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Abstract

Millions of hand-held percussioh machines are used daily throughout industry.
Every year, thousands of operators of these machines suffer from a variety of
disorders caused by exposure to harmful vibration. The government is faced annually
with compensation claims running into hundreds of thousands of pounds, but more
importantly, the quality of life of these workers is of particular concern. The design
of low-vibration hand-held percussion machine is a challenging and topical
engineering problem that is addressed in the current study.

One of the main sources of hazardous vibration of electro-pneumatic percussion
machine is an impulsive pressure force developed within an air cushion and applied
directly to the machine casing. The present study showed that an additional flexible
element added to the driving piston of the electro-pneumatic hammer improves
excitation performance, leading to an extension of acceleration time and a reduction
in the intensity of impulses of pneumatic impacts thereby relieving load on the
operator.

Furthermore, the passive system of vibration attenuation, which combines
principles of vibration isolation and dynamic absorption was developed in the present
study. Such system can be effectively used in hand-held percussion machines. The
vibration isolator between the handle and the casing of the machine reduces the high
frequency components of acceleration perceived by an operator, whereas the tuned
dynamic absorber attached to the handle allows suppression of the dominating
harmonics of machine acceleration that are not affected by vibration isolators. Such a
vibration attenuation system permits use of relatively stiff isolators and significantly
reduces hand-transmitted vibration perceived by an operator without essential
increase in weight of the tool. Results of numerical simulations have been verified by

experiment.
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Chapter 1

Introduction

1.1 General introduction

Hand-held percussion power tools (road breakers, hammer drills, chisels etc.) are
very popular in various areas of industry, particularly in the construction and
manufacturing sectors. Pneumatic breakers are used for demolishing concrete
structures and rock shattering; hammer drills are employed in construction and
mining; at large steel works, defects in steel casing are removed using pneumatic
chisels and chipping hammers. The operating principle of such machines is based on
periodic impacts of high intensity, which enables effective breaking or trimming of
diverse materials. Millions of hand-held power tools of various sizes, with different
types of drives and directions of impact are produced every year. Such popularity is
accounted for by high productivity, adaptability for various types of work, simple
design and ease of manufacturing of this type of machinery. In many areas,
hand-held portable power tools are indispensable, especially in operations where
stationary equipment cannot be used.

Hand-held percussion machines are widely used due to their efficiency as impact

vibration devices. However impact vibration arising from their use has a serious
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negative effect on the health of the operator of equipment. The specific feature of this
type of machinery is the constant contact with an operator who carries, guides and,
most importantly, has to press the tool against treated material during operation

(see Figure 1.1). Hence, the operator directly perceives vibration emitted by the tool.

Figure 1.1. Hand-held power tools.

Operators of hand-held vibrating power tools have long complained of tingling
and numbness in their hand or of fingers blanching. These cases of “white fingers™ or
“dead fingers” were first reported in the literature between 1911 and 1920. The
spasm of the arteries in the fingers was attributed to the vibration of the
rotary-percussive air driven drills used by stonecutters and rock miners. With
increasing technological development, the use of vibrating hand-held tools expanded

and epidemiological reports by associations whose members were exposed to
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hand-transmitted vibration (for example, quarrying, mining, foundries, ship and
aircraft manufacture) appeared with increasing frequency in the medical literature.

Modern medical studies have proved that regular exposure to excessive vibration
produces serious irreversible diseases of fingers and hands called Hand-Arm
Vibration Syndrome (HAVS). HAVS is a general term embracing various kinds of
damage including vascular, neurological, muscular and other possible kinds of
damage.

With constantly increasing number of sufferers from HAVS, the problem of
vibration perceived by operators of hand-held percussion machines is a serious,
challenging, inter-disciplinary problem. The medical approach to the problem is to
investigate the mechanisms of hand-transmitted vibration, to diagnose of the
vibration effect on the operator and to develop health surveillance programmes.
Administrative measures are necessary in order to carry out preventative
programmes, which include the training of staff and circulating of information
regarding the nature of risk and signs of injury. The engineering approach is to deal
with vibration control through replacing hazardous processes, improving the design
of the tools and attenuating the harmful vibration perceived by operators of
hand-held power tools,

Needless to say, the most effective way to prevent vibration reaching the
operator’s hands is to avoid using processes which require operators to hold vibrating
surfaces. For example, using an adhesive or welded joint in a fabricated product
rather than riveted joints can help to avoid the use of pneumatic hammers;
fragmentation of large blocks by employing hydraulic expanding devices inserted
into predrilled holes can reduce the use of road drills; mechanisation or automation
of the processes can significantly reduce exposure duration of the operator to harmful
vibrations.

However, not every process can be replaced or avoided. Despite numerous studies
and patent applications in this area, every year thousands of operators of hand-held
power tools suffer from HAVS and the government is faced with compensation
claims running into hundreds of thousands of pounds. Manufacturers are reluctant to
implement new designs unless they offer significant benefits over existing design and
manufacturing processes. At the same time, most of the current engineering solutions
are not universal or offer only partial reduction of hand-transmitted vibration. Hence,

the problem of dynamic analysis and the design of low-vibration percussion power
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tools remains a challenging and topical engineering problem. This is the topic of the
current study.

There is a large variety of this type of machinery, which can be classified
according to type of drive (hydraulic, pneumatic or electric) or direction of impacts
(axial or rotary). The electro-pneumatic hammer which is one of the most
representative piston-operated vibrating tools and has been widely used as a concrete
breaker, hammer-drill and impact ripper in various areas of industry and construction

will be analysed in the present study.

1.2 Objectives of the study

The objectives of the research are:

1. To develop a comprehensive dynamic model of a hand-held electro-pneumatic
percussion machine which would enable better understanding of the dynamic
processes, sources of vibration and their individual contribution to the vibration
perceived by the operator, and provide a basis for future optimisation.

2. To investigate mechanisms of interaction between the operator and the tool
with the aim of establishing the influence of the operator on the tool’s performance
and developing a vibration protection system that is independent of the operator.

3. To develop a new design concept for vibration protection of the operator of a
hand-held percussion machine by means of rationally matching the characteristics of
the source of excitation and structure of the vibration protection system that is

independent of the operator.

1.3 Outline of the thesis

The rest of the thests is organised into seven chapters.

Chapter 2 is concerned with the medical aspects, measurements and standards of
hand-transmitted vibrations. The chapter contains a brief description of diseases

associated with hand-transmitted vibrations, current data on the HAVS as an
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occupational hazard and main factors influencing cause-effect relationship for
hand-transmitted vibration. The main principles of measurements and standardisation

of hand-transmitted vibration are also described.

Chapter 3 is devoted to the dynamic modelling of an operator’s hand and arm. It
contains a detailed literature review on existing models of the dynamic response of a
hand-arm system and describes the methodology behind the experiment that was
carried out in the present study in order to develop a dynamic model of hand and arm
that was subsequently used for further investigations of operator-machine
interactions.

The dynamics of a hand-held percussion machine is studied in Chapter 4 using an
electro-pneumatic hammer as the basis. Development of the dynamic model of an
electro-pneumatic hammer and numerical simulations of this model are presented.
Results of numerical simulations confirm general assumptions about the nature of the

main sources of vibration and provide information on their individual contribution to

the vibration perceived by the operator of an electro-pneumatic hammer.

Chapter 5 presents a literature review and analysis of methods of reducing
harmful vibration of hand-held percussion machine. The chapter consists of three
parts that discuss the reduction of the intensity of sources of vibration, vibration
isolation and dynamic absorption. In conclusion, the specific criteria for design of a

percussion machine with reduced hand-transmitted vibration are formulated.

Optimisation of the excitation of an electro-pneumatic hammer with the aim of
improving the performance of the tool and reduction of vibration perceived by the
operator is presented in Chapter 6. The chapter contains a theoretical analysis of a
quasi-optimal striker motion and numerical modelling of an electro-pneumatic

hammer with a modified source of excitation.

Chapter 7 is devoted to the development of a new vibration attenuation system
which combines principles of vibration isolation and dynamic absorption. The
chapter contains dynamic modelling and numerical simulations of an

electro-pneumatic hammer with such a vibration attenuation system. Results of
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numerical simulations are verified by experiment, details of which are to be found in

this chapter.

Chapter 8 summarises the outcomes of the present work, draws conclusions and

recommends areas for future work.



Chapter 2

Hand-transmitted vibration

Percussion hand-held power tools typically rely on systematic impacts for
demolition or treatment of hard materials. Millions of portable chipping tools,
riveting and other types of hémmers, concrete breakers, impact wrenches and
hammer-drills are widely used in various fields of industry, construction and
transport. However, a wide range of such machines presents vibration magnitudes for
exposure durations, which are sufficient to produce observable injurious effects.
While some effects can only occur in the fingers or hand, the vibration is transmitted
further into the body, and the effects it produces there may be more harmful. That is
why the term hand-transmitted vibration is used for vibration entering the body
through the hand.

2.1 Medical aspects

Hand-held percussion machines are convenient in service, highly efficient and
adaptable for various types of work. At the same time, a specific feature of this kind
of machinery is a high level of produced vibration and constant direct interaction

between the operator and the machine.
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Exposure of the hands and fingers to vibration can result in a complex
combination of signs and symptoms of physiological disorder. Mild disorders include
skin redness and swelling on the fingers. These effects are usually temporary in
nature and pose no serious medical problems. However, regular exposure to
excessive vibration produces serious irreversible diseases of fingers and hands called
hand-arm vibration syndrome (HAVS).

It has been suggested that these disorders caused by exposure to hand-transmitted
vibration could be grouped into the following types [1]:

o Vascular disorder was first discovered in 1918 and casually linked to hand-arm
vibration exposure. It was originally called Vibration White Finger (VWF) or
Raynauld’s syndrome (after Maurice Raynauld, a French physician who first
described it in 1862). VWF is triggered by cold temperature and appears as
impaired blood circulation and the tingling, numbness and blanching of affected
fingers and parts of the hand. Some persons exposed to prolonged periods of
vibration develop cyanosis and gangrene.

s Bone and joint disorders occur as pain and stiffness in the hands and joints of the
wrist, elbow and shoulders.

