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Physical risk associated with vibration at cycling
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Abstract — The vibrations undergone by men are a well-known and widely studied risk factor in the
industrial world. They are transmitted to the whole body or the upper limbs and they are measured, and
limited, according to international standards. Disorders resulting from exposure to vibration are varied
in nature: osteoarticular, muscular, vascular, and neurological. In this context, an European Directive
2002/44/EC to the protection of workers exposed to vibration, precises thresholds for vibration exposures
and defines the procedure for risk prevention. Nevertheless, the effect of vibration is little studied in
sports despite the ubiquity of these. Vibration can induce discomfort, degrading performance or causing
musculoskeletal disorders. This paper makes an overview of the studies involving the vibrations during
cycling. At first, this paper will summarize the different standards and guidelines relating vibration in
humans, which present a guide for the measurement and evaluation of the vibration and exposure limits.
Secondly, this paper presents a state of the art vibration effects: (i) the physiological and pathological
disorders in athletes, (ii) and the performance. A third part will be devoted to the synthesis of numerical
studies that represent the biodynamic response and help to predict the effects of human body vibration.

Finally, new research and innovations will be discussed based on studies in other sports.
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1 Introduction

Vibration is an oscillatory movement around a sta-
ble equilibrium position or a mean trajectory. This kind
of movement is omnipresent, for both mechanical systems
and men [1]. These vibrations are found in the daily activ-
ities, at work and sport. There are two kinds of vibration
which are faced by the human body in everyday life: the
whole-body vibration and local vibration. According to
Griffin [1], “Whole-body vibration occurs when the body
is supported on a surface which is vibrating. Local vi-
bration occurs when one or more limbs (or the head) are
in contact with a vibrating surface”. The resonance is
present when the movement in a body is amplified with
respect to the input motion. The frequency when this ra-
tio is maximal is called resonance frequency [2]. Along to
these resonance phenomena determined for the different
parts of the human body [3], excitatory vibrations may
be beneficial or harmful. The effects depend on the vibra-
tion characteristics: magnitude, frequency, duration and
direction [1].
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This review covers the vibrations in the human
body, especially at cycling. In the first part, the various
standards and guidelines relating vibration in humans will
be presented. Then, this paper will summarize the most
important studies made in relation to vibration in the hu-
man body and that have an influence on the understand-
ing of the effects of vibration in cycling. These studies
allow to identify the most influential parameters and to
know the health and performance factors particularly in
cycling. A third part is devoted to the synthesis of nu-
merical studies that represent the biodynamic response
and help to predict the reactions of the human body with
vibrations. Finally, new research and innovations will be
discussed.

2 Standards and guidelines

Due to the possible consequences and pathologies de-
rived from exposure to vibration from the industrial ac-
tivities, certain standards and guidelines have been devel-
oped in order to define exposure limits, preventive actions
and responsibilities of the employer and employed.

In this section three standards and a European direc-
tive that can be applied to cycling are presented.
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2.1 Standards ISO 5349-1: measurement
and evaluation of human exposure
to hand-transmitted vibration and 1SO 2631-1
mechanical vibration and shock-evaluation
of human exposure to whole-body vibration

Those standards provide a guideline for measurement
and evaluation in cases of exposure to vibration transmit-
ted to the hand-arm system [4], whole-body vibration and
the vibration with occasional high peak values [5]. The vi-
brations must be measured and recorded for the three di-
rections of an orthogonal coordinate system. This system
has its origin at the point where the vibration enters the
human body. This point indicates the vibrations at the
interface between the human body and the source of the
vibrations. These standards define a frequency weighting
and band limiting filters to allow consistent comparison
of measurements. The frequency weighting is used to rep-
resent the probability of damage in the human body due
to different frequencies of exposure.

To assess the vibration it must be necessary to take
into account the next parameters: mean vibration in time
and in frequency bands, also the time of exposure (T'),
the intensity, the frequency and the axes of vibration. Un-
der this standard, the vibration assessment should include
measurement of the root means square value of weighted
acceleration defined by the following equation (Eq. (1))

