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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF ENGINEERING AND THE ENVIRONMENT 

INSTITUTE OF SOUND AND VIBRATION RESEARCH 

Doctor of Philosophy 

PACINIAN CHANNEL MEDIATED VASOCONSTRICTION IN THE FINGERS 
DURING VIBRATION EXPOSURE 

by YING YE 

A review of the literature showed that acute vascular responses to hand-transmitted vibration 
depend on the magnitude, the frequency, and the duration of the vibration but the mechanisms 
involved in the immediate vasoconstriction on exposure to vibration are not clear. This research 
was designed to advance understanding of the relation between the characteristics of vibration 
and changes in vascular circulation on exposed hands, and to develop a model of the 
mechanoreceptor channel involved in mediating vascular changes during vibration. 

Study 1 was designed to determine an appropriate temperature for investigating changes in 
finger circulation induced by hand-transmitted vibration. Subjects were exposed to vibration with 
two room temperatures (20°C and 28°C). The reduction in absolute finger blood flow was 
greater with the higher room temperature, but the percentage reduction in finger blood flow 
relative to FBF during pre-exposure to vibration was similar. The room temperature was then 
setting up at 25°C to maintain suitable absolute finger blood flow value and obtain clear 
reduction pattern for digits circulation during vibration exposure.  

Three experiments were designed to investigate the role of the Pacinian channel in mediating 
vasoconstriction in the fingers during exposure to 125-Hz vibration. In study 2, the association 
between vibration-induced reductions in finger blood flow and vibrotactile perception thresholds 
was investigated. Thresholds for the perception of 125-Hz vibration were measured on the 
thenar eminence of the right hand and then changes in finger blood flow were measured when 
exposed to vibration (125-Hz at 0.5 and 1.5 ms

-2 
r.m.s.). When the vibration magnitude was 

greater than individual vibration thresholds, vasoconstriction was correlated with thresholds at 
both vibration magnitudes. In study 3, the relation between thresholds and vasoconstriction was 
investigated with 125-Hz vibration and two contactors: 3-mm and 6-mm diameter probes. 
Subjects provided thresholds for perceiving vibration with both contact areas. With the 
magnitude of vibration 15 dB above each individual’s threshold with the 3-mm probe, the 
reduction in FBF with the 6-mm probe was greater than with the 3-mm probe. There were 
similar reductions in finger circulation when vibration was presented by the two sizes of 
contactor at the same sensation level. In study 4, the relationship between 125-Hz perception 
thresholds and vascular changes was investigated by applying vibration to different body 
locations. Vibration (125-Hz 15 dB above the individual threshold at the right thenar eminence) 
was applied to three body locations: right index finger, right thenar eminence, and left thenar 
eminence. Differences in reductions in finger blood flow caused by vibration at each location 
were correlated with differences in thresholds: subjects with a greater difference in threshold 
between fingertip and thenar eminence showed a greater difference in the vascular changes 
when vibration was applied to the fingertip and the thenar eminence.   

Study 5 investigated the role of the Pacinian channel in mediating vascular responses to 
vibration at different frequencies of vibration. Subjects were exposed to 10 magnitudes of 
vibration (from -10 dB to 40 dB sensation level) at 8, 16, 31.5, 63, 125, and 250 Hz . Finger 
blood flow was reduced by 63-, 125-, and 250-Hz vibration when the vibration magnitude 
reached a sensation level of 10 dB. With 8-, 16- and 31.5-Hzvibration, 25 dB sensation level 
was required to cause vasoconstriction .  

It is concluded that acute reductions in finger blood flow during vibration are mediated by the 
Pacinian channel through the sympathetic nervous reflex. The differences in the reductions in 
finger blood flow induced by vibration when exposed to different contact areas, body locations, 
and frequencies reflect the variation of the sensitivity of the Pacinian channel due to its 
characteristics (i.e., spatial summation, receptor density, frequency-dependent sensitivity).
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P                        Blood pressure 

R                        Blood resistance 
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r                          Blood vessel radius 
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∫        
  

  

     
]

   

 

HAVS                 Hand arm vibration syndrome 

VWF                   Vibration-induced white finger 

FBF                    Finger blood flow 

FST                    Finger skin temperature 

SL                      Sensation level 

Hz                      Hertz 

dB                      decibel 

P                        Pacinian  

PC                      Pacinian corpuscles, referred as FA II 

NP                      Non Pacinian  

RA                      Meissner corpuscles, referred as FA I 

 

 



   

 



Ying Ye  Chapter 1: Introduction 

 

Chapter 1 Introduction 

Fit and healthy people maintain and regulate the distribution of blood flow to and from 

hand tissues through changing of the diameter of their blood vessels in the hand. This 

circulation control activity is modified by inputs from baroreceptors (pressure-sensitive 

mechanoreceptors that respond to changes in arterial pressure and stretch), 

chemoreceptors (receptors that respond to changes in blood levels of oxygen, carbon 

dioxide) and higher brain centre activity.  

Workers’ occupational use of hand-held vibrating tools can result in the signs and 

symptoms of vibration-induced white finger (VWF), which is characterized by episodic 

finger blanching due to reduced finger blood flow. The condition seems to affect mainly 

the control of peripheral circulation in the fingers and hands, although structural 

changes in vessel walls have also been reported in severe cases of VWF.   

To help understand the mechanisms involved in the chronic effects of vibration, the 

acute effects vibration on vascular supply to the digits was investigated. The finger 

blood flow immediately reduced on both the exposed and unexposed hand when 

exposure to vibration on one hand. The extent of the reduction during and after 

vibration exposure has been reported to depend on the characteristics of the vibration 

(frequency, magnitude, duration) and contact conditions of vibration (contact force, 

contact area and contact location).  

It was not understood why vibration affects digital circulation or which mechanisms are 

involved in the dis-regulation of circulation by vibration. A common explanation has 

been that a central sympathetic reflex to vibration alters the finger blood flow. For such 

a reflex to be involved there must be mediation of the vibratory stimulus, such as the 

excitation of mechanoreceptors by vibration.  

Thresholds for perceiving vibration of the hand are determined by one or more of four 

psychophysical channels associated with mechanoreceptors in the glabrous skin of the 

hand: the Pacinian channel and three non Pacinian channels. The four types of 

mechanoreceptor channels exhibit properties that differ from each other. According to 

the frequency and the magnitude of vibration and the contact conditions, different 

channels are activated by vibration. By changing the experimental conditions, the 

association between the reduction in finger blood flow during vibration exposure and 

the absolute thresholds for perceiving vibration mediated by specific mechanoreceptors 

could be examined. 
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The overall objectives of this research was to investigate the involvement of 

mechanoreceptor channels in mediating the vascular circulation changes, and build a 

model for which mechanoreceptor channel is involved in mediating vascular changes 

during vibration. Five separate experiments were designed to fulfil the objectives of the 

research. The five experiments are reported in Chapters 4 to 8. The first experiment 

was designed to determine an appropriate temperature for investigating changes in 

finger circulation induced by vibration. The second to fourth experiments were 

designed to investigate the role of the Pacinian channel in mediating vasoconstriction 

in the fingers on both hands during exposure to 125-Hz vibration. First, the association 

between vibration-induced reductions in finger blood flow and vibrotactile perception 

thresholds was investigated. Then, the relationship between thresholds and 

vasoconstriction was investigated with 125-Hz vibration and two contact areas: 3-mm 

and 6-mm diameter probes. Finally, the relationship between perception thresholds and 

vascular changes was investigated by applying vibration to different locations on the 

hand. The fifth experiment investigated the role of the Pacinian channel in mediating 

the vascular responses to vibration at different frequencies of vibration. 

Chapter 2 presents a review of the literature related to the factors influencing finger 

circulation and the sensation of vibration in humans. In Chapter 3, the methods used in 

this thesis (i.e., the equipment, methods, and analysis tools) are presented. In 

Chapters 4 to 8, five experiments are reported. Chapter 9 contains a discussion of the 

methods and results of all experiments and a proposed model of the involvement of the 

Pacinian channel in vascular changes induced by hand-transmitted vibration. Chapter 

10 concludes this thesis. 
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Chapter 2 Literature review 

2.1 Introduction 

This chapter reviews previous research on the vascular response to vibration. This 

literature review includes the anatomy and physiology of the blood vessels in the hand, 

the mechanisms controlling blood flow, the effects of long-term vibration exposure, and 

the acute effects of vibration on finger blood flow. To understand the role of the 

mechanoreceptors in the mediation of vasoconstriction during exposure to vibration, 

information about the tactile receptors and characteristics of the mechanoreceptor 

channels in the glabrous skin of hand has been summarized.  

2.2 Anatomy of the vasculature in the hand 

The skeleton of the hand (Figure 2-1) includes the bones of the wrist (carpus), the palm 

(metacarpus) and the fingers (phalanges). Each hand has 14 miniature bones called 

phalanges. Except for the thumb, each finger has three phalanges: distal, middle, and 

proximal. The thumb has no middle phalanx. 

 

Figure 2-1 Bones of the hand (Seeley et al., 2008) 

The blood vessels in the hand are part of the body’s complex network of blood vessels 

known as the cardiovascular system. There are two different types of blood vessel 

connected to the heart consisting of two parts of the cardiovascular system: the arterial 

and venous systems. The arterial system takes the oxygen-rich blood away from heart 
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and feeds into the hand; the venous system carries the oxygen-poor blood from the 

hand to the heart. 

2.2.1 Arterial system 

The blood flow to the hand is transported through the radial artery and ulnar artery 

(Figure 2-2). The radial artery supplies the lateral muscles of the forearm, the wrist, and 

the thumb and index finger. The ulnar artery supplies the medial aspect of the forearm, 

middle, ring, and little fingers, and the medial aspect of the index finger. In the palm, 

branches of the radial and ulnar arteries link to form the superficial and deep palmar 

arches. The metacarpal arteries and the digital arteries that supply the fingers arise 

from these palmar arches.  

 

Figure 2-2 Arteries of the hand (Marieb, 2012) 

The blood moves from digital arteries reaching the smaller branches, arterioles, which 

feed into the capillary beds of the hand tissues. Capillaries are the smallest blood 

vessels and do not function independently. They tend to form interweaving networks 

called capillary beds containing true capillaries.  
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2.2.2 Venous system 

Blood drains from the capillaries of the hand into venules, the smallest veins, and then 

on into digital and palmar veins. The deep veins of the hands follow the paths of their 

companion arteries and have the same names. The superficial veins of the hands are 

larger than the deep veins and are easily seen just beneath the skin.  

 

Figure 2-3 Veins of the hand (Marieb, 2012) 

The most distal deep veins of the upper limb are the radial and ulnar veins (Figure 2-3). 

The deep and superficial palmar venous arches of the hand empty into the radial and 

ulnar veins of the forearm. The superficial venous system begins with the dorsal 

venous system, a plexus of superficial veins in the dorsum of the hand. In the distal 

forearm, this plexus drains into three major superficial veins: the cephalic and basilic 

veins and the median antebrachial vein of the forearm. 

2.2.3 Capillaries 

Capillaries are very narrow thin blood vessels (Figure 2-4). Arteries branch out many 

times to form capillaries, these capillaries then join up to form veins. Capillaries carry 

blood to and from the body’s cells. Capillaries are the site at which exchange of 
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oxygen, carbon dioxide and nutrients takes place. The structure of capillaries makes 

them very well suited for this function. As capillaries are only one cell thick and have 

very thin permeable walls this means that substances can diffuse out of them very 

easily. Fluid leaks out of the capillaries and bathes the surrounding cells, this is called 

tissue fluid. Useful substances such as oxygen and nutrients diffuse out of the blood in 

the capillaries into the tissue fluid where it is then taken to the cells. Waste products 

such as carbon dioxide diffuse from the body’s cells, into the tissue fluid and are 

reabsorbed back into blood in the capillaries. 

 

Figure 2-4 Cross section of a capillary (Shier et al., 1996) 

2.3 Physiology of the vasculature in the hand 

2.3.1 Definition of terms 

Blood flow is the volume of blood flowing through a vessel, an organ, or the entire 

circulation in a given period (ml/min). Normally, the blood flow is equivalent to cardiac 

output and will keep relatively constant; however, blood flow through individual body 

organs can vary widely and is moderated by their immediate needs. 

Blood pressure (P), the force per unit area exerted on a vessel wall by the contained 

blood, is expressed in millimetres of mercury (mm Hg). The pressure gradient (the 

differences in blood pressure within the vascular system) provides the driving force that 

keeps blood moving. 
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Resistance (R) is opposition to flow and is a measure of the amount of ‘friction’ blood 

encounters as it passes through the vessels. There are three important sources of 

resistance: blood viscosity, vessel length, and vessel diameter. 

- Blood viscosity (v). Viscosity is the internal resistance to flow that exists in all fluids 

and is related to the ‘thickness’ of a fluid. The greater the viscosity, the less easily 

molecules slide past one another and the more difficult it is to get and keep the fluid 

moving. Blood viscosity is fairly constant, but in some special conditions (red blood 

cell count is low or high), it can increase or decrease.  

- Blood vessel length (l). The longer the vessel, the greater the resistance. An extra 

pound or two of fat requires that miles of small vessels be added to service it. This 

significantly increases the peripheral resistance. 

- Blood vessel radius (r). Since the blood viscosity and blood vessel length are 

normally unchanging, the influence of these factors can be considered constant in 

healthy people. Changes in blood vessel radius are frequent and significantly alter 

peripheral resistance. The large arteries close to the heart do not change 

dramatically in diameter, however, the small diameter arterioles, which can enlarge 

or constrict in response to neural and chemical control, are the major 

determinations of peripheral resistance. 

The rate of blood flow in a vessel can be described by the following equation (1): 

Flow = (P1-P2)/R                                                     (1) 

Where P1 and P2 are the pressures in the vessels at two points and R is the resistance 

of the flow. This equation suggests that blood always flows from an area of high blood 

pressure to an area of low pressure. The greater the pressure difference, the greater 

the rate of flow. 

The factors influencing the resistance of the blood can be represented in the following 

equation (2): 

Resistance = 8vl/(πr4)                                               (2) 

When combining equations (1) and (2), the following relationship (3) has been called 

Poiseuille’s Law: 

Flow = π(P1-P2)r
4/(8vl)                                            (3) 

2.3.2 Principles of circulatory function 

Although the details of the circulatory function are complex, there are three basic 

principles that underline all functions of the vascular system (Seeley et al., 2008). 
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Firstly, the rate of blood flow to each tissue of the body is almost always precisely 

controlled in relation to the need of the tissue. When the tissue is activated to perform 

certain tasks, the need for nutrients is significantly increased and therefore greater 

amount of blood flow are required than in the resting level. The microvessels of each 

tissue monitor the tissue needs, such as the oxygen level and other nutrients, acting 

directly on the local blood vessels, dilating or constricting them, to control the local 

blood flow precisely to meet the requirement for the tissue activity. Also, nervous 

control of the circulation from the central nervous system and hormones provide 

additional help in controlling tissue blood flow. 

Secondly, the cardiac output is controlled mainly by the sum of all the local tissue 

flows. After the blood flows through a tissue, it returns by way of the veins to the heart. 

The heart can adjust its output to the arteries according to this increased inflow of 

blood automatically and respond to the demands of the tissue. However, the heart 

often needs help in the form of special nerve signals to make it pump the required 

amounts of blood flow.  

Thirdly, arterial pressure regulation is generally independent of either local blood flow 

control or cardiac output control. When the pressure falls significantly below the normal 

level, a barrage of nervous reflexes elicit a series of circulatory changes to raise the 

pressure back toward normal within seconds. The nervous signals will increase the 

force of heart pumping, cause contraction of the large vessels to provide more blood to 

the heart, and cause constriction of most of the arterioles throughout the body so that 

more blood accumulates in the large arteries to increase the pressure.  

2.3.3 Mechanisms of blood flow control 

Blood flow provided to the tissues by the cardiovascular system is highly controlled and 

meets closely the metabolic needs of tissues. Mechanisms that control blood flow 

through tissues can be classified in two parts: local control and nervous and hormonal 

control (Seeley et al., 2008; Hall, 2011). 

2.3.3.1 Local control of blood flow 

The tissue metabolism is an important factor influencing local blood flow. Figure 2-5 

shows the approximate acute effect on blood flow of increasing the rate of metabolism 

in a local tissue, such as in a skeletal muscle. It shows an increase in metabolism up to 

eight times normal increases the blood flow acutely about fourfold. 

Another important factor influencing the local blood blow is the oxygen level. Whenever 

the availability of oxygen to the tissues decreases, such as at high altitude at the top of 
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a high mountain, the blood flow through the tissues increases markedly. When the 

arterial oxygen saturation decreases to about 25% of normal, the blood flow through an 

isolated leg increases up to three times (Hall, 2011). In this case, the blood flow 

increases almost enough, but not quite enough, to make up for the decreased amount 

of oxygen in the blood, so a relatively constant supply of oxygen to the tissue can be 

maintained. 

 

Figure 2-5 Effect of increasing rate of metabolism on tissue blood flow. (Hall, 2011) 

The vascular endothelium is the inner lining of blood vessels that regulates vascular 

wall function (Seeley et al., 2008). The endothelial cells could synthesize several 

substances that, when released, can affect the degree of relaxation or contraction of 

the arterial wall. Endothelial cells could release the vasodilator - Nitric Oxide, a 

lipophilic gas released in response to a variety of chemical and physical stimuli, and the 

vasoconstrictor – Endothelin, a large protein presented in most of blood vessels but 

greatly increases when the blood vessels are injured (Tuma et al., 2008).  

2.3.3.2 Nervous and hormonal regulation of blood flow 

Nervous control of the circulation has more global functions than the local control. It is 

responsible for redistributing blood flow to different areas of the body, increasing or 

decreasing pumping activity by the heart, and providing rapid control of arterial 

pressure. In some extreme conditions, the nervous system is able to shut off the blood 

from one large area of the peripheral circulatory system to another. For example, in 

response to blood loss, blood flow to the viscera and the skin is reduced dramatically. 

This helps maintain the arterial blood pressure within a range sufficient to allow 

adequate blood flow through the capillaries of the brain and cardiac muscle. 
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The nervous system controls the circulation through the autonomic nervous system 

rapidly (within 1-30 seconds). The most important part of the autonomic nervous 

system for this regulation is the sympathetic nervous system (Figure 2-6). The 

innervation of the small arteries and arterioles allows the sympathetic nervous system 

to increase resistance to blood flow and thereby to decrease the rate of blood flow 

through tissues. The innervation of the large vessels makes it possible for sympathetic 

stimulation to decrease the volume of these vessels. 

 

Figure 2-6 Nervous regulation of blood vessels (Seeley et al., 2008) 

The sympathetic nerves carry a large number of vasoconstrictor nerve fibres and only a 

few vasodilator fibres. The vasoconstrictor fibres are distributed to most parts of the 

circulatory system, and their effect is more powerful in the skin than in the brain.  

An area of the lower pons and upper medulla oblongata in the brain is called the 

vasomotor centre. The vasomotor centre plays a major role in regulating the frequency 

of action potentials in nerve fibres that innervate blood vessels. There is a continuous 

partial constriction of the blood vessels due to low frequency action potentials 

transmitted through the sympathetic vasoconstriction fibres. This condition has been 

called vasomotor tone. The vasomotor centre can inhibit the vasomotor tone and 

induce vasodilation. There are three main inputs that stimulate changes in the 

vasomotor tone: baroreceptor reflexes, chemoreceptor reflexes, and the higher 

nervous system response.  
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Baroreceptors are sensory receptors sensitive to stretch. They are scattered along the 

walls of most of the large arteries. A sudden increase in blood pressure increases the 

frequency of action potentials produced in the baroreceptors and influences the 

function of vasomotor centres in the brain. The vasomotor centre responds by 

decreasing sympathetic stimulation of blood vessels. As a result, peripheral blood 

vessels dilate and the blood pressure decreases. 