¢ Peripheral neurological and muscular disorders include sensory and hearing
losses, Carpal tunnel syndrome (a median nerve compression disorder), reduced
grip strength and dexterity.

e Other disorders (e.g. of the whole-body and central nervous system). A
generalised syndrome of “vibration disease™ includes symptoms such as fatigue,
vertigo and headaches, the causes of which are difficult to establish. There is also
a suggestion that vibration-exposed workers who develop vascular symptoms of

HAVS may develop noise-induced hearing loss.

The effects of hand-transmitted vibration are cumulative and as time passes, the
attacks may involve considerable pain and loss of manual dexterity, resulting in
clumsiness and reduced grip strength. In severe cases, blood circulation may be
permanently impaired and fingers may take on a blue-black appearance. After the
onset of vascular and neurological symptoms, the longer an individual is exposed to
vibration, the worse the symptoms become. The degree to which symptoms regress

on removal from exposure to vibration is not known with any certainty. The present
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limited evidence suggests that the neurological symptoms do not improve, but the
vascular symptoms may do so after some years have elapsed. This is thought to be
the case if the individual is below 50 years of age and the vascular symptoms have
not progressed to the severe stage.

According to Health and Safety Statistics [2] the number of new cases of VWF
assessed to disablement benefit in Great Britain was 3212 in 1999/2000 and has
remained fairly constant over the last five years with an average of some 3140 cases
annually. Of the cases assessed in 1999 and 2000, 85% of workers had been
employed in coal mining, 3% in ship building, repair or breaking, 5% in other
manufacturing industries and 4% in construction. A survey in 1997/98 gave a
national prevalence estimate of 301 000 sufferers from VWF and these numbers do
not include sufferers from carpal tunnel syndrome and other diseases caused by
hand-transmitted vibration.

VWF and vibration-related carpal tunnel syndrome are both prescribed diseases
under the Department for Work and Pensions (DWP) Industrial Injuries benefit
Scheme. In recent years there have been several high-profile compensation awards
for VWF. In one case, a recent High Court judgment will lead to compensation
awards to over 140,000 retired coal miners and their families at a total cost of up
£3 billion [3]. To estimate the costs of VWF to the economy, values need to be
placed on the following: the main costs will fall on individuals through loss of
income and increased pain, grief and suffering, but there will also be costs to
employers and to society in general. Wider costs to society include extra
administration, medical costs and loss of future output. Estimated annual cost of
HAYV illness is of £447 million, but more importantly, the quality of life of the
operators of hand-held power tools is of particular concern, Although research is
continuing, there is little effective treatment for the vascular symptoms of HAVS.
There is no treatment for its neurological component.

HAVS has gained increasing attention in the literature and is now regarded as one
of the most important occupational problems [1-15]. The mechanisms which cause
HAVS are very complex. HAVS can be affected by many factors related to work
conditions, physical characteristics of vibration and biological susceptibility. The risk
assessment of hand-transmitted vibration as well as development of low-vibration
hand-held power tools should take all these factors into account, even though their

individual importance in the etiology of vibration syndrome in not yet clearly known.
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2.2 Measurements and standards of

hand-transmitted vibration

Exposures to hand-transmitted vibration are complex and cannot be simply
quantified, because it is a combination of different factors such as axes, frequency
and type of vibration, method of calculating vibration magnitude, exposure duration,
operator’s posture and etc. There is extensive clinical literature on HAVS. Although
it is apparent that these diseases are associated with vibration, which is transmitted
through the hand, there has been no unanimity as to the mechanisms causing it. This
uncertainty together with a wide variety of hand-held power tools and operating
processes has raised a need for uniform evaluation of risk of hand-transmitted
vibration exposure. Therefore, it is necessary to develop and follow consistent
standards for the measurement and the assessment of human exposure to

hand-transmitted vibration.

2.2.1 Vibration axes

The vibration along one direction of a hand-held machine may differ from that in
an other direction. The dynamic response of the hand-arm system also varies with
different directions of motion. Therefore, there is need for universally defined axes
along which vibration should be measured. The possible co-ordinate systems for the
hand, according to British Standard [16, 17], are shown in Figure 2.1.

Here, the axes of the basicentric coordinate system are related to the specific
direction of the tool or workpiece, while axes of biodynamic system are related to the
hand. In practice, the axes are often decided for each tool or type of operation and
there is‘no universal method. For example, the x-axis may be defined with respect to
the tool features, the y-axis may be along the axis of the handle and the z-axis may be
perpendicular to the above two axes. However, the choice of the co-ordinate system
is very important in measurements, evaluation and standardisation of vibration
produced by hand-held power tools, so if standard axes are not used, an alternative

orthogonal system should be reported.
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Figure 2.1. Co-ordinate system for the hand (reproduced from [16]);

— - biodynamic coordinate system, ---- basicentric coordinate system

With the axis not defined in an universal manner for all tools, it is difficult to
decide on a universal method of evaluating vibration, which differs between the axes.
ISO 5349 [18] required that vibration be assessed in the dominant axis only. The
currently proposed revision of ISO 5349 [16, 17] specifies that the root-mean-square
(rm.s.) of the weighted values in the three axes should be the basis of the
assessment. However, such vibration evaluation might underestimate the harmful
effect of vibration produced by percussion machines, which have dominant
components in one axis, and overestimate severity of tools powered by internal

combustion engines, which often have significant components in all axes [19, 20].
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2.2.2 Vibration type, magnitude, frequency and duration

Exposure to hand-transmitted vibration is quantified in terms of the acceleration
of the surface in contact with the hand. The acceleration of the surface is normally
expressed in units of meters per second squared (m/s?) or acceleration level (dB).

The acceleration level is defined as

L, =20 lg(iJ :
Gy

where a is the r.m.s. acceleration, m/s%; a, is the reference acceleration of 10 m/s%,

If the single value is required root-mean-square magnitude is usually quoted.

According to the current standards, the human perception of vibration differs
depending on frequency of vibration and, therefore, frequency weighting should be
employed when vibration transmitted to the operator is reported. Here, frequency
weighting is used to modify a signal spectrum according to required dependence on
vibration frequency. In human response to vibration, various frequency weightings
have been defined in order to reflect known or hypothesized relationships between
vibration frequency and the various human responses.

Frequency weighting of hand-transmitted vibration based on the assumption that
low frequency vibration, from 5 to 20 Hz, is thought to be potentially more damaging
(because vibration is transmitted to the arm) than higher frequency vibration.
Vibration at frequencies below 2 Hz and above 1500 Hz is not thought to cause
damage. To allow for this frequency dependence, a frequency weighting is applied to
measurements of vibration magnitude. The frequency weighting function is shown in
Figure 2.2

At the same time, some researchers have suggested that the standardised
weighting curve is unsuitable for the assessment of VWF and have proposed that it
should not be used for assessing vibration emitted by percussive tools. It was
shown [12, 14, 15, 22] that because of the shape of the frequency-weighting curve
allowing very high magnitudes at high frequencies, the rank order of importance of
tools is significantly changed. When choosing between tools with different vibration
spectra, but the same frequency-weighted vibration magnitudes, acceleration will not

have the same unweighted magnitude and may not have the same potential for
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causing injury. Therefore, unweighted acceleration might be preferable to assess

vibration exposure and health risk [21, 23].
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Figure 2.2. Frequency weighting function (reproduced from [6]).

The impulsiveness of acceleration, perceived by an operator of hand-held
percussion machine, is another important factor to consider in the design and the risk
assessment of percussive machines in use. The measurement of the r.m.s.
acceleration of vibration as well as calculation of frequency-weighted magnitude of
acceleration do not take into consideration the short and high peak values of the
vibratory signal. According to several authors, shock-type vibration might have an
underestimated influence on the human and, therefore, produces a higher prevalence
of vascular disorders than non-impulsive vibration [24-29]. It was suggested that the
impulsiveness of vibration may create shock waves in tissues, and these waves may
be transmitted at a higher velocity and to larger body areas than nonimpulsive
vibration. Shock-type vibration has also been associated with effects on the
locomotor apparatus of the hand-arm system, especially located at the wrist and
elbow. A strong association was found between the development of finger blanching
and use of impulsive tools (jack hammers, electric hammers, stopper drills and etc.).
On the contrary, studies have also been presented where no difference was found
between shock-type and non-impulsive vibration {30].

Although there is no final conclusion on how the impulse character of vibration

perceived by an operator of hand-held percussion machines affect the risk of
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developing HAVS, the mechanism of measurement and evaluation of impulsiveness
of vibration is necessary. Assessment of impulsiveness can be based on the fact that
if impulses are short, the r.m.s. level remains low in comparison with the peak level.
Hence the impulsiveness of a signal can be estimated as the difference between the
peak amplitude and r.m.s. of the signal.

Neither peak, not average measures reflect the importance of the duration of the
vibration motion: the peak value is determined by the magnitude at one instant while
the r.m.s. magnitude can either increase or decrease with increasing duration. In
practice, vibration characteristics vary greatly from moment to moment, so the period
over which the r.m.s. magnitude should be determined is not always apparent and the
r.m.s. value can sometimes be an inappropriate measure. For example, cumulative
measure — energy-equivalent magnitudes of hand-transmitted vibration seems to be
more reliable. An inverse relationship between the exposure duration and the square
of the frequency-weighted acceleration is convenient for instrument manufactures
and familiar to engineers as an “energy” or “power” relationship.

Further, the daily exposure usually expressed in terms of the 8h energy equivalent

frequency-weighted root-mean-square acceleration, is a,,., 4. If the total daily

exposure to vibration is other than 8 h, the 8 h energy equivalent acceleration is
determined by integration of the square of the frequency-weighted acceleration over

the whole of the daily exposure:

12
| =T
ahw(gq,sm = {"JT— _[[ahw (¢ )]2 dt } ’ (2.1)

(8) =0

where Ty is 28 800s (i.e. 8h); T is the total duration of working day in hours; a,,(f)

is the instantaneous value of frequency-weighted acceleration in m/s?.

Hence, daily exposure is used as a base for the assessment of vibration
exposure, in order to facilitate comparisons between different durations of exposure,
This concept has not been justified by. epidemiological or experimental data but
might be employed as being so far the only practical method commonly available.