T 2
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where a,, (t) is the weighted acceleration based on time,
using frequency weighting factors W;, and calculated with
the Equation (2). These factors are shown in this standard
and they have different values depending on the position
of the subject and the activity where the vibration is eval-
uated (e.g. health, perception, comfort, motion sickness).
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when the acceleration is measured in the three directions
at the same point, the total value of the vibrations ay,, is
computed from the vibrations by an orthonormal coordi-
nate system (awx, Qwy, awz) using factors that represent
the entry point of vibration, the influence of the position
of the subject in each axe (k,, ky, k) (Eq. (3)).
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In the hand arm system, although exposure to vibration
is measured in terms of acceleration in the contact area,
the biological effects and the vibration amplitudes mea-
sured may depend in the coupling of the hand and the
vibration source. So, it should quantify and record the
forces between the hand and the grip area and also the
description of the position of the operator.
The vibration exposure depends on the vibration am-
plitude (represented by total vibration value ap,) and

the duration of exposure. To take into account the du-
ration of exposure, the daily exposure time is used. That
is the total time of exposure to vibration during the work-
day. Daily exposure to vibration is obtained from the
amplitude of vibration (ap,) and duration of daily ex-
posure (7). Daily exposure to vibration is expressed in
terms of total value-weighted equivalent continuous vibra-
tion frequency for a period of reference Ty of 8 h, rated
A (8), and calculated using the Equation (4).

T
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(4)

If the total daily exposure to vibrations consists of several
operations with different vibration amplitudes, A (8), is
obtained with the Equation (5).

where ap,; is the total value for the ith vibrational op-
eration, n is the number of partial vibration exposures
and T; is the duration of the ith operation. Each of these
values must be set.

2.2 Directive 2002/44 /EC of the european parliament
and of the council: minimum safety and health
requirements regarding the exposure of workers
to risks arising from physical agents

This Directive set the minimum requirements against
risks to health and safety arising from exposure to me-
chanical vibration. These requirements apply to activities
in which workers are exposed during their work to risks
from mechanical vibration [6]. It defines the values limit
of exposure and the limit triggering an action.

For vibrations transmitted to the hand-arm system:
the daily exposure limit value standardized to a refer-
ence period of eight hours is 5 m.s™2 and the daily ex-
posure value normalized to a reference period of eight
hours triggering action is set at 2.5 m.s~2. For vibrations
transmitted to the whole body the daily exposure limit
value standardized to a reference period of eight hours is
1.15 m.s~2 and the daily exposure value normalized to a
reference period of eight hours triggering action is set at
0.5 m.s—2.

This directive also defines the obligations of employ-
ers for the identification and assessment of risks. These
obligations evaluate and, if necessary, measure the levels
of mechanical vibrations to which workers are exposed.

During the exposure assessment and prevention of
risks the employer must give particular attention to the
level, type and duration of exposure, to particular work-
ing conditions and any impact on the health and safety
of workers. Once the exposure is measured, the employer
must take the actions useful to minimize the risks result-
ing from exposure to mechanical vibration.
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Fig. 1. Ranges of qualified positions for the arm.

2.3 Standard ISO 10068: mechanical vibration
and shock — Free, mechanical impedance of the
human hand-arm system at the driving point

This standard gives the values of the mechanical re-
sponse of the hand arm system to vibration and the me-
chanical equivalent models that represent these values [7].
This response depends on: the direction of vibration, the
geometry of the object, the grip forces, posture, muscle
tone and anthropometric characteristics. The term “free
mechanical impedance to the entry point” is used to de-
scribe the dynamic response of the hand-arm to a forced
movement of the hand as a function of frequency. The
values of the free impedance, expressed as modulus and
phase, are provided for the three orthogonal directions
(three axes) in the basicentric coordinate system for the
hand (Fig. 1).

The reference values of the mechanical impedance are
given as a function of frequency for the specified forces.
The free impedance values data in this standard are appli-
cable to the following conditions: arm position defined by
the Figure 1, rest wrist, the hand grasps a handle having
a diameter between 19 mm and 45 mm and grip strength
between 25 N and 50 N. The mechanical power transmit-
ted to the hand when they submit a vibrating machine can
be calculated by knowing the internal impedance of the
source, its movement and the free mechanical impedance.
The models presented in this standard (Fig. 2) have 2, 4,
and 5 degrees of freedom, which allow the study of two
biodynamic functions: mechanical impedance and appar-
ent mass. The selection of the biodynamic function for
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Fig. 2. A 4 DOF mechanical equivalent model of the hand-
arm system.

the model development depends on the application. Ap-
parent mass is used for dynamic force, and impedance is
used for power absorption. These models use the same
general configuration for each of the three directions.