The chemoreceptor reflexes help maintain homeostasis when oxygen level in the blood 

decreases or when carbon dioxide concentrations increase. The chemoreceptors 

stimulate the vasomotor centre when they sense the oxygen availability decreases, 

resulting in increased vasomotor tone, which allows more blood to go through the blood 

vessels.  

The higher nervous centre can either excite or inhibit the function of the vasomotor 

centre. The extent of this influence is dependent on the precise portions of these areas 

that are stimulated and on the intensity of stimulus. Thus, widespread basal areas of 

the brain can have profound effects on cardiovascular function. 

Another mechanism involved in regulating the blood flow is hormonal stimulation, 

called the adrenal medullary mechanism. It is activated when stimuli result in a 

significant increase in sympathetic stimulation of the blood vessels, such as a large 

increase in blood pressure, sudden and substantial increases in physical activity, or 

other stress conditions. The adrenal medulla releases epinephrine and norepinephrine 

into the blood. These hormones are transported in the blood to all parts of the body and 

cause vasoconstriction.  

2.4 Chronic vibration exposure 

Vibration transmitted through the hand and arm as a physical stimulus will trigger a 

series of responses in the nervous and vascular system. Adverse health effects of 

hand-transmitted vibration have been clinically identified in large numbers of people 

with occupational use of hand-held power tools. The signs and symptoms associated 

with prolonged vibration exposure have been defined collectively as an occupational 

disease: hand-arm vibration syndrome (HAVS). Hand-arm vibration syndrome has 

vascular, sensori-neural, and musculo-skeletal components.  

The principal vascular component of HAVS is vibration-induced white finger (VWF), 

characterized by attacks of blanching in digits due to reduced finger blood flow during 

and after exposure to cold. Blanching is whiteness of the digits and is clearly 

demarcated from the normal coloration of the skin. Giovanni Loriga (1911), an Italian 

physician, first described the occurrence of episodes of tingling, numbness, and 
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whiteness in the fingers and hands of stone and marble cutters and carvers who used 

barrel-shaped air hammers without a handle and throttle valve. Later, Alice Hamilton 

(1918) reported that 89-5% of 38 limestone cutters of Bedford, Indiana, United States, 

had attacks of finger blanching (defined as "spastic anemia affecting the arterioles of 

the fingers and hands") resembling the digital ischaemic phenomenon described by the 

French physician Maurice Raynaud in 1862. Over the past hundred years, many 

epidemiological studies have been conducted among people using the power tools to 

identify the relationship between vibration exposure level and the circulatory 

dysfunction with VWF patients. Cross-sectional and longitudinal epidemiology studies 

have shown that occupational exposure to hand-transmitted vibration from a great 

variety of hand-held tools is associated with an increased occurrence of VWF.  

Epidemiology studies have pointed out that the prevalence of VWF is very wide, 

ranging from the 0-5% rate observed in workers using vibratory tools in geographic 

areas with a warm climate (Lloyd et al., 1957; Futatsuka et al., 1993) to the 80-100% 

figure seen in workers exposed to high vibration magnitudes in northern countries 

(Griffin, 1982; Starck et al., 1983). There is clinical and epidemiologic evidence that 

symptoms and signs of VWF may be reversible after the reduction or cessation of 

vibration exposure (Olsen and Nielsen, 1988; Futatsuka et al., 1989; Koskimies et al., 

1992; Petersen et al., 1995). The reversibility of VWF seems to be inversely related to 

age, the duration of exposure, and the severity of the disorder at the time the vibration 

exposure ceases (Futatsuka et al., 1989). 

An exposure-response relationship for VWF has been proposed in an annex to 

international standard ISO 5349-1 (2001). However, the findings of several 

epidemiology studies have shown a poor agreement between the risk for VWF 

observed in various occupational groups and that predicted by the ISO 5349 model 

(Gemne et al., 1993; Griffin, 1994; Bovenzi et al., 1995). Both overestimation and 

underestimation of the occurrence of VWF have been reported by investigators 

(Futatsuka et al.,1984; Gemne et al., 1993; Griffin, 1994). It has been argued that the 

current ISO frequency-weighting curve for hand-transmitted vibration may be 

inappropriate for the assessment of vibration-induced adverse vascular effects. 

Alternative exposure-response relationships for VWF have been suggested in recent 

epidemiology studies. The relationship between alternative measures of vibration dose 

(derived from frequency-weighted acceleration, or unweighted acceleration, and the 

duration of exposure) and the probability of occurrence of VWF in a total sample of 

1557 vibration-exposed operators, including dockyard workers (n=667), stone workers 

(n=570), and forestry workers (n=320) (Bovenzi, 1998) is shown in Figure 2-7. The 

various measures of vibration dose were estimated as the total lifetime duration of 
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exposure (ti, in h) alone or in combination with the frequency-weighted (awi, in ms-2) or 

the unweighted (auwi, in ms-2) acceleration of vibration produced by the hand-held tools 

used by the workers. However, the current state of epidemiologic knowledge is not 

enough to draw a conclusion that unweighted acceleration is a more representative 

measure of the risk for vibration-induced vascular disorders than the frequency-

weighted acceleration defined in ISO 5349-1 (2001). Further biodynamic and 

physiological research is required to determine the mechanisms behind the vascular 

injury induced by vibration and how the mechanisms could be influenced by the 

physical characteristics of vibration (frequency, magnitude, and direction) and other 

variables associated with vibration exposure (contact force, posture). 

 

Figure 2-7 Prevalence of VWF in a total sample of 1557 vibration exposed workers, by 

quintiles of alternative measures of the lifetime cumulative vibration dose. (Bovenzi, 

1998) 

2.5 Effect of acute vibration exposure on peripheral vascular 

activity 

Although the chronic effects in the hand circulation induced by occupational exposure 

to vibration differs from the acute response to vibration, the mechanisms controlling the 

acute blood flow changes may provide a better understanding of the pathology of the 

VWF. 
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2.5.1 Acute finger blood flow response to vibration 

 

Figure 2-8 Typical reduction in finger blood flow before vibration, during vibration and 

after vibration exposure. 

Previous experimental studies have found that the acute response to vibration in 

healthy subjects involves changes in finger blood flow during and after vibration 

exposure. To calculate the influence of vibration on finger blood flow, the blood flow 

before exposure to vibration is recorded during a pre-exposure period. Then during 

exposure to vibration the finger blood flow decreases by an amount that depends on 

the vibration characteristics and other factors related to the application of vibration 

(contact conditions and environmental conditions) (Figure 2-8). When the vibration is 

removed, some studies have found a sudden vasodilation followed by a further 

vasoconstriction sometime after vibration exposure, then a gradual return of blood flow 

to the pre-exposure blood flow level. However, there are other studies that have found 

that when a push force is maintained after cessation of vibration, a continued reduction 

in finger blood flow is recorded. The extent of the vasoconstriction and the period of 

recovery after removal of vibration are also dependent on the characteristics of the 

vibration stimulus.  

2.5.2 Factors influencing the finger blood flow during and after vibration 

2.5.2.1 Stimulus frequency 

The frequency of the vibration is an important factor that affects the blood circulation 

during acute vibration exposure in healthy subjects. During and after the exposure to 

vibration, there are more reductions of finger blood flow at higher stimulus frequencies 

than lower frequencies during exposed to vibration at the same displacement or same 

frequency-weighted acceleration magnitudes (Welsh, 1980, 1982; Bovenzi et al., 2000, 
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2006; Thompson and Griffin, 2009). Welsh (1980, 1982) found that with constant 

displacement of vibration, a greater reduction in finger blood flow in the exposed hand 

during vibration at 120 Hz, compared to during exposure at 40, 80, 160, and 200 Hz. 

Bovenzi et al. (2000) found that in the vibrated right finger, exposures to vibration at the 

same frequency-weighted acceleration magnitude 5.5 m/s2 r.m.s. provoked a greater 

reduction in finger blood flow with frequencies of 31.5 to 250 Hz than did vibration of 16 

Hz (Figure 2-9). Another study conducted by Bovenzi et al. (2006) showed similar 

results that a greater reduction of finger blood flow induced by 125-Hz vibration than 

31.5-Hz vibration with the same frequency-weighted acceleration magnitude.  

 

Figure 2-9 Mean values of finger blood flow measured before, during, and after 15 

minutes of exposure to static load or vibration. (Bovenzi, et al., 2000). 

Vibration at frequencies from 16-315 Hz with the vibration magnitude increasing 

linearly from 0-15 ms-2 r.m.s. (frequency-weighted) provoked a greater reduction on 

both hands at 125, 250, and 315 Hz (Thompson and Griffin, 2009). Furthermore, with 

vibration at 250 Hz and 315 Hz, frequency-weighted accelerations less than 1.0 ms-2 

r.m.s. reduced finger blood flow, whereas greater magnitudes were required at the 

lower frequencies (Figure 2-10). This finding suggests that a high frequency vibration 

stimulus could provoke an immediate vascular response at much lower magnitudes 

than that on many power tools.  
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Figure 2-10 Median percentage finger blood flow during exposure to vibration 

increased from 0-15 ms-2 r.m.s. (frequency-weighted) at 16, 31.5, 63, 125, 250 and 

315 Hz. (Thompson and Griffin, 2009) 

2.5.2.2 Stimulus magnitude 

The reduction induced by vibration during and after exposure is also dependent on the 

acceleration magnitude of the stimulus (Welsh, 1980; Egan et al., 1996; Bovenzi and 

Griffin, 1997; Bovenzi et al., 1999; Griffin et al., 2006; Thompson and Griffin, 2009). 

Increased reduction in finger blood flow in the exposed finger has been reported with 

increasing vibration displacement from 0.125 to 1.00 mm at a frequency of 80 Hz 

(Welsh, 1980). Egan et al. (1996) found an increased reduction with increasing 

vibration magnitude tested with a broadband frequency range from 0.4 to 4000 Hz with 
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chisel vibration. With 125-Hz vibration at an acceleration magnitude of 5.5, 22, 44, or 

62 m/s2 r.m.s. applied to the right fingers, the higher the vibration magnitude, the 

stronger the reduction of finger blood flow in both hands during both vibration exposure 

and a recovery period (Bovenzi et al., 1999)  (Figure 2-11). This effect was stronger in 

the vibrated finger than in the non-vibrated finger. Thompson and Griffin (2009) found 

that with progressively increased vibration magnitude, there is a stronger 

vasoconstriction on both hands. These findings suggest that there is a positive 

correlation between the vibration magnitude and vasoconstriction on digits during and 

after exposed to vibration at the same frequency: increasing the vibration magnitude 

could somehow stimulate the higher vasomotor tone which lead to vasoconstriction in 

the finger circulation. However, in the previous studies, without the control the vibration 

transmission, the increased vibration magnitude allows the vibration to be transmitted 

from the contact surface to other parts of the hand, especially with the low frequency 

vibration. This spread of vibration transmission caused the excitation area increased 

from finger or centre of palm to the whole hand. The reported association between the 

stimulus magnitude and vasoconstriction may partly due to the increased excitation 

area. 

 

Figure 2-11 Finger blood flow before, during, and after exposure to vibration (Bovenzi, 

et al., 1999) 
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2.5.2.3 Stimulus duration 

In the current standards, daily vibration exposure is expressed as an 8-hour energy 

equivalent frequency-weighted root-mean-square (r.m.s.) acceleration, a measure of 

vibration dose which assumes an inverse relation between daily exposure duration and 

the square of the frequency-weighted magnitude of the vibration (ISO 5349-1, 2001). 

The standard suggests that the duration of the exposure is another important factor 

that influences the severity of the vibration. In an annex of the standard, the prevalence 

of vascular disorders among workers with occupational use of vibrating tools is 

positively correlated with the years of daily use of tools.  

 

Figure 2-12 Mean value of finger blood flow on the exposed and unexposed hands 

before, during, and after vibration exposure (Bovenzi et al., 1998). 

The experimental studies have generally agreed with the standard that increasing the 

duration of vibration exposure will provoke stronger vascular responses. However, the 

effects of duration are mainly observed after removal of vibration but not during the 
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vibration exposure (Egan et al., 1996; Bovenzi et al., 1998; Luo et al., 2001).  Bovenzi 

et al. (1998) measured the finger blood flow in 10 healthy subjects when exposed for 

7.5, 15, and 30 minutes to 125 Hz vibration with 87 m/s2 r.m.s. acceleration magnitude. 

There was a significant reduction in the finger blood flow on the exposed finger and 

prolonged vasoconstriction occurred after each vibration exposure. The results suggest 

that the longer the duration of vibration exposure, the stronger the vasoconstriction in 

the vibrated finger during recovery (Figure 2-12). 

 

Figure 2-13 Mean percentage changes in finger blood flow during and after exposure 

to intermittent vibration [two vibration periods of 15 min (V) or 7.5 min, separated by a 

15 min or 7.5 min period with no vibration (R)] with a frequency of 125 Hz, an 

unweighted r.m.s. acceleration magnitude of 44 m/s-2. (Bovenzi, et al., 2004) 

The current standard also suggested that ‘‘....working conditions, methods of use of the 

tool and exposure duration patterns (including intermittency) should be reported’’. The 

underlying assumption is that the arrangement of adequate rest periods during work 

schedules could allow the human body to recover from vibration-induced mechanical 

stress and reduce the risk of VWF. Egan et al. (1996) exposed subjects to three 2-

minute periods of vibration separated by 10-minute rests. A similar amount of reduction 

was found in the exposed and unexposed hand during each exposure period, although 

there was a slight downward trend in finger blood flow over the test. Luo et al. (2001) 
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measured finger blood flow over three 5-minute periods separated by 5-minute rests. A 

consistent result was found, a downward trend in finger blood flow after the removal of 

vibration was observed. Bovenzi et al. (2004) found a similar degree of 

vasoconstriction in the vibrated finger without evidence of cumulative effects during 

intermittent exposure, but the after-effect of vibration was greater following continuous 

vibration exposure (Figure 2-13). 

2.5.2.4 Contact force and location 

In the standards, it is currently assumed that the risks from hand-transmitted vibration 

can be predicted solely from the magnitude and the frequency of vibration and the 

duration of the exposure. Experimental studies have suggested that other factors could 

also influence the circulation during vibration, such as the location of contact with 

vibration and pressure of the contact with the fingers or hand.  

The application of 20 N force to the palm reduced the finger blood flow on both 

exposed and unexposed hands (Figure 2-14) (Griffin et al., 2006). Forces of 2 N and 5 

N applied to the finger reduced blood flow in the exposed finger but not the unexposed 

finger (Bovenzi et al., 2006). The reduction of finger blood flow is stronger with the 5-N 

force (Figure 2-15). These findings suggest that increasing contact forces are 

associated with increasing reductions of finger blood flow.  

There is no direct study of the effect of contact location on digital circulation associated 

with application of force and vibration. However, comparison has been made between 

the results from two studies using a similar experimental set up and vibration stimulus. 

Griffin et al. (2006) and Bovenzi et al. (2006) measured the finger blood flow with 

vibration at 125 Hz, with a magnitude 64 m/s2 r.m.s. (frequency-weighted) applied to 

palm and middle finger, respectively. The results show a greater reduction in blood flow 

when the vibration was applied to the finger than when the vibration applied to the 

palm. 
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Figure 2-14 Finger blood flow with application of force and vibration to the palm. 

(Griffin et al., 2006) 

 

Figure 2-15 Finger blood flow with application of force and vibration to the middle 

finger (Bovenzi et al., 2006). 
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2.5.2.5 Individual factors 

Age 

The walls of all arteries undergo changes as they age, although some arteries change 

more rapidly than others and some individuals are more susceptible to change than 

others. The arteries tend to become less elastic with advancing age and result in a 

greatly increased resistance to blood flow (Seeley et al., 2008). Many experimental and 

epidemiology studies have found an age effect on increasing risk of cardiovascular 

diseases, more specific, the aging causes dysfunction of arteries (Petermans, 1984; 

Gallotta et al., 1997; Lakatta et al., 2003). The results suggest that one of the most 

clinically important changes related with the aging of the circulation system is the 

development of vascular endothelial dysfunction (Douglas et al., 2011). The vascular 

endothelium is a single layer of cells lining blood vessels that plays a key role in 

regulating the function and health of arteries. Arterial endothelial dysfunction refers to 

some functional alterations in the normal endothelial phenotype of arteries, such as a 

shift from vasodilation to vasoconstriction (Bonetti et al., 2003). There is no evidence to 

indicate that the circulation function deficiency in older people is related with vibration 

exposure. Further studies are needed to investigate whether a regular physical 

stimulus such as vibration somehow contributes to the development of such 

dysfunctions. 

Gender 

Females seem far more likely than males to suffer from primary Raynaud’s disease 

(Hines and Christensen, 1945; Coffman, 1989). It is not known whether this increased 

incidence in females is due to local structural or functional differences in the digits or 

increased sympathetic tone to the limbs. It has been reported that males have almost 

double the hand blood flow of females, but after mental arithmetic the hand blood flow 

in females increased whereas it decreased in males (Figure 2-16), suggesting a lower 

basal blood flow in females is due to increased sympathetic outflow to the limbs (Cooke 

et al., 1990). However, there is lack of experimental data to show whether the greater 

sympathetic tone among females could affect the vascular responses during vibration 

exposure. 
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Figure 2-16 Tracings of hand blood flow and skin perfusion before and during mental 

arithmetic in a male and a female subject (Cooke et al., 1990). 

Other factors 

Several factors influence, or may influence, circulation performance during exposure to 

acute vibration, including regular exercise, dietary factors, smoking, consuming alcohol 

and regular medication. Many studies have found that people undertaking regular 

exercise training develop a 20-25% increase in the arterial vessel diameter relative to 

normal subjects, which alter the heart pump outflow automatically (Kool et al., 1992; 

Abergel et al., 1998; Huonker et al., 2002). A healthy diet has been recommended to 

maintain a healthy body weight and normal blood pressure in many studies (Appel et 

al., 1997, 2005). Smoking can induce a reduction in digital blood flow by around 40% 

(Rottenstein et al., 1960; Sarin et al., 1974). Increasing alcohol consumption 

progressively increases the systolic blood pressure of otherwise healthy subjects 

(Arkwright et al., 1982). All these factors may trigger acute changes or long term 

adaptation in the vascular system and may influence the cardiovascular system 

performance during exposure to vibration.  
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2.5.3 Theories of acute vascular response to vibration 

The pathophysiological mechanisms underlying the acute effects of vibration on finger 

blood flow have not been clarified in the literature. The vascular response to vibration 

could involve many mechanisms as the physiological mechanisms controlling and 

influencing finger blood flow are numerous. 

Most studies have found an immediate reduction in finger blood flow on both the 

exposed and unexposed hand during vibration exposure (Bovenzi et al. 1998, 1999, 

2000, 2004; Griffin et al., 2006; Thompson and Griffin, 2009). Bovenzi et al. (2000) 

suggested that the immediate vasoconstriction is mediated by a vibration-induced 

neurogenic reflex in which the afferent branch is represented by some 

mechanoreceptors located in the tissues of the hand. The reduction in finger blood flow 

on both exposed and unexposed hands during vibration is consistent with a central 

sympathetic vasomotor reflex mechanism (Egan et al. 1996; Bovenzi et al. 2000, 

2006). Vibration could induce increased activity of the peripheral mechanoreceptors in 

the fingers and hands which results in an excessive efferent sympathetic outflow 

causing digital vasoconstriction. The stronger reduction in the exposed finger than in 

the unexposed finger may suggest the possible intervention of other vasoconstrictor 

mechanisms, perhaps of local origin (Bovenzi et al., 1999, 2001; Kent et al., 1991). 

