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Abstract

Miners are exposed to vibration at the feet when driving locomotives and standing
on vibration drilling platforms. Case reports suggest these workers are reporting pain,
discomfort and blanching in the toes more often than their co-workers who are not
exposed to vibration via the feet (Thompson et al., 2010). The purpose of the field study
was to document the frequency and amplitude characteristics of vibration experienced at
the feet under typical mining equipment operation. Health guidance caution zone limits
(ISO, 1997) were used to determine the potential health risk to the workers as a result of
the vibration. Two categories of underground mining equipment, primary (locomotives)
and secondary (jumbo drill, bolter, wood and metal raise platforms), were distinguished
by their origin of vibration. Measurements were collected using a tri-axial accelerometer
mounted according to the ISO 2631-1 standards, at the location where the worker stood to
complete the required job task (ISO, 1997). Musculoskeletal disorder history, work
history, and demographic information were also collected.

Vibration resulting from a primary source exposure had a dominant frequency
below 6.3 Hz. However, the dominant frequency recorded from secondary source
exposures were predominantly in the 31.5 to 40 Hz range. All workers reported
discomfort in their lower limbs. The wooden raise platform and the metal raise platform
exposed the workers to vibration levels at the feet that placed them above the ISO 2631-1
health guidance caution zone, when the 8-hour frequency-weighted root-mean-square
acceleration exposure levels were considered (ISO, 1997). Workers standing on the

jumbo drill and raise platforms experienced dominant frequency vibration known to be



iv
associated with hand-arm vibration syndrome. The jumbo drill operator and a raise miner
have been diagnosed with vibration induced white feet. The dominant frequency recorded
at the feet of the locomotive operators was in the range associated with resonance of the
spine and pelvis. Further investigation is warranted to determine long-term health effects
resulting from vibration exposure via the feet.

As a result of the field study, it was shdwn that miners are exposed to vibration
levels at the feet that are above the ISO 2631-1 health guidance caution zone for an 8
hour shift (Leduc, 2011; ISO, 1997). Anecdotal evidence suggests mats could be used to
attenuate vibration. The purpose of the laboratory study was to evaluate the
transmissibility properties and comfort of ‘anti-vibration’ mats. Ten participants
experienced four mat conditions and three vibration conditions. Three commercially
available mats and a no mat condition were randomly evaluated while participants stood
on a vibrating platform with an exposure set to 5.0 m/s* (dominant frequency of 4 Hz) for
V1a and 15 m/s” (dominant frequency of 30 Hz) for V1b, and a no vibration condition,
V2. Participants provided a discomfort rating on a 9 point scale following each mat
condition. Vibration was measured at the feet using a tri-axial accelerometer according to
ISO 2631-1 (1997) and ISO 5349-1(1986) standards.

During the high frequency vibration condition (V2), all mats provided some
attenuation in the z-axis. Mat 2 had the lowest mean discomfort rating for both vibration
conditions (V1 and V2) and the greatest attenuation of vibration in the z-axis. No
significance was found in participant reported discomfort between mats; however,

exposure to the high vibration profile (V2) significantly increased participant reported



discomfort. Based on the lab findings, longer duration testing should take place in the

field to determine if mats will attenuate vibration and decrease worker discomfort.
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Vibration Terminology and Definitions

An attempt has been made to list and define the vibration vocabulary used throughout this
thesis below. However, for a complete listening of common terminology related to
mechanical vibration and shock the reader should refer to the 1997, ISO 5805
(Mechanical vibration and shock — Human exposure — vocabulary) document and the
1990, ISO 2041 (Vibration and shock — Vocabulary) document.

A(8) - The 8-hour energy equivalent vibration total value for a worker in meters per
second squared (m/s?), including all whole-body vibration exposures during the day.

Amplification: A signal is said to be amplified if it increases in amplitude and intensity

Attenuation: Attenuation is the reduction in amplitude and intensity of a signal. For
example, a vibration signal may be attenuated as it is transmitted through the body.

