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ABSTRACT

VIBRATION TRANSMISSION TO BICYCLE AND RIDER:
A FIELD AND A LABORATORY STUDY

Arpinar-Avsar, Pinar
Ph.D.,Department of Physical Education and Sport
Supervisor: Prof.Dr.Feza Korkusuz

Co-Supervisor: Prof.Dr. Gilin Birlik

August 2009, 166 pages

The purpose of this study is to investigate the frequency and amplitude characteristics
of vibration exposed to the bicycle and the rider as well as the features of the
vibration transmission to the riders’ body. The findings showed that, vibration
transmission to the bicycle and the rider is effective in x-and z axis. As a result of
increased roughness, effective frequency range shifted to lower frequencies between
15-30Hz at both saddle and stem. The severity of transmitted vibration to the bicycle
was found to be considerably higher in road bike trials (up to 25 ms~). The frequency
range of the vibration exposure of the body parts were in between 0-30Hz and
independent of the level of vibration transmission the peak values were within the
range of 3-12Hz. As the acceleration magnitude increased depending on road
roughness, normalized rms EMG values also increased up to 50% in forearm
extensor muscles during MTB trials and in the flexor muscles during road bike trials.
With respect to no vibration trials, rms EMG values increased in order to maintain
the same force output. Vibration transmission to the body tends to be amplified with
increased force production. Transmission values were found to be higher at lower

frequencies. Since the magnitude and frequency of vibration is known to have some
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adverse effects on body functions such as impaired breathing pattern and increased
muscle tone, vibration transmitted to the body might be considered to influence the

riding comfort, controllability and overall health of the cyclist.

Key Words: Vibration Transmission, Acceleration, EMG, Bicycle, Rider
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BISIKLET VE SURUCU UZERINE TITRESIM ILETIMI:
ALAN VE LABORATUVAR CALISMASI

Arpinar-Avsar, Pinar
Doktora,Beden Egitimi ve Spor Bolimu
Danisman: Prof.Dr. Feza Korkusuz

Yardimct Danisman: Prof.Dr. Gilin Birlik

Agustos 2009, 166 sayfa

Arastirmanin amaci, bisiklet ve siricinin maruz kaldigr titresimin frekans ve
buyukligi ile vicuda iletilen titresimin iletim Ozelliklerinin  arastirilmasidir.
Arastirmanin bulgulari, bisiklet ve siriiciiye titresim iletiminin x ve z eksenlerinde
etkin oldugunu gostermistir. Yol bozuklugunun artmasiyla, sele ve gidon tzerinde
Olgtlen titresimin etkin oldugu frekans araligr yol ve dag bisikleti icin 15-30 Hz gibi
daha digtk frekaslara gerilemistir. Bisiklet tizerine iletilen titresim duzeyi yol
bisikletinde ¢cok daha yiiksek degetlere ulasmustir (25 m.s” rms’e kadar). Farklt viicut
noktalart tizerinde 6lgiilen iletim degerlerinin 0-30 Hz arasinda etkin oldugu ve iletilen
titresim dizeyine bagh olmaksizin 3-12 Hz arasmnda maksimum degerlere ulastigt
gozlenmistir. Yol bozukluguna baglt olarak ivme degerleri artarken, 6nkola ait
rmsEMG degerleri MTB ol¢timlerinde ekstensor kaslarda, yol bisikletinde ise fleksor
kaslarda %50 diizeyinde bir artis gostermistir. Titresim uyaraninin olmadigr Slgiimler
ile karsilastirildiginda, titresim uyart si altinda ayni kuvvet ¢iktisint stirdirebilmek icin
rms EMG degerleri artmistir.Viicuda iletilen titresim artan kuvvet tretimi ile birlikte
artma egilimindedir. Iletim degerleri algak frekaslarda yiiksek degerlere ulasmustir.

Titresim buyuklik ve frekansinin bozulan solunum paterni, artan kas tonusu gibi
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viicut fonksiyonlari tizerine bilinen bazi olumsuz etkileri sebebiyle, bisiklet ile strts
esnasinda vicuda iletilen titresimin sturis konforunu, bisikletin kontrolini ve

bisiklet¢inin genel olarak sagligini etkileyebilecegi distintlmelidir.

Anahtar Kelimeler: Titresim Tletimi, Ivme, EMG, Bisiklet, Bisikletci
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DEFINITIONS OF TERMS

Acceleration: time rate of change of velocity which is a vector quantity. Acceleration
isexpressed in ms”.

Acceleration level: the ratio of a measured acceleration level to reference
acceleration level.

Accelerometer: a transducer which produces an output (usually electrical), which is
proportional to the acceleration in some specific axis, along a specified direction.

Acceleration amplitude: the maximal value of a sinusoidal acceleration.

Axis: one of the three mutually orthogonal straight lines passing through the origin of
a Cartesian co-ordinate system (i.e., translational axis, x-axis, y-axis, z-axis).

Band pass filter: a filter which removes unwanted low- and high- frequency
oscillations.

Basicentric co-ordinate system: co-ordinate system suggested by ISO 2631-1.
Origin is taken at a point on the interface with the human body or on a contact
surface from which the vibration is considered to enter the human body.

Bio-dynamics: science dealing with the changes, in the physical, biological and
mechanical properties or responses of the human body, its tissues, organs, parts and

systems, with respect to time.

Carpal tunnel syndrome: Compression of the median nerve as it passes through the
carpal tunnel formed by the carpal bones on the bottom of the wrist and the
transverse carpal ligament across the top of the wrist.

Electrodynamic vibrator: a vibration generator which derives its vibratory force
from the interaction of a constant magnetic field with a coil of wire.

Electromyography (EMG): a technique of recording the activation signal of
muscles

Extensor: is a muscle that straighten a limb with increasing joint angle

Feedback: the return of a portion of the output of any process or system to the
input

Flexor: is a muscle that tends to bend a limb by muscular contraction

Fourier spectrum: Frequency spectrum of the motion of a vehicle or a human body
of its parts.
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Fourier transform: A mathematical operation for decomposing a non-periodic
function of time into its frequency components

Frequency: is the number of complete cycles per second. Frequency is expressed in
Hertz (Hz).

Frequency weightings: A frequency varying curve of accelerations suggested by
ISO 2631-1 to be applied to a measured response acceleration curve. Frequency
weightings reflect the human sensitivity to vibration.

Hand-arm-system: the human forelimb.

Hand-transmitted vibration: vibration that enters the body through the hands or
tingers.

Isometric contraction: a muscular contraction in which the tension is the same
throughout the movement.

Random vibration: is a non-deterministic excitation.

Resonance: Resonance of the human body system occurs when any change,
however small, in the frequency of the excitation causes a decrease in the response of
the vibration exposed human body.

Resonance frequency: a frequency at which resonance of the human body occurs.

Roughness: a term which indicates the presence of irregularities existent on the
surface

Spectrum: description of acceleration as a function of frequency

Standards: documented agreements containing technical specifications or other
suggested criteria to be used consistently as rules, guidelines, or definitions of the
characteristics to ensure that, materials, products are manufactured to fit for the
purposes and measurements are done accordingly.

Transmissibility ratio: the non dimensional ratio of accelerations at a location on
the human body to the accelerations on a contact surface with the body.

Vibration: Fluctuation of a body about an equilibrium position

Vibration severity: generic term designating any hazardous effect to the health,
comfort and perception of a human body when exposed to vibration.

Weighted acceleration: an acceleration waveform after it has been frequency-
weighted using the weightings given in ISO 2631-1.

Whole-body-vibration: mechanical vibration when transmitted to the body affects it
as a whole.
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CHAPTER I

1. INTRODUCTION

1.1. Rationale of the Study

Human beings are exposed to vibration in many daily activities such as riding in
vehicles or working with vibrating machines. Similarly, people are also exposed to
vibration through various types of sport activities such as snow skiing, water skiing,
cycling, motor sports, tennis and golf. Therefore, the topic of vibration has been
studied in the fields of Ergonomics, Sports Engineering, Occupational Health and
Medicine by focusing on the adverse effects on the human body. The injury potential
and perceived discomfort are the common interests of studies on vibration in sport
with respect to level of vibration transmitted to the athlete’s body. For example,
transmission of vibration to the body, particulatly to the hand and arm, has been
investigated in tennis (Hennig et al, 1992; Stroede et al, 1999) and golf (Robert et al,
2005). In addition, this topic has also attracted interest in its beneficial effects on
body as a training tool, as well as a massage tool, in exercise science and in

rehabilitation (Zatsiorsky and Kraemer, 2006; Cardinale and Wakeling, 2005).

The effects of vibration on the body in both seated and standing positions have been
widely reported by many researches. During travelling with motor vehicles, it is well
known that increased magnitude or duration of the vibration exposure may result in
undesired changes in different physiological systems of the human body. In contrast,
there is very limited knowledge of vibration transmission to the human body while
riding on a bicycle. Lewis and Paddan (1990) investigated vibration transmission to
the cyclist’s head and concluded that vibration transmission to a cyclist’s body is
dependent on the posture maintained by the cyclist. Even if the both postures studied

in the study resulted in almost the same level of vibration transmission, different
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frequency response was observed for each posture. The transmission path between
the head and the source of the vibration (i.e. saddle or handlebar), was also reported

as not having a significant effect on the level of vibration transmitted to the body.

On the other hand, Torbic et al (2003) have investigated the subjective comfort level
for various body parts of the cyclists who are exposed to vibration on different
bicycles. In their study, as a result of the vibration exposure, the body parts that are
likely to induce a feeling of discomfort were listed as wrist, elbows, shoulder, neck,
seat area, knees, ankles and feet. Although our knowledge on vibration transmitted to
the riders’ body is limited to the head vibrations (Lewis and Paddan, 1990), subjective
ratings of discomfort and the anecdotal evidences provided by the cyclists suggest
that the head is not the only body part of a cyclist affected by the vibration exposure.
Therefore, the level of vibration transmission to the different parts of the bicycle-
rider system has been examined in the present study. When cyclists are riding on
uneven surfaces that result in continuous vibration exposure and repeated shocks, it
can be observed that they stop pedalling and stand up from the saddle when it
reaches intolerable levels (Burke, 1996). However, it is not usual for them to remove
their hands from the handlebar under the vibration exposure on such a high level.
Therefore, in accordance with the research questions of the present study, the body
parts were selected as cyclist’s head, shoulder and elbow by considering their role in

controlling handlebar movements.

While riding a bicycle, the muscles of trunk, the neck, lower and upper extremities are
actively involved in motion while applying force to the pedals and maintaining the
body in a static position. Due to the unbalanced nature of bicycle and vibration
exposure, the arm muscles have an important role in controlling handlebar
movements. While the cyclist generates propulsive forces on pedals and keeps the
posture, arm muscles actively participate in maintaining balance on the bicycle by
contracting isometrically. However, it is known that while being exposed to vibration,
the response of the system may affect the function of the tissues involved in force
production. Therefore, bicycle-rider hand-arm-vibration transmission has been
decided to be the core of this study considering the importance of the maintenance of
controlled muscle contraction during this activity, and it has been hypothesized that

the magnitude and input spectra of the vibration exposure associated with road
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surface conditions would be the factors that affect controlled force exertion of the

arm muscles.

Being exposed to prolonged and excessive vibration or repeated mechanical shocks
might give rise to various health related problems. To illustrate, it has been reported
that the adverse affects of vibration transmission to the human hand-arm system will
cause functional disorders that can be observed in peripheral disturbance of blood
circulation, peripheral nerve conduction and musculoskeletal system, and therefore,
can be the cause of the impairment in the execution of motor skills performed by the
hand (Goglia et al, 2006; Cui, 2001; ISO,5349, 2001; McDowell, 2006; Starck et al,
1990; Kihlberg and Hagberg, 1997; Gritfin and Bovenzi, 2001).

Furthermore, the amount of vibration transmission to the hand-arm system has been
shown to be related with the hand coupling forces measured at the contact with the
source of vibration, where coupling force was defined as the sum of grip and push
forces (Radwin et al, 1987; Riedel, 1995; Kaulbars, 1996). While riding a bicycle, some
of the body weight is transferred to the handle through the arms while coupling
forces are also applied by the hands. On the other hand, hand transmitted vibration
exposure together with repetitive shocks and prolonged pressure on the median and
ulnar nerves applied over years are known to be the main cause of peripheral nerve
damage occurring at the hand and wrist (Capitani and Beer, 2002, Stewart, 1993).
This neurological disorder, known as Cyclist’s Palsy, is postulated to occur from high-
frequency repetitive compression of the deep motor branch at the hand in prolonged
biking or from single, short exposition and can appear in mountain biking (Capitani
and Beer, 2002; Akuthota et al, 2005). Although the mechanisms of the hand-arm
vibration syndrome (HAV) have not been exactly identified, prolonged contact of the
hand with the vibrating surface and hand transmitted vibration might result in
vibration trauma in this region when it is combined with forced and repetitive hand
movements, similar to that in bicycle riding (Cannon et al, 1981; Silverstein et al,

1987).

It has been suggested that it is important to quantify mechanical effects of vibration
in understanding the relationship between the mechanical inputs of hand transmitted

vibration and the syndrome (Dong, 2000).
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Bio dynamics of the hand-arm system is among the leading topics occupying
researchers in order to establish the foundation for understanding hand transmitted
vibration and its effects on health. Methods for evaluating hand-arm vibration and
dose-response relationship have been set by the International Standard (ISO, 5349-1
and -2, 2001). According to relevant knowledge, the parameters affecting the degree
of biological effect of hand transmitted vibration are shown to be related to source,
direction, frequency, amplitude and duration of the vibration and also the position of

the hand and the body.

It has been reported that neurological disorders induced by bicycle riding might be
triggered by the differences in hand position and the increased amount of body
weight transferred to the handlebar through the hand-arm system depending on
sitting posture and slope of the road (Capitani and Beer, 2002). Researches have also
indicated that in addition to evaluation of vibration characteristics, measurements
should also include the evaluation of the forces applied by the hand in respect to
anatomical position of the hand (McDowell, 2006). However, there is a lack of
knowledge on forces applied by the hand while vibration is transmitted to the hand-

arm region during bicycle riding.



1.2. Research Questions

- What are the magnitude and the frequency range of the transmitted vibration to

the bicycle-rider system?

- And are these values influenced by different road surfaces and bicycle types?

- Are the vibration transmission values for different body postures influenced by

vibration characteristics?

- Does the vibration transmission to hand-arm-system affect forearm muscle

activity during a bicycle ride?

- Do the slope of the rode and the vibration frequency affect vibration amplitude

transmitted to the hand-arm system during submaximal force production?

- Does the vibration frequency affect the muscle activity level in the forearm during

sustained submaximal contractions?



1.3. Limitations

There are three noteworthy limitations that need to be acknowledged regarding this
study, namely; exposure time (i), sample size and characteristics of the subjects (ii),
and simulated conditions (iii). Firstly, measurements were performed for short
durations up to 15 seconds to eliminate possible cumulative effects of fatigue which
may be caused by a series of consecutive trials that corresponds approximately 40-min
total exposure times for both field and laboratory trials, and to fulfil the time limit
requirements of the battery powered equipment in the field settings. Therefore, the
measurement durations both in the field and in the laboratory limit the ability to
compare the conditions of longer exposure durations. Although it is well known that
extended periods of vibration trigger adverse effects on the human body (Griffin,
1990), it is important to note that this study aimed to investigate the frequency and
amplitude characteristics of vibration exposed to the cyclist as well as its transmission
to the body, (specifically to forearm, shoulder and head), and avoids interpreting
results of short term exposures and the adverse effects that may be caused. Secondly,
the number of participants tested in the field measurements was limited due to the
difficulties of reaching experienced cyclist who can handle field measurements in
safety. Different group of cyclists were recruited for the road bike and MTB
measurements according to their preferences for cycling training. Also, only male
subjects were undertaken to the study to avoid any potential effect of gender.
Thirdly, it was possible to simulate only vertical vibration in the laboratory conditions

because of the limitations of the shaker.



1.4. Significance of the Study

There is very limited knowledge of vibration transmission to the human body while
riding on a bicycle. Although the bicycle rider is considered to be the biggest part of
the bicycle-rider system, vibration transmitted to the rider has been neglected by
previous research which only investigated the level of vibration transmitted to the
bicycle itself. Therefore, the level of vibration transmission to the different parts of
the bicycle-rider system has been investigated in the present study. The effect of
different bicycle types and hand positions have also been examined under different

vibration exposure conditions.

Although, vibration exposure on the bicycle comprises both whole body and hand-
arm transmitted vibration, in the relevant literature bicycle riding is classified as an
example of whole body vibration exposure. Therefore, to the best of our knowledge,
there is also a lack of knowledge on combined effects of whole body vibration and
hand-arm vibration transmission on the bicycle-rider system, as well as the level of
vibration transmission and musculoskeletal dynamics of the system. Since the
muscular activity of the upper body in response to vibration exposed on a bicycle has
yet to be studied, the data that was gathered in the present study will provide
understanding of the potential effects of forces applied by the hands on biodynamic
response under vibration conditions. The data can also be used in representing a

bicycle-rider hand-arm transmission model.



CHAPTERII

2. LITERATURE REVIEW ON VIBRATION EXPOSURE IN CYCLING

In cycling the human body is exposed to vibration. The studies on vibration exposure
during bicycle riding are very limited in the literature and it is possible to categorize
them into two main groups. In the first group, vibration transmitted to the bicycle
and the rider have been investigated in terms of possible factors affecting vibration
exposure on the bicycle (Pivit, 1988; Lewis and Paddan, 1990; Outcald, 2001;
Waechter et al, 1998, 2002; Torbic et al, 2003; Faiss et al., 2007), whereas the studies
in the other group have focused on the possible effects of vibration exposure on
cyclists regarding physiological and psychological responses of the subjects while
being exposed to vibration stimulus (Faiss et al, 2007; Berry et al, 2000; Seifert et al,
1997; Titlestad et al, 2006; MacRae et al, 2000; Rambarran and Roy, 2001; Suhr,
2007).

2.1. Possible Factors Affecting Vibration Exposure of Cyclists

The level of vibration experienced by a bicycle rider is likely to be influenced by some
factors such as surface conditions, type of the bicycle, riding posture and the riding
speed (Torbic et al, 2003). According to the findings of the previous studies, the
aforementioned variables have been discussed below as they have the greatest

potential to affect the vibration exposure levels.



2.1.1. Surface Conditions

Surface roughness and the modifications on the road surface such as construction of
speed reducers (e.g. rumble strips, humps) are known as factors that result in
increased vibration exposed on a bicycle. So far, the published studies have
investigated the vibration transmitted to the bicycle under different surface conditions
(e.g. asphalted surfaces, rough road, cobble stone road, concrete stone pavement, and
paved cycle track). The oldest report on vibration exposed on the bicycle that was
obtainable through search engines was a study by Pivit in1988 who carried out the
acceleration measurements at the handlebar and at the saddle for eleven different
surfaces with four different bicycle types. According to their findings, vibration
exposed to the cyclist exceeds the limit of health, comfort and capacity of reaction
impaired on many surfaces except new asphalt road. Therefore, they recommend
cycle-tracks be constructed with higher road quality to reduce the adverse effects on

cyclists.

Outcald (2001) hypothesized that a series of depressions or bumps constructed on
the pavement of the road to reduce speed of the vehicles, which is called as rumble
strips, can cause an unpleasant level of vibration on the bicycle and possible loss of
control. In order to test the hypothesis, subjects were asked to ride the various
configurations of rumble strips and to rate their comfort and the difficulty of
controlling the bicycle according to how they perceived each configuration. Vibration
data was also gathered from a test bike with four different riding speeds where it is
possible to ride in safety. The type of speed reducer was found to affect the level of
vibration and the frequency at which the peak value occurred. Besides, the subjective
scores on control and comfort are likely to coincide with the exposed level of

vibration.

Waechter et al (2002) measured acceleration at the handlebars and at the saddle of
two different bicycles on four different surfaces that are considered to be very

common in everyday bicycle traffic. Cobblestone pavement resulted in the highest



values for both bicycles when compared with old asphalt layer, concrete pavement or

brick pavement.

2.1.2. Type of the Bicycle

The geometry and the material of a bicycle frame, existence of the shock absorption
system and its type, wheel size and tyre pressure are the factors that differentiate
bicycle types (i.e. Road Bike, Mountain Bike (rigid frame, full suspension or front

suspension), and City Bike etc).

Tyre pressure (Torbic et al, 2003) as well as the type of shock absorption system
(Faiss et al, 2007; Ishii et al, 2003; Roy and Robertson, 2000, Rambarran and Roy,
2001) have been shown to influence the level of exposed vibration on a bicycle more
than other factors. According to the linear regression model that was developed by
Torbic et al (2003) to predict the whole-body vibration levels a cyclist could expect to
be exposed to while traversing uneven surfaces, whole-body vibration increases with a

unit increase in tyre pressure as a result of increased tyre stiffness.

The studies showed that the type of suspension system results in different dampening
characteristics of the MTB s in terms of impact forces and shock attenuation (Roy
and Robertson, 2000, Rambarran and Roy, 2001), as well as vertical displacement
(Titlestad et al, 2003) under simulated test conditions. To illustrate, it was found that
the full suspension bicycle attenuated vertical forces by 21% more compared to front

suspension bicycle (Roy and Robertson, 2000).