The mechanisms underlying the response of finger circulation after the end of exposure 

to vibration are also unclear. A sudden vasodilation in the exposed and unexposed 

hand has been reported after removal of vibration in some studies in which a large 

amount of push force was maintained during exposure (Bovenzi et al., 1998, 1999, 

2000). Several interpretations have been suggested – such as a transitory impairment 

of myogenic or neurogenic vasoregulatory functions in the digital arterioles and 

arteries, a release of local vasodilatory factors of endothelial origin, or a diminished 

discharge from the afferent skin mechanoreceptors. However, with the maintainance of 

a minimum 2-N push force on the palm there was no significant increase immediately 

after the removal of force and vibration, and a continued reduction in the finger blood 

flow was observed on both hands (Thompson and Griffin, 2009). A possible 

explanation is that the after-effect of vibration is due to a hyperactivity of the central 

sympathetic nervous system or the release of circulating vasopressor agents.  

2.6 Vibration sensation 

Since the vascular responses to acute vibration are assumed to be controlled by the 

central sympathetic reflex through the mechanoreceptors in the skin. It seems 

reasonable to introduce background knowledge on how many types of 
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mechanoreceptors are responsible for the sensation of vibration, the characteristics of 

each mechanoreceptor, and the factors that influence perception via 

mechanoreceptors. 

2.6.1 Mechanoreceptors and neurophysiological investigations 

Vibration of the hand is detected by sensory mechanoreceptors distributed within the 

skin of the hand. There are four types of mechanoreceptors innervating the skin and 

mediating the vibration stimulus in glabrous skin (see the corresponding location in 

Figure 2-17): Meissner’s corpuscles, Pacinian corpuscles, Merkel’s discs, and Ruffini 

endings.  

 

Figure 2-17 Schematic representation of cross-section of skin. (Geldard, 1953). 

A neurophysiological approach to study mechanoreceptors was first introduced by 

Adrian and Zotterman (1926), who recorded the electric responses of the brachial 

nerve of a frog using a capillary electrometer. Since then, many studies of electric 

responses of mechanoreceptors have been published using specimen from humans 

and animals (Lindblom, 1965; Mountcastle et al., 1972; Iggo and Ogawa, 1977; Cain et 

al., 2001). The micro-neurographic technique proposed by Vallbo and Hagbarth (1968) 

allows the analysis of the electric response of nerve endings (tactile units) of awake 

human subjects and a comparison between the electric response and the perceptual 

experience of the subjects. Related studies have classified the tactile units at the 

glabrous skin of the human hand into four types according to the adaptation to 

sustained skin indentation and the size of the receptive field: type I and type II fast 
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adapting (FA I and FA II) units and type I and type II slowly adapting (SA I and SA II) 

units (Johansson, 1976, 1978; Vallbo and Johansson, 1984). 

The properties of the four types of tactile units have also been investigated using a 

neurophysiological approach: the tuning curve, the adaptation to sustained skin 

indentation, receptive field, innervation densities, etc. These studies provide a 

physiological foundation for psychophysical studies of the sensation of vibration, and 

some psychophysical studies can be explained by the neurophysiological findings. 

Although there is no evidence to demonstrate the link between the four types of 

functional tactile units and the four types of mechanoreceptors, the FA I, FA II, SA I and 

SA II units are assumed to be Meissner’s corpuscles, Pacinian corpuscles, Merkel 

cells, and Ruffuni endings respectively, according to the similarities of the sensitivity 

peaks and tuning curves (Vallbo and Johansson, 1984; Bolanowski et al., 1988). The 

characteristics of the four types of tactile units at the glabrous skin of human hand are 

summarized in Figure 2-18. 

 

Figure 2-18 Characteristics of the four types of mechanoreceptor afferent units 

innervating the glabrous skin of the human hand. (Greenspan and Bolanowski, 1996, 

reproduced from Westling, 1986). 

2.6.2 Psychophysical investigations 

The perception of vibration at the glabrous skin of the human hand has been 

investigated using psychophysical methods and a four-channel model has been 

proposed by Bolanowski et al. (1988) in Figure 2-19.  
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The four channels are mainly distinguished from each other by two methods. One is 

masking, where vibrotactile thresholds are elevated by background vibration at a 

masking frequency: if the thresholds are elevated, the thresholds at the test frequency 

and the masking frequency are mediated by the same receptor channel; if not elevated 

they are mediated through different channels (Bolanowski et al., 1988; Gescheider et 

al. 1985; Gescheider et al., 2002). The other method is to activate the channels 

according to their characteristics, such as the stimulus frequency, skin temperature, 

contact area, or stimulus duration.  

 

Figure 2-19 Four-channel model of vibrotaction showing the threshold frequency 

response function of each channel. (Bolanowski et al., 1988) 

2.6.3 Factors affecting perception of vibration 

2.6.3.1 Stimulus frequency 

The psychophysical channels responsible for perception of vibration are frequency 

selective. Different channels are excited when the stimulus frequency is different. The 

threshold is determined by the most sensitive channel at the test frequency. 

The U-shape contour of displacement thresholds mediated via the Pacinian channel 

from 2 to 800 Hz has been found in most studies (Figure 2-20). The curve shows a 

maximum sensitivity to displacement at 200 to 300 Hz and a slope of -12 dB per 

doubling of frequency from about 15 to 200 Hz (Verrillo, 1963; Gescheider et al., 2001). 

The threshold contour of the Pacinian channel has been compared with the frequency 
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characteristics of Pacinian corpuscle of the cat reported by Sato (1961), and suggested 

the Pacinian corpuscles is the neural ending (Verrillo, 1966b). Further comparisons 

between the threshold contour of the P channel and the responses of PC fibres in the 

cat (Bolanowski, 1981) and the response of PC fibres in the monkey (Mountcastle, 

1972) have demonstrated a strong agreement of tuning curves of the P channel and 

PC fibres (Gescheider et al., 2001). These results suggest strong agreement between 

the tuning curve of the Pacinian channel and the neurophysiological tuning curves of 

Pacinian nerve fibres. 

 

Figure 2-20 Threshold contours of the Pacinian channel and Pacinian fibres from six 

studies. (Gu, 2010) 

Studies have suggested that the threshold of the NP I channel was dependent on 

frequency, showing a U-shape with a maximum sensitivity to displacement at 30 to 50 

Hz (Gescheider et al., 2001). The obtained tuning curve of the NP I channel from 0.6 to 

500 Hz has shown strong agreement with the tuning curves of RA fibres of the monkey 

(Mountcastle et al., 1972) and RA fibres of the human hand (Johansson et al., 1982), 

as shown in Figure 2-21 ( Gescheider et al., 2001). 
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Figure 2-21 Frequency response of NP I channel and RA fibres (Gescheider et al., 

2001). 

 

Figure 2-22 Frequency response of NP II and NP III channel and SA II fibres and SA I 

fibres (Bolanowski et al., 1988). 
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The psychophysical thresholds of the NP II channel using a vibrating probe with an 

area of 0.01 cm2 has been determined by Gescheider et al. (1985). Later on, the 

existence of the NP III channel was confirmed by Bolanowski et al. (1988). A 

comparison was conducted by Bolanowski et al. (1988), between the contours of the 

NP II and NP III channels and the frequency responses of SA II units and SA I units in 

the glabrous skin of the human hand redrawn from Johansson et al. (1982) (Figure 2-

22).  

2.6.3.2 Stimulus duration 

Variations in the duration of the vibration stimulus alter the sensation. Temporal 

summation theory in the mechanoreceptor channels was initially proposed by Zwislocki 

(1960) and intensively investigated by Gescheider (1976) and Gescheider et al. (1999). 

Temporal summation results in vibrotactile thresholds decreasing with an increase in 

the stimulus duration. The vibrotactile thresholds measured with a 3 cm2 probe at 30 

Hz and 200 Hz with the stimulus duration varying from 20 to 1000 milliseconds are 

shown in Figure 2-23 (Gescheider, 1976). The Pacinian channel, mediating vibration 

perception at 200 Hz, shows temporal summation; the NP I channel, mediating 

vibration perception at 30 Hz, shows no effect of stimulus duration. 

 

Figure 2-23 Thresholds shift as a function of stimulus duration (Gescheider, 1976). 

2.6.3.3 Contact area 

The area of the contactor plays an important role in the sensation of vibration, because 

the size of contactor will influence the number of mechanoreceptors excited by the 

vibration. Verrillo (1963) obtained vibrotactile thresholds at the thenar eminence with a 

series of probes having contact areas of 0.005, 0.02, 0.08, 0.32, 1.3, 2.9, and 5.1 cm2 
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with a 1-mm gap between the probe and a fixed surround. It was observed that 

thresholds increased with decreasing contact area from 2.9 to 0.02 cm2, with a slope of 

3 dB per doubling of contact area at 80, 160, 250, 320 and 640 Hz, but remained 

unchanged with area from 0.02 to 0.005 cm2. Thresholds at 25 to 40 Hz were 

independent of contact area (Figure 2-24). The property, in which the sensitivity 

increases with increased area, is named spatial summation. From the findings of this 

study it appears that spatial summation is a property of the Pacinian channel, but not 

the NP I or NP II channel. 

 

 

Figure 2-24 Vibrotactile thresholds as a function of area (above) and frequency 

(below). (Verrillo, 1963). 
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In conclusion, spatial summation is a property of the P channel at the glabrous skin of 

the human hand. Although a reduction in low frequency thresholds (e.g., 20or 40 Hz) 

has been observed (Muijser, 1994), most studies have found no spatial summation in 

low-frequency thresholds (Verrillo, 1963; Morioka et al., 2008). It is generally believed 

that spatial summation is not a property of the NP I channel. No spatial summation has 

been observed for the NP II channel. 

2.6.3.4 Contact location 

Variations in thresholds over the surface of the body have been investigated for the 

glabrous skin of the human (Lundström, 1984; Löfvenberg and Johansson, 1984; 

Morioka and Griffin, 2005). Thresholds at low frequencies (16 to 31.5 Hz), mediated by 

the NP I channel, are lower at the fingertip than at other locations on the glabrous skin 

of the hand (Lundström, 1984; Löfvenberg and Johansson, 1984; Morioka and Griffin, 

2005). This is in agreement with the distribution of FA I units (Figure 2-18), the 

substrate of the NP I channel.  

 

Figure 2-25 Vibrotactile thresholds as a function of test point at 16, 31.5, 63, and 125 

Hz (Morioka and Griffin, 2005). 

In the high frequency range (100 to 800 Hz), thresholds mediated by the P channel, the 

most sensitive location is likely to be at the index finger or the distal palm (Lundström, 

1984; Morioka and Griffin, 2005), which is in partial agreement with the distribution of 

FA II units over the hand (Figure 2-18). The reduced sensitivity of point 8 observed in 

Figure 2-25 is probably because the Pacinian channel has the property of spatial 
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summation with large receptive fields. In general, thresholds at the thenar eminence 

are higher than thresholds at the fingertips at high frequencies. 

2.6.3.5 Skin temperature 

Skin temperature has been observed as an important factor influencing vibrotactile 

thresholds. A comprehensive study of the effects of temperature was undertaken by 

Bolanowski and Verrillo (1982). Vibrotactile thresholds at the thenar eminence were 

measured as the skin temperature varied from 15 to 40°C (Figure 2-26). From 40 to 

150 Hz, thresholds were not significantly affected by skin temperatures in the range of 

20 to 40°C; in the frequency range with the lowest displacement threshold (150 to 350 

Hz), reduction in skin temperature from 15 to 40°C initially had little effect on thresholds 

but the rate increased with further reduction of temperature; in the range of frequencies 

from 350 to 800 Hz, thresholds increased continuously as the skin temperature 

reduced from 40 to 15°C.  

 

Figure 2-26 Temperature effect on vibrotactile thresholds at the thenar eminence 

(Bolanowski and Verrillo, 1982). 

The results suggested that if the thresholds were mediated via the P channel, the 

thresholds increase continuously with reductions in temperature (Bolanowski and 

Verrillo, 1982). Many studies have found similar results on thresholds at frequencies 

greater than 40 Hz: Hayward and Griffin (1986) observed 125-Hz thresholds at the 

fingertip were unaffected as skin temperature reduced from 34 to 20°C but increased 

as the temperature reduced further from 20 to 14°C; Harada and Griffin (1991) found 
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increased thresholds at 125, 250, and 500 Hz as the skin temperature reduced from 35 

to 15°C at the fingertip.  

Bolanowski and Verrillo (1982) suggested that at low frequencies (e.g., 15, 25 Hz) the 

NP I channel becomes less sensitive than the P channel when the skin temperature is 

below 25°C. With further reduction of skin temperature, the NP I channel may become 

inactive, and the threshold may be mediated by the P channel. However, various 

inconsistent findings of the effects of skin temperature on the NP I channel have been 

observed in previous studies (Harada and Griffin, 1991; Harazin and Harazin-

Lechowska, 2007). Harada and Griffin (1991) observed a continuous increase in 31.5-

Hz thresholds at the fingertip as the skin temperature reduced from 35 to 15°C. Harazin 

and Harazin-Lechowska (2007) observed no significant difference between 25-Hz 

thresholds obtained at the fingertip with skin temperature varying from 15 to 33°C. 

Therefore, the effect of temperature on thresholds determined by the NP I channel 

require further investigation, but generally the effect is not large for temperature 

changes over the range 15 to 40°C. 

2.6.3.6 Individual factors 

Gender 

A gender effect on vibrotactile perception thresholds appears to be present, with some 

studies reporting that females are more sensitive to vibration than males (Bergenheim 

et al., 1992; Frenette et al., 1990; Hiltz et al, 1998; Maser et al., 1997). However, many 

other studies have reported no significant gender effect on vibrotactile thresholds at the 

fingertip (Seah and Griffin, 2008), the palm (Liou et al., 1999). Gescheider et al. (1984) 

measured the vibrotactile thresholds of females and reported that the thresholds 

fluctuate with the menstrual cycle at 250 Hz but not at 15 Hz. This is probably because 

the female hormones seem to induce sensitivity to perception of high frequency 

vibration. The mean thresholds of males were higher than the females, possibly 

because of the relative absence in female hormones. It was suggested that the 

presence of one or both of the female hormones, progesterone and oestrogen, have 

the effect of increasing the sensitivity of the Pacinian system, but not of the non-

Pacinian system. 

Body size 

Vibrotactile thresholds at the hand are generally correlated with body size. Some 

studies observed a correlation between thresholds at the finger and stature (Gerr and 

Letz, 1994; Skov et al., 1998) and some observed no correlation (Liou et al., 1999). 

The effect of stature is possibly due to differences in impulse conduction in the 
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afferents, which are also longer in taller subjects, especially from the distal parts of the 

body. Motor nerve-conduction velocities have been shown to be related to height in 

normal subjects (Soudmand et al., 1982). Another explanation could be a less dense 

distribution of the mechanoreceptors on the larger body surfaces of taller subjects. 

Age 

Vibrotactile perception thresholds increase with increasing age for all the four 

mechanoreceptor channels. Many studies have demonstrated an association of 

vibrotactile thresholds with age (Bartlett et al., 1998; Liou et al., 1999; Lundström et al., 

1992; Wild et al., 2001). It seems that the loss of sensitivity with advancing age is not 

uniform across frequencies of vibration. The thresholds of the P channel increase by 

around 24 dB, and the thresholds of the three non-Pacinian channels increase around 

10-12 dB over 80 years (Gescheider et al., 2004). One hypothesis for increased 

threshold is a reduction in the number of mechanoreceptors with aging (Verrillo, 1980; 

Gescheider et al., 1994). A reduction in the number of Pacinian corpuscles, Meissner’s 

corpuscles, and Merkel discs, which are responsible for P channel, NP I and NP II 

channel, has been observed (Cauna, 1965; Shaffer and Harrison, 2007).  

2.7 Summary  

In this chapter, information related with mechanisms controlling the finger blood flow 

and factors influencing vibration sensation and digital circulation have been put 

together to understand mechanisms that may be responsible for the acute 

vasoconstrictions induced by hand-transmitted vibration. 

Blood flows from the heart through arteries to the capillaries and returns to the heart 

from the capillaries through the veins (Section 2.2). The rate of blood flow is dependent 

on the difference in blood pressure between the two points, the radius and length of the 

blood vessels, and the viscosity of the blood (Section 2.3.1). There are three main 

principles of the circulation function: (1) the rate of blood flow to each tissue of the body 

is controlled in relation to the need of the tissue; (2) the cardiac output is controlled 

mainly by the sum of all the local tissue flows; and (3) arterial pressure regulation is 

generally independent of either local blood flow control or cardiac output control 

(Section 2.3.2).  

The mechanisms that control the blood flow are classified into two parts: local blood 

control and nervous and hormonal control (Section 2.4). The local control is influenced 

by the tissue metabolism rate and the oxygen level (Section 2.4.1). The nervous control 

of blood flow is mainly through the sympathetic nervous system, which contains a large 
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number of sympathetic nerve fibres innervated with the blood vessel and connected to 

the vasomotor centre in the brain. The vasomotor tone could be changed via three 

inputs: baroreceptor reflexes, chemoreceptor reflexes and higher nervous system 

response (Section 2.4.2).  

Chronic exposure to vibration can result in signs and symptoms of the vascular 

disorder known as vibration-induced white finger. Current standards predict the risk of 

vibration exposure using an 8-hour energy-equivalent frequency-weighted root-mean-

square (r.m.s.) acceleration. Epidemiology studies suggest that current standards 

underestimate the risks of vibration-induced white finger associated with high 

frequency vibration (Section 2.5). 

Acute exposure to vibration provokes an immediate reduction in finger blood flow on 

both exposed and unexposed hands during and after removal of vibration (Section 

2.6.1). The severity of vasoconstriction is dependent on the frequency, magnitude, and 

duration of the vibration stimulus, the contact location and contact force, and other 

individual factors (e.g., age, gender, smoking, and alcohol) (Section 2.6.2). With 

increasing frequency and magnitude of vibration there is a greater reduction in digital 

circulation during and after vibration exposure. With longer exposure duration, the 

extent of reductions in blood flow during vibration is not varied but there is a slow 

recovery in finger blood flow after removal of vibration. There is a trend that suggests 

increased contact force provokes a greater reduction in finger blood flow and this 

influence is varied with a change of contact location (Section 2.5.2). 

The reduction in finger blood flow on both hands induced by the vibration is consistent 

with a central sympathetic vasomotor reflex mechanism. It suggests that finger blood 

flow is mediated by a vibration-induced neurogenic reflex in which the afferent branch 

is represented by some mechanoreceptors located in the tissues of the hand (Section 

2.5.3).  

The perception of vibration at the glabrous skin of the hand seems to reflect the 

response properties of four types of mechanoreceptors (Section 2.6.1). The four 

channels can be distinguished according to their own characteristics (Section 2.6.2). 

The Pacinian channel is most sensitive to vibration stimuli at high frequency, being 

capable of energy summation over contact area (i.e., spatial summation) and stimulus 

duration (i.e., temporal summation), with increased sensitivity when increasing the skin 

temperature. The three non-Pacinian channels are responsible for the perception of 

low frequency vibratory stimuli (Section 2.6.3). 
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The sensory information detected by these mechanoreceptors may initiate the central 

sympathetic reflex, which may contribute to alteration of the vasomotor tone. However, 

current physiological studies cannot provide enough evidence on the association 

between the activation of mechanoreceptors and the acute vasoconstriction during 

vibration exposure. It is important to identify whether the four types of mechanoreceptor 

channel activated by the application of vibration, are all responsible for stimulating the 

vasoconstriction or only certain channels are involved.  

To develop a model to assist the understanding on the mechanisms controlling finger 

blood flow during vibration, the following question was posed in this thesis: which 

mechanoreceptor channels are involved in mediating vasoconstriction during vibration?  
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Chapter 3 Method 

3.1 Introduction 

This chapter describes the experimental apparatus, the method for thresholds and 

blood flow measurement and the statistical method employed all five experimental 

studies in this thesis. 