So far, magnitude of acceleration perceived by the operator was considered as one
of the main factors responsible for HAVS. However, there have been several studies
on alternative methods of measuring the influence of shock-type vibration on

humans. The human hand and arm are elastic systems that can store potential and
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kinetic energy. Potential encrgy is stored as a result of the relative compression or
extension of tissues. Kinetic energy results from the motion of tissues in the hand and
arm. In an ideal system (i.e. without damping), the vibration results in the transfer of
energy between the hand-arm system and the tool and the time average transfer is
zero. However, the hand-arm is a highly damped system. Hence, part of the energy is

absorbed. This part can be determined as follows:
P=Re _[ (v()- F(o))dw, (2.2)

where Re is the real part of the complex integral, v the complex velocity vector
and F is the complex conjugated force vector. '

Assuming that a higher quantity of absorbed energy per unit time represents an
increased risk of vibration injuries or reduction in comfort [1, 28, 29, 31], the amount
of energy absorbed in the human hand and arm can be used for the risk assessment of
hand-transmitted vibration,.

L. Burstrom et al [31], for example, measured the mechanical energy absorption
in the hand-arm system over the frequency range of 4 to 1000 Hz. Using the results
of this investigation for all three vibration directions, the mean value of mechanical
impedance was calculated and compared with ISO 5349 [18] vibration acceleration
limit curve. Authors conclude that international standard underestimates the risk of
the development of vibration injuries, especially for exposure in z direction below
60 Hz and above 200 Hz as well as for frequencies above 600 Hz in x direction. On
the contrary for frequencies below 100 Hz and 16 Hz the standard overestimates the
risk for vibration exposure in the x and y direction respectively. Nevertheless, in the
absence of evidence for the benefits of using alternative methods, r.m.s. averaging is
commonly used.

The extent of damage caused to the hand and arm also depends on the frequency
of the energy being transmitted from the vibrating surface. There is strong evidence
that vascular disorders of the fingers occur most often with tools having their
dominant frequencies of vibration in the approximate range 25-250 Hz. However
these findings may arise either because they are the most commeon frequencies on
vibrating tools or because they are the most damaging frequencies [1]. It is
commonly (although not universally) assumed that the frequency range of

significance is from 8 Hz to about 1000 Hz.
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2.2.3 The influence of individual factors on the effects of

human exposure to hand-transmitted vibration

The vibration level and frequency of the vibration have a strong influence on the
magnitude of the quantity of energy absorbed by an operator and consequently
vibration effect [28]. The reason for this is probably changes in the dynamic mass of
the hand-arm system. When the amplitude of vibration increases, a major part of the
hand-arm system is mechanically activated. The energy-consuming part of the
system therefore increases and leads to the possibility of more energy dissipation in
the hand and arm.

The grip and feed force also increases when the vibration level increases. One
possible explanation could be contraction of the muscles when the hand-arm system
is exposed to vibration, so-called tonic vibration reflex (TVR). Even smooth
vibration of the modern chain saw is capable of causing this reflex. An uncontrolled
increase in muscle tone may interfere with natural protective reflexes, and therefore
increase risk of having an accident. An increase in muscle tone also increases the
transmission of vibration in the hand-arm system. The reason for this phenomenon
could be that higher tension allows vibrations to put a larger part of hand-arm system
in motion which causes the apparent mass of hand-arm system to increase, leading to
increased absorption [31].

The direction of the vibration transmitted to the hand, area of contact with
vibration, operator posture (angles of wrist, elbow and shoulder joints), subject
variability and other mechanical factors influence the “dose” of vibration received by
an individual. The hazardous effects of occupational exposure depends also on
several factors related to work conditions,- e.g., physical characteristics of vibration,
how the tool is handled and differences in work involved, types and conditions of
vibrating machinery. To establish the injurious potential of a vibration exposure it
may be necessary to consider the temperature, tool weight and other non-vibration
conditions. The risk assessment of hand-transmitted vibration should take all these
observations into account, even though their individual importance in the etiology of

vibration syndrome is not clearly understood.
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2.2.4 Hand-transmitted vibration standards

The first approach to prevent HAVS is to control vibration exposure. However,
knowledge of the dose response relationship of vibration exposure is incomplete and
cannot be relied on to prevent symptoms in all workers. At the same time, the
mechanism of hand-transmitted vibration is very complex and depends on so many
factors that it is impossible to define risk of vibration exposure by a single figure.
The procedures defined in the current standards imply how injuries depend on
vibration frequency, direction and duration, but they are greatly influenced by
practical convenience and desire for uniformity between countries. Reliable scientific
evidence of the relative injury potential of vibration of different frequencies,
directions and duration is not available.

In order to gain some guidance on conditions, which may be hazardous for the
operator, an “action level” can be used [32]. Exposures, which are higher than the
action level, are not necessarily prohibited. But if vibration magnitude exceeds this
level, source of vibration must be investigated and caution should be exercised in
whether such exposures cause health problems.

Figure 2.3 shows the r.m.s. acceleration, peak velocities and peak to peak
amplitudes of displacements corresponding to the action levels for periods of 0.5, 2
and 8h.

These action levels were obtained in accordance with the old standard BS 6842
[32] (now withdrawn) where the vibration was measured in three directions, but the
exposure was calculated from the magnitude of vibration in the dominant axis only.

The Physical Agents (Vibration) Directive defines an exposure action value (EAV),
Wpnateq sy = 25m1 5* and an exposure limit value (ELV), a,,,,, 5, =5m/s* . However,
these quantities are based on the vibration total value, a vibration magnitude
obtained from measurements in three directions, using the method defined in the new
standard BS EN ISO 5349 [16, 17].

The vibration total value is greater than the dominant axis magnitude by a factor

of between 1.0 and 1.7 (depending on the tool type), but has been found to be about

1.4 on average. Thus, the current action level a4 =2.8m/s" (given in the

current HSE guidance on hand-arm vibration [6] and obtained in accordance with the

old standard BS 6842) is approximately 4 m/s? daily exposure expressed as a
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vibration total value. This means that the current action level lies between the

proposed exposure action and limit values.
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Figure 2.3. Root-mean-square accelerations, peak velocities and
peak to peak displacements of sinusoidal vibration corresponding to 0.5,
2 and 8h action levels derived from BS 6842 (redrawn from [1])

If the vibration magnitude is sufficiently great, the probability of developing
finger blanching increases with increased years of vibration exposure, There is some
evidence that the cumulative exposure before the first onset of finger blanching in
inversely proportional to the magnitude of the frequency weighted acceleration.
Vibration acceleration magnitudes which may be expected to produce finger
blanching depending on time of work presented in Table 2.1.

Such a way of assessment of vibration exposure allows fairly high magnitudes of
vibration at short durations, thereby neglecting the probable harmful effect of short
impulses with high magnitude. There is also currently no agreed way of allowing for

intermittent exposures, either variable tool use over a week, over a month or over
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years. This means that severe short-term exposures might be rated lower by

averaging the exposure over a year.

Table 2.1. Frequency-weighted vibration acceleration magnitudes (r.m.s. m/s%)

which may be expected to produce finger blanching in 10% of persons

exposed [32].
Daily Life-time exposure
exposure | 6 month 1 year 2 years 4years 8years 16 years
8 hours 44.8 224 11.2 5.6 2.8 14
4 hours 64.0 32 16 8.0 4.0 2.0
2 hours 89.6 44.8 | 224 11.2 5.6 2.8
1 hours 128.0 64 32 16.0 8.0 4.0
30 min 179.2 89.6 44.8 224 11.2 5.6
15 min 256.0 128 64 32.0 16.0 8.0

NOTE 1 With short duration exposures the magnitudes are high and vascular

disorders may not be the first adverse symptom to develop.

NOTE 2 The numbers in the table are calculated and the figures behind the decimal

points do not imply an accuracy which can be obtained in actual measurements

NOTE 3 Within the 10% of exposed persons who develop finger blanching, there may

be a variation in the severity of symptoms.

There are a number of various studies investigating the nature of hand-transmitted
vibration, proposing new methods of assessing its hazardous effect and revising the
current standards that are out of scope of present work. Unfortunately, in spite of a
great number of studies in this area, the nature of hand-transmitted diseases is still
poorly understood. This fact makes the development of the safety standards rather a
difficult task. There are many factors which will limit the accuracy of modern
standards for predicting the effects of hand-transmitted vibration, it would therefore
be wise to use standards as a guidance, bearing in mind complexity of the

hand-transmitted vibration and its effect on the operator.
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2.3 Conclusions and discussions

Prolonged exposure to hand-transmitted vibration from hand-held percussion
machines is associated with an increased occurrence of symptoms and signs of
disorders in the vascular, neurological and other systems of the hand and arm. The
complex of these disorders is usually referred to as HAVS.

The model illustrated in Figure 2.4 shows complex interactions between some of
the many relevant HAVS variables [1]. Here latency of disorder is duration before
symptoms develop; prevalence is occurrence of some sign or symptom in a group at
some instance of time and, finally, incidence of disorder arises when low prevalence
caused by persons entering the group and by persons leaving the group.

The available exposure and epidemiological data are insufficient to establish a
clear exposure-response relationship for disorders caused by hand-transmitted
vibration [19]. The results of various studies seem to indicate that the current ISO
frequency-weighting method may be unsuitable for all types of vibration and for all
kinds of vibration injury. The r.m.s. averaging also has potential risk of
underestimating vibration emitted by percussive tools. This method of evaluating
hazardous vibration does not include high acceleration peaks usually produced by
this type of machinery. However, there is still no alternative method for evaluating
exposure levels and assessing the HAVS hazards adapted by standard organisations.

With uncertain knowledge of human responses to vibration, the use of standards
requires care. The current guidance is derived from limited quantitative data
available from both practical experience and laboratory experimentation and based
on limited information regarding current exposure conditions. Changes may be
anticipated as research reveals the mechanisms of the various effects of vibration on
human body. It is suggested that attention is required to avoid the misdirection that
could arise from guidance based on consensus, which is not firmly supported by

understandin g' [19].



Chapter 2. Hand-transmitted vibration

21

VIBRATION

Magnitude
Frequency
Direction

Duration

A

+ Latency of
+  disorder

SIGNS AND
SYMPTOMS

Vascular
Bone/joint
Peripheral

Nerves
Muscular
C.N.S.
Whole-body
Subjective

Population
changes

ENVIRONMENT
DYNAMIC Temperature
RESPONSE Airflow
Humidity
Mechanical Noise ete,
impedance o
Transmissibility o
Absorbed energy
7y Individual
Susceptibility
Grip force
. . Push force |-
ralr.nng Posture -
Skill Handle angle
Contact area

A

disorder

Prevalence of

Incidence of

disorder

Figure 2.4. Conceptual illustration of factors influencing cause-effect relationships

for hand-transmitted vibration (redrawn from [1]).