Rambarran and Roy (2001) reported that MTB s with or without suspension revealed
different muscular recruitment levels in both trunk and lower extremity muscles. The
average muscle activity of erector spinae muscle was higher in full suspension MTB
which may be explained by a reaction to the dampening action of the suspension.
However, the lower extremity muscles had greater activity during trials performed
with hard tail MTB s which is likely to slow the trunk return to the saddle after being
displaced vertically due to initial impact and to stabilize the cyclist while riding a hard
tail MTB.
10



Ishii et al (2003) have pointed out the advantage of full suspension bicycles to absorb
more destructive energy than front suspension, which allows riders to remain seated

and more relaxed.

2.1.3. Riding Posture

A mathematical model of the bicycle-rider system was developed to predict the
vibration stress on the rider depending on the bicycle design (Waechter et al, 2002)
and represented the bicycle-rider system by four rigid bodies, e.g. the rider, the front
and rear swing arm systems (wheel, derailleur etc.) and the frame, linked together with
joints, springs and dampers. Among others, the rider’s body is considered to be more
important for vibration characteristics of the system as it is the biggest part of it
(Waechter et al, 2002), even though, the overall mass of a cyclist has been shown not
to affect level of vibration exposed on a bicycle (Torbic et al, 2003). Therefore, it is
considered to be more complex structure to include into a model as one rigid body
formed by trunk and hand arm system due to the muscular forces acting on
numerous articulated structures surrounded by tissues with different viscoelastic

properties.

Cyclist’s upper body weight is supported on the handlebars via the hands and arms,
while the trunk and the lower body weight are supported via the saddle and the
pedals, respectively. Depending on the bicycle type and topographic variations as well
as the preferences of the cyclist, riding posture may vary among different bicycles.
Accordingly, the portion of the bodyweight supported at the contact surfaces may
also differ. When cyclists are exposed to continuous shocks and vibrations while
riding over rough surfaces, especially when riding downhill, as a strategy to reduce a
vibration impact sometimes they stop pedalling and they stand up from the saddle
when it exceeds tolerable level (Burke, 1996). However, they do not remove their
hands from the handlebar to ensure a secure ride under the same vibration
conditions. On the other hand, a cyclist may change his/her posture during even a
single ride by shifting hand position. A variety of hand positions available for road
cycling has been illustrated elsewhere (Akuthoto, 2005). For example, lower

handlebars cause the riders to adopt a more forward leaning posture, even an extreme
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bending forward posture as seen in road bike rides to ensure aerodynamic riding
position by decreasing the drag. In this case, it has been suggested that much of the
upper body weight is supported by the arms, and the vibration at the hands may
assume a greater importance relative to that at the seat (Lewis and Paddan, 1990). It
would be even greater on downhill sections when the portion of the body weight

supported by the hand and arm would be higher.

Pivit (1988) speculated that the strain on the hand-arm-system is very critical because
the static load would be high in the forward leaning position when the rider is
subjected to vibration. It has also been reported that when the arms and wrists of the
cyclist are too vertical, they only function as shock absorbers which increase the
chance of vibration induced injuries (Mestdagh, 1998). However, the elbow angle will
decrease when a cyclist shifts to the bending postures which may affect the level of

vibration transmitted through the hand and arm.

On the other hand, Lewis and Paddan (1990) used two handle bar positions on All-
Terrain Bicycle (ATB) in their first experiment, i.e. forward leaning posture and more
upright sitting posture. Through two separate experiments, Lewis and Paddan (1990)
also investigated the effective transmission path to the rider’s head through which the
vibration travels. They calculated the transfer functions between saddle and the head
to evaluate the vibration transmission for different postures. In forward leaning
postures as a consequence of lower handlebars, vibration transmission was found to
be greater at low frequencies up to 4 Hz, but it was greater in the upright sitting
posture at high frequencies. In a forward leaning posture the transmissibility was
observed to peak around 4 Hz. Although, the transmissibility was about the same in
the upright posture, it occurred at higher frequencies between 5 and 10 Hz. They
also concluded that the contribution of the transmission path depends on the posture
maintained by the cyclist as well as the vibration frequency. For instance, in the
forward leaning posture, at low frequencies, between 2.5 and 5 Hz, a greater portion
of the head motion was explained to be caused by vibration transmitted through the
hands and arms than through the torso. However, in the upright sitting posture, z-
axis head motion was mainly produced by seat vibration at all frequencies and
handlebar vibration transmitted through the hands and arms made little contribution

at any frequency.

12



2.1.4. Grip Strength

When exposed to repetitive shocks and vibration, riders make effort to support and
keep themselves in balance with arm and leg movements produced by isometrical
muscle contractions to handle and stabilize the bicycle against high impact forces
(Seifert, 1997). Studies showed that the amount of vibration transmitted to the hand
and arm is influenced by the hand coupling forces, the sum of the grip and push
forces, at contact with the source of vibration (Radwin et al, 1987; Riedel, 1995;
Kaulbars, 1996). Therefore, one might conclude that the level of vibration transmitted
to the rider on a bike is affected as a result of the considerable portion of body weight
transferred to the handlebar through the arms while coupling forces are applied by
the hands.

2.1.5. Riding Speed

Bicycle speed is considered as a significant predictor of whole body vibration (Torbic
et al, 2003). In some conditions, especially on downhill sections, bicycle riders may
reach to a speed approaching 70kmh™ on both MTB and Road Bike, or even higher
speeds.

The bicycle rider model of Torbic et al (2003) suggests that whole-body vibration
incrementally increases as a function of bicycle speed up to 19 to 20 kmh" and then
decreases as speeds increase beyond 20 kmh' The over all vibration total value, a
vector sum of the weighted accelerations in the x-, y-, z-axes, is shown in Figure 2.1
as a function of bicycle speed. According to the model, researchers concluded that
bicycle speeds near 19 and 20 kmh™' will cause the highest levels of comfort and
control problems for bicyclists. Moreover, the model indicates that the combined

effect of vibration magnitude and vibration frequency is greatest at these speeds.
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Figure 2.1 Whole-body vibration as a function of bicycle speed
Source:Torbic et al, 2003

As an example of different road surface conditions, Outcald (1991) has investigated
the level of vibration and the frequency at which the peak values occurred while
riding on ten different speed reducers with different speeds (5, 10, 15 and 20 mph) on
a test bike (road bike) and concluded that the frequency of the peak vibration did not
necessarily increase with an increase in speed. In that study, it was also reported that
the some of the speed reducers did not allow cyclist to ride at high speeds (20 mph)

as they felt their bicycles were uncontrollable.

2.2. Possible Effects of Vibration Exposure on Cyclists

2.2.1. Controllability and Comfort

In the literature, the subjective measure of comfort and controllability are widely used
methods which are based on the rating of comfort and controllability perceived by
the rider. As studies emphasize the high correlation between overall comfort and
control ratings, some researchers hypothesized that overall rating of comfort might
also be used to explain the relationship between whole-body vibration and perceived

controllability of a bicycle (Torbic et al, 2003). The findings of the study conducted
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by Torbic et al (2003) suggested that the relationship between whole-body vibration
and perceived controllability of a bicycle is linear; therefore, as vibration levels
increase bicycle seems to become more difficult to control. Similarly, the relationship
between whole-body vibration and bicyclists' perceptions of comfort is lineat, and as
vibration increases comfort decreases. They have also mentioned that, when cyclists
experience extremely high level of vibration, ranging from 3.4 ms” to as high as 28.5
ms” at the frequency of 10 Hz, it is difficult to assume that the controllability of a

bicycle is not affected.

Lewis and Paddan (1990) asked subjects to indicate their perceived level of comfort
for both leaning forward and upright sitting postures on a rating scale from 0 to 6,
where 0 indicates “not uncomfortable” and 6 was labelled as “extremely
uncomfortable”. They found similar subjective ratings of comfort for both postures,
around midway between “not uncomfortable” and “extremely uncomfortable” for
leaning forward and upright sitting posture, respectively. They also compared the
perceived ratings of discomfort with the guidelines (ISO 2631, BS 6841) indicating
overall vibration total values which correspond to expected level of discomfort.
According to the guidelines, the overall ride value that was found as 1.46 ms” rms for
each exposure during their experiment was expected to be “uncomfortable” or very

uncomfortable” as it is in the range between 0.8 and 1.6 ms” rms.

Torbic et al (2003) also compared the vibration characteristics of different bicycle
types (e.g. MTB, Road Bike). They placed the accelerometers on the crossbar of the
bicycle near the seat tube. According to the findings, the oscillation centres were not
found to be located near the front and rear axles (optimal locations for a good ride),
even though it is desirable for good ride quality. Although theoretically the location of
the oscillation centre is determined by the factors that include combined mass of the
bicycle and the rider, distances between front axle and centre of gravity of the system
and stiffness of both front and rear springs, the oscillation centres of the 15 different
bicycle and rider systems used in their study are reported not to vary as a function of

the characteristics of the bicycle or its rider.

It has also been speculated that the dampening effect which can be achieved by a

suspension system would limit visual and vestibular organ disturbance allowing the
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athlete to better see the trail and maintain better balance while riding a bicycle (Roy

and Robertson, 2000).

Under the simulated conditions in which a bump was attached on a roller surface,
subjective comfort scores of the subjects were also found to be deteriorates from

<

“fairly comfortable” to “very uncomfortable” between hard tail and full suspension

bicycles (Titlestad et al, 2000).

2.2.2. Performance

The human response to vibration in bicycle riding has been investigated by a few
studies through its effects on physiological and psychological responses of the body
(Faiss et al, 2007; Berry et al, 2000; Seifert et al, 1997; Titlestad et al, 2006; MacRae et
al, 2000; Rambarran and Roy, 2001; Suhr, 2007). The studies in this group have
mainly focused on the differences of the human response as a result of using bicycles
(MTB) with or without suspension system. Most of the studies have used a roller
system where bumps were mounted on a roller’s surface to stimulate different vertical
vibration loads depending on the dimension of bumps and pedalling cadence. Faiss et
al (2007), Berry et al (2000) and Titlestad (2003, 2006) have reported the advantages
of the suspension system on physiological responses (e.g. oxygen consumption, heart
rate). There are also studies which addressed the effect of vibration on biochemical

parameters (e.g. angiogenic agents) in normal and hypoxic conditions (Suht, 2007).

Seifert et al (1997) have also compared the physiological responses (e.g. oxygen
consumption, heart rate, HR and creatine kinase, CK, concentration) for three
different MTB s (rigid frame, front and full suspension). 24h change in CK, a marker
of muscular stress, HR, and oxygen consumption were found to be greater, for the
rigid frame MTB during an hour cycling over a bumpy course than that of the front
and full suspension MTBs, respectively. Titlestad et al. (2006) have also examined the
effects of suspension systems on physiological (heart rate, oxygen consumption) and
psychological responses (rates of perceived exertion and comfort) while subjects were

being exposed to vibration. Their results indicated that the full suspension bicycle has

16



a significant physiological and psychological advantage over the hard tail bicycle on all

selected measures.

Studies performed in field conditions have been conducted by MacRae et al. (2000),
Faiss et al (2007), and Rambarran and Roy (2001). MacRea et al (2000) have
investigated the effects of different suspension systems (front vs. full suspension) on
physiological responses during riding on asphalt road and during climbing on rough
road. Despite the significant differences in power output, either a paved or rough
road course is reported to have similar results for oxygen consumption or time to
complete. Recently, Faiss et al (2007) have simultaneously determined the
physiological response of the body and the level of vibration in the field conditions.
The authors have mainly focused on the effect of MTB suspensions (full or front
suspension) and vibration transmission on off road uphill performance (i.e. oxygen
consumption, power output). They concluded that the full suspension bicycle leads to
lower energy expenditure, absorbs more high frequency vibration and is more

comfortable than a front suspension bicycle.

Ishii et al (2003) conducted an off-road test to observe the effect of different
suspension systems in real conditions for comprehensive assessment of a mountain
bike suspension system on physiological responses. They found significantly greater
average oxygen consumption but lower blood lactate accumulation during trials with
full suspension MTB than with front suspension. They emphasized the advantage of
full suspension bicycle to absorb much destructive energy which allows the rider to
remain seated and more relaxed while putting out a smooth flow of power during a

hill climb.
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2.2.3. Cycling Injuries Triggered by Vibration Exposure

The dynamic responses of the hand and arm are known to have a great influence on
the injury potential of hand-transmitted vibration (S6rensson and Burstrom, 1997).
Cyclists sustain isometric muscle contractions with their arms and legs to stabilize the
bicycle against high impact forces in order to support and keep themselves in balance
(Seifert, 1997). The combination of high forces and continuous or prolonged gripping
has been associated with symptoms of upper extremity disorders (Mogk and Keir,
2003). Hand transmitted vibration exposure together with repetitive shocks and
prolonged pressure on the median and ulnar nerves applied over years are known to
be the main cause of peripheral nerve damage occurring at the hand and wrist
(Capitani and Beer, 2002, Stewart, 1993). This neurological disorder, known as
Cyclist’s Palsy, is postulated to occur from high-frequency repetitive compression of
the deep motor branch at the hand in prolonged biking or from single, short
exposition in mountain biking (Capitani and Beer, 2002; Akuthota et al, 2005).
Mestdagh (1998) also suggested that riding posture also influences the risk of injury.
When arms and wrists are too vertical, they only function as shock absorbers which
increase the chance of compression syndromes, characterized by a gradual onset of
numbness and unpleasant tingling in the fingers which leads to weakness in the ulnar-

innervated intrinsic muscles of the hand (Mestdagh, 1998).

The effects of both long time sitting and the level of vibration transmitted to the
cyclist’s low back might be the cause of low back pain, another common complaint
among bicycle riders. The forward-leaning posture of the cyclist places too much
stress on the natural form of the vertebral column by leading to compressive and
tensile loads along the spine, in particular around the lumbar part, and may cause low
back complaints (Mestdagh, 1998). It has been postulated that sustained awkward
seating posture (lordosed or kyphosed, overly arched, or slouched) can result in
higher intra discal pressure and may be injurious to spinal postural health (Pynt,
2002). The adverse effects of prolonged sitting will increase significantly when the
factors of awkward postures and whole body vibration are combined (Bovenzi, 1997;

Lis, 2007). During cycling, surface roughness would affect the level of vibration
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transmitted to the cyclist body that might in turn affect riding comfort and health.
Therefore, it is reasonable to suppose that sustained bending of the spine may
provoke pain and discomfort in specific body parts and such symptoms may be
aggravated by the additional periodic and transient loads induced by the vibration

transmission from the road surface.
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CHAPTER III

3. MEASUREMENT AND EVALUATION OF VIBRATION EXPOSURE

The measurement and evaluation of vibration may be required when determining the
possible effects of vibration on a person exposed to a vibrating environment. The
human body is exposed to localized vibration that usually affects the hand-arm

system, or vibration that affects the whole body.

Hand transmitted, or hand arm vibration which is caused by contact of the hand with
a vibrating object such as a handlebar is sometimes abbreviated to HTV or HAV.
Hand arm vibration is mainly characterized by disorders of the muscles, nerves, bone,
joints and circulatory systems. Localized vibration can also occur at other sites of the
body, such as at the feet due to pedal vibration, but it is unusual to observe any
adverse human response in these situations (Mansfield, 2004). Whole Body Vibration
is vibration that affects the whole body and is abbreviated to WBYV. It is usually

transmitted through seat surface, backrest and through the floor.

3.1. Vibration Characteristics

Since exposure to whole body vibration and hand-transmitted vibration is very
complex, the characteristics of the vibration must be defined for quantifying vibration

exposure of the bicycle-rider system.

International and national standards specify how whole-body vibration and hand-
transmitted vibration should be measured and evaluated. For Whole Body Vibration
(WBV) The International Organization for Standardization (ISO) 2631-1:1997,
British Standards Institution (BS) 6841 (1987) and European Directive 2002/04/EC;
and for Hand Arm Vibration (HAV) ISO 5349-1:2001 and BS 6841 (1987) are two
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widely used standards for measurement, evaluation and assessment of vibration

exposure.

Because of the complexity of evaluating vibration and possible influences of each
individual factor on the human response to vibration, the methodology takes into
consideration frequency and magnitude of vibration, as well as direction, location and

duration of the measurement as independent variables of the vibration evaluation.

3.1.1. Frequency of Vibration

The frequency of vibration, which is expressed in cycle per second (Hertz, Hz),
affects the extent to which vibration is transmitted to the body (e.g. surface of a seat
ot handle of a vibrating tool), the extent to which it is transmitted through the body

(e.g. from seat to the head), and the effect of vibration in the body (Griffin, 1990).

The human response to vibration exposure is frequency dependent. The effects of
whole-body vibration are usually greatest at the lower end of the range from 0.5 to
100 Hz. Therefore, the recommended frequency range specified in the standard is
between 0.5 to 80 Hz (ISO 2631-1, 1997). Although international guidelines
recommend reporting up to relatively higher frequencies, in general, people are most
sensitive to whole body vibration within the frequency range of 1 to 20 Hz
(Mansfield, 2004) since most of the resonance responses of the various human body

parts and organs correspond to lower frequencies (Finucane, 2000).

Studies investigating vibration transmission to the bicycle have reported vibration
attenuation with increase in frequency after reaching its peak value which generally
occurred around 5 to 10 Hz for all measurement points (i.e. saddle, handlebar,
bottom bracket and wheel) regardless of the type of bicycle (Lewis and Paddan, 1990;
Waechter et al, 2002; Faiss et al, 2007). The spectrum of vibrations also ranges from
0-50 Hz in the studies where it was provided (Waechter et al, 2002; Faiss et al, 2007;
De Lotenzo and Hull, 1999).
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3.1.2. Magnitude of Vibration

The magnitude of a vibration can be quantified by its displacements, its velocity or its
acceleration. For practical convenience, the acceleration is usually measured with
accelerometers. The units of acceleration are meters per seconds square (ms”) and the

acceleration due to the Barth’s gravity (9 is approximately 9.81 ms”.

The standards require that vibration magnitudes should be expressed in ms® rather
than in g, velocity, and displacement or as peak or peak-to-peak values. ISO 2631-1
(1997) recommends quantifying vibration magnitude in terms of an average measure
of the acceleration of the oscillatory motion, the rms acceleration history. The

standard requires the measured accelerations, to be expressed as weighted

accelerations, a , using the below given formula.

17 ,
a, = [? ! (.r“,(.f)de G. 1)

Where
a, (t) = weighted acceleration as a function of time
T = duration of the measurement (s)

Cyclists experience high levels of vibration indicated by the overall vibration total
values ranging from 3.4 ms” to 28.5 ms” at dominating frequencies between 5 to 10
Hz (Torbic et al, 2003). Lewis and Paddan (1990) calculated overall ride value
calculated from frequency weighted (weighting: wy) z- axis acceleration as 1.46 ms”

rms for the bicycle and the rider being exposed to vibration.
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3.1.3. Direction of Measurement

Vibration may take place in three translational directions and three rotational
directions. For whole body vibration, complex stimuli may simultaneously move

vertically (z-axis), laterally (y-axis), and in the fore-and-aft directions (x-axis).

Two types of biodynamic coordinate systems are available to define the direction of
the motion: anatomical and basicentric. Anatomical coordinate systems are defined
relative to anatomical features of the body, whereas, basicentric coordinate systems
are defined relative to the surfaces that come into contact with the body (Griffin,
1990). In biomechanics, it is usually appropriate and necessary to define the x, y, and
z-axes relevant to the coordinate system that is specific to the research (e.g. bicycle
locomotion). Therefore, basicentric coordinate systems are motre convenient for
practical measurement than anatomical coordinate systems (Griffin, 1990). ISO 2631-
1 (1997) also recommends measuring the direction of accelerations according to a
basicentric coordinate system. The principal relevant basicentric coordinate systems

are shown in Figure 3.1.

Seat-back

x
\
~ k o 4

Seat-surface

-~
-~

~

Figure 3.1 Basicentric axes of a seated person

Source: ISO 2631-1, 1997
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Cycling and vibration studies have reported on mainly dominant axis of the vibration,
z-axis, with respect to bicycle-rider basicentric coordinate system (Lewis and Paddan,
1990; Torbic et al, 2003; Waechter et al, 2002; Faiss et al, 2007) with some exceptions
which also investigated y-axis acceleration (Waechter et al, 2002) and pitch motion in

rotational axis (Torbic et al, 2003).

3.1.4. Location of Measurement

Vibration is measured according to a coordinate system originating at a point from
which vibration is considered to enter the human body (e.g. on the seat surface
between the saddle and cyclist for whole-body vibration measurements or on the
handle bar for hand-transmitted vibration measurements). When direct measurements
are not obtainable, vibration from rigid surfaces may be measured on the supporting
surface closely adjacent to the interface between the body and that surface. Another
option is to take the vibration measurements from a rigid portion of the vibrating
surface. If it is not feasible to obtain precise alignment of the vibration transducers
with the preferred basicentric axes, the sensitive axes of transducers may deviate from

the preferred axes by up to 15” where necessary (ISO 2631-1, 1997).

