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Abstract: Background: The purpose of this study is to examine the lower extremity intra-segment
coordination and variability of road cyclists during pedaling at different intensities. Methods:
Eleven semi-professional road cyclists perform four trials at workloads of 50%, 75%, 100%, and 125%
of their maximum power output in a randomized order. Thigh, shank, and foot range of motions
(ROM) and the coordination and variability of these segments are compared across different pedaling
intensities. Results: Foot ROM in the sagittal plane and shank ROM in the transverse plane are
significantly different between different pedaling intensities. Moreover, specific coupling patterns
and variabilities are observed across the pedaling cycle; however, they were not significantly different
across different pedaling intensities in four pedaling phases. Conclusion: The results highlight the
role of knee extensors and plantar flexors during the first and second half of the propulsion phase of
pedaling, respectively. Thigh abduction dominancy with faster movement compared to the shank
indicates a more valgus stress during the propulsive phase of pedaling, which can increase the risk
of overuse injuries in the knee. Moreover, the smaller variability during the transition between the
propulsive and recovery phases indicates a reduction in degrees of freedom and may increase the risk
of overuse injuries.

Keywords: intra-segment coordination; variability; cycling; pedaling rate

1. Introduction

Road cycling is one of the world’s most popular sporting events [1]. Cycling with a steady cadence
and appropriate endurance also can be a suitable rehabilitation exercise for patients with an anterior
cruciate ligament injury [2]. Cycling is assumed to have a low impact on the body, but cyclists still
suffer from a considerable number of overuse injuries. The repetitive nature of the lower extremity
during pedaling, and much time spent on training and matches, is one of the main reasons for cyclist
overuse injuries [3]. The most common injuries in cyclists occur in the neck (48%) and knee (41.7%) [4].

Researchers report that many factors such as changes in cadence, body position and direction,
saddle height, and fatigue can affect the mechanics of pedaling [5,6]. Moreover, cycling competition
and exercises are performed in different workloads that may alter the kinematics of the joints and
segments. Two studies, for instance, focused on the relationship between workload intensity and 3D
kinematics in cycling that demonstrated a small-to-moderate difference in lateral spine inclination
and spine rotation between recreational and competitive cyclists [6], and an increased joint ranges
of motion (ROM) with increasing intensity [7]. Thus, it is beneficial for clinicians and bike fitters to
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understand how the full-body kinematics and lower limb muscles are affected by differing intensities
encountered in cycling training and racing.

Several studies focus on joint and segment kinematics during cycling, and the majority of these
studies have used linear analysis methods by considering the kinematics of individual joints rather
than addressing the interactions between joints [6–13]. However, the motion of segments subsequently
influence each other in a kinematic chain [14], as nonlinear dynamic analysis methods, such as the
coordination pattern of joints or segments, recently have suggested to provide a better understanding
of the biomechanics of human movement and effectively capture the complexity of the coordinated
motion of components of the body [15–17].

Human body segments are mechanically linked by joints; therefore, the motion of one segment can
be affected by the motion of other segments in the same kinetic chain. Therefore, research has suggested
using a dynamical system approach in human movement analyses, rather than looking at the kinematics
of a single joint [17–19]. Quantifying kinematic coordination is a tool to determine coupled movements
between two segments, and coordination variability (CV) quantifies the variety of movement patterns
that an individual uses during a task and can provide a measure of the flexibility/adaptability of
an individual’s motor system [20,21]. Thus, a comprehensive approach for investigating segment
movement coordination and CV during different pedaling rates is necessary to understand the relation
between the pedaling rate and lower extremity biomechanics. The aim of this study is to compare
lower limb segment coordination and their variability in cyclists during pedaling at different intensities.
We hypothesize that (1) Segment ranges of motion increase with an increase in pedaling intensity,
(2) lower extremity intra-segment coordination changes with an increase in pedaling intensity and (3)
lower extremity intra-segment coordination variabilities decrease with an increase in pedaling intensity.

