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GRESPI, Université de Reims Champagne-Ardenne, Moulin de la Housse, 51687 Reims Cedex 2, France
Received 6 March 2015, Accepted 21 April 2015
Abstract – Comfort in cycling is related to the level of vibration of the bicycle: more vibration results in
less comfort and also it can generate health problems for the rider. The vibration level found in the joints
of the lower limb while cycling is directly related to the characteristics of vibration exposure and inﬂuenced
by the movement in this extremity. The aim of this work was the development of a protocol to analyze the
dynamic and physiological response of the human body subjected to vibration exposure while cycling. In
this preliminary study, the dynamic response is analyzed using the measure of the transmissibility from the
pedal to three joints of the lower body (ankle, knee and hip). In addition, the analysis of the physiological
response is done through the measure of muscular activity (electromyography). The subject performs a
cycling exercise at a constant speed and power (80 RPM, 150 W) with a vibration exposure at six diﬀerent
frequencies (20-30-40-50-60-70 Hz) and with two amplitudes of vibration (2 mm and 4 mm). The accelerometric results are analyzed taking into account the diﬀerent phases of the pedaling cycle. The preliminary
results of our analysis show that the vibration frequency and the diﬀerent phases of the movement have
an inﬂuence on the induced vibrations. The frequencies and phases where the transmissibility is higher for
each joint are found, as well as the frequencies where the muscular activity is increased.
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Nomenclature
f
ph
ajoint
Tjoint
ainput
EM GRMS
EM G W V RMS

Frequency
Pedaling phase
RMS acceleration at each joint (m.s−2 )
Transmissibility to each joint relative
to the input acceleration value
RMS acceleration at the pedal (m.s−2 )
RMS value for the sEMG signals for
each condition of vibration
RMS value for the sEMG signals
assessed without vibration

