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Abstract

Study of Hand Transmitted Vibration from a Hand-Held Rotary
Power Tool

Ahmed Youssef Elkaied

Operators of hand-held power tools are exposed to high magnitudes of hand-
transmitted vibration. Prolonged occupational exposure to such vibration has been
associated with many disorders in the vascular, neural and musculoskeletal systems of the
hand and arm. This dissertation research addresses a study of vibration transmitted to the
operators’ hand while operating a hand-held angle grinder and mechanisms to control the
magnitude of hand-transmitted vibration. An experimental setup is designed to study the
vibration response of a grinder under different values of mass unbalance that represent
the residual unbalance of the grinding wheel and non-uniform distribution of cutting
forces. A series of experiments are conducted to study the influence of mass unbalance,
feed force and the presence of an autobalancer. The measured data are analyzed to derive
the eight-hour energy equivalent vibration and the number of years of exposure that may
cause vascular symptoms in 10% of the worker’s population. The results suggest that
exposure to hand-transmitted vibration under 510 gm-mm mass unbalance at a speed of
7500 rpm could cause vibration-induced white finger among 10% of the exposed
population in approximately 2.8 years. The addition of autobalancer, however, could
reduce the eight-hour energy equivalent value to nearly 20%. A preliminary attempt is
made to derive a simplified model of coupled hand-grinder system. The model assumes
rigid shaft-disc assembly, rigid tool body, linear bearing properties and the handles being

attached rigidly to the tool body. A single-degree-of-freedom model of the hand and arm
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is also integrated along the y and z-axis of the basicentric axis system used in the study.
The model results under varying degrees of mass-unbalance suggest that the magnitude
of hand-transmitted vibration increases considerably with increasing mass-unbalance and
angular speed. The results of the parametric study suggest that bearing damping does not
influence the magnitude of transmitted vibration due to considerably higher natural
frequency of the shaft-disc assembly. Increasing the damping properties of the hand-
handle interface by introducing anti-vibration gloves or handle grips, however, could
reduce the magnitude of transmitted vibration. From the results obtained from the
analytical and experimental studies, it is concluded that the use of an automatic-balancer

is vital to reduce the magnitudes of hand-transmitted vibration.
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Chapter 1

Introduction, Literature Review and Thesis Objectives

1.1 General

Operators of hand-held power tools are often subjected to high levels of vibration.
Such vibration occurs over a wide frequency range from 10-2000 Hz and arises from the
dynamic interactions between the tool and the work piece. Invariably, the hands and the
arms of the operators absorb these high levels of vibrations. Many occupational health
disorders, such as tingling, numbness and blanching of the fingers, in the long run, may
appear on the hand-arm of the operators. Many epidemiological studies have established
that there is a strong relationship on the effects of hand-transmitted vibration (HTV) on
the white finger attacks (Griffin, 1982). White finger attacks are often referred to as
“Vibration Induced White Finger (VWF)” or hand-arm vibration syndrome (HAVS), or
the “Traumatic Vasospastic Disease (TVD)”. The hand-arm vibration syndrome is related
to many occupational, neural and muscular disorders, which develop gradually over
many years of vibration exposure. Vibration White Finger (VWF) is considered as the
most severe symptom that happens due to prolonged exposure to vibration. The feeling of
intermittent tingling and numbness of the fingers is usually experienced by the operators
(Cherian, 1994).

The intermittent tingling is followed by an attack of finger blanching confined to
the tips of one or more fingers with continued exposure to hand-transmitted vibration.
Further exposure to vibration causes the finger blanching to propagate to the base of the

hand. The attack may last from 15-60 minutes and in advanced cases it can continue up to



2 hours. Continued exposure to vibration in the advanced stages causes nutritional
changes in the finger pulps, which leads to the formation of coarse areas of the skin
(Griffin, 1996).

The risk of occurrence of VWF disease is related to the dose and magnitude of
vibration and the years of exposure. A dose-response relation has been developed to
study the health risks associated with the hand-arm vibration exposure (ISO-5349-1,
2001). Considerable efforts have been made to study the hand-arm vibration syndrome
etiology, such as dose response standards and biodynamic response characteristics of the
human hand arm (Griffin, 1996). Owing to the potentially severe health effects of
exposure to hand-transmitted vibration, considerable efforts have been made to reduce
the magnitudes of vibration in hand-held machines. A number of anti-vibration gloves
have been commercially developed to mitigate the transmission of vibration to the human
hand. A series of studies performed on assessment of gloves have concluded that the
gloves provide either negligible or limited isolation from vibration (Rens, 1987; Gurram
et al., 1994; Hewitt, 1998). Alternatively, only limited efforts have been made to integrate
vibration isolators within the tool due to the compact nature of their designs (Cherian,
1994). Such means have been used in chain saws (Suggs, 1968). The development of
vibration isolators necessitates a thorough dynamic analysis of tools to enhance the
knowledge of sources of vibration and its transmissions. Only a few studies have
attempted to study the dynamic behavior of power tools and dynamic interactions among
the components (Rakheja et al., 2002). Alternatively, automatic balancers have been

developed to reduce the magnitudes of tool vibration caused by unbalance forces in the
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rotary tools (Lindell, 1996; Rajalingham et al., 1998). However, the potential
performance benefits of the balancer have not been fully explored.

In this study, the hand-transmitted vibration response of a hand-held rotary tool
(grinder) is investigated through analytical and experimental means. Laboratory
experiments are performed to study the impact of unbalance and the balancer on the
hand-transmitted vibration. An analytical model of a grinder coupled with the human
hand is formulated to study the influence of unbalance and the nature of hand-transmitted

vibration.

1.2 Review of Literature

A study of vibration behavior of a coupled hand-tool system involves systematic
analysis of the tool dynamics and vibration, biodynamic modeling of the human hand and
arm, analysis of the coupled hand-tool model, and analysis of important design and
operating factors on the nature of hand-transmitted vibration. The published studies
relevant to various components are reviewed to formulate the scope of the dissertation

research. The highlights of the relevant studies are briefly summarized in the following

sections.

1.2.1 Epidemiological Studies

Numerous epidemiological studies have been carried out in several countries to
identify the population of workers affected by occupational exposure to vibration and to
assess the impact of the workplace vibration environment. An extensive study in the U.S.

estimated that of the 8 million workers exposed to vibration, approximately 7 million are



exposed to whole body vibration and 1 million are exposed to hand-arm vibration
(Wasserman, 1974). In Canada an estimate made by the National Research Council of
Canada indicated that approximately 200,000 workers are exposed to hand arm vibration
(Brammer, 1984). Recent Studies conducted in Great Britain also supported the findings
of North America, and identified the population of workers exposed to occupational
hand-arm vibration (Bendal, 1987). The results of the study. presented in Figure 1.1,
reveal that approximately 700,000 workers are exposed to occupational hand-arm
vibration in different industries in Great Britain. Traditionally cross-sectional and
longitudinal epidemiological studies have concentrated on three classes of power tools:
(a) pneumatic tools (chippers, grinders, jackhammers, riveters, and drills); (b) electrically
operated tools (sanders, pedestal grinders, impact hammers); and (c) chain saws. Many
investigators have performed numerous field measurements to characterize the nature of
vibration generated by different hand-held power tools, while in operation. The studies
revealed that the magnitude of vibration encountered on different tools varies
significantly, from 10 m/s’ weighted to 2014 m/s’ unweighted, depending upon the tool,
application, speed, feed, location of point of measurements, etc. (Gurram, 1993; Radwin
et al., 1998; Lundstrém, 1989). The dominant frequencies of vibration, however, appear
to be clustered in the 25-320 Hz range, irrespective of the tool and operating conditions.
While the measured acceleration levels differ considerably for different tools, the
magnitude of acceleration is evidently very high irrespective of the type of tool or the
operating conditions. All the epidemiological studies reported the prevalence of HAV

syndrome among the population of workers exposed to hand-arm vibration, independent



of the level and nature of vibration exposure. The prevalence of VWF symptoms among

the operators using different tools is illustrated in Table 1.1.
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Figure 1.1: Manual workers exposed to hand-arm vibration in Great Britain (Bendal,
1987).



Table 1.1: Acceleration levels measured on different tools and associated VWF rates
reported in different studies.

Reported Prevalence of
Tool Type (Reference) acceleration Level || VWF Symptoms
L (m/s*)* (%) _

Chipping hammer (Taylor et al., 1984) 2014 80
Riveter (Oliver et al., 1979) 1183 75
Chipping hammer (Taylor et al., 1981) 424 45
Pedestal grinder (Agate et al., 1949) 382 86
Chipping hammer (Matsumoto, 1981) 378 64
Jack-leg drill (Chattergee et al., 1978) 362 50
Jack-leg drill (Robert et al., 1977) 339 70
Jack-leg drill (Matsumoto et al., 1979) 335 80
Chipping hammer (Behrens et al., 1984) 251 47
Grinder (Bovenazi et al., 1980) 205 31
Pavement breaker (Walker et al., 1985) 195 10
Pedestal grinder (Pelmear et al., 1975) 125 96
Pedestal grinder (Starck et al., 1983) 122 100
Jack-leg drill (Iwata, 1968) 121 72
Chain saw (Matsumoto et al., 1979) 75 38
Jack-leg drill (Brubaker et 81., 1986) 204 45
Hand grinder (Pelmear et al., 1975) 20 35
Riveter (Engstrom et al., 1986) 10# 25

* Unweighted Acceleration except as mentioned
# Weighted acceleration as per ISO- 4 hour value

Table 1.2: Types of disorders associated with hand-transmitted vibration exposure
(Griffin, 1982).

Type Disorder

Vascular disorders
Bone and joint alterations
Peripheral neurological disorders
Muscle disorders

Other disorders (e.g. of the whole-body and central
nervous system)
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The National Institute of Occupational Safety and Health (NIOSH), in the U.S.
has established a linear relationship between measured acceleration levels and the
prevalence of vascular symptoms (NIOSH, 1989). While the epidemiological studies do
not provide a relationship between the vibration levels and the occurrence of HAV
syndrome among the power tool operators, these studies provide ample evidence that the

use of vibration producing tools is associated with the development of HAV syndrome.

1.2.2 Effects of HTV

Prolonged occupational exposure to hand-transmitted vibration, arising from
operation of hand-held power tools, has been associated with an array of health disorders
in the vascular, sensoneural and musculoskeletal structures. Such disorders have been
collectively defined as the hand-arm vibration syndrome (HAVS) (Taylor, 1973; NIOSH,
1989). The vascular effects, which appear as episodes of finger blanching together with
tingling and numbness in the exposed hand, have been evaluated and documented far
more than the other components, such as musculoskeletal and sensoneural. All the
components of the HAVS, however, appear to be coupled in view of their known
mechanisms, and occur in a certain sequence depending upon the nature of vibration
exposure and individual factors (Griffin, 1996).

The vascular component of the syndrome has also been termed as Raynaud’s
disease of occupational origin, traumatic vasospastic disease (TVD) and the white finger
(VWF) (Wasserman, 1987). Many studies have concluded that exposure to vibration
together with cold and poor ergonomic factors are responsible for the symptoms of VWF

(Brammer, 1984; Wasserman, 1987; Pelmear and Wasserman, 1998). Many other studies



have also suggested the symptoms of bone alterations; joint deformations and soft tissue
damage that restrict the blood flow to the infected areas among the hand-arm vibration
exposed workers (Nerem, 1977; Gurram, 1993). The wide range of health effects and
disorders associated with exposure to hand-transmitted vibration has been grouped into
five types. Each type of disorder may represent a complex combination of several
disorders. It would be possible that disorders of one type arise as a consequence of a
disorder of another type (Griffin, 1996). These classes of disorders are summarized in
Table 1.2.

It has been reported that operators of chain saws, rock dnlls, chipping hammers,
pedestal grinders and many other power tools are subject to same risks for developing
HAVS. The specific symptoms may range from tingling, numbness, to partial or total
blanching of their fingers over long term exposures. Episodes of white fingers, dead
fingers, or dead hand were first reported between 1911 and 1920, in studies cited by
(Loriga, 1911), cited in (Brammer, 1984; Wasserman, 1987; Wasserman and Pelmear,
1998). The spasm of the arteries in the fingers was commonly attributed to vibration of
the rotary-percussive air-driven drills used by stonecutters and rock miners at that time.
Tingling and numbness are the first symptoms of VWF that occur immediately after
vibration exposure. The tingling of the fingers can also be caused by other factors, such
as exposure to cold (Griffin, 1996). Few studies have attempted to distinguish between
the tingling experienced by individuals immediately after even short periods of vibration
exposure and the tingling that is not associated with vibration exposure.

Blanching of the fingers is considered as the first visible sign of VWF. Blanching

mostly appears on the fingertips on the lateral side of the hand that imparts majority of



the contact force on the vibrating handle (Brammer NRC, 1984; Gurram et al., 1995).
Under continued exposure, the blanching may progress along the finger and to other
fingers. It has also been suggested that the workers affected with VWF have an impaired
local circulation, which may further reduce under exposure to cold (Nerem, 1977). The
cessation of blood supply to the exposed hand and fingers may lead to loss of finger
colour. Attacks of finger blanching may last for 15 minute to | hour, and sometimes even
longer, depending upon the severity of the symptoms (Griffin, 1996). The phase of an
attack may be marked by a strong red flush on the affected parts, accompanied by pain.
Such symptoms are similar to those experienced by the non-exposed individuals when the
hands are warmed followed by exposure to cold.

The fingers suffering from an attack of blanching do not normally experience any
pain and their sensitivity to heat, cold, vibration, touch and pain may be reduced.
Reduction in sensitivity is due to reduced skin temperature during the attack. Loss of
sensitivity and reduced finger temperature during an attack poses some difficulties in
performing fine tasks and manual dexterity (Griffin, 1996). Working with hot or abrasive
materials can be dangerous when there is a lack of feel and it is advised to avoid such
tasks during the attacks of blanching. The extent of interference with activities is largely
related to temperature. In the winter, time may be spent warming the body to terminate an
attack before commencing work if either the workplace is cold or the body has become
cold on the way to work.

Neurological effects, such as disturbances in the sense of touch, increased
sensitivity to cold, as well as ulnar paresis and paralysis, acroparesthesia accompanied by

cramp pains at the body edges and fatigue have been observed in the operators exposed to



vibration (Cherian, 1993). The decrease in the temperature of the fingers suffering from
vibration-induced White finger (VWF) is partly responsible for the numbness. When the
finger temperature falls below 20 °C, the sensitivity and other neural functions efficiency
decreases. Some workers place the fingers in boiling water until the skin comes off
without adverse feeling (Cottingham, 1918).

It has been reported that prolonged exposure to hand-transmitted vibration, which
is transmitted directly to the hand-arm, impairs the tactile sensation (i.e. touch, pain,
vibration and temperature) of the end organs or their neural links to the central nervous
system. Muscular and neurological disorders are interdependent, and so it is somehow
difficult to distinguish between them. Hand gripping is an uncommon complaint from
operators who use vibratory hand-held tools (Griffin, 1996). Studies reported by Firkkilid
and Starck (1984) showed that vibration exposed persons with the greatest handgrip force
had the greater probability of developing symptoms of VWF. Radiographic studies of the
wrist, elbow, shoulder and the cervical vertebrae of workers with weakened grip revealed
abnormal findings in the elbows (Cherian, 1994).