2. Materials and Methods

2.1. Participants

Eleven semi-professional road cyclists (age 27.42 ± 5.12 years, mass 64.94 ± 5.19 kg,
height 168.67 ± 3.47 cm) volunteered to participate in this study. All participants had a minimum
of three years road cycling experience and were physically active and free from injury at the time
of testing. They had no history of serious injuries or surgery in their lower extremities within the
preceding year. The cyclists who had less than three years cycling experience or had injury were
excluded from the research. They signed a written informed consent before the enrolment.

2.2. Experimental Procedure

All protocols were previously approved by Kharazmi University Institutional Review Board
with ID: KH-13600404. The test was performed over two days, with an interval of 48 h. The first
session involved measuring the height and weight of the participants and adjusting saddle height.
Saddle height was adjusted to achieve a 150-degree knee extension with the pedal at its lowest point
for each participant [22]. All participants used their own bike that was connected to an ergometer
(Technogym, Gambettola, Italy). To measure maximal oxygen uptake (VO2max), the participants were
asked to begin pedaling with an initial load of 1 watt per kilogram of body mass. Load was increased
by 35 W for male participants and 25 W for female participants every three minutes until exhaustion.
The pedaling rate was controlled within 90–95 revolutions per minute (RPM), and testing finished
when the pedaling rate dropped below 85 RPM. The peak power output (POpeak) was calculated
from the percentage of time (t%) and the power output at the final stage (PO f inal) according to
Equation (1) [22,23]:

POpeak = PO f inal × t% (1)

Forty eight hours after peak power testing, the participants visited the laboratory for a kinematic
evaluation of lower extremity joints at different intensities. The kinematics data were collected by
a myoMotion system (Noraxon Inc., Scottsdale, AZ, USA) in three dimensions. The myoMotion
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sensors were positioned on the feet, shanks, thighs, and pelvis segments and calibrated based on the
manufacturer’s instructions according to former research [17] (Figure 1). The sampling frequency of
the system was set at 200 Hz. After five minutes of warm-up (at power less than 150 W), participants
pedaled at 50%, 75%, 100%, and 125% intensity (40 s in each intensity) and the lower extremity
kinematic data were recorded in each intensity. There was a 5 min rest between each intensity to ensure
fatigue did not affect pedaling.
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2.3. Data Processing

Kinematics data were low pass filtered by a zero lag fourth order Butterworth filter with an
8 Hz cutoff frequency. Pedaling cycles were separated using the right knee angle, and kinematic data
of 10 continuous pedaling cycles were selected for further analysis. The maximum knee angle was
assigned as top dead center (TDC) of the pedaling cycle, and each pedaling cycle was defined as the
TDC to the next TDC. Each pedaling cycle time series was time normalized to 101 data points and
expressed as a percent of the pedaling phase such that the propulsive phase and recovery phase were
identified during 0 to 50% and 51–100% of the pedaling cycle, respectively.

2.4. Segments Range of Motion (ROM) Calculation

To determine segment ranges of motion (ROM), the minimum value was subtracted from the
maximum value for each pedaling cycle in all three planes of movement and then were averaged
across cycles at each intensity.

2.5. Continuous Relative Phase and Its Variability Calculation

The continuous relative phase (CRP) and the CRP variability (CRPV) were used to calculate
segment coordination and its variability, respectively, in line with previous literature [17,24]. CRP and
CRPV were calculated for foot, shank, thigh, and hip segments. A phase plane for each segment
throughout a pedaling cycle was constructed by plotting normalized angular positions (θ: x-axis)
versus normalized angular velocities (ω: y-axis). Phase angle (Φ) was calculated as Φ = tan−1(ω/θ)
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along each data point of the pedaling cycle. Normalized angular position (θinorm) and angular velocity
(ωinorm) profiles were calculated using Equations (2) and (3), respectively.