2.4 Standard limitations

The principal limitation of this standard is associated
to the measurement of the acceleration for the evaluation
of the risk taken in the interface between the source of
the vibrations and the human body. That means that this
evaluation does not take into consideration the position of
the human body or the extremity connected to the vibra-
tion source. In sports for example, the alteration of the
positions has a strong influence in the performance and
the vibrations absorption. It is for this reason that those
standards are incomplete for the assessment of the risks
on sports or on any activity where movement is present.

3 Vibration effects
3.1 Physiological and pathological disorders

The first studies about the physiological and patho-
logical effects in the cyclist go back to 1989. Samuelson
et al. [8] have searched how the vibrations could affect
the physical ability of the cyclist. In this study they used
an ergometer placed over a vibrating platform. The eight
subjects of this study had realized four tests each one: 2
without vibration and 2 with vibration at a frequency of
20 Hz in four different days. The experimental test con-
sisted of pedaling at a constant acceleration of 20 m.s™!
until exhaustion. Heart rate was measured every 10 min
and at the end of the test and the systolic pressure was
measured 20 min after the end of the exercise. On heart
rate and systolic blood pressure, the results showed no sig-
nificant differences between the tests with and without vi-
bration. However, the average time of tests with vibration
was 47 min against 60 min for tests without vibration. 6 of
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the 8 subjects showed that the cause of the inability to
continue with vibration was an important leg fatigue. The
authors concluded that muscle endurance work decreased
due to the presence of vibration. In 2007, Suhr et al. [9]
worked on the effect of vibrations and hypoxia on the reg-
ulation of angiogenesis in the rider. The study involved
12 subjects who performed four training sessions on er-
gometer in 4 different conditions. The results showed that
the endostatin increased in the four conditions of the exer-
cise while the vascular endothelial growth factor (VEGF)
increased significantly only in the conditions with vibra-
tion. The authors therefore concluded that the vibrations
were promoting angiogenesis.

In 2009 Sperlich et al. [10] completed the study of
Samuelson et al. [8] focusing their research on the effect
of vibrations on the cardiopulmonary system of the cy-
clist. Their study involved 12 cyclists; each one realized a
test on ergometer with vibration and another without vi-
bration (the ergometer is placed on a vibration platform
with a frequency of 20 Hz and amplitude of 4 mm). The
exercise was to increase the pedaling power of 50 W every
5 min starting with an effort to 100 W. The following data
were measured during and after the exercise: heart rate,
blood lactate concentration, perception of muscular effort
and oxygen consumption. As in the study of Samuelson
et al. [8] no significant difference in heart rate was re-
vealed. The comparison of lactate rate and perception of
muscular effort did not show significant differences either.
Contrariwise, at pedaling power of 250-300 W, the oxy-
gen consumption was significantly higher in the exercise
with vibration. This greater respiratory demand can be
explained by a greater demand for oxygen by the muscles
of the extremities due to micro contractions caused by
vibration.

Several articles in the literature refer to or ana-
lyze pathologies occurring during cycling without direct
trauma. They are described briefly: Rtaimate et al. [11]
reported a clinical case of aneurysm of the ulnar artery.
This pathology is present in sports where the hand is un-
der repeated traumatic impacts. Haloua et al. [12] studied
the ulnar nerve in amateur cyclists. The main reason for
the occurrence of this disease appears to be the lack of
training, poor road position and inadequate equipment.
The IFCM (French Institute for Hand Surgery) refers to
the compartment syndrome in the upper limb as pathol-
ogy found in cyclist and caused by prolonged strength
on the handlebar grip without a recovery period. Saraux
et al. [13] list the pathologies found depending on the
sport. For the pathologies on the upper extremity for the
cyclists, they found mainly: phlebitis and arterial com-
pression, compartment syndrome of the forearm, flexor
carpi radialis tendinitis, epicondylitis, Quervain tenosyn-
ovitis, radial and ulnar styloiditis and carpal tunnel.

3.2 Performance

In cycling, the vibration is intrinsic to the activity.
This vibration is mainly caused by the surface when this

is uneven. It has been reported several studies which in-
vestigate the influence of different types of road surface
in the comfort of the cyclist [14]. They show that asphalt
presents the lower acceleration effective value and cob-
blestone presents the higher. Giubilato et al. [15] devel-
oped a method to measure and compare the vibrational
response of different wheels, under different roughness of
road surface and to different speeds. They found that dif-
ferent wheel models equipped with the same tyre inflated
at the same air pressure level can show different vibra-
tional response to road roughness excitations and that
higher speed determines a higher vibration amplitude.