All experiments were carried out in the clinic of the Human Factors Research Unit 

(Room 1019, Building 19), the Institute of Sound and Vibration Research, University of 

Southampton. All experiments were approved by the Human Experimentation Safety 

and Ethics Committee of the Institute of Sound and Vibration Research at the 

University of Southampton. Informed consent to participate in the experiment was 

given by all subjects.  

3.2 Apparatus 

3.2.1 Vibrator 

3.2.1.1 HVLab Vibrotactile Perception Meter 

The HVLab Vibrotactile Perception Meter (VPM) is designed to be consistent with the 

requirements of International Standard 13091-1 (2001), composed of an applicator and 

a control box, connected to a computer through a USB interface box. A VPM is shown 

in Figure 3-1.  

 

Figure 3-1 HVLab Vibrotactile Perception Meter 
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On the front panel of control box (Item A in Figure 3-1) is a display of temperature 

connected with a thermocouple (B) and a display of force (C) showing the force 

between the skin and the surround (the black annulus) on the top of the applicator (F). 

The rear panel of the control box (A) is connected with the response button (D), the 

USB box (E) and the applicator (F) through cables. The USB box (E) is connected to 

the computer through a USB cable. 

 

Figure 3-2 The applicator of a VPM 

A top view of the applicator of a VPM is show in Figure 3-2. In the middle of the 

applicator is a probe with 6 mm diameter. The probe is fixed to an accelerometer (PCB 

piezotronics 355B03); a photograph of an accelerometer is shown in the bottom left 

corner of Figure 3-2. The accelerometer is fixed to either a LDS vibrator (V101 - V100 

series) or a Gearing & Watson V2 vibrator. Around the probe is an annulus surround 

fixed on the top of the housing of the applicator with 10 mm inner diameter and 26 mm 

outer diameter. 

The VPM was used in Study 2, 3, 4, and 5. The vibrotactile perception thresholds were 

measured on the hands, the subjects sat in a chair with the test location on the 

applicator and the rest of the arm supported by the armrest, and maintained the 

required surround force themselves. In Study 2, 3, 4 and 5, the posture of a subject 

during the measurement of thresholds at the thenar eminence of the right hand with 

VPM is shown in Figure 3-3. In the studies, the response button was held in the left 

hand by the subjects; the thermocouple was used to obtain the skin temperature of the 

hand.   During the later on measurement of the finger blood flow, the applicator of VPM 

was also used to provide vibration stimulus to the hands. 
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Figure 3-3 Posture of a subject during the measurement of threshold at the thenar 

eminence with a VPM. 

3.2.1.2 Electrodynamic vibrator Derritron VP 4  

 

Figure 3-4  Exterior view of the VP 4 

The Electrodynamic vibrator VP 4 (Figure 3-4) was used in Study 1. It has a 

suspension system consisting of three flexible spiders, one each at the top and bottom 

of the A.C. drive coil, and one attached to the top of the drive table. The vibrator 

supports a static load of 1.8 kg. The dimension and size of the vibrator are: 
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Height: 260 mm 

Width:  337 mm 

Table:  70 mm in diameter 

            (9 inserts M6 × 12 deep) 

Mass:   45.5 kg, 100 lb 

The VP 4 vibrator was powered by a 100 watt amplifier. The performance of the 

vibrator system with this amplifier was not available but, with a similar amplifier 

(Derritron TA120), the performance is provided below for reference: 

Peak sine vector force:                      133 N             13.6 kgf 

Randon r.m.s. force:                          53 N                5.4 kgf 

Maximum acceleration:                      309 m/s2 

Maximum velocity:                             1.27 m/s 

Maximum displacement (peak-peak):6.35 mm 

3.2.2 Transducers 

3.2.2.1 Accelerometer 

When the electrodynamic vibrator (VP 4) was used in Study 1, the vibration stimuli 

were monitored using a piezoelectric accelerometer. An Entran 233E was mounted on 

the underside of the wooden surface.  

3.2.2.2 Load cell 

 

Figure 3-5 Exterior view of load cell 

A load cell (force transducer) was mounted on the electrodynamic vibrator (VP 4), to 

monitor the constant contact force of a subjects’ hand during the measurement of 

thresholds. The load cell employed in current thesis was: 

Single-point Aluminum load cell (Tedea-Huntleigh, 1022) 
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• Single-point 350×350 mm Platform, 22mm of height, Aluminum construction 

• Rated output 2.0 mV  

The output indicating force was provided to a force meter via an amplifier so that 

subjects could monitor their applied forces during a test. 

3.2.3 Measurement of the vascular response to vibration 

3.2.3.1 Finger blood flow measurement 

Finger blood flow (FBF) was measured using the HVLab multi-channel plethysmograph 

(Human Factors Research Unit, University of Southampton) (Figure 3-6) in the fingers 

by a strain gauge plethysmographic technique. The front of control unit (a) is 

connecting with the strain gauges (b), air pressure cuff (c), and water pressure cuff (d, 

bypassed during finger blood flow measurement). The back of control unit is 

connecting with Isolation transformer and power cable (e), additional protective earth 

cable (f), footswitch (g), USB-2527 Computer Interface (h), USB Isolator for supplied 

USB-2527 Computer Interface (i) and computer Interface Cables (j). 

 

Figure 3-6 The HVLab multi-channel plethysmograph (front view - left and back view -

right above) and the recommend placement of strain gauge and cuff for finger blood 

flow measurement (right below). 
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During the finger blood flow measurement, the strain gauges were placed at the base 

of the finger nails. A good position can be achieved by bending the white connecting 

lead so the gauge and start of the lead is perpendicular to the finger. Make sure that 

the lead will not be moved by movement from the air cuff.  The strain gauges must not 

be overstretched or twisted around the finger as this will limit the lifespan of the gauges 

and produce an inaccurate response (see Figure 3-6). For FBF measurements all cuffs 

are connected to the Air outlet and the water cooling circuit is not used. The plastic 

pressure cuffs for air inflation were fixed around the proximal phalanges. Select the 

appropriate size pressure cuff for each of the test fingers. Cuffs placed too tightly 

around the fingers will inhibit blood flow when not pressurized and very loose cuffs will 

not completely occlude the arteries when they are pressurized. The subjects lay supine 

throughout the measurement of finger blood flow, with both arms and both hands 

supported at heart level (Figure 3-7). 

  

Figure 3-7 Posture of a subject during the measurement of finger blood flow on the 

middle and little fingers of the hand. 

3.2.3.2 Finger skin temperature 

Finger skin temperature (FST) was measured using k-type thermocouples attached by 

micro pore tape to the distal phalanges of the right and left middle fingers. 
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3.2.4 Calibration 

Before the start of each study, the pre-calibration was performed by the experimenter 

to make sure all the instruments used in the experiment were within the calibration.  

3.2.4.1 Calibration exciter 

A Bruel & Kjear 4294 calibration exciter and a Rion VE-10 calibration exciter were used 

to calibrate the VPM or VP 4 before each study reported in this thesis. These two 

calibration exciters produce vibration with a constant magnitude of 10 m/s2 r.m.s. and a 

constant frequency at 159.2 Hz. The indicated acceleration of an accelerometer is 

within the range of 9.8 to 10.2 m/s2 r.m.s., when the accelerometer is fixed on a 

calibration exciter.  

3.2.4.2 Background noise  

During the measurement of the vibrotactile perception thresholds and finger blood flow, 

the background noise was below 0.01 ms-2 r.m.s. for the elecrodynamic vibrator (VP 4) 

and below 0.02 ms-2 r.m.s. for the VPM, which was below the perception threshold of 

the hand and the finger so that subjects did not feel the background vibration. 

3.2.4.3 Distortion 

The quoted acceleration distortion of the HVLab Vibrotactile Perception Meter is less 

than 30% at all frequencies from 4 to 50 Hz, and less than 10% for all frequencies from 

63 to 250 Hz. With both the VP 4 and HVLab Vibrotactile Perception Meter, clear 

sinusoidal waves were observed with an oscilloscope before all the studies. 

3.2.5 Vibration generation and data acquisition 

Vibration stimuli was created and acquired by HVLab Data Acquisition and Analysis 

Software (version 3.81) via a personal computer. Stimulus parameters (vibration 

frequency, magnitude, duration) were programmed and controlled using the software 

(Matlab version 2009a, MathWorks). The signals were then fed into the applicator of 

the VPM through a USB 6211 data acquisition interface box (National Instrument). 

3.3 Threshold and finger blood flow measurement methods 

The thresholds and finger blood flow were measured automatically using the HVLab 

Diagnostic Instruments software. The experimenter could control the test parameters 

by selecting different parameter sets in the software prior to the test. 
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3.3.1 Thresholds measurement method 

The von Békésy method, embedded in the HVLab Diagnostic Instruments Database, 

was employed in the measurement of vibrotactile thresholds. Békésy initially used the 

method with an audiometer to test hearing sensitivity, recording a continuous track of 

the stimulus intensity. Subjects are presented continuous stimuli that gradually 

decrease or increase in intensity, they are asked to keep pressing a switch whenever 

they detect the stimulus, and to release the switch when it can no longer be detected. 

This procedure continues until performance becomes stable for some specified period 

of time has elapsed. In current thesis, the vibration magnitude increased at 5 dB/s until 

the subject felt the vibration and pressed a response button; the vibration magnitude 

then decreased at 3 dB/s until the subject could not feel the vibration and released the 

response button. The vibration magnitude increased and decreased at 3 dB/s as the 

subject continued to release or press the response button. The measurements 

continued for a minimum of 30 seconds and until a minimum of six pairs of reversals 

had been obtained, after excluding the first pair of reversals. Thresholds were 

determined from the arithmetic averages of the logarithms of the root-mean-square 

vibration acceleration at the reversals (i.e. a minimum of six reversals). This algorithm 

was used in all the measurements of vibrotactile thresholds in the experimental studies 

in this thesis. Vibration stimulus parameters (i.e. stimulus frequency, measurement 

sites, rate of change of stimulus magnitude) can be set in advance using the software 

(see Figure 3-8). A vibrogram captured from a measurement of a 125-Hz threshold 

using HVLab Diagnostic Instruments Software is shown in Figure 3-9. 
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Figure 3-8 View of parameter setting window for the HVLab Vibrotactile Peception 

Meter. 

 

Figure 3-9 Result of vibrotactile threshold measurement 

3.3.2 Finger blood flow measurement method 

The FBF was measured with a venous occlusion method embedded in the HVLab_FBF 

software for finger blood flow measurement. Test parameters (i.e. number of runs, 

measurement time, intervals between measurements) can be set in advance using the 

software (see Figure 3-10).  
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Figure 3-10 View of parameter setting window for the HVLab Multi-channel 

Plethysmograph. 

The use of venous occlusion plethysmography to measure blood flow in humans was 

first described over 100 years ago by Hewlett & van Zwaluwenburg (1909). Although 

initially limited by the need for cumbersome equipment, the advent of mercury-in-

silastic strain gauges (now replaced by the galinstan strain gauges) over 60 years ago 

greatly increased its applicability, and the technique has remained essentially 

unchanged since except for the introduction of computerization.  

http://en.wikipedia.org/wiki/Galinstan
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Figure 3-11 Finger blood flow records from plethysmograph. (Greenfield et al., 1963) 

Venous occlusion plethysmography as a non-invasive method has been used 

extensively to study human vascular physiology within the living subjects. The 
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underlying principle of finger venous occlusion plethysmography is simple: when 

venous drainage from the finger is briefly interrupted, arterial inflow is unaltered and 

blood can enter the finger but cannot escape. This results in a linear increase in finger 

volume over time, which is proportional to arterial blood inflow, until venous pressure 

rises towards the occluding pressure. 

In current thesis, the pressure cuffs were inflated to a pressure of 60 mm Hg (8.0 kPa), 

which allows the cuffs to block blood flow in the veins but not arteries. The rise in 

fingertip volume was detected by means of the strain gauge according to the criteria 

given by Greenfield et al. (1963) (Figure 3-11). Disturbances due to voluntary or 

respiratory movements are evident from the record between collections and must be 

eliminated as far as possible before measurement start. Recordings of the type shown 

in (a) are usually obtained from the forearm. There is no difficulty in deciding the line 

corresponding to the initial slope of the record. The record in (b) suggests a movement 

artifact or "jump", on inflation of the cuff. Records (e) in which the apparent rate of 

inflow diminishes from one heart-beat to the next are obtained not infrequently from the 

foot or hand, but rather commonly from the digits, especially when the rate of inflow is 

high. In such cases it is most important to reduce "jump" to a minimum, as it is so 

easily confused with the arterial inflow. Sometimes the base-line fluctuates between 

measurements, such as in figure 3-11(f, g, h). Sometimes the records are neither 

straight nor regularly convex upwards (j) and cannot be interpreted during data analysis. 

 

Figure 3-12 Results of finger blood flow measurement 

With the FBF measurement software, the rate of blood flow was calculated 

automatically as shown in Figure 3-12. However, the adjustment may be needed based 
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on the principles listed above. The FBF measurements were expressed as millilitres 

per 100 millilitres a second (ml/100ml/s). 

3.4 Statistical methods 

Piface (version 1.72) was used for statistical power calculations in planning statistical 

experiments. The SPSS Statistics (version 17.0) were used to perform statistical 

analysis on the data. 

To avoid making assumptions on the distribution of the population, nonparametric 

statistical tests were used (Siegel and Castellan, 1988). The tests used for the study 

are shown inTable 3-1. 

Table 3-1 Nonparametric statistical tests used in the study 

Case Statistical test 

2 related samples Wilcoxon signed ranks test 

k related samples Friedman two-way analysis of variance 

Correlation between two 

variables 

Spearman rank-order correlation 

coefficient 
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Chapter 4 Effect of temperature on reductions in 

finger blood flow induced by vibration 

4.1 Introduction 

The prolonged use of hand-held vibratory tools is associated with various disorders in 

the fingers, hands, and arms known as the hand-arm vibration syndrome. One 

common symptom is impaired circulation in the fingers, often observed as whitening 

during or following exposure to cold. The condition, vibration-induced white finger 

(VWF), is characterized by attacks of blanching that are provoked by cold but arise 

from damage caused by vibration. Although it is clear that hand-transmitted vibration 

causes vibration-induced white finger, the mechanisms involved in the heightened 

sensitivity to cold are not known, and there is uncertainty over methods of evaluating 

the severity of occupational exposures to vibration (Griffin et al., 1997, 2003; 

Matikainen et al., 2004; Bovenzi et al., 2008). The current International Standard, ISO 

5349-1:2001, assumes that the vascular damage is dependent on the magnitude and 

frequency of vibration and the hours and years of regular daily use of vibrating tools 

(International Organization for Standardization, 2001).  

Acute exposures to vibration have been used in experimental studies of humans and 

animals to elucidate the mechanisms underlying the adverse effects of vibration on 

digital blood circulation. Such studies are difficult because the control of digital 

circulation is complex and influenced by various individual and environmental factors. 

Experimental studies have explored the effects on finger blood flow of the magnitude of 

vibration (Welsh, 1980; Bovenzi et al., 1999), the frequency of vibration (Welsh, 1980, 

1982; Bovenzi et al., 2000), and the duration of vibration (Bovenzi et al., 1998) in 

controlled room temperatures. Although environmental temperature influences 

peripheral circulation (Harada et al., 1998; Mirbod et al., 1998), the relation between 

room temperature, finger circulation and the vasoconstriction caused by hand-

transmitted vibration is not known.  

Experimental studies have shown that the normal response to hand-transmitted 

vibration is a reduction in finger blood flow in both vibration-exposed fingers and in 

fingers on an unexposed contralateral hand (Bovenzi et al., 1998, 1999, 2000, 2006, 

Griffin et al., 2006). It has been hypothesized that the vasoconstriction in an unexposed 

finger is due to a central sympathetic vasomotor reflex (Bovenzi et al., 2000). It can be 

difficult to measure blood flow in vibrated fingers, with the potential for artefacts 

increasing with increasing magnitude of vibration and increasing force of contact 
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between the hand and the source of vibration. Since a similar vasoconstriction pattern 

is found in digital vessels of the contralateral hand, in the study described here the 

digital hemodynamics during and after vibration exposure were monitored by 

measuring finger blood flow (FBF) and finger skin temperature (FST) in fingers not 

exposed to vibration.   

Both the chronic and the acute responses to hand-transmitted vibration depend on the 

frequency of vibration (Färkillä et al., 1979; Welsh, 1980, 1982; Bovenzi et al., 2000). 

This study used vibration at a frequency of 125 Hz, widely believed to be capable of 

causing vibration-induced white finger (e.g. Hyvärinen et al., 1973). Experimental 

studies have shown large reductions in finger blood flow during and after exposure to 

this frequency of vibration (Färkillä et al., 1979; Welsh, 1980, 1982; Bovenzi et al., 

1997). The vibration in this study was presented with an unweighted acceleration 

magnitude of 44 ms-2 r.m.s. (5.6 ms-2 r.m.s. when frequency-weighted according to ISO 

5349-1:2001). This magnitude is believed to be capable of causing vibration-induced 

white finger after prolonged and regular exposures, and previous studies have found 

that it provokes an immediate vasoconstriction in both exposed and unexposed hands 

(Bovenzi et al. 1999, 2004).   

This study investigated how room temperature influences changes in finger circulation 

induced by hand-transmitted vibration in healthy subjects. With two temperatures, it 

was hypothesised that vibration of one hand would reduce finger blood flow on the 

other (unexposed) hand by either the same absolute amount or by the same 

percentage of the pre-exposure finger blood flow. The study also investigated the 

manner in which the reduction in finger blood flow caused by vibration depends on 

room temperature and finger temperature in individual subjects. It was hypothesised 

that subjects who had greater finger blood flow with one room temperature would have 

a greater blood flow with the other room temperature, both before vibration exposure 

and when the vibration stimulus was applied.   

4.2 Method 

4.2.1 Subjects 

Twelve healthy male volunteers with a mean age of 27.8 (SD: 1.2; range: 25-31) years 

participated in the study. All subjects were university students or office workers with no 

history of significant (regular or prolonged) exposure to hand-transmitted vibration in 

occupational or leisure activities. They completed a health questionnaire, read a list of 

medical contraindications, and gave their written informed consent to the study. No 

subject reported cardiovascular or neurological disorders, connective-tissue diseases, 
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injuries to the upper extremities, or a history of cold hands. All subjects were non-

smokers. The mean stature of the subjects was 176 (SD: 4.7; range: 170-183) cm, the 

mean weight was 75 (SD: 10.2; range: 55-87) kg, and the mean BMI was 24.1 (SD: 

1.8; range: 19.0-26.8). The length (l), width (w), and depth (d) of each phalanx was 

measured using vernier callipers and the finger volume was calculated as:  

          
   

 
   

and the mean volume of the left middle finger was 15.2 (SD: 3.1) cm³. 

The study was approved by the Human Experimentation Safety and Ethics Committee 

of the Institute of Sound and Vibration Research at the University of Southampton. 

4.2.2 Measurement of finger blood flow 

Finger blood flow (FBF) was measured in the left middle finger by HVLab Multi-channel 

Plethysmograph (University of Southampton).  

Finger skin temperature (FST) was measured using k-type thermocouples attached by 

micro pore tape to the distal phalanx of the left middle finger. The room temperature 

was measured by a mercury-in-glass thermometer to an accuracy of ±0.5ºC. The 

thermometer was located adjacent to the head of the subject. 

4.2.3 Vibration 

 

Figure 4-1 Arrangement for generation of vibration and control of contact force 

Sinusoidal 125-Hz vertical vibration was produced at an acceleration magnitude of 44 

ms-2 r.m.s. (unweighted) during a 10-minute vibration exposure period. This 

corresponds to a frequency-weighted vibration magnitude of 5.6 ms-2 r.m.s. when using 

the frequency weighting Wh in current standards (ISO 5349-1: 2001).  
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All four fingers of the right hand were exposed to the vertical vibration of a horizontal 

wooden platform mounted to metal plate screwed to a Huntleigh force cell secured to 

the table of an electrodynamic vibrator (VP4, Derritron). The force cell provided visual 

feedback of the downward force applied by the hand of the subject. The vibration was 

monitored by an Entran 233E accelerometer attached to the metal plate supported on 

the force cell. The arrangement for controlling contact force and for generating and 

monitoring the vibration is shown in Figure 4-1.  