θinorm =

(
2 [θi−min(θi)]

max(θi) −min(θi)

)
− 1 (2)

ωinorm =
(

ωi
max{|ωi|}

)
(3)

where i denotes each data point of the pedaling cycle. The minimum (min) and maximum (max) angles
for the series of ten pedaling cycles in each condition were used to normalize the angular position
(θ) for each of the 101 data points i. The angular velocity (ω) data were normalized to the maximal
(max|ω|) velocity within the ten pedaling cycles. Regarding each of the oscillators, the phase angle (∅)
was obtained by calculating the four-quadrant arctangent angle relative to the right horizontal axis at
each instant in the pedaling cycle [17,24].

The CRP for data point i was calculated by subtracting the phase angle of the distal segment
from that of the proximal segment and used as the coordination of two segments [17,24] according to
Equation (4):

CRPi = ∅distal
i − ∅proximal

i (4)

where ∅distal
i and ∅proximal

i are the phase angle of the distal and proximal oscillators, respectively, at data
point i in the pedaling cycle. CRP angles were calculated for ten couplings according to the Table 1.
The CRPV was calculated as the between-cycling cycle standard deviation of the CRP data points
within all trials for all participants.

Table 1. The calculated segment coordination and its abbreviation.

Coordination Abbreviation

1 Thigh flexion/extension to shank flexion/extension Thigh FL/EX—Shank FL/EX
2 Thigh flexion/extension to foot plantarflexion/dorsiflexion Thigh FL/EX—Foot PF/DF
3 Thigh abduction/adduction to shank abduction/adduction Thigh ABD/ADD—Shank ABD/ADD
4 Shank flexion/extension to foot plantarflexion/dorsiflexion Shank FL/EX—Foot PF/DF

2.6. Statistics

One-way repeated measure ANOVA was used to detect significant differences between segment
range of motion (ROM) at different pedaling intensities. Statistical parametric mapping (SPM), one-way
repeated-measures ANOVA, and a paired t-test (as post-hoc) were used to detect significant differences
between the continuous relative phase (CRP) and the continuous relative phase variability (CRPV)
waveforms in four different pedaling intensities. The statistical significance level was set at α = 0.05
and all SPM analyses were implemented using the open-source spm1d code (v.M0.1, www.spm1d.org)
in MATLAB.

3. Results

3.1. Range of Motion (ROM) Results

The results of the one-way repeated measure ANOVA showed that the majority of ranges of
motion (ROM) in all segments increased with increasing intensity. (Table 2) There were significant
differences in foot ROM in the sagittal plane (p = 0.04), and shank ROM in the transverse plane
(p = 0.002) between different pedaling intensities. The results of the Bonferroni post-hoc showed that
there were significant differences in shank ROM in the transverse plane between 50%–125% (p = 0.016)
and 75%–125% (p = 0.042) intensities, and there were significant differences in foot ROM in the sagittal
plane between 50–100% intensities (p = 0.041).

www.spm1d.org
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Table 2. Segment ranges of motion (ROM) in transverse, frontal, and sagittal plane during pedaling at different intensities.

Segments Transverse Plane Frontal Plane Sagittal Plane

50% 75% 100% 125% p Value 50% 75% 100% 125% p Value 50% 75% 100% 125% p Value

Thigh 24.58 ± 12.43 25.01 ± 12.33 27.27 ± 16.06 22.95 ± 11.90 0.62 28.16 ± 16.45 27.53 ± 17.11 25.80 ± 12.92 27.86 ± 14.86 0.80 49.19 ± 7.94 48.72 ± 7.89 49.40 ± 8.37 49.42 ± 8.07 0.72
Shank 9.56 ± 3.78 9.76 ± 3.37 10.75 ± 4.21 11.83 ± 4.80 0.002 * 9.71 ± 5.50 9.51 ± 4.92 9.20 ± 4.40 10.03 ± 5.61 0.66 43.38 ± 2.75 42.69 ± 2.28 42.08 ± 4.34 42.01 ± 2.69 0.08
Foot 9.08 ± 5.11 14.48 ± 8.93 12.93 ± 7.56 14.67 ± 7.55 0.09 11.8 ± 1.43 12.27 ± 1.71 14.36 ± 1.92 16.43 ± 1.65 0.17 43.03 ± 11.03 44.31 ± 10.74 53.10 ± 14.54 46.76 ± 11.18 0.04 *