Dupuytren’s contracture is a disease of the tissue on the palm of the hand (named
after the French surgeon guillaume Dupuytren (1777-1835) and has been thought to be
more common in users of hand-held vibrating tools. In this disease the tough fibrous
tissue under the skin of the palm of the hand thickens and shrinks. Another disease is
tendonitis, where the fibrous tissue of a tendon are torn and inflamed-Tenosynovitis,
affects some tendons, including those, which move the fingers and thumbs. This occurs
when the subject uses fingers in high repetitive movements. The evidence of nervous

disorders indicating involvement of central nervous system among the operators of
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vibrating tools has aroused the interest of many researchers. Griffin (1996) reported that
hand-arm vibration could impair the central nervous system (CNS) function through
damage to the autonomic centers in the brain, and then the whole body is affected. There
have been several applications of the electroencephalogram (EEG) to the study of the
effects of vibration on the CNS. Studies show vibration can affect operator’s central
nervous system in different ways such as causing anxiety, depression, insomnia,

headache, palm sweating, irritability and emotional instability.

1.2.3 Factors that Influence Hand-Arm Vibration Severity

Many operating factors such as vibration magnitude, direction of vibration, and
frequency range of vibration, working posture, nature of task, and hand forces can
strongly affect the severity of the hand-transmitted vibration. The factors affecting the
severity of HTV exposure have been grouped in three categories: physical factors related
to nature, duration and patterns of vibration exposure; biodynamic factors related to
coupled hand-tool system, such as hand forces, and postural effects and hand-arm
response to vibration; and individual factors that relate to health and condition of the tool
and operator. Table 1.3 summarizes the factors affecting the severity of HTV (Brammer,
1974). Among these factors, the physical factors related to direction, magnitude and
frequency of HTV are considered to be the most important for engineering design and
analysis of the tools and risk assessment. These factors are thus further discussed below

to enhance an understanding of the nature of hand-transmitted vibration.
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Table 1.3: Summary of factors affecting hand-transmitted vibration (Brammer, 1974).

| Category

Factors

Dominant vibration amplitudes entering hand.
Dominant vibration frequencies entering hand. Il
Years of employment involving vibration exposure.
Total duration of exposure each workday.

Temporal pattern of exposure each workday.
Dominant vibration direction relative to the hand.
Non-occupational exposure to hand.

Physical

Handgrip forces.

Surface area, location and mass of parts of the hand in contact with
source of vibration.

Biodynamic e Posture.

e Other factors influencing the coupling of vibration into the hand
(e.g. texture of handle etc.)

e Factors influencing source intensity and exposure duration (e.g.
state of tool maintenance, operator control, machine work rate,
skill and productivity).

e Biological susceptibility to vibration.

Individual e Vasoconstrictive agents affecting the peripheral circulation (e.g.
smoking, drugs, etc.)

e Predisposing disease or prior injury to the fingers, hands.

e Hand size and weight.

|__L; =

1.2.4 Magnitudes, Frequencies and Directions of Vibration

The studies on vibration severity of tools and hand-arm responses to vibration
mostly consider the response in terms of acceleration, which is associated with the force
or stress, and is believed to have a strong positive correlation with the damages caused by
the hand-transmitted vibration. Moreover, the responses are conveniently measured in
terms of acceleration. The hand-arm vibration response is thus mostly characterized by

the acceleration of the source or the transmitted vibration (ANSI, 1986; NIOSH, 1989;



ACGIH, 1998; ISO-5349-1, 2001). The human hand-arm is a complex dynamic system
with complex viscoelastic and inertial properties. It exhibits motions along the three-
translational and three-rotational axes. Two coordinate systems, anatomical and
basicentric have been defined for characterizing the translational motions of the human
hand-arm, as shown in Figure 1.2 (ISO-8727, 1997).

The nature of hand-transmitted vibration from a tool is invariably measured at the
tool handles in the vicinity of the operator’s hand. The guidelines for measurements have
been documented in the international as well as American standards (ANSI, 1986: ISO-
5349, 1986; ISO-5349, 2001). This is based upon the findings of the epidemiological
studies that describe the risk of HAV syndrome as a function of the magnitude of tool
handle vibration in the vicinity of the hand. Such epidemiological studies have resulted in
a dose-response relationship (ISO 5349, 1986; ISO 5349-1, 2001). The internal standard,
(ISO-5349-1, 2001), outlines a frequency weighting filter and a dose response relation to
asses the risk of VWF on the basis of frequency-weighted rms acceleration of the tool
handle (ISO 5349-1, 2001). The vibration due to the hand-held power tools may occur
along all the three translational axes. The international standard, ISO-8727 (1997),
recommends that measurements be performed using the basicentric coordinate system, as
shown in Figure 1.2. In basicentric coordinate system, the origin is located on the hand
surface underneath the head of the third metacarpal bone of the hand. It is important to
define the location of the origin on the tool, since the rotational motions of the tool may
yield considerably different magnitudes of translation at different points on the handle.

Reasonable location of the basicentric coordinate systems depends on the point of

13



maximum pressure between the hand and the source of vibration, or the estimated

location of the center of the hand or finger pressure (Griffin, 1996).

*zh

Anatomical co-ordinate system
-------- Basicentric co-ordinate system

Figure 1.2: Reference coordinate system proposed in (ISO-8727, 1997).

The international standard ISO-5349 (1986), prior to its recent revision in 2001,
recommended the assessment of hand-transmitted vibration (HTV) along the axis of the
dominant vibration. The direction of the predominant vibration and the corresponding
magnitudes of hand-held power tools, however, may vary considerably due to significant
variations in the working posture and the task. Many investigators have recommended
measurements along all the three axes and assessment on the basis of the vector sum of
the three components (Ikeda, 1998; Bitsch, 1986). The revised standard, [SO-5349 (2001)
also recommends the use of vector sum or the root-sum-of-square of the acceleration

components. It is thus believed that the HTV along all the three directions is equally
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important. The standard, however, provides identical frequency weighting for all three

axes. Figure 1.3 illustrates the recommended frequency-weighting curve.

Weighting factor

0.1 <

0,01
1 2 4 8 16 s 63 125 250 500 1000

Frequency, Hz
Figure 1.3: Frequency weighting function proposed in I[SO-5349-1, (2001).
The magnitudes of HTV arising from different tools vary extensively depending

upon the power and size of the tool, type of tool, task, speed, feed force, measurement

location, etc. The measured acceleration data is frequently expressed in terms of its root

mean square (rms) value, computed from:

1
Qs '7—.

T 2
[a”(r)dr (1.1)
0

where a,,, is the rms acceleration, a(t) is the instantaneous acceleration and 7 is the

duration of the measured sample considered. The vibration levels of the tools are mostly

measured using miniature accelerometers. Non-contact laser-based measurement systems
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have also been used to measure the HTV (Nelson, 1997; Rossi, 1994). On the basis of the
reported data, the magnitudes of vibration generated by various tools could be as high as
2*10° m/s”. The reported studies also suggest that vibration due to various tools dominate
in the 25-320 Hz-frequency range (Gurram, 1993; Radwin, 1998; Lundstrém, 1998).
Majority of the tools, specifically the percussive tools, are known to yield vibration at
considerably higher frequencies attributed to the contact or cutting actions (Griffin, 1982;
Pelmear and Wasserman, 1998). Table 1.4 summarizes the dominant frequencies,
magnitudes and direction of vibration measured on different tools. The dose response
relationship presented in [SO-5349-1 (2001) considers frequency-weighted rms
acceleration due to vibration. The weighting function presented in Figure 1.3 suggests
that the greatest risk of the hand-arm disease is associated with exposure to tool vibration

below 20 Hz.

1.2.5 Vibration Duration

Exposure duration of the hand-transmitted level can be described either on a daily
average basis or on the lifetime basis. The exposure duration plays an important role on
how it affects the human hand-arm in the long term. It is necessary to recognize the
exposure duration as a non-continuous operation. There may be a recovery for the hand-
arm between exposures or after the final exposure. Different types of injuries need
different ‘time constants’ to achieve recovery. Small injuries need only a short time while

adverse injures need longer periods to achieve recovery.
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Table 1.4: Frequency range and directions of dominant vibrations generated by different
power tools (ISO 5349, 1986).

. Dominant
Type of Tool (Reference) Frg::;:z;?;h) Direction of
Vibration*
Heavy duty sander (Radwin, 1986) 70-150 Xu Y Zn |
Orbital sander (Radwin, 1986) 60-100 Xi Yo Zn
Vertical polisher (Radwin, 1986) 70-125 X Yh Zy
Bush cleaner (Daikoku et al., 1989) 100-150 Xp
i Garden tool (Daikoku et al., 1989) 63-80 Xa
Chain saw (Reynolds et al., 1982) 100-150 Xn Yi Zn
Chain saw (Futatsuka et al., 1985) 100-125 Xi Yh Zn
Chain saw (Pelmear et al., 1982) 63-125 X Yo Zn
Chain saw (Hempstock et al., 1975) 80-125 N/A
Pneumatic hammer (Hempstock et al., 1975) 40 N/A
Pneumatic hammer (Farkkila et al., 1978) 80 Zn
Chipping hammer (Reynolds et al., 1982) 25-125 XeYnZy
Pedestal grinder (Hempstock et al., 1975) 250 N/A
Horizontal grinder (Reynolds et al., 1982) 63 XhYnZn
Vertical grinder (Reynolds et al., 1982) 40 XaYnZy
Motorcycle handle (Harrison et al., 1982) 320 Xh
Motorcycle handle (Harrison et al., 1982) 125 Yh Zn

A daily dose of vibration can be defined for specific type of assessment. A daily
dose measure is expressed in terms of constant magnitude of vibration, which will result
in the same dose over fixed time duration. This measure is of great importance in giving a
numerical meaning on severity of a complex exposure. The determination of vibration
dosage and exposure requires measurement of vibration amplitudes and frequencies
entering the hand from all directions as a function of time for handgrip forces in well
defined postures (Cherian, 1994). The risk of VWF due to HTV is strongly dependent
upon the years of occupational exposure and average daily exposure. The dose-response

relationship presented in the standard considers the frequency-weighted value of HTV.
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ISO 5349-2,2001 outlines a procedure to account for the duration of vibration
exposure. When the power tool is operated continuously for long periods and the hand is
always in contact with the power tool or hand-held work-piece, then the exposure time is
the time for which the power tool is used. Another classification where the hand is always
in contact with the power tool or hand-held work-piece during use, but the power tool is
not operated continuously, for the exposure time will be the time for which the power
tool is used during working day. In both cases it is necessary to recognize that exposure
durations are non-continuous. A daily dose measure is expressed in terms of duration
(e.g. 8 hours). Such measure is valuable in giving a simple numerical indication of the
severity of a complex intermittent exposure. The period of daily tool use can be difficult
to estimate due to highly varied and intermittent operations involved with some
processes. This becomes more complicated when several different tools are used or other
aspects involving frequent job changes are encountered. The calculation of the daily
equivalent vibration magnitude from short sample measurements of rms weighted
acceleration and simple estimates of exposure time may differ greatly from
measurements obtained over longer periods or through out the entire day (Gritfin, 1990).
The minimum acceptable duration of measurements depends on the signal,
instrumentation and operating characteristics. The total measurement time should be at
least 1-minute. A number of shorter duration samples should be taken in preference to a
single long duration measurement. It is advisable to take more than three samples to

ensure a total sample time greater than 1-minute (ISO-5349-2, 1999).
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1.2.6 HAV Standards

A number of standards have been established to assess the vibration dosage and
the severity of hand-transmitted vibration. These efforts however, have achieved only
moderate success due to lack of understanding of the etiology of VWF. While the
relationship between the vibration dosages associated with vibration intensity, frequency
and cumulative exposure duration, and the symptoms are not exactly known, certain
norms on measurements, evaluations and reporting procedures have been established.

All standards suggest that vibration exposure be expressed in terms of rms
acceleration in m/s” in the 1/3 octave band with center frequencies ranging from 6.3 Hz to
1250 Hz. These include the International Standard (ISO-5349, 1986), British Standards
(BSI, 1987), American National Standard (ANSI, 1986) and American Conference of
Governmental Industrial Hygienist (ACGIH, 1990). Different standards recommend the
threshold values for the hand-arm vibration. It is considered that acceleration levels that
fall below the recommended curves for a specified duration of exposure are considered to
be acceptable. Figure 1.4 illustrates a comparison of the threshold limits of rms

acceleration outlined in different standards (Taylor, 1973).

1.2.7 HAV Models

The severe health and safety risks posed by prolonged exposure to hand-held
power tool vibration have prompted many studies to enhance an understanding of the
vibration response characteristics of the hand-arm system. The epidemiological studies
have identified the high prevalence rates of the vibration syndrome among the operators

of power tools (Taylor, 1973; Suggs, 1982). Although many subjective and objective
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clinical studies have identified various HAV symptoms, the primary injury mechanisms
are not yet well known. The engineering studies have mostly concentrated on the design
of effective protective devices and tools (Miwa, 1982; Suggs, 1982). All the studies
however, have emphasized the need to enhance thorough understanding of the

biodynamic response behavior of the hand-arm system.
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Owing to the complexity of the human hand-arm system, the hand-arm responses
to vibration are mostly evaluated at the driving-point, the hand-handle interface, while
treating the biological system as a “black box™. Its response to vibration has been mostly
described by the force-motion relationship at the driving point. Many studies have
reported the biodynamic responses in terms of different measures that describe the force-
motion relationship at the driving-point. This include: the dynamic stiffness, the complex
ratio of force to displacement at the driving-point; the driving-point mechanical
impedance (DPMI), the ratio of force to driving point velocity; the apparent mass
(APMS), the ratio of force to driving-point acceleration; and the energy absorbed by the
hand (ISO-10068, 1998; Reynolds, 1984; Burstrom, 1987, 1990: Mishoe, 1977; Hess,
1989).

Apart from the force-motion response, the biodynamic responses of the human
hand-arm have also been characterized in terms of vibration transmissibility of the hand-
arm system (Abrams, 1969; Abrams, 1968; Reynolds, 1977; Cherian, 1994; Pyykko,
1976; Aatola, 1989; Rodriguez, 1989). These studies describe the vibration
transmissibility of different segments of the hand-arm system, such as the metacarpal
bones, wrist, elbow and shoulder. Majority of the studies involving measurements along
the radius bone revealed presence of resonances near 125 Hz and 500 Hz.