1 Introduction
For both professionals and recreational bicycle riders,
comfort is important and related to the exercise performance. Comfort in cycling is related to the level of vibration of the bicycle: more vibration results in less comfort
for the rider. Vibrations caused by road irregularities are
a
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transferred throughout the bike to the cyclist. These vibrations can cause health problems mostly associated to
the hand-arm system, the knee and the back.
Diﬀerent studies have quantiﬁed the eﬀect of vibration
in the human body while cycling. These studies can be
divided in two categories: dynamical response and physiological response.
The dynamical response is represented by measures
of acceleration at diﬀerent parts of the human body or
at the interface between the body and the bicycle (such
as pedals, saddle and handlebar). Using the measures of
acceleration the transmissibility between these locations
can be also calculated. For the assessment of this dynamic
response, diﬀerent studies take into account the type of
bicycle [1, 2], its structural characteristics [3, 4], the surface roughness [2, 3, 5], the frequencies of the vibration
exposure [6], the speed [3] and the position of the rider.
Some of these studies center their attention on the
acceleration at diﬀerent points of the bike and the transfer
function of the frame to the fork [4] or the saddle [2, 7].
However, the physical risk associated with this vibration exposure does not depend solely on the vibration at the interface between the rider and the bicycle,
but also the vibration at diﬀerent points of the human
body [8]. The transmissibility function to diﬀerent parts
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of the human body allows the identiﬁcation of their resonance frequencies. Resonance is the tendency of a system
to oscillate at its maximum amplitude, and is associated
with speciﬁc frequencies so that even small amplitude input vibrations can produce large or dangerous output amplitudes. The identiﬁcation of resonance is important for
determining vibration safety [9] because a higher value
of transmissibility could represent a higher risk for each
joint. Taking this characteristic into account, in the work
of Chiementin et al. [6] the authors propose a study of
the transmissibility to the hand-arm system during cycling over a cobblestone road. They found an inﬂuence of
the speed on the transmissibility and the vibration dose.
The physiological response of the human body to
vibration exposure can be measured through diﬀerent
indicators such as the muscular activity (EMG), the
heart rate, the oxygen uptake and the muscle metabolism
through the production of lactate. In this area, the work
of Sperlich and Kleinoeder [10] evaluated the eﬀects of
local vibration-induced cycling on the cardiopulmonary
system as well as the muscle metabolism and perceived responses compared to cycling without vibration, for power
between 250 and 300 W. Their results show that a vibration stimulus leads to a higher respiratory demand.
Another study [11], analyzed the performance of dynamic
muscular work endurance in cycling under the inﬂuence of
vibration. This endurance is measured taking into account
the time of the exercise, the heart rate and blood pressure. They found that vibrations transmitted to working
muscles reduce the physical working capacity measured as
endurance during bicycle ergometer exercise at a constant
load.
The muscular activity under vibration in cycling has
been measured on the forearm muscle [12] and on the
back [13], for diﬀerent road surfaces. However, to the authors knowledge there are not studies that measure the
muscular activity at the muscles of the lower limb in cycling under vibration.
In this paper, a new protocol for the analysis of the dynamical and physiological response of the human body to
vibrations while cycling is proposed. This response is measured for six frequencies of exposure and two amplitudes.
The dynamic response is analyzed through the measure
of vibration transmissibility from the pedal to the three
joints of the lower limb (ankle, knee and hip). This response is analyzed taking into account the four phases
of the crank cycle: downstroke, bottom dead center, upstroke and top dead center. The downstroke begins as the
foot and pedal move from 20 to 145◦. The bottom dead
center is the sector immediately following the downstroke
in which the joints make a transition between extension
and ﬂexion. In the upstroke the system is pulled upward
from 215 to 325◦. The top dead center is the last transitional movement and precedes the top dead center by
pressing forward over the top from about 325 to 20◦ , in a
transition from ﬂexion to extension.
The muscular activity is measured for three muscles
of the lower limb.
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2 Materials and methods
2.1 Subject
One healthy male cyclist (1.75 m, 55.3 Kg, 9.07% body
fat, 23 years old), without apparent physical contraindications to WBV training, participated voluntarily in this
study. The exclusion criteria were implants, recent fractures, musculoskeletal disorders, kidney stones, diabetes,
cardio- vascular disease, gallstones or epilepsy. The subject gave a signed informed consent, and the study was
approved by the local Ethics Committee.
2.2 Material
The test bench is composed of a vibration plate, a
road bike and a power control system (Fig. 1). The vibration plate (FITVIB 600. Vreden, Germany) is equipped
with two motors generating a periodic sinusoidal vibration. The vertical plate’s displacement is 2 mm in low
amplitude and 4 mm in high amplitude. This displacement is constant of the frequency range. The vibration
plate generates a vibration in a frequency range between
20–70 Hz. The used cycle features a carbon mono-frame,
Mavic Kyrium Equipe wheels, Michelin Lithion 700-23c
tires (Pressure = 7 bars). The rear wheel is placed in a
Tacx Power Back home trainer. This system allows a visualization of the speed and a deﬁnition of the power that
is kept constant during all tests.
Muscular activity is measured using Trigno wireless
sensors (dimensions: 37 × 26 × 15 mm) which consist of
two dry bar electrodes (10.0 × 1.0 mm) spaced at 10 mm
(Delysis Inc, USA). The sensor, which allows a single differential detection of EMG signal, is characterized by a
preampliﬁer gain of 10 V/V, noise less than 1.5 μV RMS
and input impedance greater than 1015 Ω.
Accelerometric data were obtained using an acquisition system (OROS OR35, Grenoble, France, 8 dynamic inputs, and 2 generator channels), and tri-axial accelerometers (Bruel & Kjaer deltatron 4521B, frequency
range: 0.25–3000 Hz, sensitivity: 100 mV.g−1 ).
Through an analog output from the OROS system,
synchronization between the EMG acquisition software
and the acceleration data is possible.
2.3 Experimental protocol
The subject wore the same shoes in both tests, to
avoid external variance in the measures. Toe clips pedals were used throughout all assessments. During all the
conditions tested, the subject was instructed to keep a
constant position of the hands over the handlebar grip.
Muscular activity was measured for three muscles of
the lower limb: Vastus Medialis: VM; Biceps Femoris: BF;
Soleus: SOL (Fig. 2). Electrode skin areas were shaved,
rubbed with an abrasive paste, and cleaned with alcohol solution. The EMG sensors were attached to the skin
with a double-sided adhesive interface tailored to match