Biodynamic/biomechanical response: The science of the physical, biological and
mechanical properties and responses of the human body (tissues, organs, parts and
systems) to an external force (vibration) or in relation to the internal forces, produced by
an interplay of external forces and the body’s mechanical activity.

Damping: The dissipation of energy with time or distance (i.e. the amplitude of the
vibration signal decreases).

Dominant frequency: A frequency at which a maximum value occurs in a spectral
density curve.

Frequency-weighted: A term indicating that a wave-form has been modified according
to some defined frequency-weighting.

Frequency-weighting: A transfer function used to modify a signal according to a
required dependence on vibration frequency. For whole-body vibration, the frequencies
thought to be most important range from 0.5-80Hz. However, because the risk of damage
is not equal at all frequencies a frequency-weighting is used to represent the likelihood of
damage from the different frequencies.

ISO 2631-1: The International Standard used to describe the effects of whole body
vibration exposure on human health.

Resonance Frequency: The frequency at which resonance occurs. At the resonant
frequency of a system, maximal oscillation will occur.
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Root-mean-square (r.m.s.): For a set of numbers, the square root of the average of their
squared values.

Transmissibility: The unit-less ratio of the response amplitude of a system, in steady-
state forced vibration, to the excitation amplitude. A value greater than one would
indicate the vibration was amplified as it travelled from the input location to the “output”
locations whereas a value less than one would indicate attenuation.

VATS: The vibration analysis toolkit. A software application used to derive the various
measures required by the ISO 2631-1 standard for assessing the health effects of whole-
body vibration exposure

Vibration: An oscillatory motion about a fixed reference point

VDV: The vibration dose value is a cumulative measure of the vibration and shock
received by a person during a specified measurement period. It is given by the fourth root
of the integral of the fourth power of the frequency-weighted acceleration.

WBYV: Whole body vibration is vibration that is transmitted into the human body through
the buttocks, back and/or feet of a seated person, the feet of a standing person, or the
supporting area of a recumbent person.



Chapter 1:
REVIEW OF LITERATURE



1.1 Introduction

It is widely known and accepted that exposure to long-term whole body vibration
places workers’ health at an increased risk (Fritz, 2000). The majority of the current body
of vibration literature has examined whole body vibration while seated although vibration
exposure is not only a concern for workers who operate equipment from a seated
position. There are many different types of equipment that require workers to perform
tasks from a standing position and as a result, the workers are exposed to vibration via the
feet (Eger et al., 2006).

Characteristics of vibration, including frequency content and acceleration
amplitude, must be known in order to determine potential health effects to the human
body. Researchers have yet to classify and characterize the frequency spectrum to which
the workers on standing vibration platforms or machinery are being exposed; however,
vibration characteristics need to be documented in order to determine the associated
health effects on the human body (Cardinale & Rittweger, 2006). Thus, a lack of
information in regards to the vibration exposure also leads to questions surrounding the
health effects associated with standing vibration. In mining applications, vibration that
enters the body via the feet is often initiated with vibration from a hand-tool that has
caused a working platform (that a worker is standing on) to vibrate. A range of effects
from the vibration are then received through two points of entry to the body. There is the
potential for overall whole-body health effects, localized damage within the feet, or a
combination of both. Matting products and damping platforms are prevention strategies
that are currently being used in industry to attenuate vibration. However, there have yet to

be any controlled research studies that have evaluated the effectiveness of such products.



This literature review will seek to provide the reader with an understanding of
vibration and the characteristics of vibration that are important when measuring vibration
exposure. Vibration exposure sources and levels across occupational fields will be
mentioned. The mining industry will be highlighted as it is the focus industry of the
current project. Expanding further on the sources of vibration exposure, both whole-body
vibration and hand-arm vibration field studies will be examined. Standing vibration and
the connection to whole-body vibration and hand-arm vibration will also be examined.
More importantly, the health effects as a result of the vibration sources will be explored,
and to that end, the current vibration standards and strategies aimed at reducing vibration
will be mentioned. Lastly, the objectives of the research project will be outlined.