The findings of the previous studies on vibration transmission to the bicycle-rider
system demonstrated that the different part of the bicycle-rider system revealed
different results in terms of effective frequency range or the amplitude of the
vibration. Therefore it is important to report the location of the measurement where
the accelerometer has been placed and compare the findings with previous studies in

which the same measurement point was selected.

Lewis and Paddan (1990) measured vibration in the z-axis and mounted the
accelerometers on the saddle, the handlebars, and the bottom bracket of an ATB type
bicycle. They found a steadily increasing acceleration magnitude from 5 Hz to 14 Hz
at the saddle and at the bottom bracket. The acceleration measured on the handlebars
was found to be greater than at the saddle for all frequencies between 5 Hz and 30

Hz, which was explained by the frame pitched about an axis closer to the saddle than
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the handlebars. Lewis and Paddan (1990) also measured head accelerations of the
subjects for two different riding postures via a bite bar held between the teeth. The
maximum seat to head transmissibility was found to occur at lower frequencies up to

4 Hz in forward leaning, and between 5 to 10 Hz in upright sitting postures.

Torbic et al (2003) have also investigated translational acceleration along the z-axis
(which corresponds to bounce or vertical motion) as well as the rotational
acceleration around y-axis (which corresponds to pitch motion) measured at the
saddle surface in order to compare the vibration characteristics among different
bicycle types. The oscillation centres for both vertical and pitch motion were found to
be located near the front or rear axles for any of the bicycles, which results in poor

ride quality.

Waechter et al (2002) found acceleration level at the handlebars to be higher than that
of the saddle for two different bicycles on each of four different surfaces which
includes cobblestone pavement, old asphalt layer, concrete pavement or brick

pavement.

Faiss et al (2007) have also investigated vibration transmitted to the bicycle at the
wheel level in addition to saddle level of front and full suspension MTBs. They found
that peak frequency of vertical displacements occurred around 2 to 5 Hz at the saddle

and around 10 to 15 Hz at the wheel.

3.1.5. Duration of Measurement

ISO 2631-1 (1997) offer little guidance on the duration of measurement. Time
dependency was incorporated in the assessment of subjective response to whole body
vibration in the previous versions of ISO 2631 (i.e. ISO 2631, 1974; 1978; 1985).The
scientific basis of the time dependency concept was not well supported by research
results and consequently was removed from the current version of ISO 2631-1 (1997)
(Gritfin, 1998). The new version of ISO 2631 indicates that the duration of the

measurement should be reported and should be sufficient to ensure reasonable
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statistical precision and to ensure the vibration is typical of the exposures that are

being assessed.

Waechter et al (2002) defined the length of their measurement duration as the longest
possible distance that allowed collection of as much data as possible for the respective
surface (which was around 200m). In their first laboratory experiment Lewis and
Paddan (1990) reported that their measurement duration was limited to 60 seconds
while a subject was exposed to vertical vibration on an electro- dynamic vibrator.

Pivit (1988) also set the same measurement duration on each surface.

3.2. Evaluation of Severity of the Vibration

The severity of an exposure might be given by some measures of the vibration
magnitude. Crest factor and magnitude of acceleration which is corrected, or
weighted, according to the vibration frequency and the exposure duration and
frequency weighted rms accelerations are used for describing the severity of vibration.
To the best of our knowledge, ISO 2631-1 (1997) recommends describing the
severity according to the frequency-weighted rms acceleration when the crest factor is
less than or equal to 9, which can be defined as the ratio of the maximum
instantaneous peak value of the frequency-weighted acceleration signal to its rms

value.

While quantifying the whole body vibration experienced by the cyclist, Torbic et al.
(2003) also calculated crest factors to determine a suitable measure to report the
severity of vibration on a bicycle itself. Since crest factors were calculated as less than
4, they concluded that the frequency-weighted rms acceleration is more appropriate

to evaluate the severity of vibration the cyclist is exposed to.
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3.2.1. Frequency Weightings for Health, Comfort and Perception

In recent years it has been common to use a frequency weighting, to reflect
relationships between vibration frequency and human responses and to allow for the
differing injury potential of different frequencies (Griffin, 1990; Mansfield and
Griffin, 1998). Table 3.1 shows the frequency-weightings as defined in ISO 2631-1
(1997) for the effects related to health, comfort and perception. The vibration
magnitude is multiplied by the factor to ‘weight’ it according to its effect on the body.
Frequency-weightings have higher values at frequencies of greater importance.
Measured frequencies are weighted differently depending on the direction of the
vibration. Two principal frequency weighting are used; W,_for the z axis and W for
the x and y axes. Some special cases require additional frequency weightings. There
are seven weightings defined in the International Standards (ISO 2631-1, ISO 5349-1,
BS 6841) (Table 3.2). Frequency weighting curves (ISO 2631-1, 1997) have also been
illustrated in Figure 3.2.

Table 3.1 Frequency weightings for different axes depending on health, comfort or
perception

Symbols Health Comfort Perception
. z-axis, seat surface z-axis, seat surface
Z-axis, } . } )
W, z-axis, standing z-axis, standing
seat surface i
X-,y-,z-axes, feet sitting
X-axis, x-axis, seat surface x-axis, seat surface
W seat surface y-axis, seat surface y-axis, seat surface
d y-axis, x-,y-axes, standing x-,y-axes, standing
seat surface y-,z-axes, seat back
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Table 3.2 Frequency weightings given in ISO 2631-1, ISO 5349-1 and BS6841

Symbols Direction Primary context of use Standard
Wy Vertical Seat Vibration BS 6841
Wy Fore-aft , Lateral Seat Vibration ISO 2631-1, BS 6841
W, Vertical Motion Sickness ISO 2631-1, BS 6841
W, Vertical Activity Interference BS 6841
w,  roreaft Lateral, 4 Arm Vibration 1SO 5349-1

Vertical
W, Vertical Seat Vibration 1SO 2631-1
W, Vertical Seat Vibration 1SO 2631-1
S
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Figure 3.2 Frequency weighting curves
Source: ISO 2631-1, 1997

3.2.2. Vibration Transmission Calculations

The extent of the movement at any point on the body is related to the magnitude of
the input vibration at the seat or floor and the transmissibility at the driving
frequency. The absolute transmissibility indicates the steady-state magnitude of the
motion of the mass relative to the steady-state magnitude of the motion at the input
as a function of the vibration frequency. Therefore, transmissibility is calculated as the
ratio of the vibration expressed by accelerations measured between two points. For

supporting surfaces, transmissibility is defined as;
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T ( f ) — & gupporting surface (f )

3.2
A fo0r (f) G2

If transmission of vibration from the supporting surface to a certain body part is

considered, then the equation changes to;

abody part (f )
asupporting surface (f )

T(f)= (3.3)

Here @, orting surface ( f ) is the acceleration at the seat or at the handlebar and

abodypart( f ) is the acceleration at the given body part at frequency f. So,

transmissibility of 2 would mean that there was twice as much vibration at the given

body part than at the driving point.

Lewis and Paddan (1990) calculated transmissibility between head and saddle and
concluded that the saddle and handlebars were driven by the same acceleration
function and they are 100% coherent. Therefore, they designed separate experiments
to determine separate transfer functions for two transmission paths to the head, via
the saddle and via the handlebars. By removing the handlebar from the frame they
also calculated handlebar to head transmissibility with a different experiment. The
researchers concluded that the contribution of the transmission path depends on the
posture maintained by the cyclist and the frequency of vibration. To illustrate, in the
forward leaning posture more low frequency vibration was transmitted to the head via

the handlebars than via the seat.
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3.3. Human Response to Vibration

3.3.1. Vibration Total Value

The vibration total value (vector sum of the weighted acceleration in the x-, y-, z-

axes), is calculated as follows:

_ 2 .2 2 .2 2 .2
aV_ \/kx awx + k awy + kz awz (34>

y

Where

a,,a, ,a = theweighted rms accelerations with respect to the orthogonal axes x,

wx > wy ? wz

v, z, k ,k k. = multiplying factors.

x>y 2rz

While assessing the effect of vibration on health, (k ,k ,k_), are suggested to be

taken respectively as (1.4,1.4 and 1).In case of assessment for comfort k =k =k_

have to be taken as 1.

ISO 2631:1 (1997) suggests the assessment of vibration total values, a , of the

A2
frequency-weighted accelerations corresponding to any measurement to be done

following the guidance given in Table 3.3.
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Table 3.3 a  values for comfort ratings
Source: ISO 2631-1, 1997

a., Comfort rating
less than 0.315 ms™ not uncomfortable
0.315 to 0.63 ms™ a little uncomfortable
0.5 to 1 ms™ fairly uncomfortable
0.8 to 1.6 ms™ uncomfortable
1.25 to 2.5 ms™ very uncomfortable
greater than 2 ms” extremely uncomfortable

3.3.2. Power Spectral Densities

Although the spectrum analysis is a fundamental component of many frequency
analysis methods, it is more common to illustrate the frequency composition of a
vibration environment with a power spectral density function. The power spectral

density function G_ (f) of a time series is formulated so that its integral between two

frequencies is the mean-square value of the signal between these frequencies. The
integral over all frequencies is variance of the data. The power spectral density, PSD

is, therefore, the distribution of the mean square value of time history over frequency.

Power spectral density is the most common technique for analyzing the frequency
content of signals for human vibration applications as it is ideally suited to the
analysis of transient and random signal types. It generates a measure of the energy
contained within a frequency band. PSD splits up the original signal into shorter
segments and calculates the FFT for each section. The length of each individual
segment is selected such that the FFT generates an appropriate frequency resolution.
For example, if a frequency resolution of 0.25 Hz is required, each segment must last
4 seconds. Usually, the segments overlap and are “windowed” to ensure data integrity.

The units of 2 PSD for an acceleration signal are (ms?)*.Hz .
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3.3.3. Critical Frequency Ranges

In physics, the tendency of a system to oscillate at maximum amplitude at certain
frequencies may lead to the resonance of the system. At these frequencies, even small
periodic loads can produce large amplitude vibrations, because the system stores
vibration energy. For example, the resonance frequency of bicycles has been shown

to be 3 Hz (Pivit, 1988).

The human body can be compared to a mechanical structure and like all other
mechanical structures it has specific frequencies where the joining parts exhibit a
maximum mechanical response. Most of the tissues in the human body usually show
a resonance at about 5 Hz (e.g. head), while some resonate at higher frequencies (e.g.
Eyeball resonates at about 20 Hz). If a person is exposed to a sinusoidal signal that
gradually increases in frequency, then different parts of the body will resonate in turn.
In Figure 3.3, resonance frequencies that are responsible for some of the impaired
body functions are represented. All people respond differently to whole body
vibration because of their variations in physique and posture (Johansson and Nilsson,

2006).

Frequency (Hz)

0.1 1 510 152010010°100%10°
Tactile sensation
Giddiness and instability
Motion sickness
Vibrating hand tool diseases
Major body resonances
Respiration difficulties
Abdominal pain
Muscle tone
Lumbosacral pain
Head sensations
Disturbance of vision
Speech difficulties

Urge to deficate and urinate

Figure 3.3 Frequency ranges for different physiological effects of body vibrations
Source: Cole, 1982

32



CHAPTER IV

4. EVALUATION OF MUSCULAR ACTIVITY

4.1. Surface Electromyography (EMG)

Electromyography (EMG) is a technique for measuring muscular electrical activity.
The EMG signal is generated by the electrical activity of the muscle fibres during a
contraction. EMG signal is composed of the Motor Unit Action Potentials (MUAPs)
from groups of muscle fibres organized into functional units called Motor Units (MU
s) and represents a summation of tissue-filtered signals generated by a number of
active motor units. EMG can be detected by intramuscular electrodes (needle EMG)

ot by surface electrodes (surface EMG) attached to the skin.

Surface Electromyography provides a non-invasive way of studying muscular
function. The surface EMG signal detected during voluntary contractions is the
summation of the contributions of the recruited MUs that are observed at the
recording site (Merletti, 2004). Typically, two electrodes are taped on the skin surface
over the muscle belly, and the difference of potentials between the electrodes is
amplified. Surface EMG signals are usually processed by using some data reduction
techniques to obtain quantities describing their amplitude and dominating frequency.
The most often used parameters to evaluate surface EMG signals are root mean

square (rms) and Mean Absolute Value (MAV) for amplitude, and median frequency

(F nea) and mean frequency (F ) for frequency characteristics.

The amplitude of an EMG signal is generally defined after a first processing step
consisting of filtering and calculating a rectified, integrated or root mean square value
(rms) from raw data. The use of normalization procedures has also been proposed in
order to compare experimental EMG results obtained for different muscles from

different subjects. EMG normalization is a technique that permits access to the
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relative level of activation of a given muscle (Hsu et al, 2006) by expressing the
absolute amplitude of the signal measured during the exercise as a percentage of a
meaningful reference EMG value. The most powerful solution for physiologic
interpretation is to measure the reference EMG value while the subject performs a
muscle contraction for a calibrated test condition. Normalization can be performed
with respect to the reference value recorded when the subject exerts Maximal
Voluntary Contraction (MVC) of the muscle or alternatively, when the subject exerts
a standard level of force (Latash, 1998). The reference EMG values generally

correspond to the peak or mean value of the EMG signal.

4.2. Surface EMG in Vibration Exposure Studies

Research on epidemiology of vibration induced injuries has been an important area of
occupational health. In this regard, muscular response to mechanical vibrations has
been widely investigated via surface electromyography in occupational medicine and
ergonomics (Seidel, 1988; Pope et al, 1998; Cardinale and Lim, 2003; Astrom et al,
2009). Extensive research has been conducted on back muscle response to whole
body vibration to explain the possible mechanisms of low back pain which is a very
common complaint among the working population who are subjected to whole body
vibration. There are also studies investigating postural effects on muscular activity and
occurrence of low back pain while being subjected to whole body vibration in a
seated position (Zimmermann et al, 1993; Zimmermann and Cook, 1997). In the
literature, reviews are available which provide an overview of the relation between
vibration exposure and low back pain, as well as other musculoskeletal injuries

(Bovenzi and Hulshof, 1999; Lings and Leboeuf-Yde, 2000; Seidel, 2005).

In general, whole body vibration exposure is characterized by an increased amplitude
of EMG signals compared with no vibration trials in trunk muscles (Pope et al, 1998;
Zimmermann, 1997), lower extremity muscles (Cardinale and Lim, 2003) and in upper

extremity muscles (Astrém et al, 2009).
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In cycling, the arms and consequently the arm muscles are of importance in providing
stability on the bicycle and support for the forward leaning body, however the
muscular activity of the upper body in response to exposed vibration on a bicycle has
yet to be studied. So far, the only study focusing on muscular activity during
simulated shock exposure conditions while riding a hard tail and full suspension MTB
has been conducted by Rambarran and Roy (2001). The muscles selected for
investigation during their measurements were erector spinae in the trunk, and vastus
lateralis and biceps femoris in the lower extremity. They placed a ramp on a force
plate to simulate the bump effect and investigated the ability of axial and lower
extremity muscles to actively attenuate shock during rear wheel impacts with and
without a suspension system. They found increased muscular activity in the erector
spinae muscle shortly after the rear wheel contacted the ground after descending from
the bump which coincided with an increase in vastus lateralis and biceps femoris
activity. The authors have pointed out that the average muscle activity of erector
spinae muscle was higher in full suspension MTB. On the contrary, the low extremity

muscles had greater activity during trials performed with hard tail MTB.
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CHAPTERYV

5. METHODOLOGY OF THE STUDY

5.1. Data Collection and Instrumentation

Equipment and data collection procedures that were used in this study are explained

in the context of this section.

5.1.1. Measurement of Vibration Transmission

Experimental setup and the data collection tools for vibration transmission
measurements are summarized in Figure 5.1. Tri-axial accelerometers (B&K, 4515B,
Denmark) were used to measure the level of vibration at different locations on
bicycle-rider system and also at the platform surface in the laboratory. In the
laboratory measurements, vertical dynamic load was applied to the platform by the
electromechanical shaker, and the vibration data were collected simultaneously using
tri-axial accelerometers mounted on the bicycle-rider system on a stationary road bike
(11 kg aluminium frame) fixed on the shaker by a home trainer (Tacx, USA). During
the field measurements, data acquisition units were powered by batteries. In order to
fulfil the time limit requirements of the battery powered equipment in the field
settings and to eliminate possible cumulative effects of fatigue as a result of a series of
consecutive trials, the measurement duration was set at 4 and 16 seconds in the field
and in the laboratory experiments, respectively. The analysis of the vibration data

were performed by Pulse (B&K, Denmark) and MATLAB mathematical software.

36



i

DAQ CARD Synchr.

EMG & Force Transducer
Amplifier &Amplifier

Q| -

Portable Data
Analyzers

Bicycle-Rider

System

Shaker

Amplifier

Figure 5.1 Experimental set-ups for Vibration Measurements
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5.1.2. Measurement of the Level of Force Production

Measurement of acceleration magnitude at the contact surface between the ridet’s
hand and the vibrating surface is the first step in the evaluation of vibration exposure.
Transmitted vibration energy determines the extent and severity of its biological
effects (ISO 5349-1, 2001). It is affected by the contact of the hand-arm system with
the source of vibration and varies depending on magnitude and direction of the force
and pressure applied at the contact surface. For this reason, international standards
have recently pointed out the necessity of measuring the forces applied by the hand.
A standardized method however has not been proposed yet in the literature. Previous
research dealing with the measurement of grip and or push forces made use of force
transducers attached on the handles (McDowell, 2006; Radwin and Yen, 1999;
McGorry, 2001).

In this study, force measurements were done during laboratory measurements. A test
bike was equipped with load cells (Biovision, Germany) integrated bilaterally to the
handlebar-brake lever interface to control force output during sub-maximal
contractions. Before the experiments, each subject underwent three bilateral maximal
isometric force production trials with 2 min rests between each. Force output
measurements during Maximal Voluntary Contractions (MVC) were achieved by
gripping the brake lever with the index and middle finger of both hands while
subjects were sitting on a stationary test bike with their hands on the drop of the bar.
Subjects were asked to gradually increase the force level from rest to a maximal effort
within 2 seconds and to sustain it (i.e., steady maximal exertion is maintained) for 3

seconds (Caldwell et al, 1974).

The maximal force outputs for each side were used as index values to determine the
target force levels during sub-maximal contraction trials. Target force levels were
determined as 10 and 20 % of each subjects’ MVC. In addition to no contraction
trials, each subject repeated each target force level in random order for 5 and 7.5 Hz

vertical sinusoidal vibration with the total acceleration values of 1, 1.5 and 2 ms™ rms.
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In order to ensure subjects reached and maintained the target force level, an LCD
screen was placed on the wall at the eye level of (approximately 80-90 cm far from)
the subjects and the visual feedback were given to the subject through the MATLAB

routine simultaneously with the measurements.

5.1.3. Measurement of the Muscle Activity

The electromyographic activity (EMG) of superficial forearm flexor (m.flexor carpi
radialis) and extensor muscles (m.extensor digitorum) that are involved in force
production during gripping and grasping movements were recorded by surface
Ag/AgCl electrodes. Prior to electrode placement, all electrode sites were cleaned and
mildly abraded with 70% alcohol with cotton wipes and allowed to dry before the
electrode placement. The active area of the electrodes was positioned at 2, 5 cm
centre-to-centre distance near the midline of the muscle belly. Analogue EMG signals
were amplified (5000 times) and converted to digital form using a 12 bit A/D
converter and sampled at a rate of 1000 Hz. After digitalization, EMG signals were
band-pass filtered with cut-off frequencies of 8 Hz (high-pass) to 500Hz (low-pass)
and were stored in the computer for further analysis in MATLAB version 7.5. EMG
values were normalized with respect to peak amplitude of EMG output of the
respective muscles attained in the best maximal voluntary contraction trial. Then, the
root mean square EMG activity (Rms EMG) was calculated for the selected time

petiods.

Prior to electrode placement any hair that might be under the patches were shaved
and the region was thoroughly cleaned with alcohol (70%) pads and allowed to dry

before the electrode placement.

The recordings of the EMG signals were synchronized with input signal of the shaker

and force output of the load cell.
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5.2. Experimental Procedures and Data Analysis

In order to answer the research questions, vibration transmission, force production

and muscular activity measurements are performed using different protocols (Table

5.1).

Table 5.1 Measurement Parameters
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(Preliminary) | * | (F=0-100 Hz) | 070 | O drops 2V Waist | w2
on drops, Platform | x,y, z
Lab sinusoidal brake Saddle X, Z
reliminary) 16 a=1ms>2 0% hoods, NA
(Pre ay (f=5 Hz) top of the Waist X, Z
bar
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Head X, Y, Z
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Lab 16 a=1,1.52ms2| 5% hoods, NA | Saddle X, ¥, Z
(f=5,7.5 Hz) top of the Elbow X, Z
bar Shoulder | x, v, z

5.2.1. Preliminary Studies

Before the actual measurements, preliminary studies (both in the field and in the lab)
were conducted to find out the level of vibration transmitted to the bicycle-rider
system and to determine the parameters (that have to be considered in the later stages

of the study) that will provide the most conclusive answers to the research questions.
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Considerations of different types of bicycles on different road surface conditions

were thought to serve to that purpose.