The primary objective of the studies in biodynamic response of the human hand
and arm have been two fold: (i) to enhance an understanding of the vibration transmission
characteristics of the human hand and arm; and (ii) to develop simple models of the hand-
arm system for applications in the performance analyses of the tool and vibration

attenuation devices. The reported studies have, however, employed considerably different



vibration conditions and measurements methods. The reported biodynamic responses thus
exhibit considerable differences among them, which have been partly attributed to
variations in intrinsic and extrinsic variables, test conditions and methodologies (Gurram,
1995). On the basis of a synthesis of the reported data under somewhat comparable
conditions, the International Standards Organization (ISO-10068, 1998) has proposed the
range of idealized values of driving —point mechanical impedance of the human hand and
arm exposed to vibration along the Xy, Yn, and Z, axes (ISO-10068, 1998).

A number of biodynamic models have also been developed on the basis of the
measured data to characterize both the force-motion response in terms of DPMI and the
vibration transmission behavior. These include the lumped-parameter (Mishoe, 1977;
Reynolds, 1977; Miwa, 1979; Meltzer, 1979; Daikoku, 1990; Gurram, 1993; Reynolds
and Soedel, 1997) and distributed-parameter models (Wood and Suggs, 1978), although
majority of the models are of the lumped-parameter type. The lumped parameter models
include the linear single-DOF (Abrams, 1969; Reynolds and Soedel, 1972), linear two-
DOF (Mishoe, 1977; Miwa, 1979), and linear and non-linear three- and four-DOF models
(Mishoe, 1977; Reynolds, 1977; Meltzer, 1979; Daikoku, 1990; Gurram, 1993).

These models do not represent biomechanical properties of the human hand and
arm. While the impedance models provide considerable insight into the influence of
various design and operating factors, such as grip force, handle size, direction and
magnitude of vibration, and push-pull force, these models fail to characterize the
vibration transmitted to the hand and the arm. The direct relationship between the
severity of HAV syndrome and the characteristics of the hand-transmitted vibration have

prompted a strong desire (i) to enhance an understanding of the vibration transmission

[09]
™~



characteristics of the hand-arm system; and (ii) to improve the vibration attenuation on
performance of protective devices. Although many studies have been carried out to assess
the vibration isolation performance of protective devices, only a few efforts have been
mounted to investigate the vibration transmission characteristics of the hand-arm system
(ISO-5349, 2001; Reynolds, 1977; Pyykko, 1976; Aatola, 1989; Hartung, 1992). Sub-
miniature accelerometers and laser-based sensors have been employed to measure the
vibration transmitted to the hand, forearm and upper-arm (Reynolds, 1977: ISO-5349,
2001). The vibration transmitted to various locations of the hand-arm system have been
measured on a cadaver arm by Abrams (Abrams, 1968; Abrams, 1969)

The reported biodynamic models of the human hand and arm have been compared
in a recent study (Rakheja et al., 2002). The study involved relative analyses of various
lumped-parameter models in terms of three criteria: (i) ability of the models to
characterize driving-point mechanical impedance modulus and phase responses of the
human hand and arm within the range of idealized values (ISO-10068, 1998); models
deflections under applications of a static feed force; and (ii) the natural vibration behavior
of the hand and arm in terms of natural frequencies and damping ratios. The study
concluded that the vast majority of the reported models couldn’t be applied for
development of mechanical hand-arm simulator or for the assessment of dynamic
behavior of the coupled hand-tool system. While the higher order models provide
impedance values within the range of idealized values, they exhibit excessive static
deflections. Up to 0.5 m under a 50 N push force. Moreover, these models involve very
light masses, in the 1.2-4.8 grams range, and exhibit first and/or second modes of

vibration at frequencies below 10 Hz.



1.2.8 Control of Hand-arm Vibrations

High levels of hand-held power tool vibration, high prevalence rates of the VWF
symptoms among the exposed workers and severe health effects, have all prompted a
strong desire to reduce the magnitudes of hand-transmitted vibration. The control of
hand-transmitted vibration in general, is achieved through reduction of the source
vibration and the use of vibration isolators. The reduction in vibration at the source can
be realized by operating the tool at suitable speed, proper maintenance of the tool and the
drive and through improved designs of the drives (Politschuk, 1977).

Attenuation of hand-transmitted vibration is primarily attained using two
methods. In the first method, the tool is isolated from the vibrating source, while the hand
is isolated from the vibrating handle in the second method (Suggs, 1982; Abrams, 1969;
Suggs, 1983; Cherian, 1994; Dong, 2001). Tool handle isolators, successfully integrated
within certain tools, have proven to be effective in attenuating the handle vibration
(Abrams, 1969). Alternatively, handle grips and anti-vibration gloves have been proposed
to isolate the hand from the vibrating handle. The vibration attenuation properties of
different types of visco-elastic glove materials have been investigated in many studies
(Suggs, 1982; Miwa, 979; Macfarlane, 1979; Rakheja et al., 2002; Gurram et al., 1993).

Isolators, comprising rubber or metal springs, are currently being used within the
chain saws to reduce the magnitude of HTV (Suggs, 1968). It has been established that
these isolators effectively attenuate the high frequency vibrations. The low frequency
vibration is transmitted to the handle with only little attenuation or amplification in
certain cases. A study on vibration transmissibility characteristics of industrial gloves

concluded that these gloves do not attenuate vibration to protect the hand from hazardous



levels of HAV encountered in the industry (Macfarlane, 1980; Dong et al., 2001; Rakheja
et al.,, 2002). Numerous anti-vibration gloves comprising natural rubber, neoprene,
sorbothane, plastic foam, air-filled alveolar, etc., have been commercially developed to
isolate the hand from the vibrating handle (Suggs, 1982; INRS, 1983; Clarke, 1985).
Rens (1987) reported that some of the gloves tend to amplify the hand vibration below
400-500Hz, and the attenuation approaches only 5 dB at certain frequencies. These
gloves, however, attenuate vibration at higher frequencies with 15-20 dB attenuation at
1000 Hz, and these conclusions have been further confirmed by (Gurram et al. 1994).
The uses of anti-vibration gloves, in general, are considered to be ineffective for
attenuating the hand-transmitted vibration. The vibration attenuation performance of the

gloves can be improved only at the expense of the dexterity loss (Rakheja et al.. 2002).

1.3 Scope and Objectives of the Dissertation Research

Many epidemiological studies have identified several vibration-induced diseases
among the hand-held power tool operators. The workers are affected by vibration white
finger (VWF) disease at the fingertips and hands, loss of grip and muscle strength,
injuries to bones and joints. Such severe effects of vibration on the operators have
prompted several clinical studies to identify the primary injury mechanisms, and
engineering studies to design protective devices and vibration isolators. Although the
epidemiological studies have provided the vibration syndrome prevalence rates among
the operators of typical offending tools, they do not provide an insight into the injury

mechanism. Moreover these studies do not provide guidance on safe levels of vibration



exposure, as the syndrome was prevalent in all industries irrespective of the levels of
vibration generated by the tools used in that industry.

Despite the lack of knowledge of the injury mechanisms, it is generally agreed
that reducing the magnitude of vibration can reduce the health and safety risks associated
with exposure to hand-transmitted vibration. Ergonomic design considerations would
further help in reducing the risk. The reduction of vibration, however, has been mostly
sought through anti-vibration gloves or resilient materials. Vast number of studies
performed on the performance of gloves has invariably concluded that the gloves do not
provide noteworthy vibration isolation. Moreover, the gloves may even amplify the
vibration for certain tools. The reduction of vibration at the source and the hand, through
appropriate design of the tools has drawn only limited number of studies.

The efforts made for chain saws have been quite successful in reducing the
magnitude of HTV (Abrams, 1969). Apart from this study, only minimal effort has been
made to study the vibration behavior of the tools. A first step in exploring low vibration
emission tools would be to enhance an understanding of the behavior of tool vibration
and contributing design factors. The vibration behavior of a percussive tool was
investigated in a recent study that considered the impacts among various components of
the tool and the effects of component properties on the transmitted vibration (Rakheja et
al., 2002). The rotary tools, such as grinders, are known to yield vibration due to
unbalance of the disk caused by the cutting action and non-uniform wear. The vibration
analysis of a hand-held grinder, however, has not been reported in the literature.
Furthermore, the fundamental response behavior of an automatic balancer has been

reported only in a few studies (Nilsagard and Richmond, 1993; Rajalingham et al., 1998).



The scope of this study is thus to study the vibration behavior of a hand-held angle
grinder due to mass unbalance. The dissertation research involves experimental and
analytical studies of the HTV due to a hand-held grinder. The influence of automatic

balancer on the magnitude of HTV is also investigated experimentally.

1.3.1 Objectives of the Dissertation Research

The primary objective of this dissertation research is to investigate the vibration
behavior of a hand-held grinder due to mass unbalance. The dissertation research focuses
on the measurement of the hand-transmitted vibration from an angle-grinder and the
influence of the mass unbalance and the automatic balancer on the magnitudes of
vibration. The nature of HTV is assessed in relation to the duration of vibration and the
associated risk of developing VWF. A simple analytical model of the grinder coupled
with the human hand-arm is also developed to study the effects of mass unbalance.

The specific objectives of this thesis are:

a.  Develop a method for measuring the vibration levels of an angle-grinder

transmitted to the hand-arm system.

b.  Investigate the influence of various operating conditions on the nature of
vibration transmitted to the hand-arm system, specifically the mass
unbalance, feed force and speed.

c. Analyze and assess the severity of the measured vibration magnitudes with
reference to (ISO-5349-1, 2001).

d. Study the influence of an automatic balancer on the magnitudes of

transmitted vibration.



e.  Develop a simple model of the coupled hand-grinder system and perform

analyses.

1.3.2 Thesis organization

The thesis is divided into five chapters. The relevant literature is briefly discussed
in each chapter to highlight the research contributions. Chapter 2 discusses the
fundamental theoretical aspects of a rotor supported on a cantilever beam, subject to
gyroscopic forces and moments, in order to build the necessary background for the
formulation of the grinder model. Chapter 3 describes the laboratory experiments
undertaken to characterize the nature of HTV, as a function of the mass unbalance and
feed force. The basicentric coordinate system is used in this dissertation to define a 2-
DOF human hand-arm model. This chapter further presents the measured data and the
analyses for the assessment of HTV. The results are discussed in terms of frequency-
weighted and time rms accelerations, 8-hour energy equivalent values and the limiting
number of exposure years that could cause VWF symptoms in the 10% of the population.
A simple analytical model is formed in chapter 4 to study the impact of mass unbalance
on the handle vibration response. A simple two-DOF human hand-arm model is
integrated with the shaft-rotor model to study the response behavior of the coupled hand-
tool system. The major highlights and conclusions of the study are discussed in chapter 5.
Moreover, Chapter 5 attempts to obtain the conclusion from the whole dissertation and

suggestions for future investigations.



Chapter 2

Modeling of Rotor for Gyroscopic Effects

2.1 Introduction

Hand held grinding tools are widely used in the shipyard and foundry sectors.
These may include vertical or horizontal grinders, which are mostly operated using
pneumatic drives with air pressure ranging from 620.5-to 758.4 kpa (90 to 110 psi). It has
been reported that the foundry workers use hand-held grinders for 2.5 hours to 4.5 hours
on a daily basis (Wasserman et al., 1994). The vibration measurements performed on
horizontal grinders revealed rms accelerations ranging from a low of 0.64 g while
operating on cast iron to as high as 79 g while operating on gray iron. The vibration
levels for vertical grinders were observed to be as high as 50 g rms. Owing to such high
levels of hand-transmitted vibration and relatively longer exposure duration, a number of
studies have identified high prevalence of vibration syndrome among grinding workers

(Kihlberg, 1995; Wasserman et al., 1994; Kihlberg and Hagberg, 1997).

A horizontal grinder comprises a shaft rotor system supported on two closely
spaced bearings. The vibration transmitted to the handle arises from the dynamic
interaction of the rotor with the work surface and mass unbalance inherent in the rotor.
An analysis of the grinder vibration under the forces and moments arising from the
grinding action is highly complex due to difficulties associated with characterization of
the excitation forces and moments. The measurements performed on hand-held grinders
have shown the presence of predominant components in the vicinity of the rotating speed

(Wasserman et al., 1994). This may be attributed to rotating mass unbalance inherent
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within the rotor and that induced by the non-uniform cutting action. The dynamic
analysis of hand-held grinders, in the first stage, may thus be carried out with
consideration of the mass unbalance alone. A simple analytical model of the shaft-rotor
system is thus formulated in this chapter that could be applied to study the mass

unbalance induced grinder vibration.

2.2 Modeling Considerations

A horizontal angle grinder, shown in Figure 2.1, is considered to study its
vibration behavior. The grinder consists of a spindle where a grinding wheel is attached.
The angle grinder considered in this study has two handles; one along the grinder body
and the second is adjustable with a range of + 45°. The grinding wheel and the spindle is
driven by a turbine pneumatic motor. The motor operates at a speed of 12,000 rpm and
drives the wheel through a pair of bevel gears. The spindle is supported within the tool
body through two ball bearing units. A balancing unit may also be attached to the spindle
and the wheel to achieve automatic compensation for the mass unbalance induced forces

and moments and thus the vibration.

The shaft rotor system may be considered as a cantilever rotor supported on two
closely spaced bearings in the vicinity of the drive. Although a vast number of studies on
the shaft-rotor systems have extensively investigated the dynamic response of the
cantilever rotors (Bhat, 2001), no efforts have yet been made to apply these formulations
in the study of grinders. The theoretical formulations associated with the shaft-rotor
system are therefore systematically reviewed in this chapter in order to build background
knowledge for formulating a simple model of the grinder, which is presented in chapter 4.

These relevant theoretical formulations are presented in the following section
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Figure 2.1: A cross-section of an angle grinder considered in the study.
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2.3 Analysis of a Cantilever Rotor on a Flexible Shaft

In some grinding machines, the shaft rotor assembly characterizes a cantilevered
rotor supported on a flexible shaft. The deflection of the shaft tends to result in a
significant change in slope of the shaft, as shown in Figure 2.2. This may be the case
when the rotor is not mounted at the center of a symmetrically supported shaft, or when
the rotor is overhung. In that case the rotor will tend to whirl in an elliptical path
(Goodwin, 1989), while the centrifugal forces may try to straighten the shaft, making it
behave as if the forces constrain the shaft slope. This deflection of the shaft will increase
its strength and accordingly its stiffness will also increase. As a result the natural
frequency of the system will also increase. In Figure 2.2, the disk spins with an angular

velocity @ about the rotational axis OZ. At the instant in time the rotor is also

precessing with angular velocity ¢ about the vertical axis, OY. The basicentric
coordinate axes are shown in Figure 2.3. It shows the angular momentum vectors drawn
parallel to the axis of rotation to which they refer to, the direction of rotation being
counter-clockwise when viewed from the face of the rotor. Figure 2.4 shows the system
angular momentum at any time ¢ and at a small interval of time later. It can be inferred

that the change in angular momentum over the time interval considered is I, w ¢, where

I, is the polar moment of inertia of the rotor (Goodwin, 1989). The gyroscopic moment,

4

which must be applied to produce this change, is equal to the rate of change of angular

momentum, [, @ ¢ . The angular coordinates © and ¢ represent the slopes of bending in

the YZ and XZ planes, respectively.