4.2.4 Experimental protocol 

The experiment was performed in a small laboratory with two different room 

temperatures (20±1°C and 28±1°C) on two separate days, with the order of conditions 

balanced over the 12 subjects. The subjects were requested to avoid consuming 

caffeine for 2 hours and alcohol for 12 hours prior to testing.  

Each of the 12 subjects attended the laboratory on two occasions. In each session, 

they experienced three successive experimental periods of 10 minutes: (i) pre-

exposure period (with a 5-N downward force and no vibration); (ii) vibration period (with 

5-N force and 125-Hz vibration at 44 ms-2 r.m.s.); (iii) recovery period (with 5-N force 

and no vibration).  

Throughout each session, subjects lay supine with both hands resting on platforms 

alongside their body at heart level. Initially, subjects acclimatized to the environment for 

15 to 20 minutes. Subsequently, the FBF and FST of the middle left finger were 

measured at 1-minute intervals during the 30-minute experiment session, with the room 

temperature also recorded every minute.   

4.2.5 Statistical methods 

Data analysis was performed using the software package SPSS (version 15.0). The 

data were summarised with the median as a measure of central tendency and the inter-

quartile range (IQR) as a measure of dispersion. Non-parametric tests (Friedman test 

for k-related samples, the Wilcoxon matched-pairs signed ranks test for two-related 

samples and the Spearman rank correlation) were employed in the statistical analysis.  

The Friedman test was used to test for differences within and between the sets of 

finger blood flow measurements during the 10-minute pre-exposure period, the 10-

minute vibration period, and the 10-minute recovery period. The Wilcoxon matched-

pairs signed ranks test was used to investigate differences in the median finger blood 

flow between the three 10-minute periods. 

The criterion for statistical significance was p<0.05.  
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4.3 Results 

4.3.1 Room temperature 

In the two sessions, the temperature in the laboratory was either in the range 19.8°C to 

20.7°C or in the range 27.6°C to 28.9°C. Within the two conditions, the room 

temperature did not change significantly during the 30-minute sessions (at 20°C, 

p=0.321; at 28°C, p=0.156; Friedman).  

4.3.2 Finger skin temperature 

Throughout the 30-minute experimental period, the median finger skin temperature was 

lower with the 20°C room temperature than with the 28°C room temperature (Figure 4-

2). 

 

Figure 4-2 Median finger skin temperature (FST) on an unexposed finger on the left 

hand before, during, and after 10-minute exposures of the right hand to 125-Hz 

vibration at 44 ms-2 r.m.s. (unweighted). 

Before exposure to vibration, finger skin temperature varied between subjects and was 

in the range 27.2°C to 33.6°C with the room temperature at 20°C, and in the range 

29.4°C to 35.2°C with the room temperature at 28°C. The sets of ten measures of 

finger skin temperature did not differ during the pre-exposure period (20°C, p=0.286; 

28°C, p=0.604; Friedman) or during the recovery period (20°C, p=0.552; 28°C, 

p=0.336; Friedman). There was a significant reduction in finger skin temperature over 

the 10 measures of finger skin temperature obtained during the vibration exposure 

period (20°C, p=0.003; 28°C, p<0.001). At both room temperatures, the median finger 

skin temperature differed between the three 10-minute periods (pre-exposure, 

vibration, and recovery). The median finger skin temperatures during the pre-exposure 

periods were significantly higher than during the vibration exposure periods (20°C, 
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p=0.011; 28°C, p=0.002; Wilcoxon) and higher than during the recovery periods (20°C, 

p=0.008; 28°C, p=0.003; Wilcoxon). The vibration of the right hand therefore induced a 

significant reduction in FST in the middle finger on the unexposed left hand, although 

less pronounced than the reductions in FBF (see below). 

4.3.3 Finger blood flow 

 

Figure 4-3 Median finger blood flow (FBF) in an unexposed finger of the left hand in 

room temperatures of 20°C and 28°C before, during, and after 10-minute exposures of 

the right hand to 125-Hz vibration at 44 ms-2 r.m.s. (unweighted). 

 

Figure 4-4 Median percentage change in finger blood flow (FBF%) in an unexposed 

finger of the left hand with room temperatures of 20°C and 28°C before, during, and 

after 10-minute exposures of the right hand to 125-Hz vibration at 44 ms-2 r.m.s. 

(unweighted). The percentage change in FBF is shown relative to median FBF prior to 

exposure to vibration. 
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The median FBF measured every minute before, during, and after vibration exposure 

with the two room temperatures is shown in absolute units (ml/100 ml/s) in Figure 4-3 

and as the FBF% (where 100% is the median FBF of each subject during the pre-

exposure period) in Figure 4-4. 

The median FBF and the inter-quartile ranges (IQR) of the FBF in the two room 

temperatures are shown in Figure 4-5. 

 

Figure 4-5 Median and inter-quartile range of finger blood flow (FBF) in the unexposed 

finger before, during, and after exposure to vibration with room temperatures of 20°C 

and 28°C. 

With both room temperatures, vibration of the right hand provoked an immediate 

reduction in finger blood flow in the non-vibrated left finger compared with FBF during 

the pre-exposure period (p<0.001; Wilcoxon). The median reduction in absolute FBF 

was strongly dependent on the room temperature: at 20°C the reduction was 0.40 

ml/100ml/s (a reduction of 57%) whereas with 28°C the reduction was 0.76 ml/100ml/s 

(a reduction of 52%). Here, the percentage reduction is expressed relative to the 

median FBF prior to vibration exposure in each session (at 20°C or 28°C) considered 

separately. There was a significant difference in the reduction in absolute FBF between 

the two room temperatures (p<0.001; Wilcoxon), but no significant difference in the 

percentage reduction in FBF relative to the median pre-exposure FBF (p=0.436; 

Wilcoxon).     

With both room temperatures, the median absolute FBF over the 10-minute recovery 

period was significantly less than the median FBF during the pre-exposure period 

(p<0.001; Wilcoxon). With both room temperatures, the median absolute FBF during 

the recovery period was also significantly less than the median FBF during exposure to 
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vibration (20°C, p=0.002; 28°C, p=0.033; Wilcoxon). The reduction in FBF% during the 

recovery period did not show a significant difference between the two room 

temperatures (p=0.363, Wilcoxon). The results indicate that with both room 

temperatures the 10 minutes of vibration of the right hand caused vasoconstriction in 

the non-vibrated left finger after the cessation of vibration, and that the FBF was less 

after the cessation of vibration than during exposure to vibration.  

4.3.4 Individual and environmental factors  

During the pre-exposure period, the median FBF varied between subjects from 0.94 to 

2.07 ml/100ml/s with the 28ºC room temperature and from 0.62 to 1.83 ml/100ml/s with 

the 20ºC room temperature. During exposure to vibration, the median FBF varied 

between subjects from 0.43 to 1.25 ml/100ml/s at 28ºC and from 0.27 to 0.98 

ml/100ml/s at 20ºC (Figure 4-6).  

 

Figure 4-6 Individual median FBF during 10-minute periods in the unexposed left finger 

before and during vibration of the right hand with room temperatures of 20°C and 28°C; 

◇ Before vibration (20°C), ◆ During vibration (20°C), △ Before vibration (28°C), ▲ 

During vibration (28°). 

With both room temperatures, the variability in individual finger blood flow (standard 

deviation over the 10 measurements at 1-minute intervals) during the vibration 

exposure period was correlated with the mean individual FBF (p<0.001, Spearman). 

Although the coefficient of variation in FBF within individuals was greater at 28ºC than 

at 20ºC (p=0.014, Wilcoxon), there was no correlation between the individual 

coefficients of variation at the two temperatures (p=0.796, Spearman). 
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Before exposure to vibration, the individual FBF was positively correlated with finger 

volume (20ºC p=0.013; 28ºC p=0.028, Spearman) and body mass index (BMI) (20ºC 

p=0.031; 28ºC p=0.038, Spearman). The correlations between FBF and age were 

negative, but not statistically significant (20ºC p=0.061; 28ºC p=0.078, Spearman). The 

relationships between FST and finger volume, BMI and age were similar to those found 

for FBF.  

During exposure to vibration, the absolute reduction in FBF was positively correlated 

with finger volume (20ºC p=0.017; 28ºC p=0.019, Spearman) and BMI (20ºC p=0.041; 

28ºC p=0.022, Spearman). Furthermore, the percentage reduction in FBF was 

positively correlated with finger volume (20ºC p=0.073; 28ºC p=0.038, Spearman) and 

BMI (20ºC p=0.064; 28ºC p=0.047, Spearman). The results show that the inter-subject 

variability in finger blood flow before and during exposure to vibration, and the 

percentage fall in finger blood flow caused by vibration, were both related to individual 

characteristics: the larger subjects had greater finger blood flow prior to vibration 

exposure but showed greater reductions in FBF and FBF% as a result of vibration 

exposure. 

 

Figure 4-7 Individual median FBF with two room temperatures 20ºC and 28ºC before 

and during vibration exposure. 

With both room temperatures, the individual FBF during the pre-exposure period was 

correlated with individual FST (p<0.001). During the pre-exposure period, both the 

individual FBFs and the individual FSTs were correlated between the two room 

temperatures 28ºC and 20ºC (FBF: p<0.001; FST: p=0.006; Spearman; Figure 7). 
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During vibration exposure, individual FST was not significantly correlated with 

individual FBF at either room temperature (20ºC p=0.093; 28ºC p=0.067, Spearman). 

The individual FBFs and individual FSTs measured during the vibration exposure 

period at one temperature were correlated with the corresponding measure at the other 

room temperature (FBF: p=0.046; FST: p=0.037, Spearman; Figure 4-7).  

The individual FBFs during the pre-exposure period were correlated with the individual 

FBFs during vibration exposure (20ºC, p=0.043; 28ºC, p=0.017, Spearman), with 

similar correlations in FST (20ºC p=0.021; 28ºC p=0.041, Spearman), showing that 

subjects with high FBF or FST before vibration exposure tended to have high FBF or 

FST during exposure to vibration (Figure 4-8).  

 

Figure 4-8 Individual median FBF before and during vibration with room temperatures 

of 20°C and 28°C. 

The range of inter-subject variability in FBF (from 0.37 to 2.28 ml/100ml/s at 20ºC and 

from 0.45 to 2.78 ml/100ml/s at 28ºC) was greater than the mean change in FBF 

caused by the 8ºC change of temperature (about 30%) and greater than the 55% 

reduction in FBF caused by 44 ms-2 r.m.s. of 125-Hz vibration. In general, subjects with 

greater finger blood flow before vibration had greater FBF during vibration. Similarly, 

subjects with greater FBF at one temperature tended to have greater FBF at the other 

temperature.  

4.4 Discussion 
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4.4.1 Finger skin temperature 

Finger skin temperature in the unexposed finger was reduced during exposure to 

vibration at both room temperatures. The FST is often measured when investigating 

FBF but previous studies have not always revealed changes induced by vibration. 

Bovenzi et al. (1995) reported that after 30-minute exposures to vibration with a 

frequency of 125 Hz and an acceleration of 87.5 ms-2 r.m.s. (unweighted), FST was 

significantly reduced during the recovery period, although the same magnitude of 

vibration did not produce significant changes in FST in a later study (Bovenzi et al., 

1997).  

The present findings show that finger skin temperature is dependent on the room 

temperature, consistent with expectations and with previous studies (e.g., Mirbod et al., 

1998). The pre-exposure finger skin temperature was greater with the higher room 

temperature. The human body controls the body core temperature partly by regulating 

skin temperature according to the environmental temperature. When the external 

environment is cold, dermal blood vessels constrict causing the warm blood to bypass 

the skin and allow the skin temperature to drop towards the temperature of the 

environment. During exposure to vibration, reduced blood flow would lead to reduced 

finger skin temperature. After the cessation of vibration, the finger skin temperature 

remained reduced, consistent with the continued reduction in finger blood flow.  

4.4.2 Finger blood flow  

Acute exposure of one hand to vibration at a frequency of 125 Hz and a magnitude of 

44 ms-2 r.m.s. (a frequency-weighted acceleration magnitude of 5.5 ms-2 r.m.s.) 

reduced finger blood flow in the middle finger of the hand not exposed to vibration. This 

is consistent with previous studies: finger blood flow in exposed and unexposed fingers 

has been reduced by 125-Hz vibration at magnitudes in the range of 0.69 to 7.75 ms-2 

r.m.s. (weighted) (Bovenzi et al., 1999), and with the 5.5 ms-2 r.m.s. vibration used here 

(Bovenzi et al., 2004). Physiological studies with isolated preparations of arteries and 

veins have shown that vibration can depress the contractile force of smooth muscle 

(Ljung et al., 1975; Lindblad et al., 1986). Animal experiments by Liedtke et al. (1969) 

and Ohhashi et al. (1990) found a decrease in total vascular resistance in vibrated 

intact limbs of dogs.  Similar effects of vibration have also been found in human skin 

arterioles by Olsen et al (1989).  

Reflex control of digital blood flow is considered to be mediated through sympathetic 

vasoconstriction and vasodilation (Fox et al., 1963; Roddie, 1983). The finding of 

reduced finger blood flow and reduced finger skin temperature contralateral to the 
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location of vibration stimulation in this study is consistent with previous findings 

obtained using various methods: Nasu (1977) using thermography, Färkillä and Pyykkö 

(1979) using photoplethysmography, and Furuta et al. (1991) using laser Doppler blood 

flowmetry. It has been suggested that vibration can cause a central sympathetic reflex 

that results in vasomotor responses in areas of the human body distant from the site of 

application of the vibratory stimulus (Furuta et al., 1991; Mckenna et al., 1994; Bovenzi 

et al., 1995). Sakakibara et al. (1990) reported that a 1-minute exposure of the left 

hand to 60-Hz vibration at 100 ms-2 r.m.s. increased skin sympathetic activity from the 

right tibial nerve and decreased blood flow in a toe on the right foot. 

Finger blood flow has been measured with room temperatures varying from 19°C to 

26°C (Bornmyr et al., 2001; Bovenzi et al., 2000; Egan et al., 1996; Furuta et al., 1991). 

Unlike the measurement of finger systolic blood pressure (International Organization 

for Standardization, 2005), there is no standard room temperature for the investigation 

of FBF. To investigate the relationship between room temperature and the FBF 

response to vibration, this study chose two typical room temperatures (20°C and 28°C). 

The results confirm that room temperature is an independent factor influencing FBF, 

consistent with other studies (Bovenzi et al., 1995; Muhbub et al., 2006). Greater FBF 

and higher FST were observed with the higher room temperature, so room temperature 

should be considered when obtaining measures of circulation during and after vibration 

exposure. Furthermore, sudden changes in room temperature may be expected to 

induce changes in digital circulation, so the temperature should be well controlled 

throughout the experimental period.  

The reduction in absolute FBF differed between the two room temperatures, but there 

was a similar percentage change in FBF relative to FBF during pre-exposure, showing 

that vibration produced a greater reduction when the blood flow was greater. The 

reduction in individuals showed a similar pattern: subjects with greater blood flow 

showed greater reductions in blood flow in response to vibration. These findings assist 

the analysis of future studies and offer a hint at the mechanisms involved in the 

reduction in finger blood flow caused by hand-transmitted vibration. 

With both room temperatures, blood flow in the unexposed left finger decreased after 

the cessation of vibration. The findings are consistent with those of Bovenzi et al. 

(2004, 2006) and Thompson and Griffin (2009) who found continued reduction in FBF 

in exposed and non-exposed fingers after the cessation of vibration, with greater 

vasoconstriction after more severe exposures to vibration (i.e. greater magnitudes or 

longer durations). The measurements of FBF in the current study did not continue for a 

sufficient period to determine whether the FBF recovered faster with the warmer room 
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temperature. The 10-minute recovery period was not long enough to see any recovery 

in the finger blood flow – further investigations would be needed to determine the effect 

of room temperature on the recovery of FBF after the cessation of vibration. 

4.4.3 Variability associated with the individual and the environment 

The measurements show a wide range of absolute values of finger blood flow between 

individuals: from 0.46 to 1.65 ml/100ml/s with a room temperature of 20ºC and from 

1.09 to 2.26 ml/100ml/s with a room temperature of 28ºC. There were relatively small 

variations in finger skin temperature: from 27.2°C to 33.6°C at 20°C, and from 29.4°C 

to 35.2°C at 28°C. The findings are consistent with previous studies showing that there 

are large differences in finger blood flow between individuals associated with finger 

volume and age (Bovenzi et al., 1995), and suggest that the changes in the digital 

vessels caused by vibration are significantly related to individual characteristics. The 

correlations between FBF and both the finger volume and body mass index of 

individuals show that body size contributes to this large inter-subject variability. The 

absence of a statistically significant correlation between age and FBF may due to the 

narrow range of ages (25 to 31 years) used in present study. During exposure to 

vibration, individual variability in FBF was correlated with individual median FBF before 

exposure to vibration, indicating that subjects with a greater FBF before vibration 

exposure also showed greater variability when the vibration was applied. It is likely that 

wide and rhythmic fluctuations in the finger circulation are associated with one or more 

control systems using the fingers to radiate body heat so as to regulate internal body 

temperature. With such natural variations in finger blood flow, a large number of 

measurements and many subjects are needed to reduce the influence of individual 

variability when quantifying the effects of vibration on digital circulation. 

Some studies have only used finger skin temperature as an indicator of finger 

circulation (e.g. Cleophas et al., 1982; Welsh, 1983, 1986; Sandover et al., 1992) but 

the relation between the finger skin temperature and finger blood flow is complex and 

far from linear. Skin temperature depends not only on the rate of subcutaneous blood 

flow but also on the rate of evaporation of sweat and environmental variables such as 

air temperature, mean radiant temperature, ventilation, and humidity. The present 

study found that finger skin temperature was significantly correlated with FBF before 

and after exposure to vibration, but not during exposure to vibration. This is consistent 

with previous studies that have found finger skin temperature is unable to follow rapid 

changes in finger circulation (Greenfield et al., 1963).  
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The study shows that an increase in temperature can off-set some of the reduction in 

blood flow caused by hand-transmitted vibration. Although there was a greater 

reduction in absolute blood flow with the higher temperature, the percentage reduction 

was the same, so blood flow during vibration was greater with the higher temperature. 

It is not known to what extent reductions in blood flow during vibration are a cause of 

the hand-arm vibration syndrome, but it seems reasonable to conclude that increased 

blood flow may be beneficial.  

4.5 Conclusions 

Skin temperature and blood flow in a finger on a hand not exposed to vibration reduce 

during and after the exposure of the other hand to vibration. Those with greater finger 

blood flow before vibration tend to have greater blood flow during vibration, and those 

with greater finger blood flow with one temperature tend to have greater blood flow with 

another temperature. There is greater absolute reduction in finger blood flow when 

there is greater vasodilation in a higher room temperature, but the percentage 

reduction in finger blood flow caused by vibration is similar with room temperatures of 

20°C and 28°C. The environmental conditions should be carefully controlled during 

studies of the vascular response to acute vibration.  
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Chapter 5 Reductions in finger blood flow in 

males and females induced by 125-Hz vibration: 

association with vibration perception thresholds 

5.1 Introduction 

Occupational exposure to the vibration of hand-held tools can result in a vasospastic 

disorder in the fingers commonly called vibration-induced white finger (VWF). The 

pathogenesis of VWF is not clear: central sympathetic reflex mechanisms, locally 

mediated mechanisms, or a combination of both have been invoked to explain VWF.  