In the study by Arpinar-Avsar [16], a field and labo-
ratory study of vibrations is presented. In this study they
use the protocol established by the standard ISO2631,
concerning the placement of the sensors and the analy-
sis of the acceleration measured. They used tri-axial ac-
celerometers and an EMG system for the data acquisition.
They analyze the frequency and amplitude characteristics
of vibration exposed to the bicycle and the rider under
different characteristics.

The study conducted by Peretti et al. [17] shows the
difference of that comfort for two different kinds of bikes
indicating a slightly lower acceleration in a racing bike
than in a city bike. Other studies focus on the resistance
of the rider at different vibrations conditions [8, 14] and
also the level of vibration under different conditions as
speed [18] or tyre air pressure in the bike [17,19]. Partic-
ularly, in the study presented by Chiementin et al. [18]
the evaluation of vibrations is assessed by using the stan-
dard ISO5349 and measuring the vibrations in the handle
as well as the transmission through the arm.

4 Numerical studies

A numerical study is based in a model of the me-
chanical behavior of the system. These models can be
used to explain a system and the influence of different
parameters in its behavior. There are several kinds of
models used for the study of vibrations on the human
body. The mathematical models who represent the rela-
tion between the inputs and the outputs with equations,
can be used to optimize the design of tools like seating
systems [20] or suspension systems for bikes [21]. The
mechanical equivalent models represent a physical pro-
cess with elements like masses, springs, dampers, beams
and others; using this kind of model is possible to rep-
resent the biodynamic response to vibrations in terms of
mechanical impedance [22], apparent mass [23] or rela-
tive to the frequency [24], and is also possible to study
the vibration transmission [25] and different ways to re-
duce it [26]. Particularly in cycling, He et al. [27] show a
model of the response to vibration due to uneven surface
of the road. The finite element model (FEM) is a numeri-
cal technique for finding approximate solutions of partial
differential equations (PDE) and their systems. This kind
of model is usually used to represent the hand-arm sys-
tem, the local response to vibrations on a finger [28], the
modal analysis of long bones [29] or of all the body [30].
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Finally, the multi-body models are composed by discrete
segments connected by inertial kinematics joints that can
incorporate force elements; this kind of model allows to
study the vibration response in the human body [31], at
cars [32] or in a work environment [33] and the modal
analysis of the human body [34].

5 Perspectives

Several studies show the influence of vibration in the
performance of physical activities and sports. This influ-
ence can be shown in two different situations: when the
vibration is caused by the activity itself and when the
vibration is applied to the activity for study the differ-
ent changes in the performance, strength and flexibility.
In the first case we found cycling as well as other sports
like ski, golf and tennis [35-37]. In the second case the
vibration can be whole body vibration or just applied
to the hand- arm system. For the whole body vibration
there are studies that show the decrease of transmissi-
bility to the head when the frequency increases [38] the
effects in the increase of the force [39] the vertical jump
performance [24,39,40], the movement range [40] and flex-
ibility [41]; for the hand-arm system the studies show a
decrease of elbow torque [42], a reduction of the ability
to apply a precise quantity of force [43] and a diminution
of the force-recall performance [44] under vibration. The
results of this second case can be extended to the study
in cycling because it affects the extremities in a similar
way. These studies propose protocols that can be applied
in cycling in laboratory and field analysis.

It is rarely mentioned the cyclist vibration exposure
in a bike over the road. Yet it seems that as for occu-
pational diseases, the vibrations of the bike could be pro-
moting the arrival of the aforementioned pathologies. The
study by Boileau et al. [45] states that the effect of vibra-
tion depends on the intensity and distribution in the fre-
quency domain. They explain that there are standardized
test codes (ISO 8662 series of standards) describing the
methods used in the laboratory to determine the vibration
emission values of tools belonging to the same category.
This method allows a selection of tools less vibrating. Fu-
ture work would be addressed to draw an analogy with
the rider and create an experimental protocol to test the
vibration in the interface human-bicycle. Also it will be
set off to determine the potential effect of vibrations on
the performance of the cyclist and the possible occurrence
of diseases. Exposure to vibrations experienced by the cy-
clist can then be compared with the exposure value given
by the guideline. It is important to remember that the
most harmful vibration for a joint will be the one whose
amplitude and especially the frequency is closest to the
resonance frequency of this joint.
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