Shaft bearings __

axis of rotation
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Direction of Centrifugal
forces acting on rotor

Cantilever Rotor

Figure 2.2:Cantilever rotor on a flexible shaft.

Figure 2.3 illustrates that the gyroscopic couple applied to the rotor, M., must

act about the axis OX, since this axis corresponds with the orientation of the vector

I, ¢ shown in Figure 2.4. The angular sense of this couple is clockwise about O X

when viewed from O. The net moment about the axis O X is equal to the product of the
rotor moment of inertia about the O X axis and the angular acceleration about the O X

axis (Goodwin, 1989), such that:

M,-M,=1,6 2.1
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Figure 2.3: Coordinates representing the rotor motion.

Figure 2.4: Vector diagram of the angular momentum.
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where M . is the moment applied to the rotor by the shaft, and /; is the rotor moment of

inertia about the diameter along the X axis. 8 is the angular acceleration about the X

axis. Equation 2.1 can be rewritten in the form:
M. =I,0+1,6 (2.2)

The rotor motion in the X Z plane can also be described in a similar manner, such that:
My=—1,w0+I;¢ (2.3)

where M , is the moment applied to the rotor by the shaft in the XZ plane and ¢ is the
angular acceleration about the Y axis, and [/, is the polar mass moment of inertia of the
rotor. The angular displacement of the rotor will be periodic and will take the form:

g=@,coswr+@ sinwr  O=0) coswt+8,sinw? (2.4)

where @,4,.6,.6, are the amplitudes of oscillatory motions in the XZ, and YZ planes.

For an isotropic system, where the rotor support characteristics are identical in both

transverse directions, the amplitude of motion 8 and ¢, will be equal. The equation

(2.4) may thus be rewritten in the form:

6 =ycos wt, d=wsinwt 2.5)

where the motion in one direction lags behind that in the perpendicular direction by one
quarter of a cycle. Differentiating Equations (2.5) and substituting into equations (2.2)
and (2.3) yields the magnitude of the net moment applied to the shaft, which is equal and

opposite to that applied by the shaft to the rotor:
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M=—(1,-1;)0%y (2.6)

where M is the magnitude of the net moment applied to the shaft, and the negative sign
appears because the net moment acting on the shaft is opposite in direction of the

moment applied by the shaft, and y is the slope of the shaft. From strength of materials

the system deflection, z and slope of the shaft,  will take the form:
=C,F+Cy M, w=C3F+C4 M (2.7)

where C| and C, are the coefficients relating force and moment applied to the shaft at
the location of the rotor to the shaft deformation, and F and M are the applied force and
moment at the end of a cantilever rotor. For anisotropic systems, a similar set of
equations may be written for the shaft deformation in the normal direction. In the case of
an overhung cantilever rotor mounted on rigid bearings, equation (2.7) becomes (Bhat,

2001):

=
(F5)

~

=

M (°F IM
y=———t—

- , (2.8)
3EI 2EI 2El EI

. o) . . -
The force F is equal to mw™~ z where m is the rotor mass, while the applied moment

M is given by the equation (2.6), E is the Young’'s modulus for the shaft material, 7 is
. ‘.
the length of the shaft, and I is the shaft second moment of area. The term £ is

considered as the influence function of deflection and slope due to unit force or unit
moment acting on the tip of the shaft. When substitutions are made for F, and M in

equation (2.8), it becomes:
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(2.9)
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Rearranging the terms of equation (2.9)
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The above homogenous set of equations would be satisfied for all values of z and y,

only when the determinant vanishes, which gives the characteristics equation:
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The natural frequency of a shaft-rotor system assuming the rotor as a point mass is

3EI
known to be w,= Y (Goodwin, 1989). Substituting for w, = SE! and
3
m¢ m/?
31 . i . .
a= el where a is a coupling term from disc effect, equation (2.12) becomes
mel
4o?
0t +4w; (—l-—lja)z——p=0 (2.13)
a(f-1) a(f-1)

Figure 2.5 illustrates a graphical representation of equation (2.13) as a function

of @ and a dimensionless natural frequency @, , for the case of 1, =21y which makes

B =2.

It is shown in the figure that for rotors with large « parameter values, the system
natural frequency is almost double than that for the point-mass rotor system (Goodwin,
1989). a is equal to zero for a disc with a concentrated mass, while when 7, tends to be
infinity, no finite angle y is possible, since it would need an infinite torque, which the
shaft cannot support (Hartog, 1956). Gyroscopic effect tends to be particularly significant
in situations where there is either an overhung rotor, with any force causing a slope of the
shaft at the rotor, or when the rotor runs at very high speeds. In the case where the rotor
itself forms most of the shaft, as opposed to the case where the rotor is disc-like, mounted
on a relatively light shaft, gyroscopic effects are less significant, which is similar to the

case of the pneumatic tool that will be discussed in chapter 4.
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Figure 2.5: Effect of gyroscopic couple on the resonant frequency on a cantilever rotor.
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Chapter 3

Experimental Investigations

3.1 Introduction

The severe health risks posed by prolonged exposure to hand-held power tool
vibration, supported by the findings of the epidemiological studies, have prompted a
strong need for a thorough understanding of the vibration responses of different tools and
their assessments in relation to the risk of developing hand-arm vibration syndrome.
While subjective measures provide considerable information related to minimum
threshold and equal sensation, the inter-subject variations and poor repeatability of the
subjective data pose difficulties in characterizing the effects of the tool vibration
transmitted to the hand-arm system. Operation of hand-held power tools may expose
workers to hand-transmitted mechanical vibration, which is known to interfere with
comfort, working efficiency and, in some circumstances, the health and safety (Griffin,
1998). Depending on the nature of the tool and the work, the vibration may enter one arm
only, or both arms simultaneously, and may be transmitted through the hand and arm to
the shoulder. The vibration of the body parts and the perceived vibration are frequently a
source of discomfort and possibly the reduced proficiency (Rajalingham et al., 2001).
Continued occupational use of many vibrating power tools, has been found to be
connected with various forms of disease affecting the blood vessels, nerves, bones, joints,

muscles or the tissues of the hand and forearm.

The vibration exposures required to cause these disorders are not known

precisely, neither with respect to vibration magnitude and frequency spectrum, nor with
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respect to daily and cumulative exposure duration. The first step towards assessment of
vibration exposure and perhaps for seeking design of safer tools, would be to characterize
the nature of the hand transmitted vibration. In this study, the vibration levels of a hand-
held angle grinder are measured in the laboratory under selected conditions. The
measured data is analyzed to study the effects of mass unbalance, a balancer and the push
force. The data gathered in this chapter may also assist in the development of improved
designs of hand-operated power tools to reduce the risk of vibration-related health

effects.

3.2 Description of the Candidate Tool

A hand-held angle grinder, manufactured by Atlas Copco, is considered in this
study for performing laboratory measurements of the hand-transmitted vibration. An
automatic balancer, considered to compensate for the rotating mass unbalance, is also
included in the study. Majority of the hand-held power tools are known to transmit
vibration along the three orthogonal directions, which are characterized by the basicentric
axis system, defined in chapter 1 (ISO-8727, 1997). The measurement of vibration
behavior of a power tool is quite complex as it is coupled with operator’s hand and arm.
The grinder selected in this study is shown in Figure 3.1. The tool is designed with two
handles, and it consists of a pneumatic drive. The grinding wheel is mounted on a spindle
that is supported between two closely spaced bearings. The free speed of the grinding
wheel and spindle is 12,000 rpm, while it consumes 10 €/s (21 cfm) of air in the 600-700
kpa (87-101 psi) pressure range under no load conditions, The rotating speed may

decrease during cutting operation, while the air flow rate increases to 30 {/s (64 cfm) at
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the maximum power of 2.0 kW. The specifications of the grinder are summarized in

Table 3.1

Figure 3.1: Pneumatic grinder with a rotor and handles.

Most of the lightweight hand-held rotating power tools operate at speeds ranging
from 3000-5000 rpm. The air quality for such a machine in order to have a good
performance and maximum machine life is recommended with dew point between +2 °C
and +10 °C. An air dryer is required to increase the lifetime of the grinder. The tool uses
lubricating oil of viscosity 32 Poise at 40 °C for the gearbox. A 7 m( tube is used to refill

the tool with lubricating oil. A wheel guard is attached to the grinder and it covers half of



the rotor in order to ensure safety during operation. An automatic balancing unit (AUB)

comprising of rolling balls within a groove, may also be attached to the grinding wheel in

order to compensate for mass unbalance.

Table 3.1: Specifications of the grinder.

——

Description " Specification

Grinder Model GTG 20 F120-13 angle grinder
Free Speed 12,000 rpm
Mass 1.8 kg
Air consumption at free speed 10 €/s
Sound level 74 dB
Height over spindle 68 mm

Maximum wheel diameter D*T*H

125*7*22 mm

Length 273 mm
Air consumption at maximum power 30 €/s
Alr pressure 600-700 kpa
3.3 Test Methodology

The vibration of a majority of hand-held power tools is spread over a broad

frequency range from 10 to 2000 Hz (ISO 5349, 1986). The vibration generated by hand-

held power tool is a complex result of many factors, such as cutting forces and moments,

contact vibration, internal impacts between the components within the tool (specifically

the percussive tools), pneumatic or electric drive and associated air flows (Rakheja et al.,

2002). A rotary tool, such as a grinder, experiences vibration mostly due to grinding

wheel-workpiece interactions and the mass unbalance. The characterization of cutting

forces, however, is quite complex due to significant variations in the tasks and processes,
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working posture, feed forces, condition of the wheel, etc. The grinding wheels also
exhibit considerable mass unbalance due to dirt build up, non-uniform wear, uneven
weight distribution, etc. Such unbalance not only causes considerable vibration but also
yields poor quality of the workpiece or manufactured product. Owing to extreme
complexities associated with characterization of cutting forces, the role of rotating mass

unbalance on the nature of the HTV alone is investigated in this study.

Many studies have reported that the nature of HTV from a power tool may be
affected by the magnitude of a feed force imparted by the operator (Lindell, 1996). The
measurements are thus performed for different magnitudes of feed force heid constant in
each trial. A weighing scale and cord and pulley arrangement as shown in Figure 3.2 was
used to estimate the feed force. The grinder was attached to a load suspended on a cord
and passing through a pulley in order to control the feed force. The body weight of each
subject operating the grinder was initially recorded. Each subject was advised to stand on
the weighing scale while holding the grinder attached to the cord and the counter weights.
The subject was advised to hold the tool with each hand placed on each of the two
handles, and push the tool downwards until the desired feed force was attained. The feed
force was estimated from the difference between the total body weight and the body
weight measured while pushing on the handle. The subject maintained the dominant right
arm holding the grinder horizontal with 0° elbow angle and the left arm with near 90°-
elbow angle. The subject monitored the weigh scale reading and maintained the desired
reading within £2 kg while operating the tool. The feed force applied on the machine was
held constant at different values in the O to 100 N range in order to study the effect of the

feed force. The posture of the operator should be as in Figure 3.2, where the left hand



makes a 90° and the right hand makes an angle near 0°, while the operator assumes an

upright posture.

:lf

/— Weight of grinder
\— Feed force weight

Application of force. e.g. a cord
or a yoke arrangement

Figure 3.2: A schematic representation of the test setup.

The vibration transmitted from a hand-held power tool is conveniently measured
through accelerometers. Since the tools may cause considerable vibration along all the
three axes, a three-axis accelerometer was used to measure the vibration levels as
recommended in (ISO-5349-1, 2001) and (ISO-8662-4, 1994). The measurements were

performed on a new and adequately lubricated tool as outlined in the standard, (ISO-
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8662-4, 1994). Three single-axis accelerometers (Briiel and Kjaer 4382) were used to
capture the tool vibration signals from the grinder body. This location is considered to
represent the vibration measured at the tool handles, since the handles are rigidly
mounted to the tool body. Three accelerometers were attached to a square block that was
fastened to the tool body near the handles. Instrumentation adhesive was used to attach
the accelerometers block to the body. All the three accelerometers were rated for 2000 g
peak acceleration with resonant frequency around 30 KHz. Each accelerometer was
calibrated prior to the installation. The accelerometer signal was conditioned and
amplified using charge amplifiers, which were acquired and analyzed using a two-
channel signal analyzer (Briiel and Kjaer 2635). A tachometer was further used to
measure the rotating speed of the grinding wheel corresponding to the selected operating
pressure of 517 kpa (75psi). A reflective marker was placed on the rotating disc to
provide the reflective pulse signal to the photocell tachometer. The international standard
(ISO-2866-4) recommends that the measurements be made on both handles along the z-
direction. The ISO-8662-4, 1994 recommends that the axes system for straight grinders
along z-direction is normal to the axis of rotation, and for vertical and angle grinders the
z-direction is parallel to the axis of rotation. The schematics of different types of hand-
held grinders are shown in Figure 3.3 together with the transducers and the basicentric
coordinate system. The installations of three-axis accelerometers in the present study on
the tool body represents a location close to both handles. The basicentric coordinate axis
system was used in this dissertation where the y-axis is along the handles of the grinder
and z-axis is along the human hand-arm system and the x-axis is along the axis of

rotation.
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Dimensions in millimeters

Basicentric coordinate system X-axis

Throttle handle

Throttle handle

Y-axis

Support handle

X-axis Angle grinders X-axis

Vertical grinder Straight grinder

Figure 3.3: Different types of hand-held grinders.

<—Pp| Examples of positioning transducers.

® Point of attachment of accelerometers.

—® Direction of measurements.

In order to study the influence of rotating mass unbalance of the disc, a balanced
aluminum disc replaced the grinding wheel. Two aluminum discs with outer diameter of

125 mm, thickness of 7 mm, and inner diameter of 22 mm were used in the experiments.
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Each wheel was mounted concentrically on the grinder spindle. After mounting they were
examined to ensure the absence of clearance or play. A concentric adaptor bushing was
used for this purpose. One of the test discs was designed with three 13.4 mm diameter
holes to create different controlled values of mass unbalance by attaching different
masses to each of the hole. The design illustrated in Figure 3.4 shows the three holes and
the automatic balancing unit (AUB). The unbalance due to the three holes was estimated
as 76 gm-mm. Attaching a bolt and a washer to one of the three holes obtained additional
values of mass unbalance. The mass unbalance values resulting from the bolt attached to
the three holes were estimated as 295, 402, and 510 gm-mm, in the respective order from
the hole closer to the center of the disc. Both discs were further designed to adapt to an
automatic balancing unit (AUB) produced by SKF, which consists of 7 lubricated freely
moving balls in a sealed circular shield, as shown in Figure 3.4. The three holes were
drilled such that two of them remained outside the periphery of the AUB. The bolt and
the washer were attached to one of the three holes during different experiments. The mass
of the bolt and the washer together was 10 grams, while that of the balanced and
unbalanced discs were measured to be 300 grams and 275 grams, respectively. A
pictorial view of an idealized test disc with attached unbalance mass in the form of a bolt

is presented in Figure 3.5.
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Figure 3.4: The design of the test disc with three holes to realize different values of mass
unbalance.
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Wheel guard

Figure 3.5: A pictorial view of the test disc showing holes and attached unbalance mass.