Studies of changes in finger blood flow caused by acute exposures to vibration have 

contributed to an understanding of the vascular responses to hand-transmitted 

vibration. Experimental studies have found that vibration of a hand provokes reductions 

in finger blood flow, with the extent of the response dependent on the magnitude and 

the frequency of the vibration (Welsh, 1980, 1982; Bovenzi et al., 1998, 2006; 

Thompson and Griffin, 2009). The reductions have been observed in fingers on both 

hands exposed to vibration and unexposed (i.e., contralateral) hands, but tend to be 

more pronounced in fingers on the vibrated hand (Bovenzi et al., 1998, 1999, 2000, 

2006). It seems that vibration reduces blood flow through a sympathetic reflex 

mechanism that causes vasoconstriction in the fingers on both hands, but that this may 

not be the only cause of vasoconstriction (Bovenzi et al., 1995, 2001). After cessation 

of vibration, vasoconstriction remains in both hands for a period that depends on the 

magnitude, the frequency, and the duration of the exposure to vibration (Bovenzi et al., 

1998, 1999, 2000).  

The mechanisms responsible for a sympathetic vasoconstriction have not been 

explored, but it seems reasonable to hypothesise that mediation by one or more of the 

various tactile channels may be involved. Vibrotactile sensations on the glabrous skin 

of the hand are determined by four psychophysical channels (Bolanowski et al., 1988). 

The Pacinian (P) channel, mediated by the Pacinian corpuscles, has the lowest 

threshold at frequencies between approximately 40 and 400 Hz and possesses a U-

shaped threshold-frequency characteristic (Verrillo, 1975). This channel is highly 

sensitive to changes in skin surface temperature (Bolanowski et al, 1982) and to 

changes in stimulus size and duration (Verrillo, 1962, 1963, 1966). Of the three non-

Pacinian (NP) channels, NPI often determines thresholds at frequencies between 

about 2 and 40 Hz and has the Meissner corpuscle as the mechanoreceptor 
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associated with rapidly adapting (RA) fibres (Bolanowski et al., 1988, Gescheider et al., 

2002). Two further non-Pacinian channels, NPII and NPIII, are associated with slowly 

adapting (SA) fibres and have been identified from the results of psychophysical 

experiments (Capraro et al., 1979; Bolanowski et al., 1988; Gescheider et al., 2002). 

The NPII channel responds to vibration at similar frequencies to the Pacinian channel 

(40 to 400 Hz), but has lower sensitivity unless a small stimulus area is used 

(Bolanowski et al., 1988; Gescheider et al., 2002). The mechanoreceptor for the NPII 

channel has not yet been identified neurophysiologically in humans, but may be similar 

in structure to Ruffini endings (Verrillo et al., 2002). The NPIII channel may have a 

lower threshold than other channels in the range 0.4 and 4 Hz and has Merkel discs as 

the mechanoreceptor. For these four channels, similar frequency responses have been 

found in psychophysical studies and in neurophysiological responses of individual 

nerve fibres (Greenspan and Bolanowski, 1996; Gescheider et al., 2002, 2004).  

The channel involved in tactile perception depends on various factors including the 

contact conditions (e.g. size of the vibrating contactor and surround), as well as the 

frequency and the magnitude of vibration. By selecting a suitable combination of 

contact conditions and vibration stimulus it is possible to excite selectively one or more 

of the channels (Gescheider et al., 2002, 2004; Morioka and Griffin, 2005). With 

progressively increasing magnitude of 125-Hz vibration applied to the thenar eminence 

of the hand, the Pacinian corpuscles will normally be the first to be activated and 

transmit information signalling the presence of vibration to the central neural system. 

With further increases in the magnitude of vibration, other mechanoreceptors will be 

activated and contribute to tactile perception of the vibration. 

Previous experimental studies of vasoconstriction caused by hand-transmitted vibration 

appear to have been conducted exclusively in males. Vibrotactile thresholds have also 

been mainly investigated in males, but a few studies have compared thresholds in 

males and females. While some have reported no significant differences in thresholds 

between males and females (Liou et al, 1999; Seah and Griffin, 2008) others have 

found lower thresholds in females (Hilz et al, 1998; Wild et al, 2001). If thresholds differ 

between males and females, and the psychophysical channel responsible for the 

difference is involved in mediating the vasoconstriction caused by vibration, there 

should be a difference in the vascular response to vibration between males and 

females. 

This study was designed to extend understanding of the mechanisms involved in 

regulating finger blood flow during vibration by investigating whether there is a relation 

between vibrotactile perception thresholds and vibration-induced reductions in blood 
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flow, and compare the responses of males and females. The study was conducted with 

125-Hz vibration because contact conditions could be arranged for this frequency to 

stimulate solely the Pacinian corpuscles (Verrillo, 1966; Morioka and Griffin, 2005) and 

it was known that finger blood flow on both hands could be reduced by low magnitudes 

of vibration (Bovenzi et al. 1998, Thompson and Griffin, 2009). It was hypothesised that 

changes in finger blood flow induced by vibration would be correlated with vibrotactile 

perception thresholds if the vibration was presented at a magnitude greater than the 

absolute threshold for the perception of the vibration. It was also hypothesised that 

both vibrotactile thresholds and the vascular response to vibration would differ between 

male and female subjects. 

5.2 Method 

5.2.1 Subjects 

Forty healthy volunteers, 20 males and 20 females participated in the study. All 

subjects were University students with no history of significant (regular or prolonged) 

exposure to hand-transmitted vibration in occupational or leisure activities. They 

completed a health questionnaire, read a list of medical contraindications, and gave 

their written informed consent to the study. None of the subjects reported 

cardiovascular or neurological disorders, connective-tissue diseases, injuries to the 

upper extremities, or a family history of Raynaud’s phenomenon. All were right-handed 

and non-smokers. The subjects were requested to avoid consuming caffeine for 2 

hours and alcohol for 12 hours prior to the testing. The study was approved by the 

Human Experimentation Safety and Ethics Committee of the Institute of Sound and 

Vibration Research at the University of Southampton. 

5.2.2 Vibrotactile perception thresholds 

Vibrotactile perception thresholds were measured using an HVLab Vibrotactile 

Perception Meter, VPM (University of Southampton) with the subject seated. The 

diameter of the vibrating probe was 6 mm and the gap between the probe and a fixed 

circular surround was 2 mm. The subjects applied a downward force of 2 N on the 

surround with the thenar eminence of their right hand and monitored the force on the 

electronic indicator of the VPM control unit. The perception of 125-Hz vibration at 

threshold (and 10 or 20 dB above threshold) is normally mediated by the P channel 

(with Pacinian corpuscles) with the geometry of the apparatus used in this study 

(Morioka and Griffin, 2005, Seah and Griffin, 2008). 
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5.2.3 Finger blood flow 

Finger blood flow (FBF) was measured in the middle finger of both hands by a 

plethysmograph (HVLab Multi-channel, University of Southampton). 

Finger skin temperature (FST) was measured on the distal phalanx of the right and left 

middle finger. Room temperature was measured by a mercury-in-glass thermometer to 

an accuracy of ±0.5ºC. The thermometer was located close to the heads of subjects. 

Room temperature and skin temperature were controlled and monitored to minimise 

the effect of temperature on finger blood flow and vibrotactile thresholds (Bolanowski et 

al., 1988, Ye and Griffin, 2011). 

5.2.4 Protocol 

The experiment was conducted in a laboratory with a mean air temperature of 25.5ºC 

(SD 0.4). Initially, the finger skin temperature was measured and the experiment 

proceeded only if the skin temperature was greater than 30°C. The vibrotactile 

perception threshold at 125 Hz was then determined at the thenar eminence of the 

right hand of each subject. Subjects sat on a seat next to a table supporting the 

vibrotactile perception meter and the height of the seat was adjusted so that subjects 

were comfortable and able to maintain a force of 2 N between their hands and the 

surround to the vibrating probe.  

To determine the vascular response to vibration, 125-Hz sinusoidal vibration was 

applied to the thenar eminence by the VPM using the same contact conditions used to 

measure the perception threshold. Subjects lay supine with both arms and both hands 

supported at heart level. After 20 minutes of acclimatisation, finger blood flow was 

measured simultaneously in the left and right hand at 30-second intervals for 28 

minutes throughout the seven successive 4-minute periods (with no break between the 

seven periods) (Figure 5-1):  

i. Pre-exposure: no force; 

ii. Pre-exposure application of force : 2 N;  

iii. Vibration 1: 125-Hz vibration at  0.5 ms-2 r.m.s. (unweighted) with     2-N force;  

iv. Rest with force: 2 N;  

v. Vibration 2: 125-Hz vibration at 1.5 ms-2 r.m.s. (unweighted) with 2-N force;  

vi.  Post-exposure application of force: 2 N;  

vii. Recovery: no force. 
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During the 28-minute session, the left hand remained motionless with no vibration and 

no force throughout all seven periods. 

 

Figure 5-1 Experimental protocol with force and vibration applied to the thenar 

eminence of the right hand. 

The first set of eight measurements of finger blood flow (over 4 minutes during the pre-

exposure period without force) was obtained with the subjects in the same posture as 

during acclimatisation. The subjects then applied a downward force of 2 N with the 

thenar eminence of their right hand on the applicator of the HVLab Vibrotactile 

Perception Meter (i.e. the same contact conditions used to obtain their vibrotactile 

thresholds). The hand was in a comfortable posture with all fingers suspended in air. 

Visual feedback for the control of downward force was again supplied by the control 

unit of the VPM.  

Sinusoidal vertical vibration of the VPM probe was produced at a frequency of 125 Hz 

at an unweighted acceleration of 0.5 ms-2 r.m.s. (in period iii) and 1.5 ms-² r.m.s. (in 

period v), corresponding to frequency-weighted accelerations of 0.063 and 0.188 ms-² 

r.m.s. according to International Standard 5349-1: 2001 (25). The 2-N push force was 

held constant until, at the 24th minute, the subjects were asked to release the force 

while keeping their hand in the same posture. 

5.2.5 Statistical methods 

Data analysis was performed using SPSS (version 17.0). The data were summarised 

with the median as a measure of central tendency and the inter-quartile range (IQR) as 

a measure of dispersion. Non-parametric tests (Friedman test for k-related samples, 

Wilcoxon matched-pairs signed ranks test for two-related samples, Mann-Whitney test 

for two independent samples and Spearman rank correlation coefficient) were 

employed in the statistical analysis.  
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The Friedman test was used to test for differences between the eight measurements of 

finger blood flow during each of the seven 4-minute periods. A Wilcoxon matched-pairs 

signed ranks test was used to investigate differences in the median finger blood flow 

between the seven 4-minute periods. The Mann-Whitney test was used to investigate 

differences between male and female subjects. Spearman rank correlations were used 

to investigate associations between vibrotactile perception thresholds and reductions in 

FBF induced by vibration. The criterion for statistical significance was p<0.05.  

5.3 Results 

The room temperature did not differ between the seven 4-minute experimental periods 

(range of median values 24.8 to 25.6ºC; p>0.1; Friedman). 

The medians and inter-quartile ranges (IQR) of the age, body size, and vibration 

perception thresholds of the male and female subjects, and their finger blood flow 

during the pre-exposure period (period i) are shown in Table 5-1.  

Table 5-1 Median and inter-quartile range of the age, body size, vibration perception 

threshold, and finger blood flow for male and female subjects. 

  Females Males 

Age (year)  24 (21-27) 23.5 (20-26) 

Height (m)  1.62 (1.58-1.67) 1.75 (1.7-1.78) 

Weight (kg)  52 (48-60) 73 (62-89) 

Finger volume (cm³) 
Right middle 12.5 (11.2-13.6) 15.4 (12.9-17.4) 

Left middle 12.3 (11.0-13.8) 15.0 (13.3-17.1) 

Body mass index (BMI)  20.5 (2.1) 23.1 (3.3) 

Perception threshold (ms
-2
 

r.m.s.) 
 0.43 (0.22-0.7) 0.64 (0.31-0.97) 

Finger blood flow during pre-

exposure (period i) 

(ml/100ml/s) 

Right middle 0.89 (0.81-1.19) 1.09 (0.87-1.23) 

Left middle 0.94 (0.76-1.07) 1.02 (0.9-1.33) 

 

There were significant differences between male and female subjects in their stature 

(p=0.008, Mann-Whitney), weight (p<0.001, Mann-Whitney), finger volume (p=0.012, 

Mann-Whitney), and body mass index (BMI) (p<0.001, Mann-Whitney). The male and 

female subgroups did not differ in age (p=0.36, Mann-Whitney). 
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5.3.1 Vibrotactile thresholds 

Thresholds were higher in males (median 0.64, IQR: 0.31 – 0.97) than in females 

(median 0.43, IQR: 0.22 – 0.70) (p=0.014, Mann-Whitney). Thresholds within the male 

and female subgroups were not correlated with stature, weight, BMI, finger volume, or 

age (p>0.05; Spearman).   

5.3.2 Finger skin temperature, FST 

During pre-exposure (period i), the median FST varied from 31.4 to 34.3ºC on the right 

middle finger (exposed hand) and from 31.1 to 34.6ºC on the left middle finger 

(unexposed hand) for male subjects, and from 28.9 to 33.2ºC on the right finger and 

from 29.3 to 33.0ºC on the left finger for the female subjects. There was no significant 

difference in FST between the right and left hands. On both hands, finger skin 

temperature was significant higher in males than females (p<0.05; Mann-Whitney).  

Finger skin temperatures did not differ between the seven 4-minute experimental 

periods on either hand for either gender (p>0.05; Friedman).  

5.3.3 Finger blood flow, FBF 

On both hands, the median FBF over the 4-minute pre-exposure period was positively 

correlated with FST within the males (right: p=0.009; left: p=0.021; Spearman) and the 

females (right: p=0.012; left: p=0.038; Spearman). The FBF within the male and female 

subgroups was not correlated with stature, weight, BMI, or age (p>0.05; Spearman). 

There was a positive correlation between the FBF and finger volume on both hands 

within the males (right: p=0.017; left: p=0.019; Spearman) and the females (right: 

p=0.034; left: p=0.042; Spearman). The median FBF was significantly greater in males 

than in females for both left and right hands (p<0.05; Mann-Whitney). There was no 

difference in FBF between the right and left middle fingers for males (p=0.27; Wilcoxon) 

or females (p=0.12; Wilcoxon). 

For each individual, the eight FBFs measured during periods i to vii were expressed as 

percentages of the median FBF measured during period i, the pre-exposure period (i.e. 

FBF%). The FBF% at 30-s intervals in the middle finger of the right (exposed) hand 

and the left (unexposed) hand during the seven 4-minute experimental periods is 

shown for male and female subjects in Figure 5-2. 
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Figure 5-2 Median FBF% in the right and left middle fingers at 30-s intervals during the 

seven 4-minute periods for male and female subjects. 

For each individual, the FBF during each of the seven periods was then taken as the 

median of the eight FBFs measurements in each period. The application of 2 N force 

with the thenar eminence of the right hand during period ii did not change finger blood 

flow from that measured during period i in either finger for either the males or the 

females (p>0.05).  

Compared with the baseline values of FBF obtained during period i, the application of 

125-Hz vibration at 0.5 ms-² r.m.s. during period iii reduced FBF in the middle finger of 

the right (exposed) hand (p<0.001), but not the left (unexposed) hand (p=0.087) of 

female subjects. There was no significant change in FBF in either finger of the male 

subjects (right: p=0.11; left: p=0.23, Wilcoxon).  

During the 4-minute rest period with force (period iv), finger blood flow in the middle 

finger of the right (exposed) hands of female subjects was increased compared with 

the FBF during period iii (p=0.001), but significant lower than the FBF during period i 

(p=0.033) and period ii (p=0.024). There was no significant difference in FBF in the 

middle finger of the left (unexposed) hand in females or either hands in males.  
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During period v, compared with the median values of FBF in period i, the application of 

125-Hz vibration at 1.5 ms-² r.m.s. reduced FBF in both hands of the females (right and 

left: p=0.001) and the males (right: p=0.001; left: p=0.021). The reduction in FBF% 

caused by 1.5 ms-² r.m.s. vibration was greater on the right (exposed) hand than on the 

left (unexposed) hand for both males and females (p<0.001). The reduction in FBF% 

was significant greater for females than males on both the exposed right hand (p<0.01, 

Mann-Whitney) and the unexposed left hand (p<0.05, Mann-Whitney) during exposure 

to 1.5 ms-² r.m.s. vibration (in period (v)). The median FBF was less during the 4-

minute exposure to 1.5 ms-² r.m.s. than during exposure to 0.5 ms-² r.m.s. in both 

hands of females (right: p=0.036; left: p=0.008) and males (right: p=0.012; left: 

p=0.021).  

During post-exposure application of force (period vi), compared with exposure to 1.5 

ms-² r.m.s. vibration (period v), there were significant increases in FBF on both 

exposed and unexposed hands of both males and females (p<0.001, Wilcoxon). 

However, the median FBF on both hands of both the males and the females were 

significantly lower than the baseline FBF during period (i) (p< 0.001, Wilcoxon). There 

was no significant change in FBF across the eight measurements during post-exposure 

application of force (period vi) on either hand of either the males or the females (p>0.1, 

Friedman). 

During recovery in period vii, the FBF on both the exposed and the unexposed hand 

increased compared to period vi for both males (right: p=0.015, left: p=0.037) and 

females (right: p=0.045, left: p=0.025). There was no significant difference in FBF on 

the unexposed left hand between period vii and period i for either males (p=0.073) or 

females (p>0.1), suggesting recovery of FBF was complete in this hand. However, the 

FBF on the exposed hand during period vii was significant lower than during period i for 

both males (p=0.048) and females (p=0.001), indicating that the FBF on the exposed 

hand had not fully recovered. There were significant increases in FBF over this 4-

minute recovery period on both hands of the males and the females (p<0.05, 

Friedman).  

5.3.4 Relation between vibrotactile perception threshold and finger blood 

flow  

The associations between vibrotactile perception thresholds and FBF% in the right and 

left middle fingers during exposure to 0.5 and 1.5 ms-² r.m.s. in periods iii and v are 

shown in Figure 4. It may be seen that vibration tended to reduce finger blood flow 
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when it was presented at a magnitude greater than the absolute threshold for the 

perception of the vibration by the subject.  

The 40 subjects were divided into two groups according to their vibrotactile thresholds: 

Group A with thresholds higher than the vibration magnitude (either 0.5 or 1.5 ms-² 

r.m.s.), and Group B with thresholds lower than the vibration magnitude. The 

correlation between the vibrotactile thresholds and percentage reduction in FBF (i.e. 

FBF %) was tested separately within the two groups with both vibration magnitudes.  

 

Figure 5-3 Relation between vibrotactile perception thresholds and FBF% in the middle 

finger of the right (exposed) and left (unexposed) hands during exposure to 125-Hz 

vibration at 0.5 ms-² r.m.s. and 1.5 ms-² r.m.s. in male and female subjects. Open 

symbols for group A: subjects with a perception threshold higher than the vibration 

magnitude of 0.5 ms-² r.m.s. or 1.5 ms-² r.m.s.; solid symbols for group B: subjects with 

a perception threshold lower than the vibration magnitude of 0.5 ms-² r.m.s. or 1.5 ms-² 

r.m.s. 

During exposure to 0.5 ms-² r.m.s., the FBF% on both the exposed right hand and the 

unexposed left hand in group B0.5 (thresholds lower than 0.5 ms-2 r.m.s.) was positively 

correlated with the vibrotactile threshold on the thenar eminence of the right hand 

(right: p=0.031, left; p=0.052, N = 17; Spearman) but not in group A0.5 (thresholds 
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greater than 0.5 ms-2 r.m.s.) (right: p=0.169, left: p=0.372, N = 23; Spearman). 