* Significant differences between intensities at α = 0.05
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3.2. Coordination Variability Results

The results of vector analysis one-way repeated measure ANOVA in statistical parametric mapping
(SPM) did not show any significant differences in all calculated continuous relative phases (CRPs) and
continuous relative phase variabilities (CRPVs) during four pedaling phases (p > 0.05) (Figures 2–5).
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4. Discussion

We studied the intra-segment coordination of the lower extremity and its variability during
pedaling at different intensities. The results showed that the shank range of motion (ROM) in
transverse significantly increased at a higher pedaling intensity and the foot ROM in the sagittal plane
significantly increased in a higher pedaling intensity, which verifies our first hypothesis partially.
The results of the present study are in line with the results of Holliday et al. (2019), who reported an
increase in the knee and ankle ROM with increasing pedaling intensity [7]. They examined joint ROM
at different pedaling intensities. The increase in shank ROM in a transverse plane at a higher pedaling
intensity can increase the valgus and varus loading on the knee and increase the risk for overuse
injuries on the knee. Moreover, the increase in foot ROM at a higher pedaling intensity indicates the
increase of plantar/dorsi flexion of the foot at higher pedaling intensity. It highlights the ankle roles
when increasing the pedaling intensity in cyclists.
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The results show that there were not significant differences in the intra-segment coordination of
the lower extremity and its variability between different pedaling intensities, rejecting our second
and third hypotheses. Participants showed a positive continuous relative phase (CRP) during 0–20%
(shank extension dominancy) and 80–100% (shank flexion dominancy) of pedaling, and a negative
CRP at 20–80% of pedaling (thigh extension dominancy at 20–50% and thigh flexion dominancy at
50–80%) for thigh flexion/extension (FL/EX)–shank FL/EX coupling (Figure 2a). However, this coupling
pattern was not significantly different between different intensities. This coupling pattern highlights
the quadriceps and hamstring roles for shank extension and flexion, respectively, during the first and
fourth quadrant phases of pedaling, and, also, the hip extensors and flexors role for thigh extension and
flexion during the second and third quadrants of pedaling, respectively. The coupling pattern for thigh
FL/EX–foot plantarflexion/dorsiflexion (PF/DF) followed a similar pattern to thigh FL/EX–shank FL/EX
coupling (Figure 3a). This indicates thigh extension dominancy during the first quadrant, thigh flexion
dominancy during the fourth quadrant, foot plantarflexion dominancy during the second quadrant
(plantar flexor role), and foot dorsiflexion (dorsiflexor role) during the third quadrant of the pedaling
cycle. Coaches and cyclists can use these patterns as a guideline to strengthen the muscles. In addition,
these patterns may be utilized by physical therapists to design recovery exercises.

Consistent with our results, Sides et al., (2012) reported no significant differences in hip-knee and
knee-ankle coupling between different work rate conditions [24], and no differences in segment and joint
angles between different workloads has been reported [6]. However, contrary to our results, a change
in lower extremity joint kinematics during different power outputs has been reported [7,9], but these
researchers compared singular joint mechanics during each power output situation. We conclude,
although the hip, knee, and ankle joint kinetics vary between different power outputs, cyclists may
change their motor strategy so their lower extremity segments and joint coordination patterns do not
change significantly during different intensities.