Because of the uncertainties surrounding dose-response of hand-transmitted

vibration, one possible strategy for prevention of HAVS is not detailed prescriptive

legislation but rise of awareness of employers and others of the risks and

development of practical guidance and methods to reduce operator exposure to

vibration.



Chapter 3

Models of the dynamic
response of hand-arm system

The specific feature of the hand-held percussion power tools is the constant direct
interaction between the operator and the tool. The operator, while holding the tool
and pressing it against material being treated, significantly influences dynamic
behaviour of the whole operator-tool system. It seems obvious that dynamic analysis
of a hand-held percussion power tool should include a dynamic model of an
operator-tool interaction. ‘

A number of biodynamic models of hand-arm systems and their mechanical
equivalents have been proposed to study the vibration amplitude and power flow in
coupled hand, tool and work-piece system. The employment of such models offers
potential for the development of a mechanical hand-arm simulator to enable efficient
and consistent relative evaluations of different hand-held power tools during
experimental studies and considerably reduces the risk of human subjects taking part
in the experiment [33, 34]. On the other hand, such models could provide support for
analysis and assessment of low-vibration hand-held power tools and protective
devices through development of coupled hand-machine analysis models [35, 36].

Although dynamic models of hand and arm have been developed over the past 30

years there is little evidence of their application [33, 34]. The lack of applications
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contributed to the complexity of the hand-arm system and, therefore, difficulties to
create a model which will be in a good agreement with experimental data, but will
not be overcomplicated.

In a simple classical vibration theory the vibrating mass is considered to be rigid
and connected to a support by a spring and damper. In most biological systems the
model is not so simple because the stiffness and damping are usually distributed
throughout the body. The distributed system may be thought of as an infinite number
of elements with springs and dampers all connected together, which will make
mathematical description rather difficult. Approximations describing these systems
in terms of a finite number of rigid bodies with external spring and dampers have
been used successfully in dynamic modelling and are called lumped parameters
systems. The main disadvantage of such a representation is that the stress state of
each elementary body of the system is not known. However, these models are
simpler than distributed parameters models and provide essentially all the
information relating to the interaction of the system with its surrounding which
makes the lumped parameters models convenient and widely used for biodynamic
hand-arm models.

One approach for obtaining the response of the hand-arm system is to measure the
mechanical impedance of the hand holding a handle mounted on a laboratory
vibrator. Mechanical impedance magnitude is the ratio of the amplitude of the
imposed driving force, to the amplitude of the resulting velocity when both are
measured at the driving point:

Z(jw) =—§% (3.1)

where Z(j@)is the complex driving point mechanical impedance of a rigid body, @
is the frequency and v is the velocity. The impedance is commonly expressed in
terms of the magnitude, |Z(jw)| and phase, 6(j@) between the applied force and
driving point velocity,

The real and imaginary components of driving point mechanical impedance are
more than mathematical constructs, but they have important physical significances.
The real part is proportional to the power actually dissipated by the system in the

form of heat. As was mentioned previously, the significance of mechanical power

dissipation in biological systems has not been finally determined (see Section 2.2.2).
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The absorbed or dissipated power can therefore be calculated from the real part of the

impedance times the driving point velocity squared.

The imaginary part is due to those components that do not dissipate power but
simply transfer energy back and forth from the kinetic to the potential form. Kinetic
energy is associated with body displacement or distortion, which produces a spring
type restoring force. If displacement and distortion are too great, physical damage or
modification of the system will occur.

The impedance is usually measured using sinusoidal excitation, but the concept

can be extended to other types of excitations such as random or impulse excitations.

The human body is a very complex system, any attempt to exactly model it, or
even part of it, would be an extremely difficult task. Therefore, it is necessary to
examine the physical conditions that exist in the hand-tool interaction in order to
determine what simplifications could be made in the modelling of the hand-arm
system. However, there is still no sufficient data for agreement on which factors need
to be included in the biodynamic model of a hand-arm system, how to evaluate
experimental results or what is the best representatidn of such models. This causes an
existing range of biodynamic models of human hand and arm from
single-degree-of-freedom (SDOF) linear models to four-degree-of-freedom non-
linear models. All of these models seem to be in good agreement with reported
experimental data, however there is a lack of agreement between different models.
The basic theories and experimental techniques that are currently employed for the
development of biodynamic models of hand-arm system and several examples of

such models are briefly considered further.
3.1 One- and two-degree-of-freedom models

C.W. Suggs [37] developed one of the first dynamic models of the human hand as
overdamped SDOF linear system with natural frequency of about 77Hz and loss
factor of 2.5 (mass of about 0.0454%g, a stiffness of approximately 10508N/m and a
damping factor of about 108Ns/m), where natural frequency and loss factor were

calculated as follows:
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Q= % | (3.2)

where m — mass, k — stiffness and ¢ — damping ratio of the system.
The developed model is shown in Figure 3.1 and should be considered as a model

of a hand-arm system for each direction of vibration axis independently.

Figure 3.1. Rigid mass-spring damper system (adapted from [37]).

The experimental studies involved a steady state sinusoidal testing using a cadaver
arm as well as live human subjects in a working position, for which driving point
mechanical impedance techniques were used. The model has been validated based on
this study for vibration in the range from 70 to 1670Hz and acceleration levels less
than 10g peak to peak amplitude. This model does not take into account influence of
a grip force (it was only suggested that tighter grip physically increases the effective
stiffness of the tissue and elevates the force transmitted) and the mechanism of
vibration transmitting into an upper arm. However, the model is simple and in good
agreement with experimental data, therefore it can be used as basic model of
operator-machine interaction.

D. D. Reynolds and W. Soedel [38] proposed three uncoupled SDOF mechanical
models to characterise the biodynamic response of the human hand and arm under
vibration in the 20-500Hz frequency range. Although the study suggested that two-
and three-degree-of-freedom models are required to describe the biodynamic
behaviour, a two-stage piecewise linear SDOF model with two sets of parameters
applicable in two different frequency ranges was identified for each axis of vibration.,

Parameters of their model were: mass m = 0.308kg , natural frequency Q =25Hz and
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loss factor ¢ =0.7 for the excitation frequency range between 20 Hz and 73 Hz and

m=0021%g, Q=79Hz and ¢ =394 for excitation frequency above 73Hz.
Authors reported that within the limits of assuming a normal position for holding a
vibrating tool, the position of the arm and the fact that the arm may be either relaxed
or stiff have little influence on the vibrating characteristics of the hand-arm system.
The tightness of grip and the firmness of handle pressure were found to have a
significant influence upon the vibrating response of the hand-arm system.

Miwa et al [39] proposed an equivalent electric circuit, where correspondence of
mass to capacitance was used. The mechanical analogy of the proposed circuit was

obtained as a two-degree-of-freedom semi-definite system, as shown in Figure 3.2.

F

Figure 3.2. Dynamic model of the hand-arm system (adapted from [39]).

The mechanical impedance response was derived from the experiment in 10-
1000Hz frequency range with constant the sinusoidal vibration acceleration level at
0.2¢g in two (y and z) vibration directions, while grip force was selected as 80N. Two
feed force values were used: 50N and 80N. The results in y direction indicated that
the peak was near 80Hz and a notch was near 250Hz. For z direction, the pattern of
curve of mechanical impedance is similar to one in the y direction, but the peak and
the notch are seen at about 35Hz and 120Hz respectively. Masses were calculated as
0.1kg and 0.8kg for z direction and 0.05kg and 0.3kg for y direction. Damping ratios

were found to be 250Ns/m and 50Ns/m for z and y direction respectively.
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3.2 Three- and more degree-of-freedom models

J. W. Mishoe et al [35], R. Gurram ef al [40] and D. D. Reynold et al [41] have
presented a number of linear three-degree-of-freedom models.

J. W. Mishoe and C. W.Suggs [35] propbsed a linear dynamic model with
structure presented in Figure 3.3. The number of tests involved a handgrip force of
13, 27 and 40N and was performed under vibration along the three axes in the 20-
2000Hz frequency range. In the study, sinusoidal vibration with acceleration level of
6.93m/s* was used as a standard and variations with respect to this level of input
were investigated. Data for five subjects were collected.

On the basis of measured data, three-degree-of-freedom semi-definite mechanical
equivalent models were proposed to characterise hand-arm system under x and y axes

of vibration, where the axes of vibration were defined according to Figure 2.1.
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Figure 3.3, The dynamic model of the hand-arm system (reproduced from [35])
| a) y and x vibration directions

b) z vibration directions.

A three-degree-of-freedom model with fixed support characterised the hand-arm
system under z direction of vibration. The first body, m,, represented the mass of the
tissue which was in contact with the handle. The value of this mass was very small

and decreased as the handgrip force increased for all acceleration levels tested. The



Chapter 3. Dynamic models of hand-arm system 28

second body, m,, in the model took a value of between 0.045kg and 0.09kg for all

tests. This value is equivalent to between 10 and 20 percent of the apparent mass of

the hand. The last body, m,, in the model can be assumed to be the remaining tissues

of the hand, the wrist, and part of the forearm. The value of this mass tended to be
unrelated to handgrip but it increased as acceleration level increased.

The authors concluded that the hand, in general, was a highly damped system with
the damping increasing with increasing handgrip force and increasing acceleration
level. As the frequency increased, the action of the body furthest from the input
decreased as the spring and damper associated with it absorbed the vibration. At the
same time, vibration transmitted up the arm decreased. This process continued and
each of the elements became less active as the frequency increases with the lower
elements being affected first. This finally resulted in a very small layer of tissue
being excited at the upper frequency values of about 1000Hz and above. The
absorbed power in this region, however, did not decrease, resulting in large amount
of energy being dissipated in small volumes of tissue. Parameters of this model are
represented in Table 3.1.