The accelerometers were placed on the saddle and were mounted over L.1-1.3 spinous
processes on the cyclist’s low back and on the bicycle-rider interface at the saddle
beneath the ischial tuberosities of the rider. The acceleration values were measured
for vertical and frontal axes to determine the vibration exposure levels on the saddle
and at the lumbar region of the cyclist’s body. Also, the transmissibility ratios were

determined.

Laboratory Study: Prior to the field measurements, a laboratory study was also
carried out in order to determine the effects of different riding postures on vibration
transmission. A 27 years old healthy female competitive tri-athlete was exposed to
whole body vertical sinusoidal vibration at a constant frequency of 5 Hz on her own
road bike (aluminium frame, with dropped handlebars) mounted on an electro-
dynamic vibrator. Total weight of the bicycle-rider system was 66 kg. Measurement
duration was triggered manually and set at four seconds. Measurements were repeated
three times for three different hand positions; on the drops (T'1), on the brake hoods
(T2) and on the top of the bar (T3) (Figure 5.2).

(T1) (T2) (T3)

Figure 5.2 Different hand positions on road bike (on the drops (T'1), on the brake
hoods (T2) and on the top of the bar (T3))

Field Study: The field measurements were performed on the same subject and for

different road surface conditions, (i.e., asphalt, cobblestone tracks (CS1), and old
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cobblestone strip on the asphalt road (CS2)). Two types of bicycles that the subject is
familiar with (road bike and MTB-rigid frame) were used during the trials. The speed

was kept constant at 20 kmh%. A constant sitting posture was maintained during the
measurements with the hands located on the top of the bar and with shoulders about
mid-way between the bottom bracket and the head tube of the bicycle. The subject
was instructed not to pedal or stand up from the saddle during the measurement

period and verbally informed before the recording was initiated.

5.2.2. Field Measurements

Field measurements were performed to determine the magnitude and the frequency
range of the transmitted vibration to the vehicle and the rider and to find out possible

differences attributed to different road surfaces and bicycle types.

5.2.2.1. The Procedures of Vibration Transmission Measurements: Test Bikes

and Considered Tracks

The level of vibration exposure was investigated for road bike and mountain bike
(MTB, with front suspension) while riding on asphalt road, rough road and concrete

stone pavement.

10 voluntary healthy male subjects between the ages of 19-33 participated in the field
measurements. Descriptive characteristics of the subjects with at least 2-year regular
training background in cycling have been presented in the results chapter. Subjects
had no history of neurological or musculoskeletal pathology. After being informed
both verbally and in writing about the method and the possible risks provided, all
participants signed an approved, informed consent form (See Appendix A). The
protocol was approved by the Ethics Committee of the Middle East Technical

University (See Appendix B).
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Subjects were tested on their own bicycles during the field measurements. The frames
of the MTBs were aluminium-carbon, and except the bicycle of subject 1 and 5, the
frames of the RBs were of aluminium. Apart from subject 1’s bicycle (MTB),
handlebars of all bicycles were made of aluminium. Wheel diameters of MTB and RB
were 26 and 28 inch, respectively. The weight of the helmets ranged from 230 to 300
gr. The properties of the bikes used by the subjects are summarized in Table 5.2.
Field measurements consisted of three trials for each subject on the same course and
were repeated for different road surfaces. Measurements were performed on roads
with no curves and were in the order of asphalt road, rough road and concrete stone

pavernent.
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Table 5.2 Characteristics of the bikes and the riders participated in the field

measurements
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The saddle-rider interface and the handlebar stem were selected for the placements of
the accelerometers on the bicycle. On the riders’ body, measurement locations
determined as the under surface of acromion at scapula and the forehead. The
accelerometers were mounted by double-sided adhesive foam tape. Rigid thin metal
layers served as a base to increase the surface area of the attachments were used on
the body. Also, a high density elastic head strap was used to fix the accelerometer to
the forehead. The reference coordinate system that was used during the placement of

the accelerometers is shown in Figure 5.3.
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Figure 5.3 The reference coordinate system adopted for accelerometer placements

The data acquisition unit was placed in a car moving at the same speed with the
bicycle and its connection with the accelerometers was established via 3-m long data
cables. Figure 5.4 displays the different road surfaces tested in the measurements and
the connection of the data acquisition unit with the rider. While maintaining a
constant driving speed of 20 kmh™, data recordings were initiated when the bicycle
passed the reference point on each course. Subjects were instructed not to pedal or
stand up from the saddle during the measurement period and verbally informed
before the recording was initiated. The duration was set at 4 seconds for data
recordings. When the riders arrived at the reference point, they stopped pedalling and
maintained a regular sitting position with their feet placed on the pedals on the same
horizontal line parallel to the road surface, the arms supported on the handlebar, and
the head in a forward looking position toward the direction of locomotion. Subject’s
hands were placed on the drop of the handlebar of the road bike (RB), whereas with
mountain bike (MTB) the hands were placed on top of the handlebar with the index
finger at the brake lever on both sides. During the field measurements, subjects wore
their cycling jerseys, cycling shoes with clipped pedals, padded cycling tights and

helmets.
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Figure 5.4 Test Tracks (left: asphalt road, middle: rough road, right: concrete stone

pavement)

5.2.2.2. The Procedures of Muscle Activity Measurements during Cycling

In order to determine the effects of the level of vibration transmitted to the hand-arm
system on the muscular activity level in the forearm, surface electromyography was
recorded at forearm flexor and extensor muscles of both of the upper limbs during
cycling. EMG recordings were gathered through the data acquisition unit placed in
the car, simultaneously with the measurements explained in section 5.2.2.1. The
portable EMG data acquisition unit was designed to be worn back pack style and was
fixed to the subject’s body with shoulder straps in order not to cause any respiratory
restriction or discomfort to the rider. After the EMG cables were attached to the data
acquisition unit, a 3-m long USB cable was used to establish the connection with a

computer placed in the car. EMG measurements were repeated both on RBs and on
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MTBs on the aforementioned road surfaces. Three trials were done in order to reveal

the possible differences in muscle activity in forearm muscles.

Before the trials, subjects underwent 3 consecutive maximal isometric gripping tasks
according to the previously explained procedure. The muscular activity levels attained
by the subjects (for forearm flexor and extensor muscles on both sides) were

recorded for use in the post normalization procedures.

5.2.3. Laboratory Measurements

Laboratory measurements were designed to clarify the effects of frequency and
magnitude of vibration and different handling positions on the level of vibration
transmitted to the bicycle-rider system and to find the effect of vibration exposure on

the muscular activity of forearm muscles under controlled conditions.

5.2.3.1. The Procedures of Vibration Transmission Measurements: Effects of

Vibration Amplitudes, Force Contraction Levels and Different Hand Positions

Vibration transmission values for different handling positions that lead to change in
joint angles in trunk and upper extremity (Figure 5.5) were investigated on a
stationary road bike (frame: aluminium, weight: 11 kg) fixed on the shaker platform
by a home trainer unit (Tacx, USA). The measurements were repeated for different
positions of hands namely, the hands on drop of the handlebar (T1), on the brake
hoods (T2) and on the top of the bar (T3) (Figure 5.2). The laboratory trials were
done, in random order, at 0° slope of the platform for each of the three acceleration

total values (i.e., 1, 1.5 and 2 ms™ rms) and for each of the two frequencies (i.c., 5 and

7.5 Hz).

Test parameters are listed in Table 5.3. Similar to the field measurements, the
measurement locations on the bicycle were selected as the saddle-rider interface and

the stem. The under surface of acromion at scapula and the superficial surface of the
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ulna’s proximal end near to the elbow joint were chosen as the measurement
locations on the rider’s body. The accelerometers were mounted by double-sided
adhesive foam tape. Rigid thin metal layers were used on the body to serve as a base

to increase the surface area of the attachments.

Table 5.3 Test Parameters for section 5.2.3.1

Lab -Experiment 1 Lab- Experiment 2

Input Waveform (in z direction) Sine Sine
Frequency (Hz) 5,7.5 5,7.5
Total value( m/ s*) 1,1.5,2 1,1.5,2
Slope of the Platform 0° 0°
Hand Position T1 T1,T2,T3
Level of Contraction(%oMVC) 0,10 and 20 0

Shaker

Figure 5.5 Locations of the Test parameters on bicycle-rider system (Lab
measurements)
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Subjects were asked to keep the stationary sitting position with their feet placed on
the pedals on the same horizontal line parallel to the platform surface, the arms were
supported on the handlebar and the head was in a forward looking position.
Descriptive information on subjects and joint angles for three different handling
positions are presented in the results chapter. Possible undesired changes in posture
were prevented by visual control. Post test goniometric measurements were also

done.

5.2.3.2. The Procedures of Vibration Transmission Measurements: Effects of

Vibration Frequency, Level of Contraction and the Slope of the Platform

Possible effects of vibration frequency and the slope of road on the level of vibration
transmitted to the hand-arm system were investigated in the lab during the
submaximal contraction of the forearm muscles. The stationary test bike (aluminium
frame road bike, weight: 11 kg,) fixed on the platform of the electromechanical shaker
was adjusted to a 5° decline above the horizontal line of the platform by raising the
contact point of the rear wheel. The vibration measurements explained in the method
section 5.2.2.1 were done in random order with 2-minute rest intervals for each of the
two frequencies (5 and 7.5 Hz) and for each of the two submaximal contraction
levels(%10 and %20 of MVC) and for null contraction for both flat (0°) and declined
(5°) configurations. Details of the experimental procedure have been summarized in
Table 5.4. During the measurements the hands were placed on the drop of the bar. In
order to gather data regarding vibration transmitted through the hand-arm system,
measurement points on the subjects were selected as the under surface of acromion at
scapula and the superficial surface of the ulna’s proximal end near to the elbow joint.
The duration of the measurements was set at 16 seconds, the longest time that can be
provided in order to minimise any cumulative effect of fatigue on the rider which may
be caused by a series of consecutive trials that corresponds approximately 40-min

total exposure time for each rider(Figure 5.0).
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Table 5.4 Test Parameters for section 5.2.3.2

Lab- Experiment 3

Input Waveform (in z direction)
Frequency (Hz)

Total value (ms?)

Slope of the Platform

Hand Position

Level of Contraction

Sine
5,7.5
1,1.5,2
5 0
T1
0, 10, 20 %

Frequency Analyziz Mode

Linss: | 4np || | |paseband  +|

Span: B 100 Hz - LCentre Frequency:

df: 250m

T:ds dt; 3.906m

Averaging Domain Aweraging

(+ Spectrum Averaging Mode: O >

" Signal Enhancement Averages: 1
Tirne: ,7

Owerlap o 16s

BE.ET & - Fined: bverages v
Owerload: Reject -

detail in section 5.1.2.
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Figure 5.6 FFT analyzer setup (Lab measurements)

The bilateral maximal force outputs were used as the index values to determine the
target force levels during submaximal contraction trials. Visual feedback was provided
to the subjects by showing the target force level on an LCD screen (Figure 5.7). After
completion of the protocol, including a 2-min rest periods between each individual
measurement, maximal bilateral force production was assessed as a sign of fatigue.

The protocol for the assessment of maximal force production has been explained in



Figure 5.7 An illustration of the electrode placement, and setup for force output
feedback

Descriptive characteristics of the subjects and the joint angles have been presented in
the results chapter. After being informed about the method and the possible risks
which were provided both verbally and in written form, all participants signed an
approved informed consent form. Subjects had no history of neurological or

musculoskeletal pathology.

5.2.3.3. Measurement of Muscle Activity in the Forearm

The effects of vibration frequency on muscular activity level of forearm muscles have
been examined in relation to submaximal force production applied by the hand.
Surface electromyography measurements were obtained from forearm flexor and
extensor muscles, bilaterally. EMG recordings were collected in random order for
10% and 20% of submaximal contraction levels under 2 ms? rms amplitude of cyclic
sinusoidal vertical load at each of 5 and 7.5 Hz frequencies. Also, no vibration and no
contraction trials were implemented as controlling conditions. The recordings were
performed simultaneously with the vibration transmission measurements explained in

the results chapter. Test parameters chosen for the measurement of muscle activity

are listed in Table 5.5.
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Table 5.5 Test parameters for 5.2.3.3

Lab- Experiment 4

Input Waveform(in z direction) Sine
Frequency(Hz ) 5,7.5
Total Value (ms™) 2

Slope of the Platform 0°

Hand Position T1

Level of Contraction 0, 10, 20 %

Before the trials, the muscular activity levels attained by the subjects during maximal
isometric gripping tasks were recorded from forearm flexor and extensor muscles on
both sides for further normalization procedures according to the previously explained
procedure in method section 5.2.2.2. Immediately after the subject reached the target
force level, the vibration stimulus was applied to the platform. The period when the
vibration stimulus was initiated and terminated was marked on the EMG signals .The
analysis of the EMG signals was established for selected periods on the time domain.
An illustration of the synchronized recordings of the vibration stimulus, force output

and EMG signals are displayed in Figure 5.8.
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Figure 5.8 The synchronization of vibration stimulus, force output and EMG signals.
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CHAPTER VI

6. RESULTS AND DISCUSSION

6.1. Findings of the Preliminary Study

In the laboratory part of the preliminary study, it has been found that the vibration
magnitude in x direction measured at the saddle increased approximately two-folds
compared to input vibration magnitude. To be able to compare vibration
transmission levels among different hand positions, transmissibility ratios were
normalized to input vibration magnitude measured at the platform. Normalized peak
values (NPV) showed a higher amount of vibration transmission to the cyclist’s waist
for different hand positions, i.e., with the hands on top of the bar, on the brake hoods

and on the drops, respectively (Table 6.1).

Table 6.1 The effect of hand position on the vibration transmitted to the bicycle
rider system

Hand Position

Measurement Direction 3 T T
waist Z 0,812 0,886 0,885
waist X Peak 0,179 0,065 0,292
saddle z Acceleration 1,021 1,093 1,054
saddle X (ms™) 0,965 1,154 1,343
platform z 0,504 0,539 0,669
peak,,../peak e z NPV 0,795 0,811 0,840
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The findings gathered through the field measurements revealed that the cyclist was
exposed to the considerably high levels of vibration on the bike on rough road
conditions and which in turn caused an increase in the vibration transmitted to the

saddle and to the waist of the cyclist in both x- and z-axis (Table 6.2).

Table 6.2 Peak acceleration magnitudes observed in the field during Road Bike and
MTB trials

waist X saddle x waist z saddle z
a f a f a f a f
(ms’z) (Hz) (ms’z) (Hz) (ms’z) (Hz) (ms’z) (Hz)
S Asphalt 0.18 13.5 0.51 34.5 0.38 5 1.00 21.5
é % CS1 0.99 20.5 1.65 19 1.06 8.5 3.39 20.5
CS2 1.09 8.5 4.06 17.5 2.93 8.5 4.06 17.5
a Asphalt 0.27 25 0.55 25 0.38 10 0.59 24
= CS1 0.81 11 2.71 16 1.04 9 1.58 26
Z CS2 1.23 7 3.81 30 1.44 6 1.72 30

Saddle-to-waist transmissibility ratios (a /2 ,aae) for Road Bike trials in the field
are displayed in Figure 6.1. The increase in the vibration transmission from saddle to
waist as a result of road roughness was apparent in z-axis. The transmissibility ratios
reached their peak values in the frequency range of 5-10 Hz in Road Bike and MTB
trails. Transmissibility ratios reached the highest value in CS1 trials (cobblestone
tracks). Moreover, the frequency shift towards lower frequencies was observed in
both Road Bike and MTB measurements during CS1 trials, whereas unexpected
roughness and sudden upward movement during CS2 trials (old cobblestone strip on
the smooth asphalt road) resulted in a frequency shift towards the higher frequencies.
As the roughness of the road surface increases, worst case being the CS2 trials,
prominent differences between the levels of vibration transmitted to the ridet’s body

was observed.
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Figure 6.1 Saddle-to-waist transmissibility ratios (z-axis) in Road Bike trials
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6.2. Findings of the Field Studies

The field measurements were performed on both road bike and MTB. 10 healthy
volunteer male cyclists between the ages of 19-33 who have participated in the study
were grouped as Road Bike and MTB Groups according to their preferences for
cycling training. Descriptive characteristics of the subjects with at least 2-year regular

training background in cycling are presented in Table 5.2.

6.2.1. Vibration Transmission to the Bicycle-Rider System: The Effects of

Road Surface Conditions and Type of the Bicycle

The results of the field measurements revealed that the vibration levels measured on
the selected locations (i.e., saddle, stem, shoulder, and forehead) on the bicycle-rider
system are effective in x-axis (in the line of motion) and z-axis (perpendicular to the

line of motion).

Peak acceleration values observed in field measurements in x-, y-and z-corresponding
to road bike and MTB trials on asphalt road, rough road and concrete stone
pavement are presented in Tables 6.3 -6.8. As seen in Tables, peak acceleration values
increased as the road roughness increased. The values were highest on the rough road

and lowest on the asphalt road.

MTB measurements revealed that the level of vibration transmitted to the bicycle was
found to increase depending on the severity of roughness and showed slightly higher
scores at stem with the dominance of z axis vibration exposure. In addition, during
the road bike measurements performed on smooth asphalt road, un-weighted peak
acceleration values were also slightly higher at stem than at saddle for all subjects.
These finding coincides with the study of Waechter et al (2002) who found that

acceleration level at the handlebars was higher than that of the saddle for two
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different bicycles on each of four different surfaces which includes cobblestone

pavement, old asphalt layer, and concrete pavement or brick pavement.

Shoulder acceleration levels on the riders” body of road bike go from lowest to
highest in the order of asphalt road, concrete stone pavement and rough road
.Forehead accelerations were found higher for trials on concrete stone pavement
compared to those on rough road. Asphalt road resulted in lowest transmission of
vibration to the riders’ body also during the MTB trials. Like in road bike trials, in
MTB trials shoulder accelerations were observed to have higher scores than forehead
at each axis while riding on rough road. Interestingly, the vibration transmission to
different body parts on different road surfaces which tends to increase with increased

roughness has been found not to be influenced by different bicycle designs.

The frequency range where the peak accelerations occurred at dominant axes (x and
z) was relatively wide for all subjects on smooth asphalt road for saddle and stem on
both MTB (~between 5-40 Hz) and road bike (~between 20-70 Hz). As a result of
increased roughness, it reduced to 15-30 Hz range for both bicycles. In a similar
manner, studies investigating vibration transmission to the bicycle have reported the
attenuation of vibration, with an increase in frequency ,after reaching its peak value
for all measurement points (i.e., Saddle, handlebar, bottom bracket and wheel)
regardless of the type of bicycle (Lewis and Paddan, 1990; Waechter et al, 2002; Faiss
et al, 2007). The effective spectrum range for vibrations was found to be between 0
and 50 Hz at the measurement points on the bicycles (Waechter et al, 2002; Faiss et
al, 2007; De Lorenzo and Hull, 1999).