1.2 Vibration Basics

Vibration is an oscillatory motion about a reference point that is characterized by
the frequency, magnitude and duration of exposure (Griffin, 1990). These vibration
characteristics need to be understood and documented in order to determine the
associated health effects on the body (Cardinale & Rittweger, 2006). However, the exact
role of the frequency, magnitude, direction, and duration of the vibration exposure in the
causation of documented damage and injury is not known with certainty (Griffin, 1998).

The frequency of vibration refers to the number of cycles per second. When
discussing frequency, the resonant frequencies of the object being vibrated must also be
examined. The resonant frequency within the body occurs when movement is amplified
and maximum displacement occurs between the organs and the skeletal system; thereby,
inducing strain on the surrounding structures (Matsumoto & Griffin, 2001; Randall et al.,

1997). Different segments within the body have different natural resonant frequencies.



With respect to standing, the resonant frequency of a person peaks between 8-10 hertz
(Hz) and again at 20 Hz (Randall et al., 1997; Miwa, 1975). Due to the differences in
resonant frequencies across the various regions of the body, and more specifically in the
comparison of the hand-arm system and the whole body, vibration exposure will have
different effects on different locations within the body. As such, the lumbar region is
susceptible to vibration induced back pain and disk degeneration caused by vibration in
the frequency range of 4-8 Hz, while the hands are at a greater risk with frequency in the
range of 20-25 Hz, and greater than 100 Hz for the fingers (Griffin, 1990; Dong et al.,
2004).

Similar to other areas in vibration research, measurements related to the body’s
resonant frequency have been recorded on seated persons while driving (Randall et al.,
1997). Understanding the body’s response to vibration while seated is valuable when
considering the response of the body to vibration when standing (Matsumoto & Griffin,
2000). According to previous vibration studies in a seated posture, the main resonance
occurs between 4-6 Hz, with a secondary resonance zone occurring around 8-10 Hz (Kim
et al., 2005). Body weight and posture while sitting (normal or erect) have not resulted in
a large effect on altering the body’s resonant frequency (Randall et al., 1997). However,
muscle tension can result in a higher resonant frequency while tense (Randall et al.,
1997). While most regions of the body have had their respective dominant frequencies
documented, the resonance frequency of the feet remains unknown.

An understanding of the resonant frequency response is critical to the
understanding of health effects; however, it is also important to report the magnitude of

vibration exposure (Mansfield, 2005). The magnitude will provide details of the intensity



and energy of the vibration exposure and is characterized by its average acceleration
(Bovenzi, 2005).

The duration of vibration exposure also needs to be noted when documenting the
characteristics of a vibration exposure. Therefore reports of occupational exposure to
vibration should include: duration, magnitude and frequency information.

1.3 Epidemiological Evidence

Vibration exposure poses health concerns to workers in a wide variety of
industries sucﬁ as construction, forestry, agriculture, public utilities, and mining
(Bovenzi, 2005). In the United States, it is estimated that 7 million workers are exposed
to occupational whole body vibration (Wasserman et al., 1997). Further, Palmer and
colleagues (2000) surveyed the general population in Great Britain and found that
approximately 2% of adults have consulted a physician for Raynaud’s phenomenon. One
third of males who have consulted with a physician and been diagnosed with Raynaud’s
phenomenon have developed it as a result of their occupational exposure to hand arm
vibration (Palmer et al., 2000).

Vibration research in the past has focused on whole-body vibration and hand-arm
vibration, which are distinguishable by their contact points and health effects. Whole-
body vibration occurs when the worker is being supported by a surface that is vibrating
and the vibration enters the body via the supporting contact point(s) (Bovenzi, 2005).
Hand-arm vibration occurs when the worker is using a vibrating tool and the vibration

enters the body through the workers hands (Bovenzi, 2005).