R. Gurram and S. Rakheja [40] proposed similar linear three-degree-of-freedom
model with fixed support. The tests were conducted in 10-1000Hz frequency range
for three orthogonal vibration axes and three different levels of grip forces (10, 25
and 50N). The used excitation levels (in case of sinusoidal excitation) were 10m/s’,
20m/s* and 30m/s’ peak, and 0.2m/s°, 0.5m/s* and 0.7m/s® r.m.s. in the case of the
stochastic excitation. The four individuals were asked to grip the vibrating handle
with their dominant right hand in a specified standing posture and maintain nearly
constant grip force throughout the experiment. The authors concluded that measured
impedance data exhibited a high degree of inter-subject variations that may be
attributed to the differences in weights and sizes of hands of the subjects. The effect
of grip force and excitation frequencies on the driving point impedance was found to
be significant. Grip force dependent restoring and dissipation constants were
introduced. The impedance characteristics measured under sinusoidal and stochastic
excitations differed. The parameters of this model are represented in Table 3.1,

The differences in parameters observed for these two similar models can be

associated with dissimilar test conditions (vibration level, hand position, type of
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excitation and etc.), variability among subjects that are participated in these tests and

method of solution or parameter identification.

Table 3.1. Parameters for linear three degree of freedom biodynamic models of

human hand and arm (adapted from [35, 40]).

Author(s) | Vibration | Grip force, | Model parameters**
axis
N
m, =0.00081, m,=0.041, m,=0.943
. X
Mishoe K,=1.804, K,=119.4, C,=110, C,=54
and ”7 m,=0.004, m,=0.063, m,=0.354
Suggs 7 K,=12.1, K,=111.9, C,=643, C,=217
[35]*
m=0.017, m,=0.023, m,=0.49
z K,=158, K,=112.4, K,=69.7,
C,=159, C,=102, C,=102
m=0.0065, m,=0.274, m,=3.82
Gurram
x 25 K, =25.53, K,=0.11, K,=591.5,
et al [40]

C,=81.1, C,=35, C,=8560

NOTE: * Mishoe and Suggs excitation level-6. 93m/s* r.m.s. acceleration;

Gurram excitation-10-30m/s’ peak in case of sine excitation and 0.2-0.7 m/s*

r.m.s. for random excitation;

** All the mass, stiffness and damping values are expressed in kg, kN/m and

Ns/m respectively.

Five-degree-of-freedom linear lumped parameter model has also been proposed to

characterise biodynamic response of the human hand and arm by T. Cherian ef al

-[42]. The human hand-arm subject to z axis vibration is represented on Figure 3.4.
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Figure 3.4. Schematics of the five degree of freedom bio-mechanical hand-arm

vibration model (rcproduced from [42]).

Assuming a given posture, the hand and forearm masses (m, and m,) are
constrained to move along the longitudinal coordinate. The m,, however, is assumed

to undergo longitudinal, pitch and vertical motions due to translational and rotational

elasticity of the shoulder and elbow joints. K; and C, represent the restoring and

dissipative properties, respectively, due to visco-elasticity of the tissues of the palm
and the hand-handle interface. The measurements were performed for constant
sinusoidal acceleration excitations at 14 discrete frequencies in the 10-200Hz
frequency range with constant grip force of 25N.

In this study authors did not use the method of mechanical impedance because
they believed that models derived from using this method did not reflect
bio-mechanical properties of the hand-arm system. Instead, the vibration transmitted
to the hand, forearm and elbow was measured ﬁsing miniature accelerometers
mounted on a specially designed ring and bracelets. The primary resonance of the
hand-arm system was identified in the 10-40/{z and 80-150Hz frequency ranges. The
visco-elastic parameters of the analytical model and the response characteristics both
revealed that less than 20% of impinged vibration was transmitted to the forearm and

elbow above 100Hz. An amplification of hand-transmitted vibration, however, was
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observed in the 10-100Hz excitation frequency range. The visco-elastic parameters of
the analytical model and the response characteristics confirmed that the hand acts as
a low-pass filter with most of the vibration energy localised to the hand itself at
higher frequency excitation.

The similar four-degree-of-freedom system that included hand, its palmar tissues,
forearm and upper arm was developed in [43]. The main distinction of these models
was that unlike models obtained by employing mechanical impedance technique,
these models were an attempt to describe “through-the-hand-arm” response function,

i.e, transmission of vibration to specific segments of the hand and forearm.
3.3 Models with distributed-parameters

L. A. Wood et al [44] proposed distributed-parameter models of the entire
hand-forearm-upper arm system. Dual beam model of the forearm is shown in

Figure 3.5. Distributed mass (expressed as mass/unit length, p, and p, for radius
and ulna bones respectively) and stiffness (expressed by the module, El, and EI,)

parameters were obtained by representing each long bone of the forearm, the radius

and ulna, as a homogeneous flexural member.
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Figure 3.5. Dual beam model of the forearm (reproduced from [44]).

The viscous effect of soft tissues surrounding the bones was characterised by
linear damping distributed along the bones (¢, and ¢,). The effective lengths of the

beams ( Z; and L,) were taken from the distance between the elbow joint and centre
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of the gripped handle. The wrist was thus included as part of the two beams. The
coupling between the driving point and the arm was represented by a discrete
parameter system: a Kelvin viscoelastic model (parallel spring and damping

elements) in series with lumped masses (, and m,), which represented the mass of

tissue material of the hand.

Impedance data of the forearm was collected over a frequency range from 30 to
10004z under vibration in z direction (see Figure 2.1) and magnitude of 0.5g r.m.s.
acceleration, Data for two subjects were collected. In order to isolate the upper arm
from the forearm, the subject’s elbow was supported on the molded elbow rest, while
gripping a 25mm diameter handle mounted on a vibration exciter with a specific grip
force. The. proposed model was analysed to derive its irﬁpedance response under
vibration along the z axis alone, using the transfer matrix approach. The distributed
damping was incorporated in the model by considering complex beam stiffness. The
impedance was obtained upon considering that the beams were hinged at the left end
“B” and allowing the velocity at the right end “A” to vanish from the equation for
mechanical impedance.

The model of the hand and forearm provided reasonable agreement with the
measured data, unfortunately, the driving point mechanical impedance response of
the total hand-arm model resulted in a poor fit.

Although the validity of each model in predicting the biodynamic response
acquired in the particular study has been well established, there was considerable
difference among the various models. As was mentioned already, experimental
conditions and methods of obtaining analytical expressions for experimental curves
are vary from one study to another. S. Rakheja et al [45] evaluated 12 reported
mechanical equivalent models of the hand and arm system in an attempt to identify a
suitable model that could be used for experimental and analytical representations of
human hand and arm. The evaluation was performed using the following two criteria:
(1) the driving point mechanical impedance of the human hand-arm system must lie
within the ranges recommended by ISO-10068 [46] and (2) under a steady feed force
the model must provide the range of deflections and vibration properties displayed
by the human hand and arm. Authors concluded that three- and
four-degree-of-freedom models, in general, showed acceptable driving point
mechanical impedance characteristics while responses of the distributed parameter,

single- and two-degree-of-freedom models lied outside the ISO-recommended limits.
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At the same time, the majority of high order models invariably consisted of very light
bodies and elastic elements with low stiffness and therefore excessive deflections
occured under application of steady feed force which made them inappropriate for
using as mechanical hand-arm simulator. However, this criterion chosen by authors
could be argued about, because under applied static load the human hand behaves
rather like an active system with a feedback and strongly depends on the hand-arm
posture.

According to the authors, high damping ratios that possessed by majority of these
models may constrain their potential application. To conclude, the necessity of
further studies using modern measurement methods was emphasised.

The present study is devoted to an analysis and development of a low-vibration
hand-held percussion machine. Feed and grip force applied by an operator affect
dynamics of hand-held machine and should therefore be included into the analysis.
On the other hand, uncertainty about mechanisms of hand-transmitted vibration, a
wide variety of existing bio-dynamic models of the hand and arm and inter-subject
variability reported by a number of research suggest that effective system of
vibration attenuation should be independent of parameters of an operator. Hence it
would serve no purpose to include complicated dynamic model of the hand-arm
system into the dynamic model of the hand-held percussion machine, because it
would increase very rapidly the degree of difficulty of analysis of such a model while
accuracy of results would still be doubtful. In order to reflect basic operator-machine
interaction in a dynamic model of hand-held percussion machine, the simplest SDOF
dynamic model would be ideal. The SDOF model developed in [37] could be used
for current investigation, however, this mode! did not include information on grip
and feed force, subject posture and etc. Therefore, for the purpose of present study an
experimental study was carried out to obtain a dynamic model of the hand-arm
system, which is suitable for further dynamic analysis of percussion hand-held

machine.
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3.4 Development of dynamic model of human

hand-arm system

The technique used to determine the dynamic characteristics of the hand-arm
system was based on measurements of vibration force, velocity and phase between
these parameters, made as close as possible to the surface of the hand, i.e. method of
driving point mechanical impedance (DPMI) was used. This was obtained by using
rigid handle mounted on the electro-magnetic shaker through the force transducer,
Driving ppint velocity and phase between driving force and velocity were measured

at the same time. A diagram of the experimental rig is shown in Figure 3.6.
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Figure 3.6. Diagram showing the experimental set-up

The handle was mounted on the electro-dynamic shaker (Ling Dynamic System,
model V550) driven by digital vibration controller (LDS DVC 48) and power
amplifier (LDS PA 500) as shown in Figure 3.7,
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Figure 3.7. The experimental rig.

Sinusoidal vibration with acceleration amplitude 1.5g¢ peak was applied to the
handle at increasing frequencies from 10 to S00Hz. The sweep rate was 50s for each
frequency decade. The output from the accelerometer was amplified and integrated to
velocity by the charge amplifier (Briel & Kjeer, Type 2635) before it was sent to the
dynamic signal analyser (Data Physics Corporation DP 104). The second
accelerometer was attached to the shaker’s mounting table and its signal was sent to

the feed-back network facility on the vibration controller to maintain the acceleration
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amplitude constant, independently of the frequency and the dynamic load. The output
from the force transducer (Bruel & Kjaer, Type 8200) placed between the shaker and
the handle was amplified by the charge amplifier (BrUel & Kjeer, Type 2635) and

then sent to the dynamic signal analyser.