The results of the field measurements have revealed that the level of transmitted
vibration measured at the forehead and the shoulder reached their maximum values at
the frequencies between 3 -12 Hz for the dominant axes on each road regardless of
the input acceleration magnitude. On the road bike forehead accelerations even
shifted to lower frequencies of 3.5-7 Hz on both asphalt and concrete stone
pavement. It is well known that vibration transferred to the body at lower and
intermediate frequencies may coincide with the resonance frequencies of different
body parts. Moreover, human being is known to be most sensitive to whole body

vibration within the frequency range of 1 to 20 Hz (Mansfield, 2004) In the literature,
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for example, the resonance frequency has been reported as being between 1-9 Hz for
head and neck complex (Fard et al, 2004), and between 4-8 Hz for shoulder (Hazarin
and Grzesik, 1998). It can be concluded that the effective frequency range in which
the maximal vibration amplitudes occurred on the bicycle coincides with the
resonance frequency of the body parts. It might, therefore, negatively affect the

comfort and health of the rider.
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Table 6.3 Measured un-weighted peak acceleration values and associated
frequencies of Road Bike trials performed on asphalt road

Asphalt Road

(Road Bike)

Saddle

Stem

Forehead

Shoulder

X

y z

X

y z

X

y z

X

y z

apcak (mS'Z)

0,58 0,27 0,49

0,48 0,77 0,50

0,44 0,20 0,51

0,28 0,20 0,23

fa_pcak (HZ)

69,25 6,50 62,75

26,50 06,75 68,75

3,75 7,25 3,75

12,00 1725 4,75

Apeak (mS'Z)

1,16 0,31 1,06

1,31 0,86 1,63

0,46 0,17 0,25

0,36 0,15 0,22

fa_pcak (HZ)

33,75 33,75 24,25

33,75 6,50 22,50

3,75 3,75 4,75

6,50 10,00 3,75

apcak (mS'Z)

0,96 0,37 0,65

0,93 0,42 0,85

0,27 0,19 0,22

0,25 0,23 0,22

fa_pcak (HZ)

28,50 37,75 28,50

30,75 53,75 21,00

4,00 3,00 5,25

21,00 28,50 28,50

apcak (mS'Z)

1,44 0,19 0,74

1,79 0,27 1,03

0,37 0,18 0,27

0,26 0,18 0,31

fa_pcak (HZ)

32,75 32,75 42,00

32,75 53,25 32,75

550 5,25 5,50

10,75 13,25 5,50

apcak (mS'Z)

0,87 0,35 0,44

1,11 031 0,57

0,63 0,61 0,56

0,17 0,30 0,38

Subject 5| Subject 4| Subject 3 | Subject 2 [Subject 1

fa_pcak (HZ)

31,25 26,25 32,00

31,25 6,00 36,75

5,25 6,00 5,25

3,50 6,00 6,00

Table 6.4 Measured un-weighted peak acceleration values and associated frequencies
of Road Bike trials performed on rough road

Rough Road

(Road Bike)

Saddle

Stem

Forehead

Shoulder

X

y z

X

y z

X

y z

X

y z

Apeak (mS'Z)

5,14 1,42 5,88

4,81 393 5,37

1,15 1,24 1,71

1,61 2,11 221

fa_pcak (HZ)

17,75 23,75 17,50

17,75 6,50 19,75

10,75 6,25 10,75

10,75 10,75 10,75

apcak (mS'Z)

7,00 1,76 6,06

4,89 1,01 7,24

0,59 0,24 0,70

122 132 1,59

fa_pcak (HZ)

15,75 16,75 18,25

15,75 8,25 18,25

7,50 6,75 11,75

11,75 11,50 15,75

apcak (mS'Z)

3,13 1,09 3,78

2,12 0,64 3,75

0,62 0,49 0,70

1,38 1,27 145

fa_pcak (HZ)

19,00 29,75 17,25

19,00 12,75 17,25

10,50 1,50 4,25

10,50 10,50 10,50

apcak (mS'Z)

3,67 1,37 4,72

277 121 450

0,95 0,76 0,98

0,98 0,94 1,00

fa_pcak (HZ)

26,75 33,25 15,00

32,75 15,25 15,25

5,75 8,75 8,50

8,50 15,50 9,25

apcak (mS'Z)

6,56 1,10 4,34

4,74 1,05 6,10

1,08 0,44 0,91

1,15 1,06 1,35

Subject 5| Subject 4 | Subject 3 | Subject 2 [Subject 1

fa_pcak (HZ)

15,50 20,75 15,50

15,75 50,25 18,75

6,25 1,75 5,25

11,50 15,50 15,50
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Table 6.5 Measured un-weighted peak acceleration values and associated
frequencies of Road Bike trials performed on concrete stone pavement

Concrete
Stone
Pavement

(Road Bike)

Saddle

Stem

Forehead

Shoulder

X

y z

X

y z

X

y z

X

y z

apcak (mS'Z)

2,62 1,66 3,82

3,78 1,26 4,27

2,02 1,13 1,81

0,98 1,07 1,36

fa_pcak (HZ)

27,75 4,00 45,75

23,75 6,00 45,75

4,00 4,00 4,00

8,25 11,75 4,00

apcak (mS'Z)

4,51 0,84 4,65

3,27 0,58 3,41

1,05 0,37 0,86

0,51 0,33 0,90

fa_pcak (HZ)

19,00 37,00 37,00

19,00 1,50 2425

3,25 1,50 4,50

3,25 8,25 3,25

apcak (mS'Z)

7,20 0,87 3,16

4,71 0,44 4,39

0,91 0,53 0,85

1,33 1,56 1,27

fa_pcak (HZ)

19,75 39,50 19,75

19,75 49,25 19,50

3,50 2,50 5,00

19,75 19,75 19,50

apcak (mS'Z)

1,69 0,58 6,59

2,30 0,80 2,29

1,43 0,52 0,82

0,65 0,36 1,40

fa_pcak (HZ)

39,00 39,00 39,00

38,75 39,00 38,75

4,50 4,50 6,75

6,75 20,00 4,50

Subject 5| Subject 4 | Subject 3| Subject 2 |Subject 1

Apeak (mS'Z)

293 0,78 2,73

2,04 0,45 278

0,75 0,17 0,80

0,30 0,23 0,31

fa_pcak (HZ)

20,00 20,00 38,50

20,00 38,25 20,00

4,00 4,25 5,25

4,00 6,00 4,00

Table 6.6 Mecasured un-weighted peak acceleration values and associated frequencies
of MTB trials performed on asphalt road

Asphalt Road

(MTB)

Saddle

Stem

Forehead

Shoulder

X

y z

X

y z

X

y z

X

y z

apcak (mS'Z)

0,43 0,25 0,39

0,35 0,32 0,59

0,48 0,16 0,26

0,44 0,35 0,55

fa_pcak (HZ)

1425 4,00 4,25

1425 450 1425

4,25 6,00 10,25

10,25 1425 4,50

apcak (mS'Z)

0,55 0,14 0,44

0,96 0,36 0,55

0,34 0,22 0,25

0,34 0,30 0,35

fa_pcak (HZ)

2450 3,25 24,50

2450 3,25 24,50

4,00 1,50 3,75

7,25 12,00 4,00

apcak (mS'Z)

0,29 0,14 0,20

0,30 0,16 0,62

0,30 0,11 0,29

0,25 0,25 0,22

fa_pcak (HZ)

26,00 61,25 30,00

23,00 8,50 9,50

4,25 5,00 5,00

8,00 9,50 4,25

Apeak (mS'Z)

0,46 0,38 0,46

0,29 0,29 0,61

0,39 0,22 0,24

0,50 0,47 0,36

fa_pcak (HZ)

15,75 66,75 26,00

15,75 6,75 15,75

4,50 6,75 11,50

15,75 15,75 15,75

Subject 5| Subject 4 | Subject 3| Subject 2 |Subject 1

apcak (mS'Z)

0,47 0,36 0,34

0,27 0,33 0,66

0,27 0,15 0,28

0,30 0,22 0,29

fa_pcak (HZ)

24,75 59,50 26,75

35,50 40,50 40,50

3,00 1,50 3,75

8,25 1275 3,50
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Table 6.7 Measured un-weighted peak acceleration values and associated frequencies
of MTB trials performed on rough road

Rough Road
(MTB) Saddle Stem Forehead Shoulder
X y z X y z X y z X y z
ek (ms?)| 2,76 0,67 3,06| 1,96 1,36 297| 0,85 0,27 1,45| 1,19 226 1,16

fa_pcak (HZ)

14,50 29,25 14,00

14,50 14,50 14,50

3,75 11,50 11,50

11,00 11,50 11,50

apcak (mS'Z)

3,20 0,95 2,26

214 0,77 2,36

0,50 0,45 0,54

1,07 1,37 0,91

fa_pcak (HZ)

20,75 54,50 19,00

21,50 14,00 21,00

4,50 2,00 14,00

8,00 11,75 4,50

apcak (mS'Z)

3,25 0,57 2,37

2,84 0,48 2,59

0,95 0,36 0,69

0,74 0,96 1,24

fa_pcak (HZ)

15,25 31,25 14,00

15,25 11,75 15,25

4,00 5,00 12,50

13,75 15,25 15,25

Apeak (mS'Z)

2,28 0,81 2,69

1,77 0,63 3,41

1,24 0,86 1,26

1,61 256 1,96

fa_pcak (HZ)

27,25 30,75 16,75

19,00 6,00 15,75

11,75 11,75 12,50

15,75 15,75 15,75

apcak (mS'Z)

3,41 0,54 1,95

1,76 0,68 3,54

0,60 0,73 0,69

0,67 0,73 0,72

Subject 5| Subject 4 | Subject 3| Subject 2 [Subject 1

fa_pcak (HZ)

20,25 23,00 17,50

18,75 19,50 16,50

2,75 5,00 5,00

16,50 16,50 2,75

Table 6.8 Measured un-weighted peak acceleration values and associated
frequencies of MTB trials performed on concrete stone pavement

Concrete
Stone
Pavement

(MTB)

Saddle

Stem

Forehead

Shoulder

X z

y

X z

y

X z

y

X z

y

Apeak (mS'Z)

243 044 1,63

1,34 0,55 1,57

0,78 0,37 0,66

0,68 1,46 1,10

fa_pcak (HZ)

41,25 19,00 20,75

41,50 41,50 41,25

3,50 1,75 4,50

8,50 20,50 4,50

Apeak (mS'Z)

3,43 0,66 1,61

1,69 0,37 2,09

0,70 0,25 0,86

0,84 0,92 1,09

fa_pcak (HZ)

35,25 35,25 35,25

35,25 35,25 35,25

3,75 3,50 3,50

6,50 12,25 3,50

apcak (mS'Z)

1,35 0,47 1,13

1,01 028 1,10

1,50 0,35 0,68

0,70 0,58 1,47

fa_pcak (HZ)

40,25 40,25 40,25

19,75 8,00 9,00

4,25 5,00 4,25

4,25 425 425

apcak (mS'Z)

2,28 043 1,14

1,39 0,43 1,90

1,40 0,59 0,53

0,92 0,66 1,16

fa_pcak (HZ)

34,25 34,00 34,00

34,25 6,25 34,25

3,75 8,00 12,00

9,25 16,75 3,75

apcak (mS'Z)

1,53 0,48 1,20

1,23 0,30 1,91

0,88 1,39 0,84

0,60 0,51 0,82

Subject 5| Subject 4 | Subject 3| Subject 2 |Subject 1

fa_pcak (HZ)

41,00 4,50 21,00

41,00 2,75 41,00

4,50 4,50 4,50

2,75 9,25 4,50
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The main difference between the two bicycles was observed in the exposure levels.
With respect to MTBs, the level of vibration in the road bikes was higher, and it
approached to a value that was approximately two fold higher for each measurement
location on the bicycle. Fatter tires of MTBs may explain the lower values gathered
through their measurements. Amplitude differences between two bicycle types were
especially apparent at saddle level among rough road and at stem level among
concrete stone pavement trials. Accelerations vs. frequency curves, corresponding to
each test track, on both of the bicycle types are illustrated in Figures 6.2-6.7 for x-, y-
and z- axis. Especially in rough road trials the frequency response for all subjects was

nearly identical.
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Figure 6.2 a_ (saddle)-f curves obtained from the field measurements for Road Bike
(a) and MTB (b) on asphalt road (i), rough road (ii), concrete stone pavement (iii)
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Figure 6.3 a, (saddle)-f curves obtained from the field measurements for Road Bike
(a) and MTB (b) on asphalt road (i), rough road (ii), concrete stone pavement (iii)
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Figure 6.4 a, (saddle)-f curves obtained from the field measurements for Road Bike
(a) and MTB (b) on asphalt road (i), rough road (ii), concrete stone pavement (iii)
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Figure 6.5 a, (stem)-f curves obtained from the field measurements for Road Bike (a)

and MTB (b) on asphalt road (i), rough road (ii), concrete stone pavement (iii)
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Figure 6.6 a, (stem)-f curves obtained from the field measurements for Road Bike

and MTB (b) on asphalt road (i), rough road (ii), concrete stone pavement (iii)
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Figure 6.7 a, (stem)-f curves obtained from the field measurements for Road Bike (a)
and MTB (b) on asphalt road (i), rough road (ii), concrete stone pavement (iii)
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The vibration total values, a, in Table 6.9 are calculated (via Equation 3.4) for health
as well as comfort and perception by using the weighted rms acceleration magnitudes

corresponding to field saddle accelerations. a Ay Ay, and a, values are presented in
Table 6.9 for both RB and MTB trials. The results showed that the increase in road
roughness resulted in higher values both in Road Bike and MTB. Vibration total
values ranked, from lowest to highest, as asphalt road, concrete stone pavement and
rough road (Figure 6.8). The severity of transmitted vibration to the bicycle was
found to be considerably higher especially in road bike trials. To illustrate, rough road

trials revealed the highest vibration total values between 4.5-6.9 m.s” for road bike

and between 2.4-5 m.s” for MTB.

Previous studies have also revealed that cyclists experience high levels of vibration. At
dominating frequencies between 5 to 10 Hz the vibration total values were found to
range from 3.4 ms” to 28.5 ms” (Torbic et al, 2003).In another study, Lewis and
Paddan (1990) calculated overall ride value from frequency weighted (weighting: wy)
z- axis acceleration as 1.46 ms” rms on the rider. As a result of the measurements on
ATB type bicycle in an off-road course, Lewis and Paddan (1990) also found that
overall-frequency weighted vibration magnitude measured on the bicycle was 3.14ms”
rms for the saddle and 4.38 ms” rms for the handlebar. Compatible with ISO 2631,
riding on the rough road can also be expected to be very uncomfortable in terms of

ridet’s perception as the acceleration magnitudes measured on the bicycle are above

the range of 1.25 to 2.5 ms” rms (see Table 3.3).
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Figure 6.8 Comparison of vibration total values (for health) at the saddle for
different surfaces

Table 6.9 Weighted saddle accelerations and vibration total values (a ,) for Road Bike
and MTB trials on different road surfaces

Road MTB
— ~ S <t 7o) — ~ S < 7o)
s} s} s} s} s} s} s} s} s} s}
L REN R REN R REN R R REN R
o) o) o) o) o) o) o) o) o) o)
5 5 5 5 5 5 5 5 5 5
93} 93} 93} 93} 93} 93} 93} 93} 93} 93}
awx | 0,100 0,254 0,265 0,207 0,154 (0,087 0,134 0,124 0,115 0,144

awy | 0,142 0,298 0,117 0,082 0,0890,171 0,105 0,102 0,088 0,157

aw. | 0,463 0,921 0,716 1,012 0,600 (0,477 0,451 0,387 0,500 0,452

Asphalt Road

(health) a, 0,522 1,071 0,823 1,059 0,649|0,547 0,510 0,448 0,540 0,541

(comfort&
perception)

a, 0,494 1,000 0,773 1,036 0,626|0,514 0,482 0,419 0,521 0,499

aw | 1,057 1,169 1,059 1,193 1,237(1,010 0,580 0,532 0,454 0,532

awy | 0,711 0,374 0,314 0,491 0,358 (0,311 0,280 0,324 0,225 0,326

aw, | 6,622 6,501 4,354 6,759 6,195]4,879 3,318 2,500 2,908 2,285

Rough Road

(health) a, | 6,858 06,725 4,621 6,996 6,452|5,099 3,439 2,648 2,993 2,446

(comfort&
perception)

IS

v 16,743 6,616 4,492 6,881 6,327|4,993 3,380 2,576 2,952 2368

awx | 0,245 0,635 0,875 0,492 0,402|0,373 0,404 0,375 0,324 0,428

awy | 0,228 0,312 0,266 0,192 0,125]0,345 0,118 0,176 0,270 0,421

aw, | 1,375 3,103 2,790 2,713 1,876|1,605 1,209 1,321 1,363 1,344

(health) ay | 1,453 3,257 3,070 2,812 1,967|1,755 1,344 1,442 1,485 1,585

Concrete Stone P.

(comfort&
perception)

]

v | 1,416 3,183 2936 2,764 1,923]1,683 1,280 1,384 1,427 1,472
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Similar to the acceleration spectra, the power spectrum densities have revealed that
road roughness resulted in frequency range to be shifted towards lower frequencies.
Power spectra have also shown that most of the vibration energy was located between
5 and 25 Hz for all measurement points regardless of the amplitude difference
between bicycle types (Figure 6.9). In a similar manner, Lewis and Paddan (1990)
have found that the power spectra on saddle increased steadily from 5 Hz to 14 Hz,
whereas the corresponding frequency range for handlebar was between 5 to 30 Hz

and reached higher values than that at saddle.

The findings of Faiss et al (2007) have also shown that the frequency range for PSD
of vertical accelerations ranges from 0 to 25 Hz at the saddle level with a peak
frequency of 2.3 Hz for MTB with dual suspension and 4.8 Hz for MTB with front
suspension. However, in this study the power spectral density of vibration at the
saddle and stem (Figure 6.9) exhibited a similar shape for both road bike and MTB
under rough road conditions. PSD of vertical accelerations corresponding to concrete
stone pavement and asphalt road trials displayed a wider effective frequency range

compared to rough road trials.
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Figure 6.9 Saddle (i) and Stem (ii) a, — f (PSD) curves obtained from the field
measurements of Road bike (a) and MTB (b) on asphalt road (top), rough road

(middle) and concrete stone pavement (bottom)
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6.2.1.1 Vibration Transmission to the Saddle of the Bicycle: The Effects of
Road Surface Conditions and Type of the Bicycle

In Figure 6.10 and 6.11 (in Figures C.1 and C.2 in Appendix C), the comparisons
among different road surfaces were illustrated by means of median values of saddle
accelerations at dominant axes (x and z).For both road bike and MTB trials, the
acceleration spectrum was similar in shape for each of the road surfaces for both axes

regardless of amplitude differences.

In road bike (Figure 6.10), effective frequency ranges for asphalt and rough road
were observed to be over the full range of frequencies (i.e., 0.5 to 80 Hz). However,
a-f (saddle) curves corresponding to trials on concrete stone pavement displayed two

different effective frequency regions. The first one was between 0 and 35 Hz and
involved the highest peak. The second one was between 35 and 50 Hz and involved

the next highest peak.

The acceleration spectrum on each road surface was nearly identical in case of MTB
trials with the effective frequency range between 0 and 50 Hz (Figure 6.11). As can
also be seen in Tables 6.4-6.9, peak frequencies corresponding to x and z-axis saddle

accelerations were morte ot less the same.

The comparison of bicycle types was also shown by median acceleration vs. frequency
curves of saddle in Figure 6.12 for two different test tracks. As shown in the Figure,
although the level of vibration exposure was greater in road bike on both surfaces,
with increased roughness acceleration curves for both bicycles become similar. This
trend was apparent for both x and z axes. The comparison of bicycle types for y-axis

has also been presented in Figures C.3 and C.4 in Appendix C.
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Figure 6.12 Comparison of Road Bike and MTB in terms of Median a, (saddle)-f
curves for different test tracks (rough road and concrete stone pavement)

6.2.1.2. Vibration Transmission to the Stem of the Bicycle: The Effects of Road

Surface Conditions and Type of Bicycle

In Figure 6.13 and 6.14, the comparisons among different road surfaces were
llustrated by median values of stem accelerations at dominant axes (x and z)
calculated for subjects recruited to road bike (n=5) and MTB (n=5) measurements,
respectively. In contrast to saddle acceleration, median acceleration values obtained at
the stem of the road bike was substantially constant between the frequencies of 10 to
35 Hz on rough road. Effective frequency range of 0-40 Hz was observed on each of
the road surfaces regardless of the type of the bicycle. Similar to the saddle, highest
level of accelerations occurred in the road bike trials, whereas the lowest values were
observed in asphalt road. The comparisons of stem accelerations among different
surfaces were also illustrated for both road bike and MTB in Figure C.5 in Appendix
C.
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Figure 6.13 Median a, (left) and a, (right)-f curves obtained at the stem during the
field measurements with road bike on asphalt road, rough road and concrete stone
pavement
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Figure 6.14 Median a, (left) and a, (right)-f curves obtained at the stem during the
field measurements with MTB on asphalt road, rough road and concrete stone
pavement
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6.2.1.3. Comparison between Entry Points: Saddle vs. Stem

Acceleration spectra for median values corresponding to rough road measurements
were illustrated in Figure 6.15 as an example for the comparison of median
acceleration levels measured at the saddle and stem of road bikes. Median saddle
accelerations were seen to be higher than stem accelerations in x-axis. In z direction
however median stem accelerations were higher than saddle accelerations. Concrete

stone pavement revealed the similar pattern with rough road comparisons.

Road Bike Rough Road x median Road Bike Rough Road z median
E— T I I T T
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stem stem

25
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Figure 6.15 Median a_ and a, -f curves (road bike) corresponding to rough road
measurements: saddle vs. stem

6.2.2. Vibration Transmission to the Bicycle-Rider System: The Effect of

Transmission Path

In order to better evaluate to what extent vibration is transmitted to the ridet’s
forehead and shoulder through the saddle and stem, acceleration spectra
corresponding to different road surfaces were illustrated in Figures 16-21 by sample

graphs of Subject 2 for Road Bike and Subject 1 for MTB in each of the three axes.
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The acceleration spectra of all subjects were also presented in Appendix C (Figures

C.6-C.14 for road bike and Figures C.15-C.23 for MTB in Appendix C).