M. Munera et al.: Mechanics & Industry 16, 503 (2015)

Fig. 1. Test Bench.

et al. [14]. All the sensors were secured with speciﬁc adhesive tape to prevent their falling oﬀ due to vibrations
stimulus.
The accelerometers were attached to the ankle, knee
and hip regions using elastic bandages. The accelerometers were located on the skin above the lateral malleolus
of the tibia (ankle), lateral tuberosity of the tibia (knee),
and the anterior superior iliac spine (hip). Also, one accelerometer was attached to the pedal to provide measure
of the input vibration. This value was used as a reference
to compare the signals from the diﬀerent body sites. All
accelerometric data were sampled to 1000 Hz according
to the Nyquist criteria.
In all the conditions, the subject was instructed to
perform six minutes of a cycling at a constant speed
(80 RPM) and a constant power (150 W), followed by
four minutes of recovery time. The time of the test was
chosen in order to have stabilization on the physiological parameters measured. The recovery time is used to
decrease the possibility of muscle fatigue.
Fig. 2. Muscles Vastus Medialis (1), Biceps Femoris (2) and
Soleus (3).

the contours of the sensor, and were placed on the middle
of the muscle’s belly and arranged in the direction of the
muscle ﬁbers, following the recommendations of De Luca

The exercise was repeated 16 times: for each amplitude, six conditions with vibration exposure at a frequency of 20-30-40-50-60-70 Hz and two without vibration, at the beginning of the test and in the middle of the
other conditions. The data were collected over a total of
16 trials. Trials with vibration were randomized to negate
any order eﬀects.
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Fig. 3. Low frequency pedal acceleration in the z and x axis and crank cycle identiﬁcation.

2.4 Data analysis
2.4.1 Accelerations
Data analysis was performed using MATLAB version
7 (The Mathworks Inc., Natick, MA). In all conditions of
frequency and amplitude, the root mean square (RMS)
value of the acceleration is calculated in stationary conditions. The signal acquired by the accelerometers contains
a low-frequency component corresponding to the movement and a high-frequency component corresponding to
the vibration. The low frequency-component is decoupled
using a low pass Butterworth ﬁlter of eighth order with
a cut frequency of 15 Hz. This was carried out to remove
the vibration component.
Using the raw signal, the high frequency component
is ﬁltered using a high pass Butterworth ﬁlter of eighth
order with a cut frequency of 15 Hz. This ﬁltered signal is cut into four phases in the pedaling cycle. The cut
point of those diﬀerent parts is identiﬁed using the maximal acceleration in the x and z axes of the movement
obtained with the low-frequency component in the pedal
(see Fig. 3). The RMS value corresponding to each part is
computed within a minute. In a minute of acquisition the
measure contains approximately 80 pedaling cycles, thus
the RMS value (ajoint (f )) used to calculate the transmissibility is the mean of those RMS values corresponding
to the same part of the pedaling cycle. This RMS value
is calculated with the measures of the three axes using
Equation (1).
For a given test frequency f the accelerations
ajoint (f, ph) at each joint and each phase of the cycle
ph, are computed using the measure in the three axes at
each condition (ajointx (f, ph) ajointy (f, ph), ajointz (f, ph))
(Eq. (1)). This acceleration is expressed in terms of transmissibility to each joint (Tjoint (f, ph)) relative to acceleration value at the input (pedal) (ainput (f, ph)), using Equation (2). The vibration transmissibility Tjoint , is studied
according to the movement represented as the phase of
the cycle where it is measured (ph), and the excitation
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frequency of the vibration (f ).

ajoint (f, ph) = a2jointx + a2jointy + a2jointz
Tjoint (f, ph) =

ajoint (f, ph)
ainput (f, ph)

(1)
(2)