The handle was of a rigid stiff construction in order to avoid distortion due to
resonance within the frequency range of interest. The first resonance for the unloaded
handle, for the vibration direction, was at 1350Hz. No resonance was observed for

other axes. The handle weight was of 200g and diameter of 38mm (see Figure 3.8).

Figure 3.8. The electromagnetic shaker with mounted handle.

The study was carried out on four healthy right-handed subjects with no previous
professional exposure to vibration. Figure 3.9 shows the working hand-arm posture
that was used to give a vibration exposure in z direction in accordance to
BS EN ISO 5349 [16].
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Figure 3.9. Hand-arm postures used in the experiment.

Grip tightness and hand pressure upon the tool handle influenced the vibration
response of the hand-arm system, so subjects were advised to hold the handle with
normal grip tightness. The posture of the subjects during the experiment was the
same as in usual working process. The subjects were asked to ensure that no
pull/push forces were affecting the handle.

In each experiment the measured dynamic force, driving point velocity and phase
were transferred to the dynamic signal analyser, which calculated the DPMI.

The test was repeated three times for every subject, so the total number of tests
was 12. In Figure 3.10 and Figure 3.11 the mean magnitude and phase of driving
point mechanical impedance as well as standard deviation for all four subjects are
shown. The magnitude of the “between-subject” standard deviation for the results
was found to be relatively the same, about 25%, over the frequency range.,

From Figure 3.10, mean curve of DPMI magnitude posses several (even though
not very distinctive) hollows, however character of the curve suggests that hand-arm

system can be treated as overdamped SDOF system.
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If excitation force is applied to the body, for a SDOF system the equation of

motion is:

m d:f(:) +ov(r) + kl w(i)dt = F(1), G4

t
__d;(:) — acceleration, {v(f)dt -

where m — mass of the system, v(f) — velocity,

displacement, ¢ — damping ratio, k — stiffness and F(¢) — driving force.
Taking the Laplace transform from the derived above equation of motion and

using formal substitution s= j@ the following equation is obtained:
. k . )
(mja)+c+_—)-v(ja))=F(jaJ), (3.5)
jo

where j= V-1 and @ is angular frequency.

Then mechanical impedance, F(J_ @) , will take the form:
v(jo
) k
Z=c+jlmo——1. ‘ (3.6)
@
where the magnitude and the phase of mechanical impedance are calculated as
follows:
& —ma)> 2
|Z]= J(k =mo)" + (o) : G.7)
@
2 —
9=arctan[mm k]. (3.8)
e

The curve-fitting procedure based on the method of least squares was used for
‘system identification. Standard MS Excel Solver procedure was applied to the mean
value of DPMI magnitude for all four Subjects. Direction of search was determined
by the quasi-Newton algorithm, while the number of interim calculations was set to
300 and convergence 0.001.

The Figure 3.12 and Figure 3.13 show the curve-fitting result and the mean value
of magnitude and phase of driving point mechanical impedance for all the four

subjects.
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While measured and theoretical curve for magnitude of DPMI are relatively close,
the difference between measured and calculated phase is significant. Assuming that
for the present study an approximation of Magnitude-Frequency characteristic is
preferred over Phase-Frequency characteristic of DPMI, the current result of

curve-fitting is taken as description for dynamic model of hand-arm system.

Finally, hand-arm system is represented as SDOF system with the following
parameters:

Mass, m = 1.4kg; stiffness, k = 243069N/m; damping ratio, ¢ = 265.4Ns/m.

The difference between the obtained dynamic model and SDOF model of hand-
arm system reported by Suggs [37] is considerable. It can be explained by several
factors: insufficient number of subjects and tests in both studies, the fact that grip
force was controlled by subject sense only in the current experiment and was not
measured in the study presented by Suggs, the lack of any information about feed
force etc.

It should be noted, that taking into consideration all these factors together with
wide variation between parameters of existing dynamic models of the hand-arm
system (see Section 3.3), obtained values can be used only as a simple description of
the operator-tool interaction in the dynamic model of the hand-held percussion
machine. Proper allowance must be made for approximate character of such model
and, therefore, sensitivity of the final results to the variations of hand-arm system

parameters shall be checked.

3.5 Conclusions and discussions

Owing to the large scale of hazardous vibration effect on the operator of the hand-
held percussion machine, it is essential to develop a suitable model of the hand-arm
system. Such a model could form the basis for the development of a mechanical
hand-arm simulator to enable consistent relative evaluations of different tools, and
support the analysis and assessment of low-vibration power tools and protecting

devices.
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There is a number of reported dynamic models of the hand-arm system. Most of
them are obtained by using a method of driving point mechanical impedance
although there is a great difference between them due to different experimental
techniques and results evaluation.

The dynamic model of hand-arm system developed in the present study is very
simple and rather approximate. The number of subjects taking part in the experiment,
the simple experiment methodology and approximation of results as SDOF system
did not allow a universal reliable model to be obtained. The wide range of existing
hand-arm models makes the choice of the model that is most suitable for
investigation somewhat difficult, and to some extent stimulates the desire of
conducting one’s own experiment. However, the obtained results suite well the
purpose of the reference model that could be used as part of the dynamic model of
the hand-held percussion machine. Bearing. in mind the difference in physical
abilities of operators as well as great variety in parameters of existing hand-arm
models, qualitative analysis of results obtained by means of this model must be

evaluated.



Chapter 4

Dynamics of hand-held percussion
machine

Percussion hand-held tools, which use periodic impacts for the demolishing of or
treatment of materials, are widely used in different areas of industry. Pneumatic
breakers are used for demolishing concrete structures and road surfaces; at a large
steel works, defects in steel casting are removed using pneumatic chisels or chipping
hammers etc.

The repeated impacts with very high impact forces in a zone of contact with
work-piece make this type of machinery highly productive and irreplaceable in many
areas of construction and industry. The design and manufacturing of hand-held
percussive machines is relatively simple and inexpensive. Hand-held power tools are
highly adaptable for different types of work and direction of impacts, they are easy to
transfer and most efficient in cases when stationary machines cannot be used.

The schematic cross section of the electro-pneumatic hammer (see hammer-drill
Hilti TE74 as an example) is shown in Figure 4.1.

The electric motor drives the exciting piston via a crank and connecting rod. The

“piston executing sinusoidal motion compresses the air in the pneumatic chamber,
thereby setting striker motion. The striker hits the intermediate piston, which then

hits the pick which in turn hits the surface being treated.
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treated material buffer striker piston  crank mechanism
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e ey B ]

pick intermediate piston

Figure 4.1. Cross-section of electro-pneumatic hammer.

The operator has to press the machine against the object of treatment with
permanent force (this is called feed force). In order to prevent the pick from going
too far into the mechanism while the operator presses the hammer against the
surface, the pick has a special ledge, which also limits the pick’s motion towards the
hammer mechanism after rebound against surface of treatment. So, while
rebounding, the ledge of the pick can hit the buffer mounted on the casing. The
stiffness of this buffer is usually high in order to avoid large static deflection under
applied feed force and to provide operation with minimum number of pick-surface
impacts per period.

V.1. Babitsky [48] considered the electro-pneumatic hammer as a discrete pulse
modulator which converts the permanent feed force into a series of impulses. In this
case, the feed force can be treated as the main factor of transferring energy of
constant feed into output series of periodic impacts.

Electro-pneumatic hammers as shown above are manufactured in a variety of
sizes from small domestic to large industrial power hammers and can be used with

various pick types, however, the main operating principle remains the same.
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4.1 Major sources of vibration

The schematics of the electro-pneumatic hammer as it will be considered in present
investigation is shown in Figure 4.2. The dynamic model includes the electric drive,
the crank-slide excitation mechanism, the striker, the pick and the casing of an
electro-pneumatic hammer. The design of an electro-pneumatic hammer has to
provide the possibility of replacement of the pick in case it gets damaged or has to be
changed as required by operation. Intermediate piston is used in order to avoid direct
interaction between the striker and the pick and to make the process of the pick
universal. In order to simplify dynamic analysis, intermediate piston (see Figure 4.1)
was not included in present dynamic model because its motion was very similar to

the pick motion and does not affect the main operation principles of an

electro-pneumatic hammer in terms of its vibration activity.

crank mechanism

striker

piston

Figure 4.2. Schematics of an electro-pneumatic hammer.

We have considered repeatedly harmful vibration effect on an operator of hand-

held percussion machine. Let us consider major sources of this vibration.
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First, there is the motion of the striker towards the pick, caused by a pneumatic
force between the driving piston and the striker. That force exerts a counter-force
applied to the casing of the machine through the stiff crank-slide mechanism. A
force, equivalent to the counter-force must be applied to the handle, otherwise the
casing would start to move away from the work material. When the striker reverses
to start a new stroke, a force on the casing applied by an operator presses it down
against the work material. If it were possible to press the hammer against the material
being treated with a force much greater than the counter force, the casing would not
move. An operator, however, cannot produce such high static forces in the hand-arm
system for long periods of time. So the casing may move and this difference between
the constant feed force applied by the operator and the periodic force of impact
against work material experienced by the operator as vibration. Schematically, this
process is shown in Figure 4.2 where the constant feed force applied to the
percussion machine as an input which results in a development of a series of high
impact impulses produced by a the machine at the output. So the difference between
the constant feed force and output impact impulses is the main source of vibration
that is due to its nature has been often been referred to as vibration due to pneumatic
impacts (striker acceleration, counter-force).

The feed force, P, applied by the operator is the main factor in transferring energy
of the excitation source into the medium being treated [47-50). The feed force, which
is considered to be the external force, equalises the internal forces that depend on the
interaction of the machine as a whole with the object of treatment. This includes both
the interaction of the striker with the pick or intermediate piston for processing and
the positioning of the machine and the pick in appropriate position against the object
of treatment. According to the principle of impulse and momentum, the feed force

that is necessary for producing single-impact periodic motion is:

P, =M1+Ryi_f ' 4.1
where Pef' — effort of feed from the operator;

M — mass of the striker;

R — coefficient of restitution of impact interaction between the striker and the
pick;

x_ - striker velocity just before impact against the pick;

f— frequency of impacts.
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In practice, a series of secondary impacts against the material is produced by the
pick after its rebound against the buffer mounted on the casing. This leads to an
increase in necessary feed effort and imposes additional stress upon the operator.
Therefore the expediency of the hand-held machine, from this point of view can be

estimated by means of coefficient of feed effectiveness [48]:

Ly 4.2)
P’ '

where P — actual feed effort applied by the operator.