Vibration transmission to the rider’s body, specifically to the rider’s head, has only
been investigated by Lewis and Paddan (1990) on ATB (all terrain bicycle) type
bicycle without any suspension system. Researchers have pointed out that the level of
vibration transmission to the head tends to decrease at frequencies above 25 Hz. In a
similar manner, it has been found in the present study that the effective frequency
range for both road bike and MTB trials were between 0-30 Hz for shoulder and
between 0-25 Hz for forehead regardless of entry point of input vibration. Moreover,
substantial damping of vibration has been observed at all measurement points above

these frequencies similar to those reported in previous researches (Lewis and Paddan,

1990; Faiss, 2007).
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(i) saddle-shoulder-forehead and (ii) stem-shoulder-forehead, on different surfaces
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Figure 6.18 Vibration transmitted, in z direction, to subject 2 on road bike, through
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Figure 6.20 Vibration transmitted, in y direction, to subject 1 on MTB, through (i)
saddle-shoulder-forehead and (ii) stem-shoulder-forehead, on different surfaces
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6.2.2.1. Transmission of vibration to rider: saddle-shoulder-forehead

The vibration transmission to the riders’ body (shoulder and forehead) was evaluated
by two different transmission paths namely; through saddle or stem. The
transmissibility ratios were calculated using the formula given by Equation 3.3.In this
section saddle-shoulder-forehead transmission path is considered. First TR, 4 or

TR

z_shoulder

were calculated for each subject by dividing the measured head or shoulder

acceleration levels in z-axis by the saddle accelerations in z-axis, then their medians
were determined. Median TR, (=T (f) in z direction) vs. frequency curves are
displayed, for both bicycle types on each road surface, in Figure 6.22 .Median TR

and TR vs. frequency curves whereas are given in Figures C.24-25 in Appendix C.

The findings revealed that road bike trials can be characterized as lower frequency
dominant response compared to MTB. For each type of bicycle, TRs for different

surfaces varied in similar pattern for both forehead and shoulder. The frequencies
where the TR, (Figure 6.22) values tend to shift to values lower than 1 were apparent

at 10, 7 and 6 Hz for road bike, and at 10,10,7 Hz for MTB on asphalt road, concrete

stone pavement and on rough road, respectively.
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6.2.2.2. Transmission of vibration to rider: stem-shoulder-forehead

In this section stem-shoulder-forehead transmission path will be considered while
assessing the vibrations transmitted to head and shoulder. First TR, , 4 of TR, i uder

were calculated for each subject by dividing the measured head or shoulder

acceleration levels in z-axis by the stem accelerations in z-axis, then their medians

were determined. Median TR, vs frequency curves are displayed, for both bicycle

types on each road surface, in Figure 6.23.Median TR and TR vs. frequency curves
whereas are given in Figures C.26-27 in Appendix C.

The frequencies where the TR values tend to shift to values lower than 1 were

apparent at 7, 6 and 5 Hz for road bike, and at 8,7,6 Hz for MTB on asphalt road,
concrete stone pavement and on rough road, respectively. The difference in the
frequency shift where substantial damping occurs might be explained by the postural

difference between two bicycles.

In a similar manner Lewis and Paddan (1990) have also concluded that the
contribution of the transmission path depends on the posture maintained by the
cyclist as well as the vibration frequency. For instance, in the forward leaning posture,
at low frequencies, between 2.5 and 5 Hz, a greater portion of the head motion was
explained to be caused by vibration transmitted through the hands and arms than
through the torso. However, in the upright sitting posture, z-axis head motion was
mainly produced by seat vibration at all frequencies and handlebar vibration

transmitted through the hands and arms made little contribution at any frequency.
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6.2.2.3. Transmission of vibration to rider: Comparison of transmission paths

The comparisons of transmission paths (i.e., saddle-shoulder-head and stem-
shoulder-head paths) with respect to vibration transmission to forehead and shoulder
on both road bike and MTB were shown for z axis in Figures 6.24 and 6.25. Vibration
transmission to the subjects’ forehead through saddle or stem was not different
(except asphalt road) for road bike trials. However, in MTB trials, it appeared that
compared to saddle stem had greater contribution in the vibration transmitted to the
rider. Moreover, when the two paths are compared, a slight frequency shift to lower
frequencies was observed in stem-shoulder-head path. The comparisons of
transmission paths for x and y has also been presented in Figures C.28-C.31 in

Appendix C.

It has been suggested that the level of vibration transmitted to the body is related
with the road surface conditions, bicycle properties, and riding posture sustained by
the rider (Faiss et al, 2007; Lewis and Paddan, 1990; Waechter et al, 2002). The
findings of the present study have already revealed that the level of vibration
transmitted to the body is affected by the road surface conditions. It has to be noted
that even though the same tracks were used during the measurements on road bike
and MTB, the uneven surface characteristics of the track with randomly distributed
small stones on the rough road render it difficult to make a definite comparison

between two bicycles.

The difference in the frequency shift where substantial damping occurs might be
explained by the postural difference between two bicycles. On the MTB, cyclists
maintain more upright sitting posture which in turn resulted in much more of the
body weight to be supported by the saddle. Likewise, Lewis and Paddan (1990)
pointed out that in the forward leaning posture, at low frequencies, between 2.5 and 5
Hz, a greater portion of the head motion was explained to be caused by vibration
transmitted through the hands and arms than through the torso. However, in the

upright sitting posture, z-axis head motion was mainly produced by seat vibration at

&9



all frequencies and handlebar vibration transmitted through the hands and arms made
little contribution at any frequency. Therefore, it is important to consider the postural

differences in the evaluation of the contribution of the transmission path.
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6.2.3. Forearm Muscle Activity in Controlling Handlebar Movements: The

Effects of Road Surface Conditions and the Type of Bicycle

In many of the researches which have examined the effects of vibration by using
electromyography (Seidel, 1988), have focused on whole body vibration and its effects
on low-back muscles, whereas some others have investigated the effects of local
vibration exposure applied to the neck muscles (Astrom et al, 2007) and muscles of
arm and forearm (Hansson et al., 1991; Bluthner et al., 1993; Rohmert, 1989). There
are only a few studies in which the combined effects of both whole body vibration
(WBV) and hand arm vibration (HAV) on muscular activity has been investigated
(Astrom, 2008). It is important to note that the present study is unique with regard to
its experimental design in which muscular activity of forearm muscles have been
investigated in relation to vibration transmission to bicycle and rider. Previously,
variability of muscle activity with respect to road roughness has only been
investigated by Rambarran and Roy (2001) for the muscles of trunk (i.e. erector

spinae) and lower extremity (i.e. vastus lateralis and biceps femoris).

In the present study, rms EMG of extensor muscles during MTB trials had the same
tendency with acceleration amplitudes which increased towards higher values with the
increasing order of roughness (i.e., asphalt road, concrete stone pavement and rough
road, respectively )(Figure 6.26). During rough road measurements it even reached to
a value corresponding to approximately 50% of MVC. During the road bike trials
performed in rough road conditions, rms EMG (%MVC) values for the forearm

flexor muscles have reached the peak levels (Figure 6.27).
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Figure 6.27 Rms EMG values (%MVC) of right and left flexor and extensor muscles

computed for MTB trials on different road surface

S

The statistical differences between the rms EMG amplitudes derived from surface

electromyography measurements that were simultaneously recorded with acceleration

data while being exposed to vibration during riding on different road surfaces are

shown in Table 6.10. The student t-test scores of differences between means have

been presented for each comparison. According

to the findings represented in the

Table, the differences in muscle activity of right and left forearm flexor and extensor

muscles were statistically significant between asphalt and rough road in both Road
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Bike and MTB trials. On the other hand, the differences in rms EMG values of
forearm flexor muscles has been found to be statistically significant between MTB

and Road bike measurements while riding on asphalt and rough road.

Table 6.10 The statistical differences in rms EMG values for different road surfaces

Type of - § .- :o:
Compared pairs S) 5 S 5
Bicycle 8 & 8 &
& =al & =
R~ R~ — —
Road Asphalt-Rough 0,038*  0,006** 0,001** 0,033
Asphalt — Concrete S.P. 0,007*+ 0,135 0,012* 0,461
Rough - Concrete S.P. 0,189 0,379 0,004** 0,140
MTB Asphalt - Rough 0,000 0,012 0,019% 0,114
Asphalt - Concrete S.P. 0,113 0,210 0,251 0,299
Rough - Concrete S.P. 0,385 0,121 0,476 0,180
Road Bike  Asphalt yrs— Asphalt road Bike 0,011*  0,048% 0,006 0,149
VS. Rough MTB — Rough Road Bike 0,001 Hok 0,174 0,003*>F 0,075

MTB Concrete S-MTB — Concrete S-Road Bike 0,363 0,258 0,290 0,109

* p<.05, #* p<.01

In Figure 6.28, an illustration of the simultaneously collected EMG signal of forearm
flexor muscle (upper trace) and the acceleration signal (lower trace), during a rough
road trial, has been presented in the time domain. The effect of road roughness can
be detected in acceleration signal with random acceleration peaks, while the
roughness dependent rise in muscular activity of forearm muscles has been observed

in the EMG signal.
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Figure 6.28 A time domain illustration of a simultaneously recorded EMG of
extensor muscle (upper trace) and an acceleration (lower trace) signal recorded on the
stem

The level of muscular activity of forearm muscles to control the handlebar
movements is enhanced by the increase in the level of vibration exposed on the
bicycle (Figure 6.26-.27). The unexpected changes in the handlebar direction have
been compared through the changes in the Cumulative Normalized Muscular Activity
levels (CNMA) associated with different road surfaces and bicycle types (Figures 6.29
and 6.30). The level of CNMA during MTB trials on different surfaces can be ranked
in following order from lowest to highest value as: asphalt road, concrete stone
pavement and rough road. Although road bike and MTB measurements were of
similar pattern, in road bike CNMA values computed for rough road trials were
higher than that in MTB. The CNMA level of flexor and extensor muscle groups
while riding on different road surfaces has also been presented in Figures 6.31 and
6.32. As can be seen in the figures the CNMA level of forearm flexor and extensor
muscle was higher in right side and had reached the highest value during rough road

trials.
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Figure 6.29 The comparison of the cumulative normalized muscular activity levels
calculated for road bike trials
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Figure 6.30 The comparison of the cumulative normalized muscular activity levels
calculated for MTB trials
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Figure 6.31 The comparison of cumulative normalized muscular activity levels in
right and left forearm flexor and extensor muscle during road bike trials
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Figure 6.32 The comparison of cumulative normalized muscular activity levels in
right and left forearm flexor and extensor muscle during MTB trials
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6.3. Findings of the Laboratory Studies

Descriptive characteristics of the subjects participated in laboratory measurements
have been listed in Table 6.11. In the same table segmental angles of the subjects have

also been presented in reference to body segments illustrated in Figure 5.4.

Table 6.11 Descriptive data of subjects participated in laboratory measurements

— @ D Seemental Angles (°
Measurements | 2 | & |5 g
& ‘T RS} s 3
< T % T ~ < 0 8) o (D)
_ | Subject 1 26 | 188 | 93 | T1 | 118 | 86 | 86 | 96 | 140
N
< | Subject 2 26 | 177 | 73 | T1 | 150 | 99 | 89 | 109 | 146
2 | Subject 3 28 | 176 | 72 | T1 | 120 | 90 | 85 | 110 | 150
S; Subject 4 28 | 180 | 82 | T1 | 135 | 91 | 92 | 113 | 143
5 Subject 5 32 | 177 | 66 | T1 | 142 | 103 | 89 | 116 | 145
& | Subject 6 30 | 172 | 68 | T1 | 135 | 90 | 86 | 117 | 137
3]
[ Subject 7 26 | 188 | 82 | T1 | 121 | 93 | 82 | 110 | 140
0
S | subject 8 23 | 189 | 82 | T1 | 122 | 89 | 83 | 105 | 155
1 [ Subject 9 27 | 183 | 82 | T1 | 126 | o1 | 84 | 111 | 144
T1 | 122 | 91 | 82 | 112 | 140
Subject10 | 22 | 182 | 81 [ T2 | 122 | 91 | 92 | 112 | 180
T3 | 122 | 91 | 94 | 104 | 180
T1 | 110 | 89 | 90 | 103 | 155
Subject 11 23 | 189 | 82 [ T2 | 110 | 89 | 95 | 100 | 180
= T3 | 110 | 89 | 95 | 92 | 180
o T1 | 110 | 87 | 84 | 112 | 140
2 | Subject12 26 | 188 | 82 [ T2 | 110 | 87 | 90 | 105 | 180
< T3 | 110 | 87 | 92 | 95 | 180
T T1 | 120 | 84 | 82 | 107 | 135
S | Subject13 | 26 | 180 | 77 | T2 | 120 | 84 | 85 | 100 | 180
T3 | 120 | 84 | 90 | 106 | 180
T1 | 120 | 85 | 94 | 84 | 148
Subject14 20 | 188 | 70 [ T2 | 120 | 85 | 92 | 105 | 180
T3 | 120 | 85 | 100 | 94 | 180
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6.3.1. Transmission of Vibration to Rider: Effects of Vibration Amplitudes and

Entry Points

The results of the field measurements have revealed that the level of transmitted
vibration measured at the forehead and the shoulder reached their maximum values at
the frequencies between 3-12 Hz for the dominant axes x and z on each road
regardless of the input acceleration magnitude. Therefore, in order to examine the
effect of independent variables (i.e., amplitude, frequency, hand position) on the
transmission of vibration to the rider, two frequencies, 5 and 7.5 Hz, within this
region were selected for laboratory measurements. In the selection of the input
vibration frequencies, subjective feelings of the road cyclists were also taken into
consideration. According to their reports, at these two frequencies, they felt as if they

were actually riding on uneven parts of a road surface.

Therefore, in the laboratory measurements these two frequencies were applied to the
platform where the bicycle was fixed. While setting the input vibration amplitudes,
the amplitude range of the transmitted vibration to the riders’ body in actual
conditions were also considered. Accordingly total acceleration value “a” was chosen
to be 1, 1, 5 and 2 m.s? rms in the experiments. In the figures, the amplitudes of

transmitted vibration to the saddle and the stem were normalized with respect to the

amplitude measured at the center of the platform.

Normalized vertical acceleration levels showed that ,compared to 7.5 Hz ,5 Hz input
frequency of vibration at each of the three magnitudes resulted in higher transmission
values at the saddle and stem, (Figure 6.33). The vibration transmitted to the saddle
was found to be even equal to the amplitude of input vibration, whereas to the stem
80% of the input vibration was transmitted. On the other hand, when 7.5 Hz sine
signal was applied, the normalized acceleration values for saddle and stem was
respectively ~20 % and 40 % lower compared to the ones corresponding to 5 Hz sine
signal. This finding coincides with the subjective feelings of subjects who felt 5 Hz

more uncomfortable in comparison to 7.5Hz. Transmitted vibration to the shoulder
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and the elbow, expressed in terms of normalized accelerations (normalized with
respect to the platform), were also found to be higher at the exciting frequency of 5
Hz (Figure 6.34). At both of the exciting frequencies, only the small amount of
vibration was transferred to the shoulder (20-25%). Amplification of the vibration at
the elbow was as high as 3 times at 5 Hz frequency regardless of the input amplitude.
When it was normalized with respect to stem acceleration, elbow revealed 4 times
higher values than the input vibration (Figure 6.35). Vibrations transmitted to the
shoulder seemed to be not considerably affected by the entry points of the vibration.
Likewise shoulder field accelerations (as seen in Figure 6.25) were observed to have
similar frequency and amplitude response for two different entry points (i.e. saddle
and stem) especially in road bike. However, in MTB only the amplitude was slightly

higher with respect to the stem.

------------------------------------------------------------------- @5 Hz
075Hz

a=1.5 ‘ a=2

saddle stem

Figure 6.33 Effect of input amplitude and exciting frequency on the level of mean
normalized a, accelerations (Na ) (at 5 or 7.5Hz) measured on the saddle and stem

(hand position = T1, a=0) (n=5)
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Figure 6.34 Effect of input amplitude and exciting frequency on the level of mean
normalized a, accelerations (Na,) (at 5 or 7.5Hz) measured on the elbow and shoulder

of the riders (hand position = T1, a=0) (n=10)

75 Hz
m7.5Hz

v

(stem) (saddle)

shoulder elbow

Figure 6.35 Mean Normalized elbow (with respect to stem) and shoulder
acceleration (with respect to stem and saddle) levels at 5 and 7.5 Hz. (n =10, a =2ms’
?, hand position = T1)
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6.3.2. Transmission of Vibration to Rider: Effect of Hand Positions, Vibration

Frequency, Submaximal Contraction Level and the Slope of the Road

On the bicycle, in the seated position, it was reported that approximately 30 percent
of the rider’s mass was supported by the hands and the rest was distributed over the
saddle and the pedals. In the downhill position, however, most of the weight was
supported by the feet (~90%) and the rest by the hands (hand position=T3) (Wang
and Hull, 1997). Change of hand position accompanied by change in the posture of
the rider will naturally change the weight supported by the saddle and stem as
confirmed in Figure 6.36. As the posture of the rider shifts to the upright sitting
posture, the saddle accelerations tend to increase whereas stem accelerations tend to
decrease at 5 Hz. The difference is prominent at the lowest amplitude (a=1 ms?).
Stem accelerations become stabilized at higher amplitudes. As can be seen in the

figure, the direction of this trend was also frequency dependent.

Similarly, as a result of declined position of the bicycle and due to the changes in the
posture of the rider, percentage of the weight transferred to the handlebar increased.
Vibration transmitted to the elbow was observed to increase especially at 5 Hz input
vibration, while acceleration measured at shoulder tends to be lower at both of the

input frequencies (Figure 6.37).
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Figure 6.36 Effect of hand positions and exciting frequency on the level of mean N a

, accelerations (at 5 or 7.5Hz) measured on saddle and stem (a=0) (n=5) for different
amplitudes: (i) a=1 m/s%, (ii) a=1.5 m/s’, (iii) a=2 m/s’
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Rohmert et al. (1989) have also investigated the effects of vibration on arm and
shoulder for different body postures and found that postural changes had an effect
on the level of vibration transmitted to the upper extremity. They have pointed out
that as the muscle increases in length or as the intensity level of contraction increases,
the vibration impact can become more severe. As seen in Figure 6.38, on flat surface,
vibration transmitted to the shoulder (in each of 5 Hz and 7.5 Hz excitations) and
elbow (only in 7.5 Hz) were higher, at 20% MVC force production levels, than
contractions of 10% MVC. In parallel with acceleration magnitudes, normalized rms
EMG values also revealed that in order to maintain the same level of contraction at
20% MVC, higher contribution of both flexor and extensor muscles were required
under vibration loads at 5 Hz (Figure 6.39). When compared to no vibration trials,
both 5 and 7.5 Hz vibration exposure conditions also resulted in higher muscular
response to maintain the same level of contraction. However, it was also observed
that the acceleration magnitudes, measured at shoulder and stem for no contraction
trials, were almost as high as 10 and 20% MVC trials for both 5 and 7.5 Hz input
frequencies. Even if subjects were visually controlled for possible changes in forearm
posture the hypothesis that, subjects are able to adapt their response to vibration by
varying the muscle forces through co-contraction of the flexor and extensor muscles

without varying flexion angles, has to be considered (Wang and Hull, 1997).

In contrast to contraction tasks restricted with a specific force output during no
contraction trials, any restriction, applied to the subjects on the forces applied by their

hands, can be considered as another possible reason for the above finding,.
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Figure 6.37 Effect of muscle contraction level, exciting frequency and o of the
surface on the level of mean normalized a , accelerations (at 5 or 7.5Hz) measured on

the shoulder and elbow of the rider (n = 5) (a = 2 m/s”)
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The effect of hand-arm vibration on biodynamic response is also known to be
influenced by changing joint angles in the hand-arm depending on the direction of
exposure. When vibration transfers to the forearm (towards ulna and radius), it is
transmitted to shoulder (scapula) through the upper arm (humerus) (Griffin, 1990). It
has been concluded that the energy transmission decreases with the distance from the

source (Sorensson and Burstrom, 1997).

In the present study, the level of vibration measured at the shoulder has increased
towards upright sitting postures which correspond to increases in the shoulder and
elbow angles (Figure 6.38). Similarly, it has been addressed that the acceleration ratio
between vibration platform and upper extremity was increased when the arm angle
increased (Nishiyama et al, 2000). Lewis and Paddan (1990) have reported that the
transmissibility from seat to head was greater in the forward leaning posture at low
frequencies, up to 4 Hz, but in the upright posture it was greater at high frequencies

between 5 to 10 Hz.

In a study conducted by Fairley and Griffin (1989), it has been also reported that seat
to head vibration transmission was two-fold higher in upright and erect sitting
postures than that in trunk-flexed relaxed sitting postures. In the current study, as it
was found that the peak acceleration values measured on the riders” body occurred at
the frequencies between the ranges of 5 to 10 Hz, the transmissibility might be
expected to be higher within that frequency range in more upright sitting postures
which corresponds to hands located on top of the bar (i.e., hand position T3). The
findings of the laboratory measurements provide evidence that the vibration
transmission to different parts of the upper extremity is posture dependent. It was
found that it tends to be higher at elbow for more forward postures, while higher
values were reached at the shoulder in more upright sitting postures (Figure 6.38).
When input acceleration magnitudes were compared, elbow accelerations were found
to be higher than shoulder accelerations with the highest values, as well as highest
difference, at 5 Hz input vibration corresponding to any of the three amplitudes.
Again a reverse relation between shoulder and elbow was observed: when the
acceleration measured at the elbow was the highest, the acceleration measured at the

shoulder was the lowest.
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Figure 6.38 Effect of hand positions and exciting frequency on the level of mean
normalized a , accelerations (at 5 or 7.5Hz) measured on the shoulder and elbow of
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6.3.3. Transmission of Vibration and Forearm Muscle Activity during
Gripping: Effect of the Submaximal Contraction Level and Vibration

Frequency

As mentioned previously increased road roughness enhances the muscle activity of
the forearm. This gave rise to the question about whether or not the vibration
transmission would be altered for different force production levels. Thus, within the
scope of this study, the effect of different force production levels on the level of
transmitted vibration was examined in the laboratory settings through the controlled
conditions. The normalized rms EMG (%MVC) values representing the level of
muscular activity measured for different contraction levels when subjected to 2 ms™”
rms amplitude of cyclic sinusoidal vertical load (f= 5 and 7.5 Hz ) are shown in Figure

6.39.