1.4 Whole-Body Vibration

Workers exposed to whole-body vibration are at an increased risk for having
health problems (Fritz, 2000). The typical health effects seen as a result of whole-body
vibration affect a wide range of systems and areas of the body. When the human body is
exposed to whole-body vibration, the entire system composed of the skeleton, muscles,
and organs, are exposed to the vibration (Cardinale & Pope, 2003). There is often
degeneration and deviation of bones and tissues, affecting the normal shape of the
vertebral column (Seidel & Heide, 1986). Whole-body vibration is also associated with
the increased likelihood of developing low back pain and intervertebral disc disorders
(Bovenzi, 2005). In accordance with hand-arm vibration, disorders of the peripheral
nervous system are also prevalent (Seidel & Heide, 1986). There is also an increased risk
of disorders of the digestive system, female reproductive system, and vestibular system
(Abercromby et al., 2007; Seidel & Heide, 1986).
1.5 Hand-Arm Vibration

Hand-arm vibration must also be examined to gain further understanding of the
potential health risks for workers exposed to standing vibration. Prolonged exposure to
hand-transmitted vibration has been shown to cause debilitating vascular, neurological,
and musculoskeletal problems to both the hand and arm (Bovenzi, 1998; Cohen et al.,
1995). It has been postulated that workers who are exposed to vibration via the feet could
also be at risk for similar health problems (Cooke & Marshall, 2005). Taking a closer
look at the mining context may reveal risks to the worker that are an indirect result of
hand-tool usage. Hand-tool use is associated with high frequency vibration and

prolonged use can cause hand-arm vibration syndrome. In the mining context, workers



often perform tasks using these hand-tools while standing on a platform. Frequency
characteristics of the vibration exposure may not be altered as the vibration travels from
the hand-tool through the standing platform to the worker’s feet. It is then reasonable to
suspect health effects, typically seen in the hands, could also occur to the toes and feet of
workings exposed to the higher frequency vibration generated by the hand-tools.

1.6 Standing Vibration

Vibration exposure via the feet can result in physical discomfort and
musculoskeletal injury. However, it is thought that damping properties in the legs would
allow for attenuation of ground reaction forces while performing activities of daily living
(Fritz, 2000). Howe\}er, suggested decreases in health risk when exposed to vibration in a
standing posture have yet to be corroborated (Fritz, 2000).

Body posture is a strong determinant when calculating both the amount of
physical contact with the vibrating surface and the amount of tension found within
muscles of the trunk and extremities (Harazin & Grzesik,1998). Changes in posture may
affect the damping capabilities of the body which can then result in differences in the
transmission characteristics of vibration (Harazin & Grzesik, 1998). Transmissibility
studies have examined the differences in vibration exposure while standing compared to a
seated posture (Matsumoto & Griffin, 2000). Research has shown that exposure to
vibration via the feet while standing leads to peak vertical transmissibility of vibration
occurring at a higher frequency than when compared to what is experienced in the seated
posture (Matsumoto & Griffin, 2000).

Understanding both whole-body vibration and hand-arm vibration provides

insight into studying standing vibration. The vibration that is generated by the same



sources, mobile equipment motors or drills, may remain unchanged as it travels into the
body through the feet. Since there is minimal research examining the health effects of
standing vibration, the health effects of whole-body and hand-arm vibration warn that
harmful levels of certain frequencies may cause health effects both locally in the feet and
throughout the whole body.

There has been evidence of workers experiencing whole-body health effects as a
result of vibration exposure in a standing posture: one of the most common complaints is
motion sickness (Cardinale & Rittweger, 2006). Animal models have also pointed to the
degeneration of muscle fibres (Necking et al., 1996). Vibration exposure has been shown
to cause structural damage in the muscles fibres of animals; thus, leading to impairment
in their functional abilities (Curry et al., 2002). A particular interest of the study is the
localized health risks in the feet of miners exposed to vibration.