3.4 Experiment Design and Test Matrix

Figure 3.6 shows a schematic diagram of the experimental setup. The power
source, which is the air supply, enters the grinder while the speed is controlled by a
switch on the grinder and the source pressure. The experimental setup included three
accelerometers mounted on a common block, as shown in Figure 3.7. The accelerometer
signals were conditioned using charge amplifiers. The signal capture and analysis was
initiated when the grinder reached its steady speed. In order to perform a test at a constant
speed, the source pressure was monitored and carefully controlled. A pressure sensor was

installed on the pressure line and the experiment was initiated only when the line pressure
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reached the desired value of 517.10 kpa (75 psi). Two two-channel (Briiel and Kjaer

2635) signal analyzers were used to analyze the three acceleration signals. Both the

analyzers were synchronized using a common trigger signal. Figure 3.8 illustrates a

pictorial view of the two signal analyzers, together with the charge amplifiers. The

experiments were also attempted on the grinder alone in the absence of the human hand

by clamping the grinder in a vice-grip. The purpose of such experiments was to study the

grinder vibration in the absence of the human hand. These experiments, however,

revealed poor repeatability due to inadequate clamping of the vice-grip and relatively

large centrifugal forces and moments developed by the grinder. The experiments were

conducted with two adult male subjects. Each experiment was repeated three times.

Grinder

3 "- 2

il

Air supply

Accelerometers

Signal
analyzer

Figure 3.6: Layout of the laboratory experiment.
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Handle

Figure 3.7: A pictorial view of the grinder with accelerometers and string hooks.
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Figure 3.8: A pictorial view of the signal analyzers and charge amplifiers.
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The test matrix included combinations of 4 levels of feed forces (0, 50, 75 and

100 N), 5 levels of rotating unbalance including the balanced disc (0, 76, 295, 402 and

510 gm-mm), 2 levels of balancer (on and off) and two subjects. Tables 3.2 and 3.3

summarize the test variables and test matrix.

Table 3.2: Test Matrix.

Table 3.3: Test Variables.

Feed Force (N)

v Experiment has been conducted along with feed force on both discs.

0, 50, 75, and 100

— _—————
I Variable Values

AUB on I AUB off
" Feed Balanced |Unbalance gm-mm | g . .4 =Unbala=:ce gm-nT_-n-l_
force disc 76 | 295 | 402 | 510 disc 76 | 295 | 402 | 510
ON v v v Iv v v viv
50 N v v v v viv]v]v
75N v v v v e %
100N v viviiv]v v viv]v]v

Mass unbalance gm-mm

0, 76, 295,402, and 510

Subjects S1,S2
Balancer On, Off
Speed rpm 7,500 at 75 psi air pressure
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3.5 Automatic Balancing Unit

Balancing of rotating imbalance varying in time is best accomplished by
autobalancing masses. The type of imbalance can be static, dynamic or a combination of
both. Depending on the design of the autobalancers, continuous or discrete balancing can
be achieved. The discrete balancing usually involves some sort of locking mechanism of
the correction masses (Adolfsson, 1997). The most noticeable system parameter,

regarding continuous balancing, is the rotational speed.

The term auto in autobalancing refers to the fact that it is a passive system, where
no active forces or controllers are applied to move the correction masses. The concept of
autobalancers has been introduced over 80 years ago and the first patent exists from the
1920’s (Agafonov, 1976). Although the use of autobalancers in rotary power tool is not
widespread, there exist many different patents on the subject, mostly regarding the design
of the locking mechanism of the moving correction masses (Adolfsson, 1997). The
limited applications of autobalancers may be attributed to many factors. For example, the
magnitude of forces that move the correction masses to their adequate location are

relatively small compared to the centrifugal forces.

3.5.1 Principle of AUB

Figure 3.9 shows a schematic of the automatic balancing unit, (AUB). As shown
in the Figure, the center of mass ‘Mc’ and the geometrical center ‘G¢’ do not coincide,
wixile the disc is rotating under a mass unbalance. Operating at over-critical speeds, as in
the case of hand-held tools, the disc rotates around its mass center. When the auto
balancer is fitted on the drive spindle, these forces would affect the position of the balls

inside the race or groove within the AUB. In Figure 3.9, F. is the centrifugal force with
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origin at the mass center of the unbalanced disc, and F, is the normal force acting

between the moving masses and the guide within the AUB.

Since the above two forces do not counteract exactly, a resulting force, F;, is
developed making the balls move along the raceway. The balls will stop when a state of
equilibrium is reached, which yields a balanced disc using the masses of the balls. At this
state, ‘Mc’ and ‘Gc’, describing the mass center and geometric center, respectively,
coincide and the magnitude of F. approaches equal and opposite to F,. Balancing usually
takes not more than 100 ms (Nilsagard, 1993). The total balancing capacity of an AUB
depends on the number and the sizes of the balls and the diameter of the raceway. With
imbalance changes during operation, the balls tend to continuously adapt to their
counteracting positions. Low friction between the balls and raceways is therefore
essential for adequate response. The AUB used with the grinder in this study consists of 7
balls with high surface-finish that rotate freely within the raceway. A lubricant of high
viscosity is also used in the AUB to overcome the friction between the balls and the
runway path. Only a few reported studies have been found in the literature, which on the
basis of measured data have established that the use of an AUB can reduce the

magnitudes of HTV considerably (Nilsagard, 1993; Lindell, 1993).

3.6 Data Analysis

The important factors that greatly affect the human exposure to hand-transmitted
vibration in a working environment include: (i) the frequency components of vibration;
(ii) the magnitudes of vibration; (iii) the duration of exposure in a working day; and (iv)

the cumulative exposure to date. Some other factors, which may influence the effects of
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Before balancing After balancing

Figure 3.9: Orientations of the moving masses in the race of the AUB unit (Nilsagard,
1993).

vibration exposure, are the direction of vibration transmitted to the hand, the method of
working and operator’s skill, the individual’s age and health, and feed and grip forces
imparted on the tool. The current standards on hand-arm vibration provide guidelines to
the measurement and assessment of the severity of vibration in the immediate vicinity of
the hand (ISO-5349-1, 2001; ANSI, and ACGIH, and NIOSH, 1989). This is based upon
the findings of the epidemiological studies that provided dose-response relationship to
describe the risk of VWF as a function of the vibration measured on the handle near the
hands. The current standard proposed by [SO recommends that the vibration be measured
and analyzed in the 5-1500 Hz frequency range (ISO-5349-1, 2001). All of the reported
standards recommend the use of rms acceleration to characterize the magnitude of HTV.
The ISO-5349-1 (2001) provides a frequency weighting function to derive the overall
frequency weighted rms acceleration. Figure 3.10 illustrates the frequency variation of

the recommended weighting function.
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The measured data in this study are analyzed to derive the rms acceleration
spectra in the 1/3-ocatve frequency bands to study the dominant frequency contents of the

HTV. The overall unweighted rms accelerations are computed from:

(3.1

where a(f;) is the vector sum of the three components of rms accelerations along x, y,
and z directions corresponding to the center frequency of the irh 1/3-octave band.
Further, a s is the overall unweighted rms acceleration, and N is the number of third-
octave bands considered.

The recommended frequency-weighting filter is applied to determine the

frequency-weighted rms accelerations along the three-axes. The effective magnitude of

the frequency-weighted acceleration is computed from:

N 2
— 2aw(fy (3-2)

i=1

where a,, is the frequency-weighted rms acceleration derived from the weighting-
function corresponding to center frequency f; of the ith third-octave band, and @,
is the overall frequency-weighted rms acceleration due to HTV in m/s”.

When evaluation of exposure to hand-transmitted vibration is carried out in
accordance with (ISO 5349, 1986), the following information must be available: (i) the
total value of vibration for each operation as determined from the effective frequency-
weighting magnitude in Equation (3.2); (ii) the daily vibration exposure; (iii) the location

and orientation of the transducers; (iv) the total daily duration for each operation; (v) the
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power tools, inserted tools and/or work pieces involved; (vi) the subject of the exposure

evaluation; and (vii) the operations causing exposures to vibration.
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Figure 3.10: Frequency variation of the weighting function recommended in (ISO-5349-
1,2001).

3.6.1 Daily Vibration Exposure and Assessment

Vibration exposure is dependent on the magnitude of the vibration and on the
duration of the exposure. Daily exposure duration is the total time for which the hands are
exposed to vibration during a working day. The exposure duration may be shorter than
the time for which the person is working with the power tools or work pieces. It is
important to base estimates of total daily exposure duration on appropriate representative
sample for various operating conditions, and durations and their intermittency. Daily
vibration exposure is derived from the magnitude of the vibration (vibration total value)
(ISO-5349-1, 2001) and the daily exposure duration. In order to facilitate comparison

between daily exposures of different durations, the daily exposure shall be expressed in
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terms of the 8-h energy-equivalent frequency-weighted vibration total value, A(8), which

is computed from:

T
A(8)=arms_$vJT: (3.3)

where T is the total daily duration of exposure to vibration a,,s ,, and T, is the
reference duration of 8 h (28,800 sec).

In the event that the total daily vibration exposure consists of several intermittent

operations with different vibration magnitudes, the daily vibration exposure, A(8), is

obtained from:

1 & »
A(8)= T_Z arms_wiTi (3.4)

oi=]

where a,,,,; . is the frequency weighted vibration total for the it/ operation, n is the

number of individual vibration exposures, and T; is the duration of the ith operation. In

this study the measured data is analyzed to derive the 8-hour equivalent energy, A(8), for
assessment of severity of vibration exposure. The standard further provides a dose-
response relationship relating the 8-hour equivalent value to the number of years of
exposure over which 10% of the population may acquire VWF. The computed values of
A(8) are therefore used to assess the risk as a function of the mass unbalance. It is
essential to note that no attempts were made to study the inter-subject variability due to
small subject sample. The repeatability of the measured data, however, was examined for

selected experiments. The measured data for each experiment is analyzed to derive rms
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acceleration spectra, and overall unweighted and frequency-weighted rms acceleration,
using Equations (3.1) and (3.2). The data acquired during the three trials are analyzed to
examine the mean and standard deviations for each subject. The data revealed relatively
large values of coefficients of variation for both subjects. These values were similar to
those reported in the literature and could be attributed to an array of operating factors,
such as variations in the hand-arm posture, variations in hand positions on the handles,

and variations in the orientation of the tool and the hands.

It is known that on most power tools, the vibration entering the hand contains
contributions from all three-measurement directions. It is assumed that vibration in each
of the three directions is equally detrimental. The evaluation of vibration exposure is

based on the vibration total value or the vector sum, a,, is defined as the root-sum-of-

squares of the three component values:

a, =\/( a%-{-a_% +a‘Z‘ ) (3.5)

where a;is the root-mean-square (r.m.s) single axis acceleration value of the hand-

transmitted vibration, in m/s” along the direction i. i=x, y,z. The assessment of severity
of vibration, however is based upon the total value of the frequency weighted

acceleration (ISO 5349-1, 2001), given by:

2 o) 2
ayy =\/( Ayetai y+as,:) (3.6)
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Figures 3.11 to 3.14 illustrates a comparison of the rms acceleration spectra of the
vibration measured during three independent trials with one subject under a feed force of
50 N and different values of mass unbalance with the AUB. The figures illustrate the
intra-subject variability, as an example, from the three trials of measurements along the x,
y, and z directions. The three trials are designated as x1I, x2, and x3, respectively, for the
x-direction. The results show reasonably good repeatability in the majority of the
measurements. The large variations in the rms acceleration response can be seen by
comparing Figure 3.11, which represents a mass unbalance of 76 gm-mm and Figure
3.14, which represents a mass unbalance of 510 gm-mm. The dominant frequency was
around 125 Hz. The measured data reveals that the mass unbalances of 295 and 402 gm-
mm, imparts considerably higher levels of vibration along the x-axis when compared to
that along the y and z axes as shown in Figures 3.12 and 3.13. The magnitude of vibration
corresponding to the fundamental frequency of [25Hz along all the directions tends to
increase with increase in the mass unbalance. The lowest rms accelerations are observed

to occur along the z-axis, which is along the human hand-arm system.

The intra-subject variability is further assessed in terms of mean and standard
deviations of the rms accelerations corresponding to each third-octave frequency bands.
Figures 3.15 through 3.18, illustrate the standard deviations of measurements for both
subjects for the four values of mass unbalance, when the automatic balancer is on. Each
of the following figures represent the standard deviation of the data obtained along the
three axes, X, y, and z through the three trials of each experiment. The standard deviation
of the measurements in general is low in view of the high magnitude mean values, which

suggest good repeatability of the measurements.



100.0

—— Xl e X2 eeeees X3 X
)
E
e 100
-]
° 7
]
e 10 #
@
E
-
0.1
100.0
1'% IS, Y3 Y
'
K
E
< 100
2
g
2
3 .
8 10 Va
a
€
-
0.1
100.0
— e e 22 ceeuens 3 z
<«
@
E
c 100
-]
® ™
K
1]
8
a 10
a
€
-
0.1 L
6 10 16 25 40 63 100 160 250 400 630 1000 1600 2500
Center Frequency (Hz)

Figure 3.11: The rms acceleration spectra of measured vibration during three trials (mass
unbalance = 76 gm-mm; Feed force = 50 N).
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Figure 3.12: The rms acceleration spectra of measured vibration during three trials (mass
unbalance = 295 gm-mm; Feed force = 50 N).
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Figure 3.13: The rms acceleration spectra of measured vibration during three trials (mass
unbalance = 402 gm-mm; Feed force = 50 N).
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Figure 3.14: The rms acceleration spectra of measured vibration during three trials

(mass unbalance = 510 gm-mm; Feed force = 50 N).
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Figure 3.15: Standard deviation of the rms acceleration attained during three trials
corresponding to each third-octave band center frequency (mass unbalance = 76 gm-mm
unbalance; Feed force = 100 N).

67



20
Xeeee¥ooooon. Z S1

1.6

1.2

0.8

Standard deviation

04

0.0

20

1.6

0.8

Standard deviation

04

w———

0.0 & =2y . . ' .
6 10 16 25 40 63 100 160 250 400 630 1000 1600 2500

Center Frequency (Hz)

Figure 3.16: Standard deviation of the rms acceleration attained during three trials
corresponding to each third-octave band center frequency (mass unbalance = 295 gm-mm
unbalance; Feed force = 100 N).
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Figure 3.17: Standard deviation of the rms acceleration attained during three trials
corresponding to each third-octave band center frequency (mass unbalance = 402 gm-
mm; Feed force = 100 N).
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Figure 3.18: Standard deviation of the rms acceleration attained during three trials
corresponding to each third-octave band center frequency (mass unbalance = 510 gm-
mm; Feed force = 100 N).
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3.7 Results and Discussion

The measured data are initially evaluated to study the effects of variations in the
feed force and the mass unbalance. Figure 3.19 to 3.24 illustrates the mean spectra of rms
accelerations measured along the x, y, and z-axes, respectively, for both subjects, as
functions of the 4 levels of the feed force. The results are shown for 76, 295, 402, 510
gm-mm of mass unbalance, in the presence of the auto-balancer. The results show that
the rms accelerations along the three-axes are predominant in the 100-125 Hz bands,
which correspond to the rotating speed of 7500 rpm of the grinding wheel. The effects of
mass-unbalance and feed force on the spectra of measured accelerations are discussed

below.