In comparison with no vibration trial, during the vibration exposure trials at the
afore-mentioned frequencies rms EMG of both flexor and extensor muscles
increased in order to maintain the same force output. When two exciting frequencies
are compared, the difference between increased muscular contraction levels was seen

to be significant in submaximal isometric contraction at 10% of MVC.

Whereas the increase in muscular activity during no vibration trials was proportional
to the level of contraction especially at £=5 Hz. The increases in right hand flexor and
extensor forearm muscle activities were significant. Forearm extensor muscles were
dominantly involved in the force production during gripping, and their activities were
found to be higher when f=7.5 HZ and for %10 MVC. The differences between pre
and post maximal force production levels were less than 10% for both right and left

extremity.
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Figure 6.39 The level of muscular activity for different contraction levels at different
vibration frequencies; 10% MVC (top), 20% MVC (bottom).

During the controlled measurements in which no vibration was applied, muscular
activity levels of the each of the four muscles have increased proportional to the
applied workload for 10% and 20% of submaximal force production levels. We found
that rms EMG values increased for both of the 5 Hz and 7.5 Hz sinusoidal vertical
loads. Especially in 20% submaximal contraction trials at 5 Hz frequency, increased
level of activation was apparent in the right forearm flexor and extensor muscles.
(Seidel, 1988), reported an increase in rms EMG values of low-back muscles in the

frequency range between 3-10 Hz when exposed to vibration.

In a study conducted by Astrém et al. (2007), the activity of trapezius muscle have
been investigated under different vibration conditions and it has been observed that
rms EMG values during isometric contraction at 4-5% of the MVC increased when
vibration stimulus was applied. In this study, rms EMG values for both flexor and

extensor muscle activity at 5 and 7.5 Hz frequencies have increased in order to
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maintain the same force output corresponding to no vibration trials. Likewise, Martin
and Park (1997) have found an increase in rms EMG values of finger and wrist flexor
activity when exposed to vibration. To the best of our knowledge, the increased rms
EMG values are considered as an indicator of increased workload during an activity

(Dimitriova and Dimitrov, 2003; Hagg et al, 2000).

The interrelation between vibration exposure and the muscular activity have been
examined by many researchers. The studies investigating vibration transmitted to the
low-back muscles have claimed that the increased muscle activity also tends to
increase the magnitude of the vibration and resonance frequency of this region
(Fairley and Griffin, 1989; Broman et al, 1991). Hand-arm vibration studies have also
shown the increased biodynamic system stiffness, as a result of increased force
production, which in turn caused increased muscular activity (McDowell, 2006; Dong
et al, 2004; Kihlberg, 1995). The increased grip and push forces and the resultant
muscular activation of forearm muscles observed in our study while increasing the
stiffness of the hand-arm system might also influence the resonance effect at certain

frequencies.
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CHAPTER VII

7. CONCLUSION

The purpose of this study was to investigate the frequency and amplitude
characteristics of vibration exposed to the bicycle and the rider as well as its
transmission to the body, specifically to forearm, shoulder and head. Although the
bicycle rider is considered to be the biggest part of the bicycle-rider system, vibration
transmitted to the rider has been neglected by most of the previous research which
only investigated the level of vibration transmitted to the bicycle itself. Thus, there is
very limited knowledge of vibration transmission to the human body while riding on a

bicycle.

In the present study, through field and laboratory experiments, the following research
questions have been examined: i) what are the magnitude and the frequency range of
the transmitted vibration to the bicycle-rider system? ii) are these values influenced
by different road surfaces and bicycle types? iii) are the vibration transmission values
for different body postures influenced by vibration characteristics? iv) does the
vibration transmission to hand-arm-system affect forearm muscle activity during a
bicycle ride? v) do the slope of the road and the vibration frequency affect vibration
amplitude transmitted to the hand-arm system during submaximal force production?
vi) does the vibration frequency affect the muscle activity level in the forearm during

sustained submaximal contractions?

Within the limitations of the study, the findings of both the field and laboratory

studies revealed the following conclusions regarding each of the research questions;
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The acceleration magnitudes at dominant axes (x and z) were found to be
similar at both measurements locations on the bicycle (i.e. saddle and
stem) while riding on asphalt road. Corresponding un-weighted total
acceleration values ranged from 2.2 to 4.3 ms” rms for road bike, and
between 1.2 to 2.9 ms” rms for MTB. The frequency ranges where the
peak accelerations occurred at dominant axes were found between 20-70
Hz for road bikes and between 5-40 Hz for MTB s at both saddle and

stem.

The severity of transmitted vibration to the bicycle was found to be
considerably higher in road bike trials. In addition to aforementioned
amplitude difference between two bicycle types on smooth road surface,
road roughness also resulted in increased acceleration magnitudes. During
rough road trials, the acceleration magnitudes measured on saddle and
stem at dominant axes were between 6-12 ms® rms and 13-25 m.s” rms
for road bike and MTB, respectively. Concrete stone pavement revealed
lower values for both road bike and MTB (8-15.6 m.s” rms and 3.2-7 m.s”
rms, respectively). On the riders’ body, shoulder accelerations ranged
from lowest to highest in asphalt road, concrete stone pavement and
rough road, respectively. However, forehead acceleration was found to be
higher, for trials on concrete stone pavement, than on rough road.
Interestingly, the vibration transmission to different body parts on
different road surfaces which tends to increase with increased roughness

has been found not to be influenced by different bicycle designs

As a result of increased roughness, the frequency ranges where the peak
accelerations occurred for both saddle and stem reduced to the 15-30 Hz
range for both bicycles. The level of transmitted vibration measured at the
forechead and the shoulder reached their maximum values at the
frequencies between 3-12 Hz for the dominant axes on each road
regardless of the input acceleration magnitude. On the road bike effective
forehead acceleration range shifted even to lower frequencies between 3.5

and 7 Hz on both asphalt and concrete stone pavement.
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iif)

1v)

In laboratory studies 5 Hz input frequency of vibration at each of the
three selected magnitudes resulted in higher transmission values at the
saddle and stem. The vibration transmitted to the saddle was found to be
even equal to the amplitude of input vibration, whereas to the stem 80%
of the input vibration was transmitted. On the other hand, when 7.5 Hz
sine signal was applied, the normalized acceleration values for saddle and
stem was respectively ~20 % and 40 % lower compared to the ones
corresponding to 5 Hz exciting sine signal. Transmitted vibration to the
shoulder and the elbow, expressed in terms of normalized accelerations
(normalized with respect to the platform), were also found to be higher at
the exciting frequency of 5 Hz. At both of the exciting frequencies, only
the small amount of vibration was transferred to the shoulder (20-
25%).Vibration amplification at the elbow was as high as 3 times at 5 Hz
frequency regardless of input amplitude. Transmissibility even reached 4

times higher values with respect to stem accelerations.

Regarding the posture effect, the findings revealed that while posture
shifts to the upright sitting postures as a result of different hand positions
on the handlebar, the saddle accelerations tend to increase at 5 Hz. The

direction of this trend was however frequency dependent.

In the present study, the cumulative normalized muscular activity levels
during MTB trials on different surfaces had the same tendency with
acceleration amplitudes and have ranked in following order from lowest
to highest value: asphalt road, concrete stone pavement and rough road.
Although road bike measurements have resulted in similar trend of
increment, the values computed for rough road trials were higher than
those in MTB trials. During rough road measurements on MTB, rms
EMG of extensor muscles reached to a wvalue corresponding to
approximately 50% of MVC. During the road bike trials performed in
rough road conditions, rms EMG (%MVC) values for the forearm flexor

muscles have reached their highest levels.
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V) As a result of declined position of the bicycle and due to the changes in
the posture of the rider, percentage of the weight transterred to the
handlebar increased. Vibration transmitted to the elbow was observed to
increase especially at 5 Hz input vibration, while acceleration measured at
shoulder tends to be lower at both of the input frequencies. On flat
surface, vibration transmitted to the shoulder (at each of the 5 Hz and 7.5
Hz frequencies) and elbow (only at 7.5 Hz) were higher at 20% MVC

force production levels than contractions of 10% MVC.

vi) In parallel with acceleration magnitudes, normalized rms EMG values also
revealed that in order to maintain the same level of contraction at 20%
MVC, higher contribution of both flexor and extensor muscles were
required under vibration loads at 5 Hz. When compared to no vibration
trials, both 5 and 7.5 Hz vibration exposure conditions also resulted in
higher muscular response to maintain the same level of contraction.
Forearm extensor muscles were dominantly involved in the force
production during gripping task, and their activities were found to be

higher for %10 MVC when input frequency was 7.5 Hz.

In conclusion, it seems that both road roughness and the type of the bicycle affect the
vibration magnitudes and the transmissibility ratios of the bicycle-rider system.
However, on the bicycle, they affect only the effective frequency ranges. Vibration
transmission to different body parts is not likely to be influenced by different bicycle
designs. Acceleration magnitudes measured on the body tend to increase only with
increased roughness. The level of acceleration also depends on the posture
maintained by the cyclist as well as the vibration frequency. The field measurements
revealed that the frequency range of the vibration exposure of the body parts were in
between 0-30 Hz and independent of the level of vibration transmission the peak

values were within the range of 3-12 Hz.

Since the magnitude and frequency of vibration is known to have some adverse
effects on body functions such as impaired breathing pattern and increased muscle

tone, vibration transmitted to the body during cycling might be considered to
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influence the riding comfort, controllability and overall health of the cyclist. Increased
muscular activity of the forearm muscles under vibration loads can also be considered
as a trigger for more effort to handle and stabilize the bicycle against impact forces

which in turn affect the comfort and health of the cyclists.
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APPENDIX A. INFORMED CONSENT FORM

1. Calismanin Aciklanmast
O.D.T.U. Mithendislik Bilimleri Béliimivniin yiiriitiiciiligiinde gerceklestirilen bu

arastirmanin konusu, el-kol titresim iletimi sistemininin, uygulanan kuvvetler, kas
kastlmast kontrolii ve sergilenen biyodinamik yanitlar bakimindan incelenmesidir.

2. Olc¢iim Yénteminin Aciklanmast
Sizden alan ve laboratuvar 6lctimleri icin belirlenen giinlerde ODTU Miihendislik

Bilimleri Binasinda bulunan Biyomekanik Laboratuvarina gelmeniz istenecektir.
Alan 6lgumleri kapsaminda kampts igerisinde farkli ylzey yapilarina sahip ve
6nceden belitlenen parkurlarda bisiklet ile sabit hizda siiriis yapmaniz istenecektir.
Laboratuvar 6lgtimleri ise platform tizerine monte edilen bisiklet tizerinde titresim
uyarant verilerek gerceklestirilecektir. Titresimin viicuda iletimi ve kas kasilmast
paterni es zamanlt olarak Glgilecektir.

3. Muhtemel Riskler ve Rahatsizliklar

Uygulanacak testler siiresince pedal ¢evirme yada devam eden statik kasilmalar
sonucunda makul dizeyde yorgunluk hissi olusabilecektir. Alt ve Ust ekstremite
ile ilsikili dokularda devam eden ya da daha 6nceden yasadiginiz bir rahatsizlik var
ise agr1 hissedebilirsiniz. Boyle bir durum var ise calismaya katilmamaniz
6nerilecektir.Olciimler esnasinda béyle bir durum ile karsilasildigt durumda testi
sonlandirmaniz saglanacaktir. Ayrica, kisi istedigi an arastirma grubundan
cikartlabilecektir.

4. Beklenen Faydalar
Arastirma sonucunda, el-kol sisteminin maruz kaldig1 titresim diizeyi ve viicuda

letimi Olgilerek, titresim dozu ile biyodinamik yanit iliskisine dair bilgi
sunulabilecektir. Bu sayede bisiklet-surtct el-kol titresim iletimi modelinin
olusturulmasi icin modele ait iskelet-kas sistemi dinamikleri ile titresim dozu-
biyodinamik yanit iliskisi detaylandirilacaktir.

5. Gizlilik

Katiliminiz tamamen gizli tutulacaktir. Gizliligi korumak i¢in analizler siiresince
isminiz yerine size verilmis bir numara kullanilacaktir. Katiimet bilgilerini iceren
listelere ise sadece arastirmacilar ulasabilecektir.

6. Yaralanmalar ve Tedavisi
Beklenmeyen acil bir durumun olusmast halinde ODTU Saglk Merkezi Acil
Servisine bagvurulacaktir.

7. Sorular
Arastirmactlar  ¢alismanin  mevcut riskleri ve bilgilendirilmis onam formu
hakkindaki her turli sorunuza yamit verecektir. Test yontemleri hakkinda
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soracaginiz her soruya agiklikla yanit verilecektir. Eger ilgileniyorsaniz calismaya
ait genel sonuglar size génderilecektir.

8. Katilim Ozgiirligi
Katiimda gontlluluk prensibine uyulacaktir. Katidimeillar istedikleri zaman

calismadan ayrilma hakkina sahip olacaktir. Calismay1 birakmaniz halinde herhangi
bir yaptirim uygulanmayacaktir.

Eger bu calismayi ilgilendiren daha baska sorulariniz var ise veya sonuglarin bir
kopyasini isterseniz bizlere 210 41 75 no’lu telefondan ulasabilirsiniz.

Bu formu okuyarak uygulayacaginiz test proseditlerini, igerebilecegi riskleri ve
rahatsizliklart anlamis bulunuyorum. Bu riskleri ve rahatsizliklari bilerek ve beni
tatmin edecek sekilde cevaplandiridmis soru sorma ayricaligim taninmis olarak bu

calismada yer almay: kabul ediyorum.

Tarih Katilimcinin Imzasi Arastirmacinin Imzast
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APPENDIX B. ETHICAL APPROVAL FORM

ORTA DOGU TEKNIK UNIVERSITEST

Fen Bilimleri Enstitiisii

1956

Say1:B.30.2.0DT.0.CL.O0.00/126/ 13 24.04.2007

GONDERILEN : Prof.Dr. Giilin Birlik
Miihendislik Bilimleri EABD

GONDEREN : Prof.Dr.Canan Ozgen
Fen Bilimleri Enstitiisii Miid{irii

KONU : Insan Arastirmalar1 Etik Kurulu onay1 hk.

Enstitiimiiz Mithendislik Bilimleri EABD’da gorev yapmakta olan Prof.Dr. Giilin Birlik ve arkadaslar:
tarafindan yapilmasi planlanan “Ele. Iletilen Titresim ve Submaksimal Kuvvet Uretiminin El-Kol
Sisteminde Biodinamik Yanit Uzerine Etkisinin Incelenmesi® baglikl1 arastirma projesi ile ilgili olarak
Universitemiz Laboratuvarlarinda uygulama yapmak igin gorevlendirme basvurusu incelenmis; ad
gegenin istegi dogrultusunda gorevlendirilmesine Insan Aragtirmalart Etik Kurulu onayi kosulu ile
uygun gOriilmiigtiir.

Geregi igin bilgilerinize saygilarimla sunarm.

Ek: YKK
EABD gbriisii

Insan Aragtirmalar Etik Kurulu Onay1
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cc: Mithendislik Bilimleri EABD Bagkanligi.
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APPENDIX C. ADDITIONAL FIGURES OF RESULTS &DISCUSSION
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Figure C.1 Median a-f curves obtained at saddle and stem during the field

measurements with road bike on asphalt road, rough road and concrete stone
pavement
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Figure C.2 Median a-f curves obtained at saddle and stem during the field
measurements with MTB on asphalt road, rough road and concrete stone pavement
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Figure C.3 Comparison of Road Bike and MTB in terms of Median a  (saddle)-f
curves for different test tracks (rough road and concrete stone pavement)
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Figure C.4 Comparison of Road Bike and MTB in terms of Median a | (saddle)-f
curves for different test tracks (rough road and concrete stone pavement)
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Figure C.5 Median a, -f curves obtained at stem during the field measurements with

road bike (left) and MTB (right) on asphalt road, rough road and concrete stone
pavement
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Figure C.6 Vibration transmitted, in x direction, to subjects on road bike while riding
on asphalt road, through saddle-shoulder-forehead
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Figure C.7 Vibration transmitted, in y direction, to subjects on road bike while riding
on asphalt road, through saddle-shoulder-forehead
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Figure C.8 Vibration transmitted, in z direction, to subjects on road bike while riding
on asphalt road, through saddle-shoulder-forehead
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Figure C.9 Vibration transmitted, in x direction, to subjects on road bike while riding
on rough road, through saddle-shoulder-forehead
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Figure C.10 Vibration transmitted, in y direction, to subjects on road bike while
riding on rough road, through saddle-shoulder-forehead
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Figure C.11 Vibration transmitted, in z direction, to subjects on road bike while
riding on rough road, through saddle-shoulder-forehead
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Figure C.12 Vibration transmitted, in x direction, to subjects on road bike while
riding on concrete stone pavement, through saddle-shoulder-forehead
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Figure C.13 Vibration transmitted, in y direction, to subjects on road bike while
riding on concrete stone pavement, through saddle-shoulder-forehead
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Figure C.14 Vibration transmitted, in z direction, to subjects on road bike while
riding on concrete stone pavement, through saddle-shoulder-forehead
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Figure C.15 Vibration transmitted, in x direction, to subjects on MTB while riding
on asphalt road, through saddle-shoulder-forehead
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Figure C.16 Vibration transmitted, in y direction, to subjects on MTB while riding on
asphalt road, through saddle-shoulder-forehead
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Figure C.17 Vibration transmitted, in z direction, to subjects on MTB while riding on

asphalt road, through saddle-shoulder-forehead
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Figure C.18 Vibration transmitted, in x direction, to subjects on MTB while riding
on rough road, through saddle-shoulder-forehead
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Figure C.19 Vibration transmitted, in y direction, to subjects on MTB while riding on
rough road, through saddle-shoulder-forehead
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Figure C.20 Vibration transmitted, in z direction, to subjects on MTB while riding
on rough road, through saddle-shoulder-forehead
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Figure C.21 Vibration transmitted, in x direction, to subjects on MTB while riding
on concrete stone pavement, through saddle-shoulder-forehead
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Figure C.22 Vibration transmitted, in y direction, to subjects on MTB while riding
on concrete stone pavement, through saddle-shoulder-forehead
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Figure C.23 Vibration transmitted, in z direction, to subjects on MTB while riding
on concrete stone pavement, through saddle-shoulder-forehead
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Figure C.24 TR-f curves for Road bike
(Transmission path: saddle-shoulder-head)
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(Transmission path: saddle-shoulder-head)
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(Transmission path: stem-shoulder-head)
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Figure C.28 Comparison of x axis transmission paths for head on road bike and
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APPENDIX D. TURKCE OZET

BISIKLET VE SURUCU UZERINE TITRESIM ILETIMI:
ALAN VE LABORATUVAR CALISMASI

1.GIRIS

Arastirmanin amaci, bisiklet ve strtctnin maruz kaldigi titresimin frekans ve
buyukligi ile viicuda iletilen titresimin iletim 6zelliklerinin arastirilmasidir. Alan ve
laboratuvar calismast kapsaminda yanitt aranan arastirma sorulart sunlardir: 1)
bisiklet ve surlictye iletilen titresimin buyuklik ve frekans araligi nedir? ii) bu
degerler farkli yol yiizeyleri ve bisiklet tiplerinden etkilenmekte midir? iii) farkls
vicut pozisyonlart icin  titresim  iletimi  degetleri titresim Ozelliklerinden
etkilenmekte midir? iv) bisiklet ile stirtis esnasinda el ve kola titresim iletimi 6nkolda
kassal aktiviteyi etkilemekte midir? v) yol egimi ve titresim frekanst submaksimal
kuvvet tretimi esnasinda el ve kola iletilen titresimin biyiikligint etkilemekte midir?
vi) submaksimal kuvvet dUretimi esnasinda titresim frekanst Onkolda kassal

aktivite diizeyini etkilemekte midir?

2. MATERYAL VE METOD
2.1. TITRESIM ILETIMI OLCUMLERI

Bisiklet strtict sistemi tizerinde farkli noktalarda ve laboratuvarda platform ytizeyinde
titresim  Olgumleri U¢ eksenli ivme Olgerler kulanilarak gerceklestirilmistir.