2.4.2 Muscular activity
The sEMG signals were ampliﬁed using a 16-bit
multi-channel, isolated biomedical signal ampliﬁer and
acquisition system (AD Instruments, Australia, PowerLab 16/35; input impedance: 1 MΩ @ 100 pF; CMRR >
120 dB @ 100 Hz), sampled at 1000 Hz. Using Matlab
the signal is ﬁltered using a band-pass ﬁlter (10–400 Hz)
and notch ﬁlters at the frequency of the vibration exposure were used to suppress artifacts due to vibration. The
RMS value of the signal at each test frequency and amplitude condition is calculated in stationary conditions.
The RMS value for the sEMG signals for each condition
(EM GRMS (f )) of vibration is compared with the value
assessed without vibration (EM G W V RMS ). Thus, the
EMG signals are represented for each frequency as an
augmentation percentage relative to the movement without vibration exposure (Eq. (3)).
Relative diﬀerenceGM (f )


EM GRMS (f ) − EM G W V RMS
=
× 100 (3)
EM G W V RMS

3 Results and discussion
3.1 Transmissibility
The mean and standard deviation over a minute of
the transmissibility from the pedal to the ankle (Fig. 4),
knee (Fig. 5) and hip (Fig. 6) are calculated. This transmissibility varies depending on the frequency and the amplitude of the vibration exposure, as well as the analyzed
pedaling phase and the joint where it is measured.
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Fig. 4. Ankle/Pedal transmissibility for low at high amplitude at the four phases of the pedaling cycle. (a) Phase 1: downstroke
(20◦ –145◦ ), (b) Phase 2: bottom dead center (145◦ –215◦ ), (c) Phase 3: upstroke (215◦ –325◦ ), (d) Phase 4: top dead center
(325◦ –20◦ ). * Signiﬁcant diﬀerence between vibration transmissibility at low and high amplitude vibration (p < 0.05).

Fig. 5. Knee/Pedal transmissibility for low at high amplitude at the four phases of the pedaling cycle. (a) Phase 1: downstroke
(20◦ –145◦ ), (b) Phase 2: bottom dead center (145◦ –215◦ ), (c) Phase 3: upstroke (215◦ –325◦ ), (d) Phase 4: top dead center
(325◦ –20◦ ). * Signiﬁcant diﬀerence between vibration transmissibility at low and high amplitude vibration (p < 0.05).

Fig. 6. Hip/Pedal transmissibility for low at high amplitude at the four phases of the pedaling cycle. (a) Phase 1: downstroke
(20◦ –145◦ ), (b) Phase 2: bottom dead center (145◦ –215◦ ), (c) Phase 3: upstroke (215◦ –325◦ ), (d) Phase 4: top dead center
(325◦ –20◦ ). * Signiﬁcant diﬀerence between vibration transmissibility at low and high amplitude vibration (p < 0.05).
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Fig. 7. Relative diﬀerence in the EMGRMS value for the muscle Soleus between cycling with and without vibration.

The vibration transmissibility for the ankle joint
ranges between 0.28 and 1.10. The ankle joint presents
an ampliﬁcation of the input acceleration (1.1 times) only
at 40 Hz in the phase 2, which is the phase of transition
between ﬂexion and extension. This joint shows attenuation in the other frequency conditions; however, at low
frequencies between 20 and 40 Hz the transmissibility is
close to 1. That means that the vibration measured in the
joint is almost the same that the vibration in the pedal.
Compared to the ankle, the knee and hip joints never
present an ampliﬁcation of the vibration. For the knee the
vibration transmissibility ranged between 0.03 and 0.35.
The resonance peak in the knee and the hip occurs at low
frequencies (20–30 Hz). In the knee the maximal vibration
transmissibility is 0.35 and for the hip is 0.15. In the hip
joint, the vibration is largely attenuated in all the studied
conditions (0.01–0.15)
The signiﬁcant diﬀerence between the vibration transmissibility at low and high amplitude for each frequency
was evaluated using a Mann Whitney statistical test. This
diﬀerence (p < 0.05) is shown in the ﬁgures. At the knee
and hip joint a signiﬁcant diﬀerence between low and high
amplitude is found for all the studied conditions in frequency and pedaling phase. At the ankle joint this difference is found for all the conditions, except for 50 Hz
at the phases 1 and 4, when the ankle is in extension. At
the ankle joint, lower amplitude presents a higher transmissibility at low frequencies (20–30 Hz) while it presents
a higher transmissibility with higher amplitude at higher
frequencies (40-50-60-70 Hz).
The transmissibility at the joints decreased with distance from the pedal. This fact shows a damping behavior of the tissues in the lower limb, explained by a larger
quantity of body’s natural shock absorbers (muscles, bone
and ligaments) present at more proximal locations of the
lower limb.