3.7.1 Variation in the Feed Force

The results presented in Figures 3.19 through 3.24, in general, suggest minimal
influence of variations in the feed force. The rotational speed of the grinder during
operation was 7500 rpm (785 rad/sec). The spectra of measured vibration reveal
dominant peak in the 125 Hz frequency band, imrespective of the direction of
measurement and the feed force. The spectra also exhibit additional peaks at considerably
higher frequencies. In general the variations in the feed force could alter the cutting force
and thus the vibration. The variations in the feed force considered in this study, do not
influence the rotor response vastly in all the three axes, which could be attributed to the
absence of the cutting forces. The vibration response is observed to be the highest along
the x-axis. The magnitudes of vibration tend to increase with increase in the unbalance.

The spectra also exhibit two distinct peaks, likely to appear around 120 Hz, and 630 Hz.
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Figure 3.19: Mean spectra of rms acceleration measured along the three axes (S1; mass
unbalance = 76 gm-mm; AUB on).
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Figure 3.20: Mean spectra of rms acceleration measured along the three axes (S2; mass
unbalance = 76 gm-mm; AUB on).
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Figure 3.21: Mean Spectra of rms acceleration at measured along the three axes (S1;

mass unbalance = 402 gm-mm; AUB on).
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Figure 3.22: Mean Spectra of rms acceleration measured along the three axes (S2; mass
unbalance = 402 gm-mm; AUB on).
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Figure 3.23: Mean Spectra of rms acceleration measured along the three axes (S1; mass
unbalance = 510 gm-mm; AUB on)
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Figure 3.24: Mean Spectra of rms acceleration measured along the three axes (S2; mass
unbalance = 510 gm-mm; AUB on)
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3.7.2 Variation in mass-unbalance

Figures 3.25 and 3.26 illustrate the rms spectra of the measured accelerations
along the x, y and z-axes as a function of the mass unbalance. The magnitudes of mass
unbalance are indicated as ‘Ul’, ‘U2’, *U3’, ‘U4’, respectively, representing mass
unbalances of 76, 295, 402, and 510 gm-mm. The results are shown for 0 N and 100 N
feed forces in conjunction with the autobalancer unit. The results show that the mass
unbalance contributes considerably to the rms acceleration corresponding to the third-
octave band centered at 125 Hz. The magnitude of rms acceleration in this band increases
significantly as the mass-unbalance increases from Ul=76 gm-mm to U2=295 gm-mm,
irrespective of the axis of vibration and the feed force. The rms acceleration along the x-
axis, however, does not vary significantly as the mass unbalance is further increased. The
most significant variations in the rms acceleration with increasing mass-unbalance are
observed to occur along the y-axis. The influence of mass unbalance on the rms
acceleration response in the higher frequency bands is observed to be relatively
insignificant, which may be attributed to the presence of the autobalancer.

Figures 3.27 and 3.28 illustrate the mean acceleration spectra measured in the
absence of the autobalancer for 0 N and 100 N feed forces. A comparison of these results
with those presented in Figures 3.25 and 3.26 clearly illustrates the effectiveness of the
autobalancer in the higher frequency bands. The magnitudes of rms accelerations tend to
be significantly higher in the absence of the autobalancer. The influence of the mass-
unbalance of the transmitted vibration in the vicinity of the 125 Hz band is similar to that

observed in Figures 3.25 and 3.26, while the magnitudes are considerably higher.
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Overall resultant rms accelerations are further computed for different values of
mass unbalance using Equation (3.5). Figures 3.29(a) and (b) illustrates the overall rms
accelerations due to transmitted vibration for both subjects at feed force of 100 N and for
different unbalance masses with and without AUB unit. The rms acceleration for subject
1 range from 14.996 to 31.432 m/s” for the balanced disc and the mass unbalance 510
gm-mm with the AUB ‘on’. The rms acceleration for the same subject while the AUB is
‘off’ revealed a considerable increase in the rms acceleration from 65.810 to 508.951
m/s>. For subject 2, the rms acceleration range from 24.190 to 32.828 m/s> when the
AUB is ‘on’, while for the AUB ‘off’ the values is from 66.371 to 305.254 m/s”. Figures
3.30(a) and (b) illustrate the overall weighted rms accelerations due to transmitted
vibration with and without the balancer for both subjects. As evident from the results, the
overall rms acceleration increase considerably with increasing mass unbalances. The
presence of an autobalancer tends to suppress the magnitudes of transmitted vibration
significantly, irrespective of the mass-unbalance. The effectiveness of the balancer is
more pronounced for higher degree of mass unbalance. Comparing the balanced disc with
the mass unbalance Ul, the vibration response did not affect adversely. Figure 3.30(a)
the weighted rms acceleration range from 0.913 to 2.827 m/s for the balanced disc and
mass unbalance Ul when the AUB is ‘on’. The corresponding values for the same subject
ranges from 1.733 to 19.297 m/s® when the AUB is ‘off’. In Figure 3.27 the rms
acceleration occurred at 175 Hz instead of 125 Hz, this is due to the air pressure increase

while conducting the experiments.

79



100.0
Ul e lU2 ceeeee U3 =c=-- U4 X
")
E 100
(=4
0
t
[}
[
3
Q
H
5 10
E
Y
0.1
100.0
Y
&
£
~ 10.0
[~4
8
k-4
1]
9
Q
Q
p
g 10
E
-
0.1
100.0
ya
&
K
E 100
[
S
=
(-]
9
[]
Q
H
5 10
E
-
0.1

6 10 16 25 40 63 100 160 250 400 630 1000 1600 2500
Center frequency (Hz)

Figure 3.25: Mean rms acceleration response as a function of the mass unbalance (Feed
force = 0 N; AUB on).
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Figure 3.26: Mean rms acceleration response as a function of the mass unbalance (Feed
force = 100 N; AUB on).
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Figure 3.27: Mean rms acceleration response as a function of the mass unbalance (Feed
force = 0 N; AUB off).
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Figure 3.29.b: Influence of mass unbalance on the mean overall rms acceleration (Feed
force = 100 N)
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3.7.3 Effect of Automatic Balancer

Figure 3.31 further shows the effect of the automatic balancing unit on the
magnitudes of the transmitted vibration for the highest mass unbalance of 510 gm-mm
and 100 N feed force for the subject 1. The results are presented in terms of overall rms
accelerations along x, y, and z-axis, and the resultant overall rms acceleration computed
using Equation (3.5). It is evident that the presence of an AUB reduces the magnitudes of
transmitted vibration to half of its original value. Figure 3.32 shows the same results
obtained with subject S2. The Figure shows that the AUB reduces the vibration from
234.16 m/s® to 22.547 m/s> along the x-axis, from 153.852 m/s” to 17.437 m/s” along the
y-axis and 121.157 m/s® to 16.286 m/s* along the z-axis. The resultant rms acceleration

can be reduced from 305.254 m/s” to approximately 32.828 m/s".
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Figure 3.31: Influence of autobalancer on the overall rms accelerations due to transmitted
vibration (mass unbalance = 510 gm-mm; Feed force = 100 N).
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Figure 3.32: Influence of autobalancer on the overall rms accelerations due to transmitted
vibration (mass unbalance = 510gm-mm; Feed force = 100 N).

3.7.4 Eight Hour Energy Equivalent and Assessment of Transmitted Vibration

There have been attempts to estimate the vibration exposure that would produce
finger blanching in groups of persons performing equivalent work involving similar tools,
or industrial processes. Table 3.4 shows the daily vibration exposure, A(8), which may
be expected to produce episodes of finger blanching in 10% of population for persons

exposed for a given number of years D, (ISO 5349-1, 2001). The international standard,

ISO-5349, utilizes the concept of equal energy. A complex exposure pattern of any
duration during a day can be evaluated in terms of an equivalent value for an exposure of

eight hours. The recent revision of the standard suggests the use of 8-hour equivalent
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energy instead of 4 hours as it was stated previously in its previous version (ISO-5349,

1986).

The current standard provides guidelines for assessment of HTV based upon the

expected occurrence of finger blanching or VWF. A relation between the years of

exposure D, , the eight-hour energy equivalent frequency weighted acceleration A(8),

and the predicted prevalence of finger blanching has been proposed in the standard;
A@®)*D, T
C=100 ——= 3.7)
95

The factor C in the above equation refers to the percentage of population that
could be affected by finger blanching. The British standard (BS-6842, 1987) and (ISO-
5349-1, 2001) further provide a relationship between exposure time before blanching
could occur and the 8-hour equivalent acceleration in m/s’ for predicted prevalence of
10%. The eight hour equivalent energy is computed using Equations (3.3) or (3.4). The
number of years of exposure that could cause finger blanching among C % of population
may thus be derived from

C 95
*

- | = 3.8
Y Y100 A®8) (3-8)

The number of years of exposure that could cause finger blanching among 10% of

30.04 . The relationship in Equation

population may thus be simply derived from D, =

(3.8) does not predict the risk of finger blanching occurring in any particular individual

within the group.
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Table 3.4: Values of the 8-hour equivalent energy A(8) that may produce finger
blanching in 10% of the population exposed to vibration for a given number of years D,

(ISO-5349-1, 2001)

D,, Years ll 1 2 4 8
A(8), m/s? I 26 14 7 3.7

The measured data are analyzed to compute the eight-hour energy equivalent,
A(8), using Equation (3.3) assuming daily exposure durations of 240 minutes. Figure
3.33 illustrates the eight-hour equivalent due to vibration measured for the two subjects
corresponding to O N feed force. The results are computed for different values of mass
unbalance and with and without the balancer. Figure 3.33 shows the eight-hour energy
equivalent value from the experimental data for both subjects at 0 N feed force and for
the balanced disc and the four values of mass unbalance with and without the AUB unit
installed. The figures show a significant reduction in the A(8) values when the AUB unit
is ‘on’. The values of A(8) vary between 0.645 and 1.999 m/s* for the AUB ‘on’,
depending upon the magnitude of the mass unbalance for subject 1. The corresponding
values of the eight-hour equivalent energy without the autobalancer range from 1.225 to
13.645 m/s>. The values of A(8) vary between 0.749 and 1.985 m/s” for the AUB ‘on’,
depending upon the magnitude of the mass unbalance for subject 2. The corresponding
values of the eight-hour equivalent energy without the autobalancer range from 2.058 to
10.67 m/s>. The use of an automatic balancer can help reduce the transmitted vibration to
nearly 17%. The inter-subject variation in Figure 3.33 reveals that subject 1 experienced

higher values of A(8) around 13.645 m/s” compared to 10.67 m/s? for subject 2.
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Table 3.5: Eight-hour equivalent energy and number of exposure years for 10%

prevalence of VWF (Subject 2, Balancer On).

Overall rms acceleration || |
" Mass unbalance gm- mys’ A(8) D, (Years);
mm m/s” C=10%
Qs Apms _w
I L L
I 0 24.190 1.060 0.749__ 43.139
76 25.424 1.009 0.713 45.468
I 295 28.561 2.093 1.480 20.986
402 30.765 2.219 1.569 19.721
510 32.828 2.808 1.985 15.367

Table 3.6: Eight-hour equivalent energy and number of exposure years for 10%

——————

Overall rms acceleration

prevalence of VWF (Subject 2, Balancer Off).

I
!

Mass unbalance gm- ms® A(8) D, (Years);
mm m/s” C=10%
Arms ‘ Arms _w
I'——-_—l__ — —— —
0 66.371 2911 2.058 14.793
76 97.076 3.255 2.302 13.139
295 159.982 7.360 5.204 5.533
402 289.033 11.333 8.014 3.748
510 305.254 15.097 10.675 2.814




The results obtained from the measurements are further analyzed to compute the
8-hour equivalent energy and number of years of exposure for predicted 10% prevalence
of finger blanching. The results obtained for varying magnitudes of mass unbalance with
and without balancer are presented in Tables 3.5 and 3.6. Owing to negligible influence
of the feed force, results represent the mean values obtained for all the feed forces
considered in the analysis. Tables 3.5 and 3.6 summarize the overall unweighted and
frequency-weighted rms accelerations, eight-hour energy equivalent value and the
number of years of exposure before the symptoms of VWF could be observed in the 10%
of the exposed workers. The two tables represent the mean values for the tool vibration
with and without the balancer, respectively, attained for subject 1. The results suggest
that the increased mass-unbalance could considerably reduce the number of years of
exposure for the symptoms to appear in the 10% of the exposed population. The addition
of the automatic balancer tends to suppress the adverse effects of the rotating mass
unbalance. Figure 3.34 shows the plot for the eight-hour energy equivalent and the
corresponding number of years for the symptoms to appear in the 10% of the operators.
The figure shows the duration of vibration exposure in number of years as a function of
the 8-hour equivalent energy A(8), as described in ISO 5349-1, (2001). The figure
indicates the severity of exposure to the measured hand-transmitted vibration
corresponding to different mass unbalances in the absence of an automatic balancer. The
results obtained with the automatic balancer suggest that the number of years of exposure
is well above 13 years. Figure 3.34 shows the results obtained from the practical
experiments and presented in Table 3.6 on the eight-hour energy equivalent chart. The

results that fall within the chart range are plotted.
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3.8 Summary

The results of the experimental investigations are reported in this chapter. The
results show that the feed force does not have a significant effect on the rms acceleration
values due to hand-transmitted vibration. However, it must be noted that the feed force
simulated in the experiment acts only on the hand and does not affect the cutting forces.
The mass unbalances; however, affect the magnitude of hand-transmitted vibration quite
significantly. A simple analytical model of the grinder, represented by a disc on a rigid
shaft, is developed in the next chapter in order to obtain an insight into the response of
the hand-arm power tool system subject to rotary unbalance excitation. Measurements
performed with two subjects revealed considerable deviations, the inter-subject
variability was observed to be relatively low. The measured data are analyzed in terms of
unweighted and frequency weighted overall rms accelerations, eight-hour energy
equivalent and number of years of exposure before the symptoms could occur in 10% of
the population. The results clearly suggest that the use of an automatic balancer could
counter the adverse effects of mass-unbalance, thereby could enhance the safety of the

hand-held grinder, and reduce the vibration transmitted to the hand of the operator.
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Chapter 4

Development of the Hand-Grinder Model

4.1 Introduction

The characteristics of the hand-transmitted vibration are mainly dependant upon
the type of power tool and nature of the task performed by the operators. The vibration
characteristics of various tools, measured at the handle, have been reported in the
literature (Reynolds, 1982; Radwin, 1985, 1990). A study of the reported data shows that
the handle vibration characteristics of different tools are considerably different (Rakheja
et al., 2002a). The assessment of severity of hand-transmitted vibration necessitates

appropriate consideration of vibration characteristics of specific tools.