1.7 Vibration and the Feet

Raynaud’s phenomenon is caused by a lack of blood flow to the fingers and toes
and can be the result of prolonged exposure to vibration. As such, it has become an
established disorder amongst vibration exposed hands of miners (Cooke & Marshall,
2005; Hedlund, 1989). It has been documented that there is an association between long
term standing whole body vibration and Raynaud’s phenomenon in the toes (Hedlund,
1989). In a study conducted by Hedlund (1989), six of the 27 miners displayed
Raynaud’s phenomenon in their feet after having stood on platforms with attached drills.
A case study from Korea also presents the findings of a rock drill operator experiencing

Raynaud's phenomenon of the toes or “vibration-induced white toes” (Choy, 2008).



There is conflicting evidence as to the exact cause of vascular disorders within the
feet (Schweigert, 2002). Schweigert (2002) suggests that the vascular changes within the
feet are a result of the changes occurring in the hands from vibration exposure to the hand
arm system. One model proposes that a centrally mediated sympathetic mechanism
causes repeated acute vasoconstriction in the hands and may extend to the feet
(Schweigert, 2002). Vibration exposure to one hand has been found to lower skin
temperature in all four extremities (Sakakibara, 1994). Chain saw operators with
vibration induced white finger were studied by Sakakibara and colleagues (1991), and
were found to have lower skin temperatures in their fingers and toes; therefore,
suggesting that circulatory disturbances also occur in the lower extremities of individuals
with vibration induced white fingers. Furthermore, additional research by Sakakibara
(1994), found that chain saw operators presenting with circulatory disturbances within
their feet did not have direct vibration exposure at the feet but rather substantial hand arm
vibration exposure. These disturbances in the feet were then attributed to the hand-arm
vibration transmitted through the sympathetic nervous system (Sakakibara, 1994).

Toibana and colleagues (1994) also studied eleven cases of chain saw operators
with Raynaud’s phenomenon within the toes. The case studies indicated that both the
chain saw operators who had experienced limited direct vibration exposure to the feet and
the rock drill operators who received direct vibration exposure to the feet developed
Raynaud’s phenomenon within the toes (Toibana et al., 1994).

Construction workers exposed to hand-arm vibration with limited exposure to the
feet were examined by House and colleagues (2010). The digital plethysmography results

revealed that 99.5% of the 191 workers had evidence of at least mild vascular damage in
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the feet (House et al., 2010). Also, severe vascular changes within the feet were best
predicted by the extent of vascular change within the hands (House et al., 2010).
Therefore, the results are in accordance with the evidence presented by Schweigert
(2002), in suggesting there is a link between vibration induced white fingers from hand
arm vibration exposure and the similar effects occurring in the feet that had not
previously been directly exposed to vibration.

Studies examining the pathology in the feet as a result of vibration exposure are
limited. Hashiguchi and colleagues (1994) investigated the pathological changes in the
toes and fingers of individuals with vibration syndrome. Fourteen of 21 individuals had
operated rock drills, and the other seven worked with chain saw, grinders, and bush
cutters (Hashiguchi et al., 1994). In comparison to the referent, thickening of the medial
muscle layer of the small artery and an increase in the number of collagen fibres in
connective tissue was observed in the fingers and toes of the individual with vibration
syndrome (Hashiguchi et al., 1994). The changes within the toes are displayed in Figure.
1. The pathological changes were found in all individuals and not solely amongst the rock

drill operators who had direct vibration exposure to the feet (Hashiguchi et al., 1994).
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Figure 1.0: Thickening of the medial muscle layer and an increased number of collagen
fibers in the toes. Top: referent, 25X; middle, 60 year old individual, 25X; bottom, 60
year old individual, 100X (Hashiguchi et al., 1994).