A=

Thus, the feed force of the operator is a more essential part of the whole operating
process than it had been considered in previous investigations.

The output of the machine is defined as the energy of the striker before impact:

E_=05M:. (4.3)

Substitution of formula (4.1) into (4.3) yields the following relationship between
the energy of impact and the feed force[48]:

E_ f2 1 2

SO S— X 4.4
21+ Ry*M 7 @.4)

Formula (4.4) shows a straight relationship between the feed force and the output,
produced by the machine. From formula (4.4), an increase in the productivity, either

from the rise of impact energy or frequency, can be achieved by the increasing F,.

Usually, the manufacturer specifies the particular force for a particular machine
without considering changes that occur in the operator response over the duration of
work and possible differences between individuals’ physical abilities. This disregard
for feed force may affect final productivity of the machine. Hence, operator-machine
interaction should be included in a dynamic analysis of hand-held percussion

machine.

The second source of vibration is the force of impact between the pick and the
buffer mounted on the casing. This impact arises when the pick rebounds against the
treated material or the whole hammer has been pressed against object of treatment. It

should be noted, that some designs (especially machines with pneumatic or hydraulic
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type of drive) allow avoidance of these impacts as will be shown in Chapter 5.
However, in the electro-pneumatic hammer under investigation this force is present
and is of significant value as will be shown later.

It is obvious that there are some other sources of vibration in hand-held percussion
machines. Unbalanced rotating parts as well as axis misalignment of reciprocating
parts, poor finish and etc. might cause additional noise and vibration perceived by an
operator, However, these are not principal but mainly manufacturing defects, which
can be eliminated by careful design and engineering development and, therefore, will
not be considered in the present study.

Jahn et al [34] developed a software program to simulate the motion of a
percussion drilling machine and showed the main sources of vibration produced by
such a machine. In this study, the dynamics of the hand-arm system was simulated
by a three-degree-of-freedom lumped parameter model, which was valid in the
frequency range from 10 to 500Hz. The simulating program included parameters
such as length of the pneumatic chamber, driving piston diameter, the crank arm

radius, the casing, the feed force, etc. Results of the simulations are presented in

Figure 4.3.
4 ! T T 400
) (ty) /_Intermediate piston (displ) Casing (displ) )
) P 300
Y N B} mk@m\
' a i 200

asing (acc)

NI

l
e

o

g
Acceleration, m/s2

g u&/lv \MJ.JI"“”A\_},

\o
(.-:-"-"‘Q

:
"g at FAA o} N\ an -
g IZ / \ // /\\\ / ] D?ggpxst}n{dlsgl)\ 100
& /L 0 v (I /\ \ -
- 20 \ / \ / / \ / \
4 y® V L"\ Vv
-30 ~ Striker (displ)
-40; ‘ o 7 ® 6 atll g6

Time, ms

Figure 4.3. Displacement and acceleration of several hammer-drill elements
(adapted from [34]).
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The curve of the casing acceleration has distinctive acceleration peaks
superimposed on a base curve similar to a sine wave. This curve results from a
combination of the pneumatic impact between the piston and the striker {the peaks
which are indicated by “LF”) and the collisions of the intermediate piston with the
buffer, which lead to narrow but high peaks (indicated by “D”). The casing of the
hammer-drill hits the collar of the intermediate piston during its motion towards the
treated material (peaks “B”).

To summarise, the dilemma of distinguishing between “good” and “bad” vibration
is particularly challenging in case of hand-held percussion machines, as the main
operating principles of such machines are responsible for hazardous effect on the

operator.

4.2 Development of the dynamic model of

electro-pneumatic hammer

The objectives of the present study are to investigate the dynamics of a hand-held
percussion machine and reduce harmful vibration produced by the machine and
transmitted to the operator. Therefore detailed dynamic analysis that will include all
main operating principles and all interactions between parts of the machine that are
responsible for vibration is necessary.

Figure 4.4 shows the dynamic model that has been developed in the current study.
The pneumatic impact in the pneumatic chamber between the striker and the driving
piston, impact of the striker against the pick, impact between the pick and the buffer
mounted on the casing, the crank-slide mechanism and the interaction between the
pick and the object being treated have been included in the developed dynamic
model as factors responsible for vibration. As was mentioned previously, the
interaction between the operator and the machine is an important factor to consider in
the dynamics of hand-held percussion machine. In order to include the coupling
between the operator and the machine in present dynamic analysis, SDOF lumped
parameter system has been introduced between the handle of the machine and rigid
attachment on the right-hand side (see Figure 4.4). Hazardous vibration in the

direction parallel to the stroke is believed to be the most significant, therefore, to
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investigate the dynamic processes in the electro-pneumatic hammer, a one-axis
lumped parameter model is suggested, while vibration in other directions is
neglected.

The model reflects mutual interactions between all major components of the

" 44

machine and also the “operator”-*“machine” and “machine”-*“treated material”
P

interactions in the direction parallel to the stroke.

:,.7; . Xs Ir’x“ < <3 | <2 LI .
o 5| e 4 3 ; m; mp| €1}
P = C2 Cr |
’ la B e
— €4 - d -l S > Ha
«—
X

Figure 4.4. Dynamic model of the electro-pneumatic hammer,

The feed force, produced by an operator, is accounted for by changing parameter
a, assuming that the attachment on the left-hand side is fixed (see Figure 4.4). Here a
is the distance between origin of absolute co-ordinates (0, 0) and the attachment of
the system on the right-hand side. Parameters of SDOF model representing hand-arm
system of an operator are following: k =243x10°N/m, ¢ =265Ns/m,
my, =14kg. These values were obtained from the experiment which relied on the
method of mechanical impedance and is described in Chapter 2.

Periodic impacts, produced by the hammer, cause the destruction of the treated
material and the whole machine moves gradually in the direction of chiselling. This
fact could confuse results of numerical simulations. It is, therefore, suggested that the
treated material is restored before each new impact and the process of penetration
into the material is not taken into consideration. It is assumed that the character of
the demolishing process can be neglected in the current investigation of the
electro-pneumatic hammer. Consequently, the object of treatment is represented as a
linear spring damper combination and does not change its position during the

operating process.
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Finally, referring to Figure 4.4:

m, .. m, represent masses of the operator hand, the machine casing, the exciting

k35
k.,

ks,

piston, the striker and the pick, respectively;

stiffness and damping ratio of coupling between the hammer and the hand-
arm system,

the parameters of the vibration isolation system between the hand-arm
system and the handle of the percussion machine (usually the rubber
cushion covering the handle);

the mechanical characteristics of contact between the striker and the pick;
the parameters of the buffer mounted on the casing;

the parameters of the linear spring-damper combination reflecting the
mechanical characteristics of the treated material;

the pneumatic force between the driving piston and the striker;

the radius of the crank and the length of connecting rod correspondingly;
the length of the pneumatic chamber between the driving piston and the
striker when the pressure in the chamber is atmospheric;

the stroke length (when all elastic elements are not deformed, the driving

~ piston is in extreme right position from the pick and position of the striker is

determined by the atmospheric pressure in the pneumatic chamber).

Equations of motion of each body take general form:

m¥ =Y E™+> F'+> F =15 (4.5)
i i £

where m, and %, - mass and absolute acceleration of a body with an index { in

accordance with Figure 4.4,

> E™ - sum of impact forces applied to the body,
ZE"” - sum of elasticity forces applied to the body,
D F - forces that cannot be described by general formula for force of

elasticity or impact (pneumatic force, driving force).
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The model of visco-elastic impact, which relies on the Kelvin-Voigt model, is
used as the basis for a description of collisions between parts of the machine. The
limiter is modelled as a parallel spring and dashpot combination and the impact force

is calculated using the following formula [52]:

¢z, +k(z,—Ay) if z,-A,,>0 and F/(z,,%,)>0
F"(z,,2,)= 0 if z,-A,,>0 and F/"(z,,2,)<0, (4.6)
0 if z,~A,, <0

where z; is the relative displacement of the colliding bodies; A, is the initial gap
between the colliding bodies; &, is the stiffness at impact and ¢, is the damping ratio

at impact.

Equations of motion for all bodies are written in an absolute co-ordinate systems
where initial positions of the boedies counted from their equilibrium position under
applied feed force.

The motion of the body m,, which represents coupling between the operator and
the tool, is governed by the single second-order differential equation, where the
resilient force that is exerted by the hand is on the left hand-side and the force

. developed by the coupling between the operator and the machine is on the right

hand-side:
mi +ek +hk( +A,) =, (%, — %) +k,(x, —x, — A,) 4.7

where x, and. x, represent absolute co-ordinates of the operator hand and casing of
the machine, respectively; A, A,, are the static deformations of corresponding

springs under applied feed force.

Equation of casing motion takes form:

mi, + ¢,y (%, = X))+, (x, —x, ~ A)=F, +E|imp 4.8)
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where F, - reaction force produced by the crank-slide mechanism and applied to the

casing of the machine; F,” — force of impact between the pick and the buffer
mounted on the casing.

The diagram of forces applied to the “crank mechanism - electric drive” system is
shown in Figure 4.5. The high-speed alternating current commutator motor and high
gear ratio reducer, which are currently used in the electro-pneumatic hammers have
been taken as a model in the current study. This allows employing the uniform

rotation of the crank with angular velocity g.

Nsin(q-6)

L L L L L L L L

NN N N N N NN

SN S S

.

Figure 4.5, Schematics of forces between the crank-slide mechanism and the electric

drive. 1 — driving piston, 2-electric motor, 3 — casing of the machine.