Grinding machines are one of the primary tools used in the industry, and may lead
to VWF over years of occupational use, as evident from the previous chapter. Especially
the workers in the welding and foundry industry are subjected to high risk of vibration
injuries due to long exposure times and high vibration levels transmitted to the workers’
hands. The residual unbalance in the grinding wheel is one of the primary causes of high
magnitudes of HTV. The unbalance also changes as the grinding wheel wears during
grinding. Automatic balancing device has been developed to reduce the magnitude of

HTV (Agafonov, 1976; Lindell, 1996; Rajalingham et al., 1998).

A simple model of the hand-held grinder is developed using the theory presented
in chapter 2 to study the vibration behavior of the grinder in the presence of a mass
unbalance. The hand-grinder model consists of the grinder represented by a cantilevered

rotor supported on two bearings, the tool body that includes the rigidly connected handle,
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and a single degree-of-freedom representation of the human hand. The bearings are
characterized by linear stiffness and damping elements. The axis system, which is used in
defining the motion of the tool, is the basicentric system, where z-axis is along the human

hand and arm and y-axis along the handle of the tool.

4.2 Hand-Grinder Model

The vibration characteristics of hand-held grinders have been extensively
measured in the laboratory and the field for the purposes of assessment in relation to the
vibration exposure of the human hand-arm (Lindell, 1996, ISO-8662-4, 1994). No
attempts, however, have been reported on the analytical modeling of such grinders. An
analytical model and its analysis could yield significant insight into many desirable
design features and vibration isolation mechanisms to reduce the severity of HT'V. The
lack of efforts in the modeling and analysis is most likely attributed to the complexities
involving characterization of highly complex cutting forces and torques, uneven wear of
the grinding discs, non-uniform distributions of the cutting forces, varying degree of
mass-unbalance during a grinding task, nonlinear properties of bearings, structural
flexibility of the grinding wheel and the spindle, etc. While the characterization of cutting
forces is quite complex, the role of mass-unbalance alone on the grinder vibration can be

investigated using a simple model.

In this study, a simple mathematical model is developed for the coupled hand-
grinder system in order to study its vibration behaviour due to mass unbalance. The
contributions due to flexibility of the disc and spindle are neglected in the model. Such
contributions are evident from the measured data presented in chapter 3. While the

measured data, invariably, reveal dominant responses near frequencies corresponding to
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the angular speed of the disc, considerable vibration magnitudes are also evident at higher
frequencies. These high frequency components are mostly attributed to the flexibility of
the shaft-rotor system and nonlinear properties of the bearings. The proposed simplified
model, however, could predict the behaviour due to mass unbalance in the vicinity of
frequencies corresponding to the angular speed, and is thus considered as a preliminary
attempt in deriving an analytical model of the grinder. Furthermore, no attempts are made
to compare the simulation results with the measured data due to extreme simplicity of the
model. The rotor and shaft assembly is represented by a rigid rotor supported on a
cantilever shaft, which is also considered to be rigid. The tool body together with the
handles is considered as a rigid body with two-degrees-of-freedom along the y and z-
axes, while the motion along the x-axis is not considered in the plane model. Each
bearing is represented by a parallel combination of a linear spring and a viscous damper
connecting the shaft to the tool body. Representative values for the bearing stiffness were
taken from published literature on bearings employed in similar applications (Tiwari,
2000; Gargiulo, 1980; Tamura, 1985). The values for the damping coefficients were
adjusted to realize response magnitudes comparable with those attained from the

measurements.

A large number of lumped-parameter models of the hand-arm system have been
proposed on the basis of measured driving-point mechanical impedance of the human
hand arm. These models range from single to four-degrees-of-freedom models with linear
stiffness and damping elements. The properties of the reported models have been
compared in a recent study with one of the objective being the identification of a suitable

model for applications in the hand-tool system modeling (Rakheja et al., 2002c). The
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study concluded that none of the reported models is suited for such applications primarily
due to very low stiffness of some of the spring elements. A single-degree-of-freedom
hand-arm model is implemented to the tool model to represent the visco-elastic hand-

handle contact and the hand-arm mass my, . An identical model of the hand-arm system is

employed along both axes of vibration, z and y-axes. The damping and stiffness of the

human hand are obtained from the earlier studies on hand-arm vibration (Radwin, 1985).

Figure 4.1a illustrates the analytical model of the coupled hand-tool model in the
z-axis. Identical bearing properties and hand-arm models are also considered in the y-axis

as shown in Figure 4.1b. The disc is represented by its mass m; and mass moment of

inertia /,. Ky and Kj, represent the constant spring rates due to lower and upper

bearings, respectively, and Cp; and Cj, are their respective damping coefficients. The
tool housing together with the handles is represented by a lumped mass m, , while m;,
represents the hand-arm mass. K and Cj, are the stiffness and damping coefficients of
hand in contact with the tool body, and K, and Cj,» are the coefficients of the hand-

arm system. The gyroscopic effect is not considered in this model because of its

insignificant effect.

4.3 Equations of motion for the Model

The equations of motion of the coupled hand-tool system are derived along the z
and y-axes, considering four-degrees-of-freedom along each axis. These include the

motion of the tool body ( y3,z3), motion of hand-arm mass ( y4, 24 ), translational motion

of the disc ( y,4, z,4 ) and rotational motions of the disc ( p.a).
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4.3.1 Equations of motion along the z-axis
The centroidal motion of the grinding wheel can be related to the motions of the

shaft in the vicinity of the bearings support, such that:

g =7 +al
where z, is the centroidal motion of the disc and « is the angular motion of the shaft-

disc assembly, as shown in Figure 4.1.a. The translation of the shaft in the vicinity of the

upper bearing support can be expressed as:

=z —ad
Consequently, the rotation of the shaft-wheel assembly is described by the parameter a

as:

d

1 —3I2
o= 1 2

d

Time differentiation of the above equations yields the following expressions for the

acceleration of the disc:

Let m, represent the mass-unbalance of the grinding wheel with an eccentricity e, such
that the total mass of the shaft-disc assembly is mg =my +m, . The equation of motion

for the translational motion of the assembly may thus be derived as:

4 ='—[—2Cb[ id +2cblla +2Cb123 —2Cb2 id +2cb2(l+d)a+ 26‘[)2:3 _2kbl ld
mr

-
+2kblla+2kbl:3 _2kb2 Zd +2kb2(l +d)a+2kb2:3 +m, ew” cosawt]

100
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The equation of motion describing the rotational motion of the disc is derived as:

L1 . . . .
& =——[~2cp lzg + 20y 12 G+2cp L33 -2cpaU+d)ig +2cpr (1 +d)> @ +2cpr (I +d) 25
P

—2kbl l:d +2kb112 a+2kbllz3 _2kb2 (l+d) d +2kb2 (l+d)2 a +2kb2 (1 +d):3 ] (42)

The equations of motion describing the motions of the tool body (z3) and the hand-arm

mass (z4) are derived in a similar manner and given by:

I

2':3 =;b—[—'2cbl id +2Cblld +2Cb12:_3 - .?.Cbz id +2Cb2 ([ +d)a + 2cb253 —Zkb[ Id +2kblla
+2kp123—2kpsy zg + 2kpa (I + d)a + 2kppz3 —cpy 33 +oply —kp 23 +hp2y) (4.3)
. | ] ) )
i =—m, [~cnizs +enzs —kniza +kpzs —cna fy —kpa 4] (4.4)
1

4.3.2 Equations of motion along the y-axis

The centroidal motion of the disc along the y-axis is related to its rotation about

the x-axis, f:

Ya=n+B1
where y; =y, +fd, is the motion of the shaft in the vicinity of lower bearing support.
The time differentiation of the above yields following expressions for the accelerations;

= S T Y
=== '2:and.vd=.v1+—"; -2

ﬁ=,

(S8

Considering an unbalance mass rm, with an eccentricity of e, the equations of motion

describing the motions of disc, tool body and hand-arm mass along the y-axis are

described as follows:
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Va =m—[—2cbl Ya +2cplf +2cp¥3-2¢pp Yq +2cpp (U +d) B+2chr y3—2kpy V4
T

+2kplB+2kp v3 —2kpa Vg +2kpa (L +d) B+2kpay3 +m, ew” sinwt] (4.5)

" 1 . . N .
ﬂ =[—'[—2Cbl ljld +2Cb[ 12 ,3+2Cb[ l_V3 —2Cb2(1+d) yd +2Cb2(l+d)2 ﬂ+2Cb2(l+d)_\.l3
p

-2kbl ’.Vd +2kbl12 ﬂ+2kbl I_V3 —2kb2(1+d) Ya +2kb2 (l+d) 2ﬂ+2kb2(1+d) _V3] (4.6)

V3 =@[—2Cb1 Vg +2cplB +2cp1¥3 —2cpa g +2cp U+ d)B +2cpn 33 = 2kp1vg + 2k lB

+2kpv3 —2kpa vy +2kpa (U +d) B+ 2kppy3 —Cp V3 +Cp vy —kpys +kp vyl 4.7)

. 1 ) ] 3
¥4 =——l-cnis —cha V4 +cny3 —kpvs —kp va +kp v | (4.8)

m h

Equations (4.1) to (4.8) describe the motions of the coupled hand-tool system
along the y and z-axes in the presence of a mass unbalance. It should be noted that the
model does not allow for consideration of feed force, since it would necessitate

identification of hand-arm model parameters corresponding to a selected feed force.

4.4 Model Parameters

The spindle is supported by two different ball bearings. The lower bearing located
at point m on the shaft (Figure 4.1a) is larger than the upper bearing located at point n.
The stiffness of such models of bearings can be taken in the order of 10’ N/m (Tiwari et
al., 2000). Table 4.1 shows the specifications of these bearings. The geometric and
inertial parameters of the tool were measured for the selected tool and summarized in

Table 4.2. The table also lists the hand-arm model parameters.
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Table 4.1: Specifications for the ball bearings of the tool.

e ——

IBasic Bore Outer I
Bearing No. | diameter* diameter* Radius No. of Balls

609; upper 9 24 7 0.3

6002; lower 15 32 9 0.3

* millimeter

Table 4.2: Geometric and inertial properties of the hand-tool model.

Parameter T Parameter Value
d 86.28*10° m Ky 1*10° N/m
¢ 20.82*%10° m Kj» 3.8%10° N/m
I, 6.0938*10™ kg.m* Kp = Kpo 6.2*10" N/m
Cp1= Cpa 2*10° Ns/m my, 1.8 kg
Cp1= Cp2 2*10* Ns/m my, 4.5kg
my 300%10~ kg ]

4.5 Simulation Results and Discussions

4.5.1 System Natural Frequencies and Damping Ratios

Table 4.3 shows the natural frequencies for the hand-tool model, for undamped
case. The two highest undamped natural frequencies correspond to the case when the tool
motion is predominant and the lowest two natural frequencies correspond to the case
when the predominant motion is in the hand. The equations of motion for the coupled
hand-tool system are solved under different magnitudes of mass unbalance and different
values of rotational speed. Four different values of mass unbalance are considered as
described in the previous chapter, and these are designated as ‘Ul’, ‘U2, ‘U3’, and "U4’

representing mass unbalance of 76, 295, 402, 510 gm-mm. The simulations are
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performed at different angular speeds ranging from 1000 rpm to the maximum speed of

12000 rpm. The responses of the disc, tool body and the hand mass are evaluated in terms

of rms accelerations.

Table 4.3: Undamped system natural frequencies.

n w, *10*
1 +5.5682
" 2 +1.4963
3 +0.1100
4 00575 |

It needs to be noted that the rms acceleration response of the tool body would
characterize the vibration transmitted to the hand since the handles are attached rigidly to
the body. This rms acceleration response would be required for assessment using the
[SO-5349-1 (2001) guidelines. The rms acceleration response of the hand mass, however,
would be of little significance, since the model used in this study does not represent the
biomechanical character of the hand-arm system. It should also be noted that addition of
vibration isolation and protective devices, such as elastic handle grips and anti-vibrations
gloves, would affect the nature of hand-transmitted vibration. The presence of gloves

would alter the visco-elastic properties of the hand-tool body interface.

The vibration behavior of the tool could be altered by the damping properties of
the bearings, inertial properties of the tool body, and visco-elastic properties of the hand-
handle interface. An increase in the tool body may yield lower vibration (Rakheja et al.,
2002b), but a heavier tool would be undesirable. The influence of variations in the inertial

properties is thus not attempted in this study. The effect of damping properties of the
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bearings and those of the hand-handle interface on the nature of transmitted vibration is
investigated by varying the damping parameters in a systematic manner. The variations in
the stiffness properties of the hand-handle interface are also not attempted, as these would

directly deteriorate the dexterity.

4.5.2 Effect of Variations in the Bearing Damping
The influence of damping properties of the bearings on the magnitudes of
transmitted vibration is investigated by varying the viscous damping coefficients due to

both bearings. The bearing damping coefficients C;, were varied in steps of 10% of the

nominal values of 2*10° Ns/m, while the range was limited to £20 %. Owing to the
simplicity of the model and consideration of symmetric properties in y and z-axes, the
model simulations yield similar responses along both axes. The responses along the z-
axis alone are presented as a function of the rotational speed in the 1000-12000 rpm
range. The simulation results yield nearly harmonic response at the frequency

corresponding to the angular speed. The acceleration responses of the tool body (Z3),
hand mass (Z4) and the disc (Z,) are expressed in terms of the rms accelerations, and

presented in Figure 4.2.a, b, and c for different values of mass unbalance and nominal
values of the bearing damping coefficients. The results show that the magnitudes of
vibration transmitted to the tool body and the hand mass increases with increasing
rotational speed and the mass unbalance, which can be directly attributed to the excitation
due to mass unbalance. The figures also suggest that the visco-elastic properties of the
hand-handle interface tend to reduce the vibration of the hand mass considerably. Since
there are no system natural frequencies in the speed range of the tool (0-12000 rpm) as

shown in Table 4.3, the unbalance response shows a monotonically increasing trend.
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Figures 4.3 to 4.6 illustrate the tool body and hand-mass responses as function of
the unbalance and the angular speed corresponding to +10%, +20%, -10%, and -20%
variations in the bearing damping, respectively. In all cases, the acceleration responses
increase monotonically with the rotational speed, irrespective of the damping coefficient
values and the mass-unbalance. Most importantly, the results show insignificant influence
of the variations in the bearing damping coefficients. The system damping is expected to
have most notable influence on the resonant response. Considering the high stiffness of
the two bearings (in the order of 6.2*10’ N/m/bearing) and relatively small mass of the
shaft-rotor system, the grinder yields very high natural frequency in excess of 4575.99
Hz. Since the unbalance excitation corresponding to highest rpm could yield predominant
vibration near 200 Hz, the influence of bearing damping would be very small as evident
from the simulation results. The results thus suggest that the magnitudes of hand-
transmitted vibration, due to mass-unbalance, cannot be reduced by varying the bearing

damping.
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Figure 4.2.a: rms acceleration response of the tool body mass under different mass-
unbalance and angular speeds (Cj, = 2*10° Ns/m).
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Figure 4.2.c: rms acceleration response of the disc under different mass-unbalance and
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Figure 4.4.b: rms acceleration response of the hand mass under different mass-unbalance
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4.5.3 Influence of Hand-Handle Interface Properties

The tool handles are frequently designed with elastic handle grips that could

effectively alter the visco-elastic properties of the hand-handle interface (K, and Cy)).