The neurciogicai effects seen in the upper limbs as a result of hand-arm vioration
may be expected to be reproduced in the lower limbs when exposed to similar vibration;
however, some studies are still reporting conflicting results (Griffin, 2008; Kerschan-
Schindl et al., 2001). Animal models continue to display permanent nerve damage as a
result of direct vibration exposure (Chang et al., 1994). Furthermore, animal models
continue to indicate that vascular responses as a result of vibration are frequency

dependent (Krajnak et al., 2010). The greatest potential for vascular disorders in rats

occurs at 250 Hz (Krajnak et al., 2010).
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The first case study highlighting vibration-white foot in the absence of symptoms
in the hands is documented by Thompson and colleagues (2010). The miner presented in
the case report had direct vibration exposure to the feet associated with the operation of
underground drills on platforms and bolters for 18 years (Thompson et al., 2010). The
worker presented the inverse of symptoms typically seen in workers with hand arm
vibration syndrome in that vibration-white foot was diagnosed with no damage to the
hands (Thompson et al., 2010). The case report by Thompson (2010) challenges
Schweigert’s model (2002), which suggests that vascular changes in the feet are a result
of the vascular changes in the hands. However, the two models are not mutually
exclusive.

1.8 Evaluating Health Effects

The International Organization for Standardization (ISO) provides guidelines for
vibration exposure and measurement in ISO 2631-1: Mechanical vibration and shock —
Evaluation of human exposure to whole-body vibration — Part 1: General requirements.
The guidelines are applicable to situations where the individual is exposed to vibration
while in a seated, standing, or recumbent position (ISO, 1997). The ISO 2631-1 provides
health guidance caution zones for vibration exposure in Annex B based on duration of
vibration exposure. The caution zone for an individual’s health for a vibration exposure
of four to eight hours lies between 0.45 m/s? and 0.9 m/s”. Any values that are within this
zone may result in health risks to the worker. Values that are below this range have not
been shown to cause any health effects and values above this zone likely guarantee a

detrimental effect on an individual’s health.
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The International Organization for Standardization provides further guidelines
applied solely to the hand-arm vibration exposure; ISO 5349: Mechanical vibration —
Guidelines for the measurement and the assessment of human exposure to hand-
transmitted vibration (1986). The standards are in place to protect workers who are
exposed to vibration via their hands and arms through the use of tools and machinery.
According to the standard, symptoms of hands-transmitted vibration are rare for a
vibration total value less than 2 m/s’.

The lumbar region is susceptible to vibration induced back pain and disk
degeneration caused by vibration in the frequency range of 4-8 Hz, while the hands and
feet are at a greater risk with frequency in the range of 20-25 Hz (Griffin, 1990). The
differences in the frequencies related to health risks are related to the resonant frequency
of these structures within the body. As the vibration exposure approaches the resonant
frequency ranges of the structures there is an increased risk of damage from the body
structures resonating. It can be noted that there is a large difference between the resonant
frequency of the hands and feet in comparison to the back and lumbar region (Griffin,
1990). Therefore, ISO 2631-1 whole-body vibration standards, which place the greatest
emphasis on lower frequency ranges, may not adequately address the health risks at the
feet. Thompson and colleagues (2010), caution that ISO 2631-1 may not provide workers
with the necessary protection against health effects localized in the feet. Consequently, it
may be more appropriate to determine the health risks associated with vibration
exposures at the feet by referring to the guidance in ISO 5349-1, hand-arm vibration

standards, and not just ISO 2631-1, whole body vibration standards.
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1.9 Transmissibility

The resultant vibration which the worker experiences through their feet while
standing on the platform may be amplified in certain frequency ranges; whereas,
attenuated in others (van Niekerk et al., 2003). Amplification and attenuation are
dependent on the structural resonances occurring in the transmission path of the vibration
travelling from the drill through to the platform and to the worker (van Niekerk et al.,
2003). The characteristics of the vibration are altered by the transmission path through
the structure from the source (drill) to the feet of the worker standing on the platform
(van Niekerk et al., 2003). Therefore, matting products are currently being utilized on top
of platforms that are vibrating as measures to modify the vibration along the transmission
path.