Participants showed thigh adduction dominancy during 0–45% of the pedaling phase, and thigh
abduction dominancy during 65–100% of the pedaling phase for thigh abduction/adduction
(AD/AB)–shank AD/AB coupling. However, they showed a shank abduction dominancy during
45–65% of the pedaling phase (Figure 4a). The 45–65% of pedaling is the transition from the propulsive
to the recovery phase. Moreover, the results show that the thigh moves faster during the propulsive
phase, but the shank moves faster during the recovery phase of the pedaling in phase space. It has
been reported that the injury mechanism is associated with altered segment and joint motions in
various sports like cycling. Specifically, greater hip adduction was linked to anterior knee pain [25].
Thigh adduction in cyclists indicates a knee valgus loading during the power phase and the faster
movement of the thigh indicates a more valgus stress during the propulsive phase. Although this
coupling was not significantly different between different pedaling intensities, this coupling pattern
shows a valgus loading on the knee during the propulsive phase of pedaling, which can increase the
risk of overuse injuries like patellofemoral pain on this joint.

The results show an in-phase shank dominancy during the first half of the propulsive phase
(0–25%) for the shank FL/EX–foot PF/DF coupling which decreases with an increase in pedaling
intensity. The pedaling task continues with an in-phase foot plantar flexion dominancy (25–50%) and
foot dorsiflexion dominancy (50–90%) (Figure 5a). This coupling did not significantly vary between
different pedaling rates, however, it indicates the knee extensor and foot plantar flexor rules in the
first and second half of the propulsive phase, respectively. Moreover, it indicates the ankle dorsiflexor
muscles are more active during the recovery phase of pedaling.

Generally, our results show that continuous relative phase variabilities (CRPVs) increase at
mid-propulsive and mid-recovery phases for all calculated couplings and thigh-shank CRPVs reduce
during the transition from the propulsive to recovery (about 50%) and recovery to propulsive
(about 100%) phases. However, these changes were not statistically significant (Figure 2b, Figure 3b,
Figure 4b, and Figure 5b). It has been reported that the increased variability of fluctuations is
an essential feature of abrupt changes or phase transitions in movement patterns [26]. Moreover,
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a reduction in the effective degrees of freedom, interacting components, and synergies involved in the
control of human movement may become associated with a reduction invariability and, when these
reductions in degrees of freedom and variability reach a critical threshold, injury or disease may
emerge. The increase in CRPV during the mid-propulsive and mid-recovery phases can be attributed
to the mid-phase transitions, during which cyclists need to change their strategy to transit their lower
extremity from push forward to push backward (mid-propulsive) and from pull backward to pull
forward (mid-recovery). Moreover, the knees are in their maximum extension and flexion during the
transition from propulsive to recovery and recovery to propulsive phases, respectively. The reduction
in coupling variabilities in these sites indicates a reduction in degrees of freedom, and there may be an
increased risk for overuse injuries. The results of the present study regarding CRPV are in contrast
with the results of Sides et al., (2012). They examined hip-knee and knee-ankle coordination and
its variability during pedaling at various cadences and work rates and they reported significantly
higher knee-ankle coordination variability during the recovery phase of pedaling in the 60 rpm stage
compared to during the 90 and 120 rpm stages [24]. However, they presented the mean of joint CRP
and CRPV across all 100 data points, which cannot be a good representation of all 100 coupling data
points, where we have used the statistical parametric mapping (SPM) method in all 100 data points.

One of the limitations of this study was the number of participants (n = 11), so the results of
this study should be considered with caution. Further work is required with a larger number of
cyclists to attain a better understanding of kinematic changes at different pedaling intensities. We did
not find any significant differences in segments CRP and CRPV between different pedaling rates.
However, we examined only four couplings in the sagittal and frontal planes using the CRP method.
The examination of further couplings in joints and segments in the three planes of movement may
present different results. We controlled the pedaling rates at 70 rpm. Hereafter, we will examine
coupling variability at different pedaling rates and power outputs to gain a better understanding
about the change in lower extremity mechanics during pedaling at different intensities. Finally,
fixing the bicycle on an ergometer limits the degrees of freedom and movement of the cyclists,
which might influence the adoption of coordination and variability strategies. The examination of
pedaling kinematics during a real cycling task on the road at different pedaling intensities can give a
better insight to the adaptation of joint and segment coordination with different pedaling intensities.
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