The operators of such tools often use either protective or anti-vibration gloves, which
would also affect the effective damping and stiffness coefficients of the tool body-hand
interface, and thus the nature of the hand-transmitted vibration. The influence of
variations in the hand-tool body interface properties are investigated by varying the
stiffness and damping coefficients in the *20% range of the nominal hand model
parameters to study their effect on the transmitted vibration. All other model parameters

are held at their nominal values.

Figures 4.7 to 4.10 illustrate the influence of variations in the interface damping

coefficient ( Cy, ) on the rms acceleration responses of the tool body and the hand mass as

functions of the mass-unbalance and the angular speed. The results show that the
response increases monotonically with the angular speed, irrespective of the interface
damping and the mass-unbalance, as observed earlier from Figures 4.2 to 4.6. The results
suggest that an increase in the effective interface damping could help to reduce the
magnitudes of rms acceleration responses of the tool-body and hand masses. A 20%
increase in the interface damping coefficient would yield nearly 15% reduction in the tool
body mass response and only 6% reduction in the hand mass response corresponds to

extreme unbalance condition (U4) and 12000 rpm speed.
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Figure 4.7.a: rms acceleration response of the tool body mass under different mass-
unbalance and angular speeds (Cj,=20%10° +10% Ns/m).
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Figure 4.7.b: rms acceleration response of the hand mass under different mass-unbalance

and angular speeds ( Cj, = 20*10° +10% Ns/m).
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and angular speeds (Cj, = 20*10° +20% Ns/m).
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Figure 4.9.a: rms acceleration response of the tool body mass under different mass-
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Figure 4.10.a: rms acceleration response of the tool body mass under different mass-

unbalance and angular speeds (Cj, = 20* 10° —20% Ns/m).

40 }

30

25

20

15

r.m.s acceleration (m/s?)

10

0

1000 2000 3000 4000 5000 6000 7000 8000 9000 100C0

Speed (rpm)

11000

12000

Figure 4.10.b: rms acceleration response of the hand mass under different mass-

unbalance and angular speeds (Cj, = 20* 10° —20% Ns/m).
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Figure 4.11.b: rms acceleration response of the hand mass under different mass-
unbalance and angular speeds ( K, = 10*10° +10% N/m).

118



r.m.s acceleration (m/s?)

80

.
o
t

D
o

[4))
o

&
o

)
o

n
o

—_
(=]

Figure 4.12.a: rms acceleration response of the tool body mass under different mass-

r.m.s acceleration (m/s?)

unbalance and angular speeds ( K= 10¥10° +20% N/m).

40

— n n (4] w
o o o 1S3 o
$ $ ¥ . y
\
¢ \
\

)

\ ‘e \
.
N

=y
N
\

-

O E-,z.g-—
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000

Speed (rpm)

Figure 4.12.b: rms acceleration response of the hand mass under different mass-
unbalance and angular speeds ( K= 10*10° +20% N/m).
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Figure 4.13.a: rms acceleration response of the tool body mass under different mass-
unbalance and angular speeds ( K, = 10*10° -10% N/m).
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Figure 4.14.a: rms acceleration response of the tool body mass under different mass-
unbalance and angular speeds ( K= 10*10° -20% N/m).
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4.6 Summary

The results suggest that the addition of damping through either protective gloves
or handle grips could help reduce the magnitude of HTV, although the reductions would
be relatively small. The addition of damping within the bearings would not yield
significant effect on the HTV. From the measured data presented in chapter 3, it is
evident that use of an auto-balancer could considerably attenuate the mass-unbalance
induced hand-transmitted vibration. It is thus desirable to operate hand-held grinders with

an auto-balancer unit.



Chapter 5

Conclusions and Recommendations for Future Research
5.1 Major Highlights of the Study

This thesis presents the analysis of hand-transmitted vibration of a hand-held
grinder and its assessment in relation to the health risks as functions of the mass
unbalance. Moreover, it focuses on the selected design parameters, such as of bearings
damping and damping parameters of the visco-elastic hand-handle interface. The major
focus of the dissertation research includes dynamic response characterization of the
coupled hand-arm and grinder system through analytical and experimental means. In
view of the complex nature of the hand-arm system, no attempts are made to incorporate
the influence of numerous intrinsic and extrinsic parameters, and to explore the validity

of the system model.

The primary objective of this dissertation research was to enhance an
understanding of the vibration behavior of a hand-held grinder through laboratory
measurements of the coupled hand-held system, and through development and analysis of
a simple analytical model. Owing to many complexities associated with analytical
characterization of a hand-held grinder, the proposed model represents a preliminary

attempt and a considerably simple model.
The major highlights of this investigation are summarized as follows:

1. A coupled human hand-arm and the grinder system was characterized by
a eight-DOF model to describe its motion along the y and z-axes in a

basicentric coordinate system of the human hand and arm. Parameters of



i~

the proposed model were identified from the reported data on various
components. The model is developed specifically to study the contribution
due to mass unbalance of the grinding wheel and variations in the damping

parameters of the bearings and the hand-handle interface.

Laboratory tests were designed and performed to establish the vibration
characteristics of the grinder and human hand-arm system for different
values of the feed force and mass unbalance using two human subjects.
The tool was instrumented to measure the acceleration due to vibration
transmitted to the subjects’ hand along all the three axes. The measured
data were analyzed to derive the vibration transmitted to the hand, along

all three translational axes.

The measured data were further analyzed to determine the influence of

feed force, mass unbalance and the presence of an automatic balancer.

A methodology to assess the occupational health and safety risks due to
the hand-transmitted vibration is applied and discussed. The dose response
relation is employed to determine the number of years of exposure prior to

risk of acquiring the VWF.

A parametric study is undertaken to study the influence of bearing
damping, mass unbalance, and hand model parameters on the magnitude

of HTV.



5.2 Conclusions
The following major conclusions are drawn from the analytical and experimental

studies performed in this dissertation research:

e The operation of a hand-held grinder causes predominant hand-transmitted
vibration in frequency range corresponding to its angular speed of 100-125
Hz along all the three translational irrespective of the magnitude of the
feed force and the mass unbalance. In the present study, predominance of
hand-transmitted vibration was observed in the 125 Hz band, which

corresponded to the operating speed of 7500 rpm.

e The influence of feed force on a freely rotating grinding wheel vibration
was observed to be insignificant under the laboratory conditions
considered in this study. This could be attributed to uncompensated feed

force employed in the study and lack of cutting forces.

e The measured data revealed that the hand-held grinder transmits most
significant vibration along the x and y-axes, while the magnitude of HTV

along the z-axis was the lowest.

¢ The magnitudes of hand-transmitted vibration increased significantly with

increase in the mass unbalance.

¢ The eight-hour energy equivalent of the HTV increased nearly 13 folds

when a mass-unbalance of 510 gm-mm was introduced.



The continued exposure to such vibrations induced by 510 gm-mm
unbalance at a rotating speed of approximately 7500 rpm could yield

VWF symptoms in 10% of the workers in approximately 2.8 years.

Addition of an auto-balancer to the grinder reduces the magnitudes of

transmitted vibration most significantly.

The presence of the auto-balancer reduces the eight-hour energy
equivalent value to nearly 2 m/s” under a mass unbalance of 510 gm-mm

as compared to 10.7 m/s” obtained without the balancer.

The model results showed the magnitudes of hand-transmitted vibration

increase monotonically with increase in the angular speed.

The magnitude response of hand-transmitted vibration increased

significantly with increase in the mass-unbalance.

An increase in bearing damping resulted in insignificant effect on the
magnitude of the tool-body acceleration, which was attributed to

considerably higher frequency of the shaft-disc assembly.

An increase in the hand-handle interface damping that could be realized
through the use of anti-vibration gloves or the handle grips would yield

some reductions in the magnitudes of hand-transmitted vibration.

The operation of a hand-held grinder is frequently subject to mass-
unbalance excitation arising from the residual unbalance and non-uniform

wear and distribution of the cutting forces. The vibration induced by such



excitations could be most effectively attenuated by the use of an auto-

balancer.

5.3 Recommendations for Future Work

This dissertation research represents preliminary attempts in characterizing the
influence of an automatic balancing unit on the nature of hand-transmitted vibration and
in developing an analytical model of the coupled hand-tool system. The study of the
coupled hand-grinder system involves many complexities associated with: the biological
and biodynamic properties of the hand-arm system; flexibility of the shaft, disc and the
body structure; nonlinear properties of the bearings; and the conditions due to many
intrinsic and extrinsic variables. The subject dissertation research thus leaves many more

challenges that need to be addressed. Some of these are summarized below:

e The present study utilized a limited experiment design involving uncompensated
feed forces, only one angular speed and two human subjects. Owing to the severe
nature of the hand-transmitted vibration and excellent performance of the auto-
balancer, it would be extremely desirable to investigate the experimental
performance more thoroughly. It is suggested that the experiment design should

involve the following:
» A larger number of test subjects.

# Measurements under controlled handgrip and hand-feed forces to study

the influence of contact conditions.

7 A measurement at both, right and left, handles.
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Postural variations to consider representative postures.

Longer magnitudes of mass-unbalance to simulate non-uniformly

distributed high magnitude cutting force.

e The development of a reliable analytical model would be highly desirable to

study various vibration attenuation mechanisms. The model development would

require significant further efforts in the following aspects:

»

\ Y

N/

A reliable human hand-arm model would need to be developed on the
basis of measured biodynamic responses, which could be applied to the

tool model.
The shaft-rotor system must be referred to incorporate the disc spindle
flexibility.
A thorough characterization of the bearings would be necessary to define

its nonlinear characteristics along all the three-axes.

Further efforts would also be desirable to develop and integrate the model
of an auto-balancer incorporating freely oscillating balls within a guide

way. Such model would allow for the design of optimal auto-balancer.
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Appendix A

Terminology

Acroparesthia

Anatomic
Artery
Blanching

Carpal tunnel syndrome

Cysts
Dexterity

Epidemiology

Episodic

Ischemic

Insomnia
Necrosis
Numbness
Percussive
Phalanges
Spasm

Tingling

Numbness, tingling and other abnormal sensations of one or
more of the extremities.
Similar to the bodily structure.
Tubes conveying blood from the heart.
Finger look white and pale.
Phenomena which results in sensory loss over the median
nerve distribution in the fingers.
Abnormal sac containing gas, fluid or semisolid material
Skill in handling the things.
The study of the prevalence and spread of disease in
community.
Sporadic; occurring irregularly; incidental.
Local anemia (a condition due to the insufficient oxygenation
of the blood) due to mechanical obstruction to the blood supply
Condition leading to sleeplessness.
Death of piece of bone or tissue.
Deprived of feeling or power of motion.
Forcible striking of one body against another.
Bone between two joints of the fingers.
Sudden involuntary muscular contraction.

Slight pricking or stinging sensation.
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Traumatic causing trauma.
Ulna Bone of the forearm on the side opposite to the thumb.

Vascular Containing vessels for conveying blood.
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Appendix B

Mass, Stiffness and Damping

Matrix of 4 Degree-of-freedom Hand-Grinder Model
B.1 Mass Matrix

mr 0 0 0

0 I; 0 O
0 0 m O
0 0 0 my
B.2 Damping Matrix
2Cbl + 2Cb2 2lel + 2Cb2 I+ d) - 2Cbl - 2Cb2 0
ey +2pp(l+d)  2%cpy +2cpp (L +d)* =2ley —2cpr( +d) 0
- 2Cbl - 2Cb2 - 21Cb1 - 2Cb2 (+d) 26‘[,[ + 2Cb2 +Cpy —Cni
0 0 —Ch Chy +Ch2
B.3 Stiffness Matrix
2kbl + 2kb2 2lkb1 + 2kb2 (l+d) - 2kbl - 2/([,2 0
kyy +2%kps (L +d) 2%kpy +2kpa (L +d)* = 2kyy = 2kpa (I +d) 0
—2/([,1 —2/{[,2 —Zlkbl —2kb2(l+d) 2kbl +2kb2 +khl "'khl
0 0 =kl kny + k2
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Appendix C

Modal Representation in the State-Space Form

mTOOOfd
0 I; 0 0]«

M=
0 0 my, 0 23
0 0 0 my, 24
[ 2cp +2cp 2y +2cpr (U +d) —2cp —2cpa 0 ]
C = 21Cb1 +2Cb2(l+d) 212Cbl+2cb2(l+d)2 —2lel—2Cb2(l+d) 0
—.?.Cbl —2Cb2 _2lcbl —2Cb2(1 +d) 2Cbl +2Cb2 +Cni —Cn
L 0 0 ~Chl Chl +Ch2 |
[ 2k + 2k ky; + 2k (L +d) = e —2kps 0 ]
= | 2ot + 2K+ ) 2Wkpy +2kpr (1 +d)> = 2ky ~2kpa ([ +d) 0
—Zkb[ —2/([,2 _2lkbl —2kb2(l+d) 2[([,1 +2kb2 +k/ll —km
L 0 0 -khl khl + kizl_

Assume y =3,
y=%4,0=c,andd =d;and

v3=123; y3=33: ya=3gsandyy =3y

3 L) 3
B2 (24
6 a lo4
y3 3 33

| Ya - 4 >_[ Agxy Byxy IR2 f
(=Y. [~ ~1 -1 5
y 2d -M K4*4 -M C4*4 G |<d
7 a a
Y3 33 i3
(Va) %) L4
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0 0

00
where A =

00

0 0

1 0

0 1
B=

00

00
jM“K:

S O O ©

oS - O O

_2*(/\'“ +kb2)

mr

o O © O

- o O O

_ 2lkb1 + 2]{[,2 (+d)

2*(/\’[,1 +kb2)

dkyy +2kpyU+d)  Wkyy + 2Ukpp(+d)?

Iy

2*(kbl + ka)

my

0

-M~lc =

_2*(Cbl +Cpa)

0
mr mr
2”\’[71 +2kb2(l+d) 0
Iy I4
21/([,1 +2kb2(l+d) _ 2kbl +2kb2 +k/ll k/ll
mb my, mb
0 khl I‘hl +klz"
my, my,

2[Cb| + 2Cb2 (l + (1)

2*(Cbl +Cb2)

mr mr mr
_ 21(.‘[,[ +2Cb2(l+(1) _ 212Cb[ +2Cb2(1+d)2 2lcbl +2Cb2(l+d)
g Ly lq
2*(Cbl +Cb2) 21Cbl +2Cb2(1+d) _ 2Cbl +2Cb2 +cp
mb mb "lb
c
0 0 =il
L my,
4 24
a a
. = [Gls«s
<3 <3
i'4 24
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