3.2 EMG
The RMS value of the sEMG was calculated over a
minute for each condition, and represented as relative difference (%) between the cycling exercise with and without
vibration for the muscles Soleus (SOL) (Fig. 7), Vastus
Medialis (VM) (Fig. 8) and Biceps Femoris (BF) (Fig. 9).
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Fig. 8. Relative diﬀerence in the EMGRMS value for the muscle Vastus Medialis between cycling with and without vibration.

Fig. 9. Relative diﬀerence in the EMGRMS value for the muscle Biceps Femoris between cycling with and without vibration.

For the muscle SOL the increase due to vibration is
always much higher at high amplitude than at low amplitude vibration. This increase has a peak at 40 Hz for
high amplitude vibration, where the increase of the muscle activity is 330%. This muscle is located in the superﬁcial posterior region of the lower leg, and its action
is plantarﬂexion of the foot (ankle extension). The peak
found for the muscular activation in high amplitude vibration seems to be related to the transmissibility in the
ankle, because they are both found at the same frequency
(40 Hz).
For the muscle VM, the increase in the activity for
high amplitude vibration at 40, 50 and 60 Hz is much
higher than the increase for the other studied muscles.
This increase has a peak at 50 Hz where the muscular
activity is increased in a 636% compared to the exercise
without vibration.
The muscle BF presents an increase of the muscular
activity for almost all the conditions, except for low amplitude vibration with frequency of 70 Hz where the activity
suﬀers a very small decrease (less than 5%). This increase
is maximal for high amplitude vibration at 30 Hz with a
value of 45%. At 20 Hz low amplitude vibration presents
a higher increase in the activity compared to high amplitude vibration. However, for the frequencies greater than
30 Hz high amplitude vibration presents a higher increase
which declines when the frequency increases.
The BF is a muscle of the posterior thigh, its action
is knee ﬂexion and it is also involved in hip extension.
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The behavior of this muscle’s muscular activation increase
seems to be related to the transmissibility at the hip,
showing a peak in low frequencies (20–30 Hz) and a decrease with the increase of the frequency above 40 Hz.
The increase in the EM GRMS of this muscle is lower
than for the other two studied muscles, this could be explained by the greater distance from this muscle to the
source of vibration (pedal). As the distance from the pedal
increases, the transmissibility decreases; so, this could
cause also a smaller change in the muscular activation
relative to the exercise without vibration.

4 Conclusions
The protocol developed in this article, shows the possibility of analyzing simultaneously the dynamic and physiological response of the human body under vibration in
cycling.
The preliminary results of the transmissibility allow
one to identify the resonance frequency at each joint for
every tested condition. As shown by Chiementin et al. [6]
the frequency of vibration exposure in cycling is related
to the displacement speed. Thus, the identiﬁed resonance
frequencies represent diﬀerent displacement speeds where
the acceleration received by the joint is higher than the
vibration entering the lower limb system. It is important
to highlight that the increase in this acceleration can lead
to joint damage [15]. Using the low frequency component
of the pedal acceleration, it is possible to identify the different parts of the crank cycle and to calculate the transmissibility value in those parts, revealing the inﬂuence of
the movement on this value.
The EMG signals are modiﬁed by the vibration exposure in almost all the tested conditions. The changes in
EMG signals seem to be related to the transmissibility
at the joint with which the muscle is associated. However, the EMG signals in this preliminary study generally
present a much higher diﬀerence between low and high
amplitude vibration than the vibration transmissibility.
Due to the high variability in measures relative to the
human body, and particularly the measures of muscular
activation by EMG a number of subjects is necessary to
test the hypothesis here exposed in order to use statistical
test.
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