Transmissibility is a non-dimensional ratio of the vibration exposure at two
different locations. For example, the transmissibility property of an “anti-vibration” mat
is determined by comparing the vibration on the floor surface and the vibration levels
measured on top of the mat where the worker would stand.

Past research examining the transmissibility properties of vibration has primarily
focused on seéts in equipment and vehicles. The methodology adopted for evaluating seat
transmissibility is to use the seat effective amplitude transmissibility (SEAT) value
(Griffin, 1990). The SEAT value is calculated as a percentage comparing the vibration
exposure at the base of the seat to the vibration exposure on the seat surface (Griffin,
1990). A SEAT value greater than 100% indicates that the vibration is amplified and
there may be an increase in discomfort. SEAT values less than 100% suggest a reduction

in the vibration exposure. The ratio generated to examine the differences at the two
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locations is termed the Mat Effective Amplitude Transmissibility (M.E.A.T) value
(Boileau and Rakheja, 1990). A M.E.A.T value less than 100% indicates an decrease in
vibration above the mat; thus, decreasing the potential for adverse health effects. A
M.E.A.T value greater than 100% indicate the mat is amplifying the vibration and the
worker is at a greater risk for health effects.
1.10 Anti-vibration Mats

Currently, ‘anti-vibration’ mats are a method used in industry to decrease the risk
of health effects related to vibration. The transmissibility properties of the mats are of
equal importance as the structural resonance of the platform the mats are placed on. The
mats must be specifically designed for the frequency spectrum of the vibration exposure
for the unique situation in order to prevent amplification. Anti-vibration gloves had a
similar problem as initial glove models amplified the vibration entering the hand at the
frequencies associated with localized health effects to the hand-arm system (Mansfield,
2005).

There have been no controlled experiments to evaluate the discomfort or
transmissibility of mats used as personal protective equipment to attenuate vibration.
However, seats have been researched in great length when discussing transmissibility of
vibration from a piece of equipment or vehicle to an operator. In examining seat
research, the density and firmness properties of the foam emerge as two of the commonly
researched entities as they affect subjective measures of comfort, accommodation for
different anthropometric characteristics, and the durability (Kolich et al., 2005). High
density (1378 g) and high firmness (164 N at 25% compression) were found to produce

the optimal condition for driving (Kolich et al., 2005). It is important that the seat have a
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natural resonant frequency that does not overlap with the resonant frequency of the
platform or vehicle and provides adequate attenuation in the frequency range that is
associated with health effects and discomfort (Kolich et al., 2005). The dynamic ability
of anti-vibration gloves to attenuate vibration is dependent upon the frequency of the
vibration exposure (Griffin, 1998). In addition, within anti-vibration glove research, the
effects of wear and tear through the usage of the product may influence the amount of
transmissibility; however, the decrease in performance has yet to be examined (Hewitt,
1998).

Mats need to be tested under controlled conditions similar to the requirements for
gloves that were required for them to receive the designation of being an *anti-vibration
glove’. However, research is still lacking as frequency information is not provided for the
anti-vibration gloves to determine suitable application and protection (Hewitt, 1998).

However, anti-vibration glove testing has revealed that the comparison of field
and laboratory results did not produce the same ranking of gloves (Pinto et al., 2001).
Further testing of the effectiveness of the mats to attenuate vibration should be carried out
in an applied context; namely, that of an underground mine. Workers may be at a greater
risk utilizing the mats if the mat is amplifying the vibration levels and increasing the
likelihood of health effects similar to previous documentation within the hand-arm
vibration and anti-vibration glove literature (Mansfield, 2005).