Similarly, during exposure to 1.5 ms-² r.m.s., the FBF% on both hands was correlated 

with the vibrotactile threshold in group B1.5 (right: p=0.044, left: p=0.039, N = 37; 

Spearman) but not in group A1.5 (right: p=0.27, left: p=0.667, N = 3; Spearman). 

There was a significant difference in FBF% on the exposed right hand between group 

A0.5 and group B0.5 during exposure to 0.5 ms-² r.m.s. (p=0.001, Mann-Whitney) and 1.5 

ms-² r.m.s. (p=0.013, Mann-Whitney). A difference in FBF% on the unexposed left hand 

was found between groups A1.5 and B1.5 (p=0.021, Mann-Whitney), but not between 

groups A0.5 and B0.5 (p=0.118, Mann-Whitney). 

5.4 Discussion 

5.4.1 Circulatory effects of acute vibration 

A low magnitude (i.e. 0.5 ms-² r.m.s.) of 125-Hz vibration reduced FBF in the middle 

fingers of the vibrated hands of female subjects but not male subjects. With the 

vibration magnitude increased to 1.5 ms-² r.m.s., there was greater vasoconstriction in 

the female subjects, and also significant reductions in FBF in the male subjects. The 

reductions in FBF were most pronounced in fingers on the vibrated hand but were also 

present in fingers on the non-vibrated hand. 

Previous studies have found that 125-Hz vibration applied to one hand can reduce FBF 

in fingers on both exposed and unexposed hands of healthy subjects and vibration-

exposed workers with or without vascular disorders, and that the extent of the reduction 

in FBF depends on the magnitude of the vibration (Hyvärinen et al., 1973; Bovenzi et 

al., 1999; Thompson and Griffin, 2009). Bovenzi et al. (1999) reported that 15-minute 

exposure of the right hand to 125-Hz vibration produced greater reductions in FBF on 

both the exposed and unexposed hand as the acceleration magnitude increased in four 

steps from 5.5 to 62 ms-² r.m.s. With continuous increases in magnitude from 0 to 15 

ms-² r.m.s. (frequency-weighted) Thompson and Griffin (2009) found that 16, 31.5, 63, 

125, 250 and 315-Hz vibration produced progressively greater reductions in FBF, with 

significant reductions caused by 250 and 315-Hz vibration at magnitudes as low as 0.5 

and 1.0 ms-² r.m.s.  

The present study shows that vibration close to the absolute threshold for the 

perception of vibration can provoke reductions in finger blood flow. The greater 

reduction in FBF with the greater vibration magnitude appears to have been partly due 

to the greater magnitude being above the perception threshold of more subjects. In 

previous studies with much greater magnitudes it is not known why there was greater 
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vasoconstriction with greater magnitudes. Greater magnitudes of vibration will increase 

excitation via the Pacinian channel and also increase the probability of excitation of 

other channels. Additionally, with greater magnitudes of vibration there is greater 

transmission of vibration away from the point of excitation, resulting in 

mechanoreceptors being excited over a larger area. The involvement of the Pacinian 

channel, which has been shown to have spatial summation properties in 

psychophysical studies of hand-transmitted vibration (Gescheider et al., 2004, Morioka 

and Griffin, 2005), would suggest that such ‘spreading’ of the excitation with increased 

magnitude of vibration might increase the response. In the present study, spreading 

was prevented by the surround around the vibrating probe so that the area of excitation 

is not expected to differ between the low and high magnitude vibration.  

Acute exposures to vibration can produce temporary elevations in thresholds for the 

perception of vibration in those channels stimulated by the vibration (Gescheider et al., 

2004). The extent of the increase in threshold depends on the vibration exposure, with 

stronger and longer exposures provoking greater increases in thresholds and longer 

recovery times. Exposure to 125-Hz vibration can result in thresholds being elevated 

for up to 25 minutes after exposure, but this appears to require exposures much more 

severe than employed in the present study (e.g. 20 to 111 ms-2 r.m.s. or 8-hour energy-

equivalent frequency-weighted accelerations of 0.45 to 0.9 ms-2 r.m.s.; in ref Burström 

et al., 2009). The present study employed vibration magnitudes of 0.5 and 1.5 ms-2 

r.m.s. (and an 8-hour energy-equivalent frequency-weighted vibration of only 0.005 ms-

2 r.m.s.), with vibration magnitudes around the perception threshold. Repeated 

exposures to vibration magnitudes close to the perception threshold do not appear to 

cause systematic or significant increases in 125-Hz thresholds at the fingertips 

(Lindsell and Griffin, 1999). The low magnitude and short duration exposure in the 

present study may not have been sufficient to cause a change in the sensitivity of the 

Pacinian channel (Lundström and Lindmark, 1982; Maeda and Griffin, 1993).  

With a constant magnitude of vibration, it may be expected that sensitivity to vibration 

would gradually decline during exposure, with a consequent gradual reduction in the 

vasoconstriction. Mostly, constant vasoconstriction has been reported over exposures 

lasting 15 minutes, but one study has reported evidence of a non-significant reduction 

in vasoconstriction after 30 minutes (Bovenzi et al., 1998). In those suffering from 

occupational exposures to hand-transmitted vibration it is common for the neurological 

component of the hand-arm vibration syndrome include elevated thresholds for the 

perception of vibration, including perception via the Pacinian channel. The present 

results might suggest lesser reductions in finger blood flow during acute exposures of 
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such workers to low magnitudes of vibration. However, their prior exposure to vibration 

may be associated with a vascular component of the hand-arm vibration syndrome 

(e.g. vibration-induced white finger) that causes them to have reduced blood flow with 

or without acute exposure to vibration, so any vibration that further reduces finger blood 

flow might be considered undesirable. Indeed, like exposure to cold, vibration can 

cause vasoconstriction and may therefore increase the chances of an attack of 

vibration-induced white finger.     

On both the exposed and the unexposed hand, finger blood flow gradually returned 

towards pre-exposure levels after the cessation of vibration. In some previous studies, 

finger blood flow has decreased after cessation of vibration, with the extent of the 

reduction and the duration of the reduction increasing with increased magnitude or 

increased duration of the exposure to vibration (Bovenzi et al., 1998, 1999, 2000, 2006). 

Vibrated fingers show reduced blood flow after 15-minute exposures to 125-Hz 

vibration at vibration magnitudes in the range 22 to 62 ms-2 r.m.s. (unweighted), but not 

after exposure to 5.5 ms-2 r.m.s. (unweighted) (Bovenzi et al., 1999). Recovery of finger 

blood flow was complete after a 7.5-minute exposure to 125-Hz vibration at 87 ms-2 

r.m.s., whereas a progressive reduction in finger blood flow occurred in both vibrated 

and non-vibrated fingers after 15- or 30-minute exposures to the same vibration 

(Bovenzi et al., 1998). The absence of statistically significant reductions in finger blood 

flow following exposure to vibration in the present study may reflect the low magnitudes 

of vibration and the brevity of the 4-minute exposures.  

5.4.2 Relation between vibration-induced vasoconstriction and vibrotactile 

perception threshold  

When exposed to vibration greater than their absolute thresholds, subjects with lower 

thresholds showed greater reductions in finger blood flow. When exposed to vibration 

below threshold, there was no significant change in finger blood flow and no correlation 

between thresholds for perceiving vibration and finger blood flow.  

This study appears to be the first to report an association between perception 

thresholds and changes in finger blood flow. This suggests that mechanoreceptors, 

most likely the Pacinian system, are involved in some of the changes in finger blood 

flow caused by vibration. Previous studies have hypothesised that vibration may elicit a 

central sympathetic reflex through the activation of mechanoreceptors (Hyvärinen et 

al., 1973; Färkillä and Pyykkö, 1979; Sakakibara et al., 1990; Bovenzi et al., 2001). The 

subcutaneous Pacinian corpuscles are anatomically connected with sympathetic 

nervous fibres (Santini et al., 1971) and neurophysiological evidence shows they are 
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highly sensitive to vibration at frequencies between about 63 and 500 Hz (Verrillo, 

1975; Gescheider et al., 2004).  

Many previous studies have also found that vibration can reduce finger blood flow on 

both the exposed and the unexposed hand (Bovenzi et al., 1998, 1999, 2000, 2006; 

Griffin et al., 2006; Thompson and Griffin, 2009). Färkillä and Pyykkö (1979) examined 

pulse wave changes among professional lumberjacks and concluded that vibration 

exposure to the left hand produced vasoconstrictions in the right hand. Sakakibara et 

al. (1990) reported that vibration applied to the palm of the left hand reduced the blood 

flow in the right index toe. All these observations are consistent with increased activity 

of mechanoreceptors contributing to a central sympathetic response that causes digital 

vasoconstriction in areas of the body distant from the site of application of the vibration 

(McKenna et al., 1994; Bovenzi et al., 1995, 2001).  

Vibration may activate mechanoreceptors other than the Pacinian corpuscle. Although 

the association between 125-Hz thresholds and changes in FBF induced by 125-Hz 

vibration seem convincing they do not establish a causal relationship. The vibration 

used in present study was of very low magnitude compared to previous studies, so 

even if only the Pacinian channel was involved here it cannot be concluded that the 

Pacinian corpuscles are the only mechanoreceptors involved vibration-induced 

changes in finger blood flow. Further studies are needed to distinguish the response of 

the Pacinian system from activity in other mechanoreceptors.  

5.4.3 Gender  

The 20 females participating in the present study had lower thresholds for the 

perception of 125-Hz vibration at the thenar eminence than the 20 males (0.43 ms-2 

r.m.s. compared to 0.64 ms-2 r.m.s.). Studies of the effects of gender on vibrotactile 

thresholds have produced contradictory conclusions: some have found no difference 

between men and women (Gescheider et al., 1994; Seah and Griffin, 2008) whilst 

others have reported small but statistically significant differences, with either males or 

females more sensitive. In 378 subjects aged 20 to 60 years, Wild et al. (2001) found 

that thresholds at the fingertip were lower in males than in females. In contrast, with 

530 subjects aged 3 to 79 years, Hilz et al. (1998) reported significantly lower 

thresholds among females, as in the present study. A study of vibrotactile thresholds at 

five European test centres has found the effect of gender on thresholds varied between 

centres with no overall consistent pattern for either males or females to be more 

sensitive (Lindsell and Griffin, 2003). With generally small changes associated with 

gender, they might be explained by other differences between populations. The 



Ying Ye  Chapter 5: Association with thresholds  

 

menstrual cycle might have an influence: women are reported to have greater 

sensitivity to vibration during menstruation (Espritt et al., 1997). Finger size might also 

have an influence: if smaller fingers have a greater density of Pacinian corpuscles this 

may result in lower thresholds when exciting the same area of skin on females, who 

tend to have smaller fingers. Whatever the explanation in the present study, it may be 

concluded that vibrotactile thresholds can differ between the genders but that the effect 

is generally small and variable.  

Lower absolute measures of finger blood flow and lower finger skin temperature in 

females before exposure to vibration are consistent with previous studies (Cooke et 

al.,1990; Kellogg et al., 2001). The greater vibration-induced reductions in finger blood 

flow in females than in males may be explained by the lower vibrotactile thresholds of 

the females (Figure 5-3). Subject stature, weight, BMI, and age were not correlated 

with thresholds or with finger blood flow within the males or female subgroups, so are 

probably not responsible. Finger volume and finger blood flow were greater in males 

and finger blood flow was correlated with finger volume in both males and females. 

This allows the possibility that some of the difference in vascular response to vibration 

in males and females was associated with differences in finger size and finger blood 

flow. Further studies are needed to improve understanding of individual factors 

associated with both acute and chronic effects of hand-transmitted vibration.   

5.5 Conclusion 

During localised exposure of the thenar eminence of one hand to 125-Hz vibration at 

magnitudes greater than the threshold of perception, finger blood flow is reduced in 

fingers on both the vibrated and the non-vibrated hand. The extent of the 

vasoconstriction is correlated with the vibrotactile perception threshold, such that there 

is a greater reduction in finger blood flow during exposure to vibration in those with 

lower thresholds. With 125-Hz vibration at magnitudes greater than perception 

threshold, the vasoconstriction increases with increasing magnitude of vibration. The 

mechanoreceptors responsible for perception of vibration at 125 Hz (e.g. Pacinian 

corpuscles) may be involved in some of the vasoconstriction caused by vibration. 

Females tend to have lower vibrotactile thresholds and show greater vibration-induced 

reductions in finger blood flow than males. 
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Chapter 6 Reductions in finger blood flow 

induced by 125-Hz vibration: effect of area of 

contact with vibration 

6.1 Introduction 

Regular exposure to the vibration of hand-held powered tools can result in a disorder in 

the fingers commonly called ‘vibration-induced white finger’, characterised by episodic 

finger blanching usually triggered by exposure to cold (Gemne et al., 1987; Griffin, 

1990; Griffin and Bovenzi, 2002). Evidence of the reversibility of the condition after 

ceasing exposure to vibration suggests the early stages of the condition may be 

functional in character (Olsen et al., 1987; Takeuchi et al., 1986; Bovenzi et al., 1995), 

although the pathogenesis is obscure. Various mechanisms may be involved in 

disrupting finger blood flow during and after exposure to vibration: central sympathetic 

reflex mechanisms, locally mediated mechanisms, or a combination of both (e.g., 

Bovenzi, 1989; Gemne, 1994).  

The current International Standard for evaluating hand-transmitted vibration (ISO 5349-

1:2001) suggests how the severity of exposures to vibration depend on the magnitude, 

frequency, direction, and duration of vibration. A series of experimental studies has 

found that acute exposures to vibration provoke vasoconstriction in the fingers of the 

vibrated hand and in fingers on the hand not exposed to vibration, with the vascular 

response during and after exposure dependent on the magnitude and the frequency of 

the vibratory stimulus in a manner somewhat inconsistent with ISO 5349-1:2001 

(Bovenzi et al., 1998, 1999, 2000; Griffin et al., 2006; Thompson and Griffin, 2009). 

The findings of such experimental studies suggest that finger blood flow is reduced, at 

least in part, through a sympathetic reflex mechanism.   

To understand the mechanisms mediating vibration-induced changes in digital 

circulation, various other factors need to be taken into account (e.g., the temperature of 

the environment and the skin, contact conditions). It has been suggested that the grip 

force and push force applied by the hands to a tool and the area and location of the 

parts of the hands exposed to vibration influence the changes in circulation caused by 

hand-transmitted vibration (ISO 5349-1, 2001). However, there has been little study of 

the influence of the area of contact with vibration or the contact force on vibration-

induced reductions of finger blood flow, although the same force applied to different 
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locations on the hand or with different contact areas seems to have different effects on 

finger blood flow (Bovenzi et al., 2006; Griffin et al., 2006).  

Neurophysiological and psychophysical studies suggest there are four types of 

mechanoreceptors mediating the perception of vibrotactile stimuli in the glabrous skin 

of the hand (Bolanowski et al., 1988). The receptors are classified according to their 

adaptation and receptive field properties: Meissner corpuscles (NP I) are most 

sensitive to vibration displacement at frequencies between about 4 and 40 Hz, 

Pacinian corpuscles (P) are most sensitive to vibration displacement at frequencies 

greater than about 40 Hz, Merkel discs (NP III) are most sensitive to vibration 

displacement from 0.4 to 4 Hz, and Ruffini endings (NP II) are sensitive to stretching of 

the skin and function in a similar frequency range to Pacinian corpuscles (Capraro et 

al., 1979; Bolanowski et al., 1988; Verrillo et al., 2002). Many studies have investigated 

the effect of contact conditions on absolute thresholds for the perception of vibration 

and shown that the area of the vibrating probe, the probe shape, the gap between the 

probe and a fixed surround, and the contact force with the vibrating probe influence 

thresholds for the perception of vibration (Verrillo, 1962, 1963; Harada and Griffin, 

1991; Lindsell, 1997).  

Although studies have explored how different probe sizes and contact areas influence 

psychophysical responses (e.g., absolute thresholds), few studies have considered the 

effect of contact area on the vascular response to vibration and, with the exception of 

Ye and Griffin (2011), none have used a surround to control the transmission of 

vibration to a defined area of skin. By exciting two different areas (using different sizes 

of vibrating probe and limiting the spread of vibration by two sizes of static surround), 

the effect of the area of skin excited by vibration on reductions in finger blood flow 

induced by vibration can be investigated. By applying a vibration magnitude adjusted to 

the vibration perception threshold of each subject, the relation between the 

psychophysical response and the vascular response can be studied. 

High frequency vibration of the hand produces immediate reductions in finger blood 

flow, even with magnitudes of vibration close to the threshold for vibration perception. 

With 250-Hz and 315-Hz vibration applied to the palm of the right hand at 7.8 and 9.4 

ms  r.m.s. (unweighted), respectively, finger blood flow was reduced on both the right 

hand and the left hand (Thompson and Griffin, 2009). With 125-Hz vibration applied to 

the thenar eminence of the right hand at 0.5 and 1.5 ms  r.m.s. (unweighted), the 

vasoconstriction in both males and females was correlated with the vibration perception 

threshold, suggesting some form of common mediation in the perception of vibration 

and the control of finger blood flow (Ye and Griffin, 2011). The perception of low 
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magnitudes of vibration at these frequencies arises from stimulation of the Pacinian 

channel (Bolanowski et al., 1988; Verrillo et al., 2002), which has the property of spatial 

summation giving lower thresholds with larger areas of excitation, unlike the non-

Pacinian channels. It is reasonable to assume that if the Pacinian channel is involved in 

the control of finger circulation, increasing the area of contact with vibration will 

increase vibration-induced vasoconstriction as well as reducing vibration perception 

thresholds.  

The objective of this study was to explore the effect of contact area on reductions in 

finger blood flow induced by hand-transmitted vibration in healthy subjects. The 

vibration was selected so that it would excite the Pacinian channel and vibrotactile 

perception thresholds were determined so that exposures to vibration could be related 

to the degree of excitation in that channel. Finger blood flow and finger skin 

temperature were measured and used to indicate the peripheral vascular response to 

vibration. It was hypothesised that with an increase in contact area, vibration applied to 

the thenar eminence of one hand would produce greater reductions in finger blood flow 

on both hands. 

6.2 Methods 

6.2.1 Subjects 

Fifteen healthy male volunteers gave their written informed consent to participate in the 

study. Females tend to have lower vibrotactile thresholds than males, and low 

magnitude vibration tends to produce greater reductions in finger blood flow in females 

than in males, but the general pattern of vascular changes induced by vibration is 

similar in males and females (Ye and Griffin, 2011). All subjects were university 

students with no history of regular use of hand-held vibratory tools in occupational or 

leisure activities. No subject reported cardiovascular or neurological disorders, 

connective-tissue diseases, injuries to the upper extremities, or a history of cold hand, 

and all were non-smokers. The subjects had a mean age of 24.5 (SD: 2.9, range: 18-

28) years, stature 175 (SD: 4.7, range: 170-183) cm, weight 76.1 (SD: 9.8, range: 58-

85) kg, body mass index (BMI) 24.3 (SD: 2.9, range: 17.6-28.4) kg.m . From measures 

of finger length and width and depth at each phalanx with vernier callipers to an 

accuracy of 0.5 mm, mean finger volumes were calculated as 18.9 (SD: 5.3) cm³ and 

19.2 (SD: 5.6) cm³ for the middle fingers of the right and left hand, respectively. 

Subjects avoided consuming caffeine for 2 hours and alcohol for 12 hours prior to 

testing. The study was approved by the Human Experimentation Safety and Ethics 

Committee of the Institute of Sound and Vibration Research.
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6.2.2 Measurement of vibrotactile perception threshold 

Thresholds were determined using HVLab Vibrotactile Perception Meter (VPM, 

University of Southampton) with two different vibrating probes (3 mm and 6 mm 

diameter), each with a 2-mm gap to a fixed 26-mm diameter circular surround. The flat 

circular probes were level with the flat circular surrounds. A force of 5 N was applied to 

the surround. The excitation area was calculated as the area of the probe plus the area 

of the gap between the probe and the surround, which is the area exposed to the 

vibration stimulus. The excitation area was 78.5 mm² for the 6-mm diameter probe and 

38.5 mm² for the 3-mm diameter probe.  

