defined index (ADC) is shown in
Table 1 for all participants. When analysing the results,
it should be borne in mind that they are obtained for
each participant from all the cycles carried out, in
which there is a dispersion. The FT component shows,
in general, a fairly symmetrical behaviour throughout
the cycle. The asymmetry occurs in a percentage of the
cycle lower than 20% in all cases except for partici-
pants 6 and 7. The FR component presents a higher
degree of asymmetry since only 4 participants present
asymmetry in a phase of the cycle of less than 20%, the
other 4 participants presenting asymmetries that rep-
resent between 30 and 40% of the pedalling cycle. Fi-
nally, the lateral component of the force is the one with
the greatest asymmetry. In participants 5–7 the asym-
metry is 25–35% of the pedal cycle. In participants 3
and 4 it is between 45 and 50% of the cycle and par-
ticipants 2 and 3 reach almost 70% of the pedal cycle
with asymmetric behaviour.

The results discussed above suggest that, on a pre-
liminary basis, the proposed methodology allows
information to be obtained on the first two hypotheses
proposed in this paper. First, the importance of car-
rying out a three-dimensional asymmetry analysis is
highlighted, because, as has been demonstrated, the
greatest asymmetries are located in the component of
the force not contained in the sagittal plane. Secondly,
the asymmetries analysis throughout the pedalling cy-
cle provides a global and complete knowledge of
pedalling behaviour.

The CCC complemented the NSI by analysing the
similarity between patterns of two variables. The re-
sults in Fig. 5 reflected that the forces contained in the
sagittal plane were highly correlated with maximum
CCC values above 96%. Moreover, this similarity
between the force patterns occurred with a minimal
offset, never greater than 7�. The correlation of the
FLM patterns showed CCC values for participants 1 to
4 below the established threshold of 90%. Analysing
the phase difference, all the participants except 5 and 7
have a phase difference of more than 10�. Thus, par-
ticipants 1 to 4 present a clear asymmetry in the lateral
force patterns, since the correlation is low, and the
phase shift is high. Participant 6 presents a high cor-
relation between patterns but with a 20� offset, with a
high variability in the offset, which indicates in some
way that the patterns are not symmetrical. Participants
5 and 7 show high symmetry in lateral force patterns in
both correlation and phase shift. In all participants the
lag values were positive which meant that the non-
dominant leg was shifted forward compared to the
dominant leg. From a physiological point of view,
these results were the opposite of what was expected.
The cerebellum is responsible for directing motor
activities, controlling movements linked to both gross
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and fine motor skills. Transcranial magnetic stimula-
tion studies revealed that the dominant hemisphere of
the cerebellum requires less stimulation than the non-
dominant hemisphere in eliciting muscle responses
from the primary motor cortex.32 Therefore, the non-
dominant leg forces would be expected to lag behind
the dominant leg, requiring more stimulation from the
non-dominant hemisphere. Consequently, the results
obtained were understood to have a justification based
on biomechanical aspects. Firstly, preliminary studies
carried out by the authors of this paper suggested that
increasing pedalling power the non-dominant force lag
increased relative to the dominant leg in the sagittal
plane. These results were in agreement with the con-
clusions obtained from the literature.32 The reason for
the slightly different results in this work may have been
due to the low workload and cadence defined in the
test conditions. Thus, the inertial force produced by
the dominant leg could produce an advance in the
pattern of the non-dominant force. The increase in
pedalling workload did not suggest a correlation with
the offset in the lateral-medial component. A more in-
depth study would be necessary to analyse the beha-
viour of this force component as a function of pedal-
ling workload.

The results obtained show that, in the case of forces
contained in the sagittal plane, the level of symmetry in
the force patterns is very high. However, the results
preliminarily suggest that the third hypothesis could be
accepted in the case of lateral force since asymmetries
in the force patterns were observed in 5 of the 7 par-
ticipants analysed. This fact highlights the need to use
both indices when carrying out an asymmetries anal-
ysis. Thus, a high NSI value with a high cross-corre-
lation and a minimal offset indicated that the
asymmetry is due to differences in the applied forces
magnitudes, however, there was a high synchrony in
the dominant and non-dominant legs force patterns
(e.g. FT of participant 6 or FLM of participant 7). A
high NSI value and a low cross-correlation indicates a
high asymmetry considering both factors, forces mag-
nitude and synchrony level (example: FLM participants
1 and 2). However, no cases had been detected with a
low NSI and correlation value. This indicates that, if a
participant is able to perform the same force with both
legs, he/she also performs a good synchronisation
between both legs.