The piston is moving along a horizontal line and its position is determined by the
crank radius » and length of the connecting rod I. Equation for the displacement of
the piston will take the following form (the extreme right position of the piston is

coordinate reference):

x, =lcos@-rcosg, (4.9)

where the first component on the right hand-side of the equation can be represented

in the following form:

Icos@=I1-sin’ 4, (4.10)

Referring to Figure 4.5:

sin9=§sinq, (4.11)
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Substituting two last formulae into equation (4.9):

| _
lcose=l1/1—(§) sin’q, (4.12)

Expanding this equation by binomial theorem and neglecting all powers r// greater
than the second [51] we find:

2
lcosBsI[l—%(fﬂ sin? q], (4.13)

Replacing sin’q by a function of the double angle 2¢q, and substituting equation

(4.13) into the equation (4.9) the following expression for the piston displacement is

obtained:

r2

4] Lcoqu—cosq), (4.14)

4]
By differentiation this equation with respect to time, expressions for the velocity x,

and acceleration X, of the piston are obtained:
i = rq(sinq -%sin 2q), (4.15)

i =rq'rz(cosq—§c082q). (4.16)

From Figure 4.5, F, is reaction force due to the rigid coupling between the stator
and the casing of the machine and M, is torque of resistance force applied to the

crank-slide mechanism and transferred to the rotor of the motor. In this case only

vibration in the direction parallel to the stroke is considered.

F, = Ncosd,

M, = Nsin(q - 6)r, @17)

where N cos@=myi, + F,, is the force applied by the crank-slide mechanism to
the driving piston, & is the angle between the connecting rod and horizontal axis and
r is the crank radius.

In this analysis, the only force applied horizontally on the crankshaft bearings is

taken into consideration, The vertical component of the reaction force which is equal
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Ncos(q—8) is neglected, because the casing motion is considered only in axial

direction; vertical component of force N applied to the piston from the motor is
assumed to be compensated by the piston guides.

Assuming that the mass of air between the driving piston and the striker remains
constant at all times, the conditions in the pneumatic chamber might be considered
approximately to be close to isothermal and the pressure in the chamber between the
driving piston and the striker is atmospheric. Hence the force developed by the air

cushion is defined as:
F, =pA[S/(S+x,-x,)-1] (4.18)

where p is the atmospheric pressure; A4 is the cross-section area of the driving
piston; x,,x, are the absolute co-ordinates of the striker and exciting piston.
Calculations show that the above simplification of the thermodynamical process does
not essentially influence the dynamic behaviour of the model [49].

The force of the impact between the pick and the buffer:

cy (ks —X,))+ k(x5 ~x,—A,,) if x—x,-A,, <0 and Efmp<0

Em = 0 if x,-x,-A,, <0 and F"™ 20,
0 if x~-x,-A,,>0
4.19)
where x;,x, are the absolute co-ordinates of the pick and the casing; A, -static
compression of the buffer under applied feed force.
In a similar manner, equation of motion for the striker will take form:
m,+ K" = F,, (4.20)

where m, and ¥, are the mass and the absolute acceleration of the striker; F,, is

the pneumatic force between the driving piston and the striker; and, finally, the force

imp

of impact between the striker and the pick, 5" is:
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es(Xy =%} +ky(x, —x—d) if x,—x;>d and FE"™>0
E™ = 0 if x,—x,>d and F"™ <0
0 if x,—x,<d

4.21)

where x,,x; represent the absolute displacements of the striker and the pick
respectively; d is the stroke length.
Finally, equation of motion for the pick:
sy + B0 4 F"0 = F, (4.22)

where impact forces F," and F,"” are calculated according to the formula (4.21)

and (4.19). According to the formula (4.6), expression for the impact between the

pick and the object of treatment can be written as follows:

CsXs + ks(xs + AM) if x;+ Ays > 0 and }Tsimp >0
F;jmp = 0 if xs +A5f5 > O and F;fmp < O (4.23)
0 if x;+A,<0

where A, -static compression of the treated material under applied feed force.

The above set of equations (4.5)-(4.23) for the proposed model allows
investigation of the operator-machine interaction and the main sources of vibration as
it includes all major parts of the machine and their mutual interactions.

Nonlinearity and complexity of the model make analytical solutions rather
difficult and unpractical [53], for this reason, the model has been investigated

numerically using Simulink (part of the Matlab software suite).
4.3 Numerical simulations

Simulink contains a graphical interface and several block libraries, it allows a
system to be built out of standard or customised blocks, deals with discontinuities
and non-linear elements and, hence, appears to be more convenient than
programming in standard language. The Simulink software enables all the dynamic

characteristics of the model to be obtained and includes variation of the parameters
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which are essential for the design of electro-pneumatic hammer, such as size of

pneumatic chamber, crank arm radius, masses of different parts, feed force, etc.
4.3.1 Block diagrams

A block diagram of the electro-pneumatic hammer is shown in Figure 4.6 where
each block represents a subsystem (usually body motion or force) built using
Simulink blocks according to Eqs. (4.14)-(4.23).

el !
E' o~ K
(- 4}t
%, %x ky
crank <« m P
mechanism 1 -
1
Fpn X3
Y
X, XXy
Fp,, -t My
imp
Fpn F;

FU-.

Figure 4.6. Simulink block diagram of the electro-pneumatic hammer.

kL

In Figure 4.6 blocks marked “m>...”m,” represent subsystems calculating

acceleration, velocity and displacement of corresponded bodies; in a similar manner,
subsystem marked “crank mechanism” built according to Egs. (4.14)-(4.16) and
calculates driving piston displacement and reaction force applied to the casing from

crank mechanism; block marked “Fp,” is a simple calculation of pneumatic force
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according to Eq. (4.18); the grey blocks with spring-dashpot combination are
responsible for calculation of impact forces and, finally, the white blocks with spring

dashpot combination represent elasticity forces.

Figure 47 shows the Simulink block diagram of the subsystem “crank
" mechanism”. Crank rotation was assumed to be uniform, so far left block specifies
angular rotation speed as 282.74 rad/s.

In order to obtain the angle of crank rotation, this constant signal is sent through
the continuous-time integration block. This block can reset its state to the specified
initial condition based on an external signal. A Hit crossing block is used to detect
the crossing point which is set to be 2w, so every time an angle of crank rotation
equals 2w, this block resets the initial condition of the continuous-time integration
block td 0. After a series of simple algebraic operations where blocks marked sin or
cos perform simple trigonometric functions, the block Product multiplies inputs,
block Sum outputs the sum of inputs and block Gairn multiples block input by a
specified value, finally, driving piston displacement and reaction force was applied to
the machine casing is obtained.

Uniform rotation of the crank with angular velocity ¢ was employed in the
present study, so the torque of resistance force applied to the mechanism and

transferred to the rotor of the motor, M, , was not calculated.
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Integrator Product

20274

Hit crossing
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Figure 4.7, Simulink block diagram of the crank-slide mechanism.
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Figure 4.8 shows a Simulink block diagram for the impact force between the pick
and the striker ( F;"™), the mass of the striker (m), and the force of the pneumatic

impact ( F,,, ).
The sum of the signals of “F,,” and “ F,"”” (left upper corner in Figure 4.8} is

passed through Gain block “I/m;” producing the striker acceleration. This signal
passes through two Infegrator blocks marked “1/s” to give velocity and displacement
of the striker. Relative displacements between the striker and the driving piston pass
through block Sum (upper right-hand corner) and then through the Function block
that applies a specified expression to the input referred to as u, and calculates
pneumatic force between the striker and the driving piston in accordance with Eq.
(4.18). Relative displacement between the striker and the pick (after block Sum) is
sent to the Dead Zone block. The block outputs zero for inputs within the dead zone
which is set accordingly to impact conditions. In this particular case the start of a

dead zone is “-0” and end of a dead zone is (d-A,,), where d — is the stroke

length, i.e. the distance that the striker travels from its equilibrium position before it
hits the pick in its equilibrium position, A_, is static deformation of the buffer
mounted on the casing under applied feed force.

The block Sign gives output “-1” for negative input and “+1” for positive input
value. The Relational operator block marked “= =" performs a relational operation
on its two inputs and produces an output equal to “1” if the first input is equal to the
second input, otherwise the output is “0”. These blocks have been used in order to
specify the moment when two collided bodies were not in contact any more after
impact.

So the impact interaction begins when the impacting body crosses the “impact
level” in positive direction. The impact is completed when the value of the limiter
response crosses its zero level in the “negative” direction. The condition of equality
between signs of impact force and displacement is necessary in order to avoid effect
of “adhesion” between bodies in contact. The Gain blocks marked “k3” and “c3”

represent the parameters of the impact interaction between the striker and the pick.
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Figure 4.8. Simulink block diagram of the striker motion, impact force between the striker and the pick and the pneumatic force.



Chapter 4. Dynamics of hand-held percussion machine 62

Figure 4.9 shows a Simulink block diagram for the bodies m, and m;, and the
forces of impact between the pick and the treated material and the pick and the

casing.

Figure 4.9. Simulink block diagram for subsystems m,,m,, F," and F,"™ .

The principle of this diagram is very similar to the previous one. After summation
of elastic force developed between the casing and the hand-arm system, reaction
force from the crank-slide mechanism and impact force between the pick and the

buffer, signal passes through two Integrator blocks giving as a result casing velocity



Chapter 4. Dynamics of hand-held percussion machine 63

‘and displacement. “Pick-Casing” impact force is obtained in accordance to Eq. (4.19)
in a manner similar to previously described for ™. As before, A, and A_, are

static deformations of springs &, and k, under applied feed force, respectively.

Figure 4.10 shows a block representing the subsystem “m, . This subsystem is made

according to equation (4.7) and includes blocks calculating two elastic forces which
represent a hand-arm system and coupling between the handle of the machine and the
hand.

Figure 4,10, Simulink block diagram of the “m,”

Simulation of models involves the numerical integration of sets of ordinary
differential equations (ODEs). Simulink provides a number of solvers for simulation
of such equations. The model under consideration has continuous states, so variable-
step solver ode45 was chosen. Ode45 is based on an explicit Runge-Kutta (4,5)
formula, the Dormand-Prince pair. Variable-step solvers can modify their step sizes
‘during  simulation. They provide error control and zero crossing detection. The

maximum step size was set as ¥ of the period of the process (0.005s) and the initial
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step size as 0.0001s. The solver uses standard local error control techniques to
monitor the error at each time step. During each time step, the solvers computed the
state values at the end of the step and also determined the local error, and estimated
error of these state values. They then compared the local error to the acceptable error,
which was a function of the relative tolerance (was set as 103 ) and absolute tolerance
(10%). If the error had been greater than the acceptable error for any state, the solver
would have reduced the step size and tried again. After the simulation had been run,

the results were sent to a Matlab workspace for further processing or stored in a file.
4.3.2 Model parameters

Some of the p