Laboratuvarda elektromekanik sarsici tarafindan platform yiizeyine dikey dinamik
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uyaran uygulanmis ve bu platform tzerinde antrenman Unitesi ile sabitlenen bisiklet
ve Uzerinde oturur pozisyonundaki bisikletciden olusan sistemin belitli noktalarina
yetlestirilen ivme Olcerler araciligiyla titresim verileri es zamanlt olarak kaydedilmistir.
Alan Ol¢timleri esnasinda veri toplama unitesi batarya ile ¢alistirlmistir. Kullanilan
ckipmanin gl kaynagina baglt olarak kullanim siiresinin sinirli olmast ve ard arda
fazla sayida denemenin doguracagt olast yorgunluk etkisini elimine etmek amaciyla,
Olcim stresi alan Olcimleri icin 4 sn ve laboratvur Olcimleri icin 16 sn ile
sintrlandirilmustir. Titresim verilerinin analizinde Pulse (B&K,Denmark) ve MATLAB

yazilimlari kullanilmistir.

2.2. KUVVET URETIMI OLCUMLERI

Laboratuvar 6lgcimlerinde kullanidan test bisikletinin bisiklet gidonu ile fren kollari
arasina entegre edilen kuvvet 6lgerler ile iki tarafli olarak kuvvet tGretiminin Sl¢tilmesi
saglanmustir. Olctimler 6ncesinde deneklerden 2 dk ara ile 3 kez cift tarafli maksimal
izometrik kuvvet uygulamalari istenmistir. Maksimal degerler indeks deger olarak
alinmis ve her denek icin %10 ve %20’lik submaksimal kuvvet diizeylerinin
belirlenmesinde kullanilmistir. Deneklerin istenilen kuvvet dizeyine ulasmalart ve bu

kuvveti stirdirmeleri amactyla LCD monitor ile gbrsel geri bildirim saglanmustir.

2.3. KAS AKTIVITESI OLCUMLERI

Yizeyel 6n kol fleks6ér (m.flexor carpi radialis) ve ekstensor kaslart (m.extensor
digitorum) kassal aktivitesi ylizeyel elektromyografi yéntemiyle, teknigine uygun olarak
hazitlanan deri yuzeyinden, Ag/AgCl elektrotlar kullanilarak iki tarafli olarak
kaydedilmistir. Analog EMG sinyalleri dijjital forma ¢evrilmesi ardindan 1000 Hz’de
orneklenerek MATLAB yazimiyla 8-500 Hz araliginda filtrelenmis ve sonraki
hesaplamalar icin kaydedilmistir. En iyi maksimal istemli kasilma OSl¢imune gore

normalize edilen EMG verilerinin belirlenen zaman araliklart igin rms (root mean
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square) EMG degerleri hesaplanmstir. Laboratuvarda EMG verileri sarsicinin input

sinyali ve kuvvet Ol¢erlerden gelen sinyaller ile senkronize edilmistir.

3. ARASTIRMA DIZAYNI

Yoneltilen arastirma sorularini yanitlayabilmek amaciyla, tanimlanan farkli protokoller
ile titresim, kuvvet tretimi ve kassal aktivite Ol¢timleri gerceklestirilmistir. Calismada
kullanilan protokoller Orta Dogu Teknik Universitesi Etik Komitesi tarafindan

onaylanmustir.

3.1. ON CALISMA

Olgtimler éncesinde, alan ve labaratuvar kosullarinda ayri ayr1 yapilan 6n calisma ile
bisiklet-stirtici sistemine iletilen titresim duzeyi hakkinda bilgi toplanmast ve arastirma
sorularinin yanitlanmasinda etkili parametrelerin = belitflenmesi amaclanmistir. Bu
nedenle farkl bisiklet tipleri ve farkli yol yiizeyleri 6n calisma kapsamina alinmistir. Ug
cksenli ivme Olgerler, bisiklet selesi ile bisiklet¢inin sirt boélgesine (L1-L3 seviyesinde)
yetlestirilmis ve titresim iletimi incelenmistir. Laboratuvarda Ol¢timlere alinan ayni
bisikletci tizerinde farkli tutus pozisyonlarina bagl olarak degisen postiirler icin iletim
degerlerindeki olast degisimler arastirilmistir. Platforma uygulanan 5 Hz frekansh
titresim uyarani altinda alt gidon, fren kolu seviyesi ve ust gidondan tutus icin
Slcimler tekrar edilmistir. Alan Sl¢imu kapsaminda ise ayni denek icin ¢ farkl yol
yiizeyinde titresim iletimi degerleri kaydedilmistir. Olctimler yol ve dag bisikleti icin
tekrar edilmistir. Olgtimler esnasinda hiz 20 km/s olarak sabitlenmistir. Denegin bu

hiza ulagsmasi ardindan 6l¢tim boyunca pedal ¢evirmesine izin verilmemistir.
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3.1. ALAN OLCUMLERI

Bisiklet ve stiriiciiye iletilen titresim buyiklik ve frekans araliginin belirlenmesi ve
farklt yol ylzeyleri ve bisiklet tipleri arasindaki olast farkliliklari belitflemek amaciyla

alan Slctimleri gerceklestirilmistir.

3.1.1.TITRESIM ILETIMI OLCUMLERI: BiSIKLET TIPLERI VE YOL
YUZEYLERI

Duiz asfalt yol, bozuk toprak yol ve beton parke yol yuzeyleri tizerinde gergeklestirilen
6lgimler yol bisikleti ve 6n stuspansiyonlu dag bisikletleri i¢in tekrar edilmistir. Alan
Olgimlerine en az 2 yil bisiklet antrenmani deneyimine sahip, yaslart 19-33 yil
araliginda 10 saglikl erkek bisikletci (dag ve yol bisikleti icin 5’er kisi) katilmistir, Tvme
Olcerler bisiklet-surticii koordinat sistemi referans alinarak bisiklet Uzerinde sele
bisikletci ara ylizii ve gidon orta noktasina, bisiklet¢inin viicudu tizerinde ise omuzda
scapula tzerinde acromion alt ylzeyine ve alin orta noktasina yertlestirilmistir. Veri
toplama tnitesi bisikletci ile ayni hizda iletleyen arag igerisine konumlandiridmis ve 3
uzunlugundaki kablolar ile 6lciim bilgisayarlarina veri aktarimi saglanmistir. Olctim
esnasinda suris hizi 20 km/s olarak sabitlenmistir. Deneklerden olcim esnasinda
pedal cevirmemeleri, her iki ayaklarini yere paralel olarak sabit konumda tutmalari
istenmis ve gorsel kontroli saglanmistir. Deneklerden yol bisikleti tizerinde ellerini alt
gidon tzerinde ve dag bisikletinde ise isaret parmaklart fren ile temas edecek sekilde

konumlandirmalart istenmistir.

3.1.2.TITRESIM ILETIMI ve KAS AKTIVITESI OLCUMLERI

El-kol sistemine iletilen titresim diizeyinin 6n kol kassal aktivitesi Gizerine etkisini
belirlemek amaciyla ¢ift tarafli olarak 6n kol fleksér ve ekstensor kaslari kassal
aktivitesi titresim Olcimleri ile es zamanlt olarak kaydedilmistir. Agithgr 400 gr olan
EMG o6l¢im unitesi sirt cantast seklinde bisikletci tarafindan takilarak tasinmis ve

hareketlerini etkilemeyecek yada herhangi bir rahatsizligi sebep olmayacak sekilde
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sabitlenmistir. Verilerin iletiminde titresim Olctimleri ile benzer sekilde 3 m
uzunlugunda kablo kullanilarak ara¢ icerisindeki veri toplama bilgisayarina veri

aktarimi saglanmistir.

3.2. LABORATUVAR OLCUMLERI

Kontrollii kosullar altinda, titresim frekanst ve buyukligt ile farklt tutus
pozisyonlarinin bisiklet-stiriicti sistemine iletilen titresim Uzerine etkisi arastirmak ve
maruz kalinan titresimin on kol kassal aktivitesi tizerine etkilerini arastirmak amaciyla
laboratuvar 6lcimleri gerceklestirilmistir. Laboratuvar dl¢timlerine ti¢ ayrt protokole

katilmak tzere toplam 14 denek katilmistir.

3.2.1. TITRESIM ILETIMI: TITRESIM BUYUKLUGU, KUVVET URETIM
DUZEYI VE TUTUS POZiSYONU ETKILERI

Farkli tutus pozisyonlart neticesinde degisen gévde ve Ust ekstremite eklem agilarinin
titresim iletimi Uzerine etkisinin arastirilmast amaglanmustir. Titresim uyaraninin
simule edildigi platform tzerine yetlestirilen yol bisikleti Gizerinde oturan denekler t¢
farklt tutus pozisyonu icin (alt tutus, fren kollarindan tutus ve Ust tutus), rastgele sira
ile 1,1.5 ve 2 ms” rms buyikligiinde 5 v 7.5 Hz olarak belirlenen iki farklt frekansta
siniisoidal titresim uyaranina maruz birakidmistir. Uc eksenli ivme 6lcerlerin
yetlestirildigi 6lcim noktalart bisiklet tizerinde gidon ve sele yiizeyi, viicut tizerinde

omuz ve dirsek ile sarsicinin bagli oldugu platform ytizeyi olarak belirlenmistir.

3.2.2. TITRESIM ILETIMi: TITRESIM FREKANSI, KUVVET URETIM
DUZEYI VE YUZEY EGIiMi ETKIiLERI

Titresim frekanst ve bisikletin tizerinde bulundugu platformun yiizey egiminin el-kol

sistemine ieltilen titresim diizeyi tizerine olast etkileri laboratuvar kosullarinda, 6n kol
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kaslart tarafindan tretilen farklt submaksimal kuvvet diizeyleri icin arastirilmuistir.
Platform tzerine 5° egim ile yerlestirilen bisiklet tzerindeki denekler 5 ve 7.5 Hz
frekansta siniisoidal titresim uyaranina maruz birakilmiglardir. Olgiimler, 6n kol kaslart
tarafindan sturdirilen %0, %10 ve %20 siddette submaksimal kuvvet duzeyleri ¢in

tekrar edilmistir.

3.2.3. ON KOL KASSAL AKTIiVITESI

Titresim frekansinin 6n kolda kassal aktivite tzerine etkileri 6n kol tarafindan
uygulanan farkli submaksimal kuvvet duzeyindeki kasilmalar icin sorgulanmistir.
Kassal aktivite Olcumleri fleksér ve ekstensér kaslar tizerinden yapilirken,
submaksimal kuvvet tretim diizeyi %10 ve %20 olarak belirlenmistir. Titresim uyarant
biiyiikligii 2ms? rms ve titresim frekanst 5 ve 7.5 Hz olarak segilmistir. Titresim ve
kastlma uyaraninin olmadigi 6l¢timler de kontrollt kosullarin saglanmast icin ¢alismaya
dahil edilmistir. Kuvvet, titresim ve kassal aktivite verileri es zamanli olarak

kaydedilmistir.

4. BULGULAR

4.1. ON CALISMA BULGULARI

On calisma kapsaminda gerceklestirilen labatuvar 6Slgiimlerinde seleye iletilen
titresimin x ekseninde iki kata kadar artis gosterdigi gozlenmistir. Ayrica z ekseninde
bisiklet¢cinin viicuduna iletilen titresim buytkligi her tGg¢ tutus pozisyonu icinde
oldukea yiiksek degerlere ulastigi belirlemistir. On calisma alan Slgtimleri esnasinda da
bisikletcinin  6zellikle bozuk toprak yol tzerinde oldukea yitksek duzeyde titresime
maruz kaldigini ve bunun da hem x hem z yoninde bisiklet¢inin viicuduna iletilen
titresim diizeyinde artisa neden oldugunu gostermistir. Iletim oranlart hem yol hem
dag bisikleti i¢in 5-10 Hz araligindaki frekanslarda maksimal degerlere ulagmustir.

Tletim bozuklugu yol bozuklugundaki artisa baglt olarak artmistir.
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4.2. ALAN OLCUMLERI BULGULARI

4.2.1 BISIKLET-SURUCU SISTEMI VE TITRESIM ILETIMI: YOL YUZEY
YAPISI VE BISIKLET TiPi ETKISI

Alan 6l¢umleri sonucunda elde edilen bulgular bisiklet-stiriicti sisteminde belirlenen
6lcim noktalarinda (sele, gidon, omuz ve alin) maruz kalinan titresimin x (hareket
yoninde) ve z (hareket yonune dik) eksenlerinde etkili oldugunu gostermektedir.
Tletim degerleri yol bozuklugu arttikca artis gostermis, diiz asfalt yolda en diisiik ve

bozuk toprak yolda en yiiksek degerlerine ulagsmustir.

Waechter ve ark (2002) ile benzer sekilde hem yol hem dag bisikleti (MTB) ile
gerceklestirilen Olctimlerde sele ile karsilastirildiginda gidonda 6lgiilen  titresim
diizeyleri bir miktar daha ytksek bulunmustur. Omuza iletilen titresim diizeyleri
distkten yuksege asfalt yol, beton parke yol ve bozuk toprak yol sirlamasint izlemistir.
Bozuk toprak yolda omuza iletilen titresim alinda Olgtlen degerlerden de ylksek
bulunmustur. Sasirtict  sekilde, farkli viicut noktalarina iletilen titresim, yol
bozukluguna baglt olarak artma egilimi gosterirken, iletim orani iki bisiklet tipi
arasindaki farkhiliktan etkilenmemistir. Asfalt yol dl¢timlerinde dominant eksenlerde (x
ve z) Ol¢tlen maksimal titresim iletimi degerlerinin dag bisikleti i¢in ~5-40 Hz ve yol
bisikleti icin ~20-70 Hz gibi daha genis bir frekans araliginda oldugu gozlenirken, yol
bozuklugunun artmasiyla her iki bisiklet icin de 15-30 Hz araligina geriledigi
belirlenmistir. Benzer sekilde, 6nceki arastirmalarda da etkin frekans araliginin 0-50
Hz araliginda oldugu bildirilmis (Waechter ve ark,2002; Faiss ve ark,2007; De
Lorenzo and Hull1999)  ve maksimal degere ulagilmasi ardindan frekans
spectrumunda titresimin sonumlendigi  gbzlenmistir (Lewis and Paddan,1990;

Waechter ve ark,2002; Faiss ve ark,2007).

Omuz ve alina iletilen titresim, iletilen titresimin buytkligine baglt olmaksizin 3-12
Hz araliginda maksimal degerlere ulasmistir. Yol bisikletinde ise bu degetlerin 3.5-7

Hz gibi daha disik frekanslarda oldugu gbzlenmistir.
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4.2.2. GIDON HAREKETLERININ KONTROLUNDE ON KOLDA
KASSAL AKTIVITE: YOL YUZEY YAPISI VE BISIKLET TiPI ETKiSI

On kol ekstensor kaslart rms EMG degerleri dag biskleti denemelerinde titresim
iletimi ile benzer sekilde yol bozuklugunun artmastyla artis egilimi gostermistir. Bozuk
toprak yol 6l¢imlerinde kassal aktivite, maksimal istemli kasilma esnasinda ulagilan
degerlerin %50’sine kadar artis gbstermistir. Yol bisikleti 6l¢cimlerinde fleksor kaslara
ait rms degerleri bozuk toprak yol denemelerinde en yiiksek degerine ulagsmustir.
Bisiklet tzerinde maruz kalinan titresim duzeyinin artmasiyla gidon hareketlerini

kontrol etmek tizere 6n kol kaslart kassal aktivitesi de artis gostermistir.

4.3. LABORATUVAR OLCUMLERI BULGULARI

4.3.1. BISIKLET-SURUCU SISTEMI TITRESIM ILETIMI: TITRESIM
BUYUKLUGU VE ILETIM NOKTASI ETKILERI

Normalize edilmis titresim iletimi degerleri 7.5 Hz titresim uyarant ile
karsilastirlldiginda 5 Hz frekans altinda t¢ farkll titresim buyukliglh icin sele ve
gidonda en ylksek degerine ulasmistir. Seleye iletilen titresimin platforma iletilen
titresim ile ayni biytiklikte oldugu gozlenirken gidona titresim iletimi orani %80
olarak bulunmustur. 5 Hz ile karsilastirldiginda 7.5 Hz frekansh sintisoidal titresim
uyarant i¢in sele ve gidona iletim degerleri sirastyla ~%20 ve %40 daha diasuk
bulunmustur. Omuz ve dirsege iletilen titresim dizeyleri de 5 Hz frakensli uyaran
altinda daha yiiksek degerlere ulasmustir. Her iki frekans icin de omuza titresim iletimi
titresim kaynagina gore %20-25 araliginda bulunurken, dirsege iletilen titresim
Ozellikle 5 Hz titresim frekansi icin 3 kata kadar artis gostermistir. Gidona iletilen
titresim degerine gbre normalize edildiginde bu oran 4 kat civarinda bulunmustur.

Buna karsin, omuza iletilen titresimin iletim noktasindan etkilenmedigi gézlenmistir.
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4.3.2. BISIKLET-SURUCU SISTEMI TITRESIM ILETIMI: TUTUS
POZiISYONU, TITRESIM FREKANSI, KASILMA SIDDETI VE YUZEY
EGIMI ETKIiSI

Bisiklet tizerinde tutus pozisyonuna bagl olarak degisen viicut pozisyonunun sele ve
gidona aktarilan vicut agirlig dagiliminda farkliliga neden olacagi bilinmektedir. Daha
dik oturma pozisyonlari igin seleye iletilen titresim artarken, gidona iletilen titresim
azalma egilimi gbstermistir. Gidonda Olgiilen titresim degerinin titresim buyukligu
arttiginda frekansa bagimli olmadigt gozlenmistir. Yiizey egimine bagl olarak viicut
pozisyonu degistiginde gidona aktarilan viut agirliginin artmasi, 6zellikle 5 Hz
frekansta dirsege iletilen titresim duzeyinde artist beraberinde getirmistir. Omuza

iletilen titresim ise her iki frekans icin 5° egimin oldugu Ol¢timlerde daha disuk

bulunmustur.

Egimin olmadigt durumda, %20 kuvvet tretim diizeyinde omuza ve dirsege iletilen
tittesim %10 kuvvet dizeyine gbre daha ylksek bulunmustur. Artan ivme
buytklikleri ile paralel sekilde, rms EMG degetrleri de ayni kuvvet ¢iktisini
stirdirebilmek tzere 5 Hz lik titresim frekansi altinda fleksor ve ekstensor kas
aktivitesinin ~ artigina  isaret etmektedir. Titresimin olmadigt OSl¢timler ile
karsilastirlldiginda, 5 ve 7.5 Hz lik titresim uyarani artan kas aktivitesi ile

sonuc¢lanmustir.

4.3.3. TITRESIM ILETIMI VE ON KOL KASSAL AKTVITESI: KASILMA
SIDDETI VE TITRESIM FREKANSI ETKISi

Titresim uyaraninin olmadigi Slgtimler ile karsilastirldiginda, titresime uyaran: altinda
fleks6r ve ekstensor kaslar icin Slcilen rms EMG degerleri her iki titresim frekansi
icin de uygulanan submaksimal kuvvet diizeyi ile orantili olarak artis gOstermistir.
Ozelikle 5 Hz frekansta %20 lik submaksimal kuvvet diizeyi icin kassal aktivitedeki

artts sag kol fleksor ve ekstensor kaslart igin belirgindir.
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5. SONUC

Aragtirmanin bulgulari, bisiklet ve striiciiye titresim iletiminin x ve z eksenlerinde
etkin oldugunu gostermistir. Yol bozuklugunun artmastyla, sele ve gidon tzerinde
Olgtlen titresimin etkin oldugu frekans araligt yol ve dag bisikleti icin 15-30 Hz gibi
daha dustk frekaslara gerilemistir. Bisiklet tzerine iletilen titresim duzeyi yol
bisikletinde ¢cok daha yiksek degerlere ulasmistir (bozuk yolda 25 m.s-2 rms’e
kadar). Farkli viicut

noktalart tzerinde Olctlen iletim degerlerinin 0-30 Hz arasinda etkin oldugu ve
iletilen titresim dizeyine bagh olmaksizin 3-12 Hz arasinda maksimum degetlere
ulastigl gézlenmistir. Yol bozukluguna bagl olarak ivme degerleri artarken, 6nkola
ait tmsEMG degerleri MTB 6lctimlerinde ekstensor kaslarda, yol bisikletinde ise
fleks6r  kaslarda %050 dizeyinde bir artts gOstermistir. Titresim uyaraninin
olmadigt OSlguimler ile karsilastirildiginda, titresim uyarant altinda aynt  kuvvet
ctktisint stirdurebilmek icin rms EMG degerleri artmustir. Vicuda iletilen titresim
artan kuvvet dretimi ile birlikte artma egilimindedir. Iletim degerleri diisiik
frekaslarda yiksek degerlere ulasmustir. 5 Hzlik titresim uyarant igin dirsekte 6lciilen
ivme buyukligt 3 ila 4 kata kadar artmustir. Omuzda Olcilen titresim degerleri
oturma pozisyonlar: diklestikce artma egilimi goéstermektedir. Titresim buyiklik
ve frekansinin bozulan solunum paterni, artan kas tonusu gibi vicut fonksiyonlar
tzerine bilinen bazt olumsuz etkileri sebebiyle, bisiklet ile strts esnasinda viicuda
iletilen titresimin sirds konforunu, bisikletin kontrolint ve bisiklet¢inin  genel

olarak sagligini etkileyebilecegi diisintulmelidir.
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