The results obtained at the force level were consis-
tent with those reported by other authors at the kine-
matic30 and kinetic14,24,33,34 level. In addition, the level
of symmetry between dominant and non-dominant leg
in the sagittal plane is greater than the one obtained in
the lateral-medial direction. These results are similar to
those reported by Pouliquen and colleages30 in the
kinematic level. However, no references were found

regarding symmetry analysis in the kinetic level from a
3D perspective. Therefore, our understanding is that it
is necessary to develop this line of research. This
asymmetry degree observed in the lateral-medial
direction, both in terms of the magnitude of forces
exerted and in terms of time synchrony, could be
responsible for knee and ankle injuries due to the
possible occurrence of compensatory mechanisms
carried out by the participants during pedalling in or-
der to maintain the conditions of workload and
cadence.18

CONCLUSIONS

In this work, an analysis of asymmetries in the
three-dimensional forces applied to the pedals during
pedalling has been carried out. The forces applied to
the pedals were recorded using devices previously
developed by the authors.

The NSI index has been used to analyse the asym-
metry level between the different pedalling force com-
ponents in both legs. The interpretation of the results
provided by the NSI caused confusion when a negative
NSI was obtained and the force in the dominant leg
was greater in modulus than the force applied by the
non-dominant leg. In this case, the need to comple-
ment the NSI study with the values of the forces per-
formed at each instant for a correct and global
interpretation of the results has been shown. An index
(ADC) has been defined from the NSI to quantify the
percentage of the pedal cycle in which a force com-
ponent is asymmetric. Analysis of results suggests that
the components of the forces applied to the pedal
contained in the sagittal plane are predominantly
symmetrical throughout the pedal cycle. However, the
lateral-medial component of the force is asymmetric in
a high percentage of the pedal cycle.

The use of this index was complemented by the
CCC calculation to analyse similarities in the applied
force patterns and possible time lags between the pat-
terns in the dominant and non-dominant legs. The
joint use of the NSI and CCC coefficients allows
establishing a methodology to more accurately and
completely analyse existing asymmetries in pedalling
forces. The obtained results suggest that these asym-
metries are not only due to differences in the forces
applied by each leg, but also that the pattern of forces
exerted by each leg during the cycle also influences.
These preliminary results must be corroborated by
carrying out a study with a larger sample. The results
obtained reflected that the tangential and radial forces
showed a high level of symmetry during the pedalling
cycle, which was consistent with previously published
analyses of symmetry at the kinematic level. However,
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as future work, an analysis of muscle forces during
pedalling would be interesting to study possible
asymmetries at a muscle level. Previous studies sug-
gested that symmetries at the kinematic and dynamic
level can be achieved through compensation mecha-
nisms involving a high level of asymmetry in muscle
forces, which would imply a high risk of pain and in-
jury.

The results obtained in the lateral-medial direction
showed the most asymmetrical behaviour. This fact
was related to the low levels of force performed in this
direction and the difficulty, at a biomechanical level, of
controlling it. In addition, the participants were all
amateurs. A study with professional cyclists will be of
interest in order to analyse the level of dispersion and
asymmetry obtained in this force component. How-
ever, the obtained results were consistent with previous
kinematic studies which concluded that results in
planes different from the sagittal plane showed a higher
asymmetry level.

The asymmetry level presented in the lateral-medial
force component was also shown as a lower correlation
between the force patterns in both legs, as well as a lag
between the two patterns. Preliminary studies sug-
gested that this advance may be related to low work-
load and cadence where inertial forces would play an
important role. A relationship between workload and
the pattern lag between dominant and non-dominant
leg may exist. Future studies were planned to develop
this line of research further.

The results obtained in this work highlighted the
importance of three-dimensional analysis in cycling
dynamics. The forces applied outside the sagittal plane
were found to be an order of magnitude lower than
those applied in the sagittal plane. However, the
asymmetry level presented in the lateral-medial direc-
tion motivated the three-dimensional dynamic analysis
in pedalling in order to identify possible causes of pain
or injury produced by this asymmetric behaviour.
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