1.11 Discomfort

The physical comfort of workers is a basic ergonomic requirement in the

workplace (Sherwin et al., 2004). However, as previously defined in seat discomfort

studies, the subjective rating is defined as ‘discomfort’ as opposed to ‘comfort’, due to



17

the nature of the vibration exposure contributing to a participants discomfort rather than
comfort (Ebe & Griffin, 2000). Research regarding seat discomfort and vibration has
suggested that overall seat discomfort is influenced by both static factors of the seat
(stiffness) and dynamic factors (magnitude of vibration exposure) (Ebe & Griffin, 2000).
Sensitivity to vibration exposure is a function of both the frequency and direction of the
vibration (van Niekerk et al., 2003). Previous seat research has demonstrated that during
vibration exposure there is a correlation between the objective vibration measurements
collected and the subjective participant evaluation of the exposure as 60% of the seat
choices selected by participants were correlated with the standards set in ISO 2631 (van
Nierkerk et al., 2003). The combination of SEAT values and subjective discomfort
ratings has been used in research to determine the seat with the lowest percent of
transmissibility with the intention that the seat will receive the lowest discomfort rating
(van Nierkerk et al., 2003).

Previous research has demonstrated that during vibration exposure there is a
correlation between the objective vibration measurements collected and the subjective
participant evaluation of the exposure (van Nierkerk et al., 2003). A previous study
examining Seat discomfort concluded that 60% of the seat choices selected by the
participants are correlated with the standards set by in ISO 2631 (van Nierkerk et al.,
2003). Also, females consistently rate vibration exposure discomfort as more severe than
males (Dickey et al., 2006). Furthermore, specific subsets of participants may respond
differently to vibration exposure; for example, physically fit individuals that had off-road
driving experience reported lower discomfort scores when compared with other

participants (Dickey et al., 2006).
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1.12 Strategies to Reduce Vibration

As a result of the discomfort and health problems arising from standing vibration,
mining companies and workers have started to use “anti-vibration” mats and insoles in an
effort to reduce harmful vibration levels. As previously outlined, the workers may be at a
greater risk utilizing the mats if the mat is amplifying the vibration levels and increasing
the likelihood of health effects. Therefore, it is important to document the vibration
spectrum of the pieces of mobile equipment and tools that are exposing workers to
vibration in a standing posture. The characteristics of the matting products must also be
known to provide a specific mat for the various situations in order to avoid amplifying the
vibration and putting the workers health at a greater risk. Modifications may also be made
to the equipment to either decrease the amount of vibration produced or provide
dampening along the transmission path.

Within the field environment, the vibration may change as a result of the varying
rock and terrain, road maintenance, as well as, equipment factors (drill or mobile
equipment) (Sherwin et al., 2004). Therefore, studying human responses to vibration in a
laboratory setting is essential for evaluating the response in a controlled environment
(Dickey et al., 2006).

1.13 Thesis Outline

The purpose of the project was to learn more ﬁbout the characteristics of vibration
entering the feet in order to identify potential injury risks and the efficacy of interventions
such as “anti-vibration mats” for attenuating potentially harmful vibrations.

1. Chapter 1 — Literature Review: The purpose of the chapter is to provide

background knowledge on relevant vibration concepts and terms. Furthermore an attempt
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was made to showcase previous research that has been conducted within the field;
thereby, indicating the justification for the current research project.

2. Chapter 2 — Manuscript I: The objectives of the study were as follows: (1) to
measure and document both the acceleration characteristics (X, y, z) and dominant
frequency of vibration that enter the body via the feet under typical mining working
conditions; (2) to determine if the vibration is above health guidance caution zone limits
(ISO 2631); (3) to determine differences in operator musculoskeletal discomfort between
primary and secondary source machine exposure.

3. Chapter 3 — Manuscript II: The objectives of the study were 1) to determine the
transmissibility properties (MEAT) of three mats currently used within the mining
industry; 2) to determine if the mats alter predicted injury risk according to ISO 2631-1
and ISO 5349-1 guidelines; 3) to determine if participants discomfort differs between
mats.

4. Chapter 4 — General Discussion: The findings of Chapters Two and Three are
summarized and linked. The relevance is discussed with respect to the workers, the

mining industry, and mat manufacturers.
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