6.2.3 Measurement of finger blood flow and finger temperature 

Finger blood flow (FBF) was measured in the middle finger of both hands by a 

plethysmograph (HVLab Multi-channel, University of Southampton). 

Finger skin temperature (FST) was measured using k-type thermocouples attached by 

micro pore tape to the distal phalanx of the right and left middle fingers. The room 

temperature was measured by a mercury-in-glass thermometer to an accuracy of 

±0.5ºC. The thermometer was located close to the heads of subjects. 

6.2.4 Experimental protocol 

The experiment was conducted in a laboratory with a mean air temperature of 25.1 (SD 

0.4) ºC.  

Each of the 15 subjects attended the laboratory on five occasions, with the order of 

presentation of conditions balanced over the 15 subjects. In two control conditions, 

FBF was measured with force applied to the thenar eminence with one of the probe 

diameters (either 3 mm or 6 mm) with no vibration. In two conditions FBF was 

measured with force applied to the thenar eminence with one of the probe diameters 

(either 3 mm or 6 mm) and vibration presented at a magnitude 15 dB above the 

threshold of the individual subject for that probe diameter. In the fifth condition, FBF 

was measured with force applied to the thenar eminence with the 6-mm probe diameter 

and the vibration presented 15 dB above the threshold of the subject for the 3-mm 

probe diameter. Vibration 15 dB above the threshold was selected so as to trigger a 

response from the mechanoreceptor of interest (i.e., Pacinian) without activating other 

channels with higher thresholds than the Pacinian channel. Psychophysical studies 

have found that with the current conditions (125-Hz vibration applied to the thenar 

eminence) the threshold of the Pacinian channel is around 30 dB below the threshold 

of the next most sensitive channel (e.g., Bolanowski et al., 1988). 
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In each session, finger skin temperature was measured and the experiment proceeded 

only if the temperature was greater than 30°C. In the first session, thresholds for 125-

Hz vibration were then measured three times at the thenar eminence of the right hand 

of each subject with both the 3-mm diameter probe and the 6-mm diameter probe. The 

median threshold was calculated and used to calculate the vibration magnitude during 

finger blood flow measurement. 

In each of the five sessions, subjects experienced five successive experimental periods 

of 5 minutes: (i) no force and no vibration; (ii) force and no vibration; (iii) force and 

vibration; (iv) force and no vibration; (v) no force and no vibration (Table 6-1).  

Table 6-1 Vibration conditions 

 

Condition 

 

Probe diameter 

(mm) 

Exposure period 

(i) 

(1-5 
min) 

(ii) 

(6-10 
min) 

(iii) 

(11-15 min) 

(iv) 

(16-20 min) 

(v) 

(21-25 min) 

Force  

(N) 

Force  

(N) 

Force  

(N) 

Vibration Force  

(N) 

Force  

(N) 

1 6 0 5 5 0 5 0 

2 3 0 5 5 0 5 0 

3 6 0 5 5 15 dB above 
threshold with 

6-mm 
contactor 

5 0 

4 6 0 5 5 15 dB above 
threshold with 

3-mm 
contactor 

5 0 

5 3 0 5 5 15 dB above 
threshold with 

3-mm 
contactor 

5 0 

The subjects wore light clothing and lay supine throughout the measurement of FBF 

with both arms and both hands supported at heart level. After a period of 

acclimatisation around 20 minutes, finger blood flow and finger skin temperature were 

measured simultaneously in the left and right hand at 1-minute intervals. In the first 5-

minute measurement period (i), the base-line value of FBF was obtained and then, with 

the help of the experimenter, subjects applied a downward force of 5 N with the thenar 

eminence of their right hand on the applicator of the HVLab Vibrotactile Perception 

Meter (VPM) and then maintained this force without assistance during periods (ii) to 

(iv). The hand was in a comfortable posture with all fingers suspended without contact. 

Visual feedback for the control of downward force was supplied by an analogue display 
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on the control unit of the VPM. During period (iii), sinusoidal vibration was produced in 

the vertical direction for 5 minutes, followed by a 5-minute period with force and no 

vibration during period (iv). The right hand was then moved by the experimenter, but 

maintained at heart height alongside the subject for another 5 minutes during period 

(v). The left hand was supported at heart level and motionless with no force and no 

vibration throughout all five periods. 

6.2.5 Statistical methods 

Data analysis was performed using the software package SPSS (version 17.0). The 

data were summarised with the median as a measure of central tendency and the inter-

quartile range (IQR) as the measures of dispersion. Non-parametric tests (Friedman 

test for k-related samples, Wilcoxon matched-pairs signed ranks test for two-related 

samples, and Spearman test for correlation coefficient) were employed in the statistical 

analysis.  

The Friedman test was used to test for differences between the five sets of finger blood 

flow measurements during the 5-minute pre-exposure period, the 5-minute pre-

exposure application of force, the 5-minute vibration period, the 5-minute post-

exposure application of force, and the 5-minute recovery period. A Wilcoxon matched-

pairs signed ranks test was then used to investigate differences between the median 

finger blood flow during five 5-minute periods and the difference between 5 exposure 

conditions. A Spearman test was used to test the relation between the contact 

conditions and FBF reduction induced by vibration at 15 dB above threshold 

separately. 

The finger blood flow was expressed as a percentage of the pre-exposure finger blood 

flow measured during period (i) (i.e., FBF%).  

The criterion for statistical significance was p<0.05. The p values were adjusted for 

multiple comparisons. 

6.3 Results 

6.3.1 Vibrotactile perception threshold 

The 125-Hz vibrotactile perception thresholds of the 15 subjects were in the range of 

0.16 to 0.66 ms-2 r.m.s. (median: 0.36 ms-2 r.m.s.) with the 6-mm diameter probe and in 

the range of 0.32 to 1.62 ms-2 r.m.s. (median: 0.52 ms-2 r.m.s.) with the 3-mm diameter 

probe. Thresholds measured with the two contact sizes were positively correlated 

(p=0.027, Spearman) but lower with the larger probe (p<0.001, Wilcoxon; Figure 6-1).  
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Figure 6-1 Individual 125-Hz thresholds at the thenar eminence of the right hand 

determined with 6-mm and 3-mm diameter probes. 

The vibration magnitudes used when measuring finger blood flow (15 dB greater than 

the threshold) were in the range 0.88 to 3.68 ms-2 r.m.s. when determined by 

thresholds with the 6-mm diameter probe, and in the range 1.80 to 9.17 ms-2 r.m.s. 

when determined by thresholds with the 3-mm diameter probe, with the actual value 

depending on the subject threshold. These magnitudes correspond to frequency-

weighted accelerations in the range 0.11 to 0.46 ms-2 r.m.s. and 0.22 to 1.15 ms-² r.m.s. 

(ISO 5349-1: 2001).  

6.3.2 Room temperature and finger skin temperature 

The temperature in the laboratory did not differ during the 25 measurements of finger 

blood flow within any of the five experimental conditions (median values: 25.1 - 26.0 

°C, p>0.1, Friedman). There was no difference in the median room temperature across 

the five exposure conditions (p>0.1, Friedman). 

On neither hand was there a systematic change in finger skin temperature during the 

25 measurements of finger blood flow within any of the five experimental conditions 

(p>0.1; Friedman). There was no differences in finger skin temperature across the five 

experimental conditions during the pre-exposure period, pre-exposure application of 

force, vibration exposure, post-exposure application of force, or recovery for either the 

left or right hand (p>0.133). 
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6.3.3 Finger blood flow 

Finger blood flow was initially expressed as a percentage of the median finger blood 

flow during period (i), the pre-exposure period (i.e., FBF%). The FBF% varied over the 

25-minute period of the two control conditions and the three vibration sessions on both 

the exposed right hand (Figure 6-2) and the unexposed left hand (Figure 6-3). 

 

Figure 6-2 Percentage changes in finger blood flow (FBF%, calculated from the FBF in 

period (i)) in the exposed right middle finger during conditions with and without vibration. 

 

Figure 6-3 Percentage changes in finger blood flow (FBF%, calculated from the FBF in 

period (i)) in the unexposed left middle finger during conditions with and without 

vibration. 
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6.3.3.1 Finger blood flow during the pre-exposure period 

Finger blood flow did not vary over the five measurements during the 5-minute pre-

exposure period on either the exposed hand or the unexposed hand in any condition 

(p>0.1; Friedman). The individual median FBF over this 5-minute period did not differ 

across the five conditions on either hand (p>0.1; Friedman), and the FBF did not differ 

between the exposed right hand and the unexposed left hand in any condition (p>0.1; 

Wilcoxon). 

The finger blood flow was positively correlated with the finger volume (p<0.05, 

Spearman), except for the right middle finger in condition 1 (p=0.107) and the left 

middle finger in condition 4 (p=0.081).  

6.3.3.2 Finger blood flow during pre-exposure application of force  

Finger blood flow on the exposed and unexposed hands did not change over the five 

measurements during the pre-exposure application of force in any of the five conditions 

(p>0.1; Friedman).  

On both hands there was a reduction in the median finger blood flow during period (ii) 

(pre-exposure application of force) compared to period (i) (the pre-exposure period) 

(p<0.01 on both hands in all five conditions). This shows that the 5-N force applied by 

the right hand reduced finger blood flow in both hands. 

In conditions 2 and 5 with the 3-mm probe, the 5-N force applied by the thenar 

eminence of the right hand reduced the median blood flow to 76.3% and 74.2%, 

respectively, in the right middle finger and to 81.3% and 79.6% in the left middle finger. 

There was no difference in FBF% between the hands during either condition 2 or 

condition 5 (p>0.1, Wilcoxon). 

The finger blood flow in period (ii) (with 5-N force), expressed as a percentage of the 

FBF in period (i) (no force), differed across the five conditions (p=0.001, Friedman). 

In conditions 1, 3, and 4 with the 6-mm probe, the 5-N force reduced the median blood 

flow to 84.1%, 82.5%, and 85.1%, respectively, in the right hand middle finger (p<0.05, 

Wilcoxon). The corresponding values for the left middle finger were 90.8% for condition 

1 (p=0.054), 88.6% for condition 3 (p=0.031), and 92.4% for condition 4 (p=0.073). The 

FBF% did not differ across these three conditions (p>0.1, Friedman). 

In conditions 1 and 2, there was a trend, not always statistically significant, for a greater 

reduction in FBF% with the 3-mm probe than the 6-mm probe in both the exposed right 

hand (p=0.021, Wilcoxon) and the unexposed left hand (p=0.077). Similar results were 

found on the exposed right hand between conditions 1 and 5 (p=0.055), between 
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conditions 3 and 2 (p=0.033), between conditions 3 and 5 (p=0.018), between 

conditions 4 and 2 (p=0.044), and between conditions 2 and 5 (p=0.062). However, on 

the unexposed left hand, a difference in FBF% between the 3-mm and 6-mm probes 

was only found between conditions 3 and 4 (p=0.037) and between conditions 4 and 5 

(p=0.051). All the differences indicate that although the same force was applied to both 

probes, the 3-mm probe provoked a greater reduction in finger blood flow than the 6-

mm probe. 

6.3.3.3 Finger blood flow during vibration exposure 

In the two control conditions without vibration (conditions 1 and 2), there were no 

significant changes in FBF% over the five measurements during period (iii) on either 

the right or the left hand (p>0.1; Friedman) and there was no change in individual 

median FBF% compared to period (ii) (pre-exposure application of force) (p>0.1; 

Friedman).  

In the three conditions with vibration (conditions 3, 4, and 5), there were no significant 

changes in FBF% over the five measurements during period (iii) (force with vibration) 

on either the right exposed hand or the left unexposed hand (p>0.05; Friedman), 

except the right hand in condition 3 (p=0.011; Friedman). On both hands, there were 

significant reductions in the individual median FBF% during period (iii) (force with 

vibration) compared to period (i) (pre-exposure period) (p<0.001; Wilcoxon) and 

compared to period (ii) (pre-exposure force period) (p<0.001; Wilcoxon) for all three 

conditions. This shows that vibration of the thenar eminence of the right hand reduced 

finger blood flow in both hands. There was a greater reduction in FBF% in the exposed 

right hand than the unexposed left hand in all three conditions (p<0.01, Wilcoxon). 

Individual FBFs in the exposed right hand during period (iii) (i.e., force and vibration) 

were also expressed as percentages of the finger blood flow during period (ii) (i.e., 

force without vibration) and are referred to as FBFv%. The FBFv% reduced to 81.2% in 

the exposed right hand and 85.2% in the unexposed left hand during condition 3, to 

70.2% in the right hand and 77.3% in the left hand during condition 4, and to 79.2% in 

the right hand and 83.9% in the left hand during condition 5.  

The individual values of FBFv% on the exposed right hand are compared between 

conditions 3 and 4 in Figure 4(a) (showing the effect of vibration magnitude with 

constant probe size), between conditions 3 and 5 in Figure 4(b) (showing effect of both 

probe size and vibration magnitude: 15 dB above threshold with 3-mm and 6-mm 

probes), and between conditions 5 and 4 in Figure 4(c) (showing the effect of probe 

size with constant magnitude vibration). 
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Figure 6-4 Individual finger blood flow in the exposed right hand during vibration in 

period (iii) expressed as a percentage of blood flow during period (ii) (i.e., FBFv%) 

under three vibration conditions: (a). Comparison between condition 4 and condition 3; 

(b). Comparison between condition 5 and condition 3; (c). Comparison between 

condition 4 and condition 5. 

Individual median values of FBFv% were correlated between conditions 3 and 4 

(p=0.011, Spearman), between conditions 4 and 5 (p=0.001), and between conditions 

3 and 5 (p=0.008) in the exposed right hand. In the unexposed left hand, the values of 

FBFv% were correlated between conditions 4 and 5 (p=0.027) and between conditions 

3 and 5 (p=0.044), but not between condition 3 and 4 (p=0.097). 

The FBFv% was lower (on both the right and the left hand) in condition 4 compared to 

condition 3 (Figure 4(a)) (p<0.01, Wilcoxon), indicating that 125-Hz vibration with the 6-

mm probe provoked a greater reduction in finger blood flow when presented 15 dB 

above the threshold with the 3-mm probe than when presented 15 dB above the 

threshold with the 6-mm probe. 

The FBFv% was lower (on both the right and the left hand) in condition 4 compared to 

condition 5 (Figure 4(b)) (p<0.01, Wilcoxon), indicating that 125-Hz vibration presented 

15 dB above the threshold with the 3-mm probe provoked a greater reduction in finger 

blood flow with the 6-mm probe than with the 3-mm probe. 
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The FBFv% did not differ (on either the right or the left hand) between conditions 3 and 

5 (Figure 4(c)) (p>0.05, Wilcoxon), indicating that 125-Hz vibration 15 dB above 

threshold with two different contact conditions induced similar vasoconstriction. 

6.3.3.4 Finger blood flow during post-exposure application of force 

In the three conditions with vibration, but not the two conditions without vibration, there 

were significant changes in FBF% over the five measurements during period (iv) (post-

exposure application of force) (p<0.001; Friedman).  

In the two conditions without vibration, there were no significant differences in 

individual median FBF% on either hand between period (ii) (pre-exposure application of 

force) and condition (iv) (post-exposure application of force) (p>0.1; Wilcoxon).  

In the three conditions with vibration, the median FBF%s on both the right and the left 

hand were lower during period (iv) (post-exposure application of force) than during 

period (ii) (pre-exposure application of force) (p<0.01, Wilcoxon). 

6.3.3.5 Finger blood flow during the recovery period 

In all five conditions, there were significant changes in FBF% in both the right and the 

left hand during the five measurements in period (v) (recovery period) (p<0.001; 

Friedman).  

In conditions 1 and 2 (without vibration), on both hands the individual median FBF% 

(expressed as percentage of FBF during period (i)) was less during period (v) 

(recovery) than during period (i) (pre-exposure) (p<0.05; Wilcoxon), but greater than 

during period (ii) (pre-exposure application of force), period (iii) (exposure period), and 

period (iv) (post-exposure application of force) (p<0.001; Wilcoxon).  

In conditions 3, 4 and 5 (with vibration), on both hands the individual median finger 

blood flow during period (v) (recovery) was significantly less than during period (i) (pre-

exposure) and during period (ii) (pre-exposure application of force) (p<0.05; Wilcoxon) 

but significantly greater than during period (iii) (vibration exposure) and period (iv) 

(post-exposure application of force) (p<0.01; Wilcoxon). 

6.4 Discussion 

6.4.1 Finger blood flow during application of static force  

The reduction in finger blood flow caused by a 5-N force may be expected to depend 

on both the location and the area of the contact with the hand. In this study, force 

applied to the thenar eminence of the right hand reduced finger blood flow in the middle 

finger of the right hand and the middle finger of the left hand with both contact 
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conditions. A greater reduction in finger blood flow was found with the smaller probe (3-

mm probe with 2-mm gap). A previous study found that applying a 5-N force with the 

medial phalanx of a finger on the right hand to a 40 by 20 mm surface reduced FBF in 

the exposed finger, with no significant changes in an unexposed finger on the left hand 

(Bovenzi et al., 2006). Although the same force was used, the contact location differed 

and the different contact area will have changed the contact pressure. In the present 

study, when the same 5-N force was applied to the thenar eminence of the right hand 

in period (ii) with two different probe areas (7.06 mm2 and 28.26 mm2), the pressure 

with the smaller contact area (0.7 N/mm2), was approximately four times greater than 

the pressure with the larger contact area (0.18 N/mm2). This difference may have 

provoked the greater vasoconstriction in digits on the exposed right hand during period 

(ii).  

6.4.2 Finger blood flow during vibration exposure 

The bilateral reductions in finger blood flow caused by 125-Hz vibration applied to a 

small area of one hand at magnitudes in the range 0.88 to 9.17 ms-2 r.m.s. (i.e., 0.11 to 

1.15 ms-2 r.m.s. frequency-weighted) are consistent with a previous study with 125-Hz 

vibration at 0.5 and 1.5 ms-2 r.m.s. (Ye and Griffin, 2011). Vibration at 0.5 and 1.0 ms-2 

r.m.s. (frequency weighted) has also be reported to reduce finger blood flow with 250-

Hz and 315-Hz vibration, but with no significant reduction with these magnitudes at 

frequencies between 16 Hz and 125 Hz (Thompson and Griffin, 2009). Somewhat 

different experimental conditions and a greater number of finger blood flow 

measurements at each magnitude may have provided greater power to detect small 

changes in the present study.  

Condition 4 used the same 6-mm probe with 2-mm gap as condition 3, but the vibration 

magnitude was increased from 15 dB above the threshold with the 6-mm probe to 15 

dB above the threshold with the 3-mm probe) (i.e., increased from the range 0.88 - 

3.68 ms-2 r.m.s. to the range 1.8 - 9.17 ms-2 r.m.s.). This reduced the median FBF% 

from 81% to 70% in the exposed right hand and from 85% to 77% in the unexposed left 

hand. Stronger vasoconstriction in both hands with greater vibration magnitudes has 

previously been reported with 125-Hz vibration in the ranges 5.5 to 62 ms-2 r.m.s. 

(Bovenzi et al., 1999) and 16 to 64 ms-2 r.m.s. (Bovenzi et al., 2004). With vibration 

magnitudes increasing from 0 to 15 ms-2 r.m.s. (frequency-weighted) finger blood flow 

reduces progressively (Thompson and Griffin, 2009). With similar vibration excitation to 

the present experiment (6-mm probe) increased vasoconstriction has been found in 

both hands as the magnitude of 125-Hz vibration increased from 0.5 to 1.5 ms-2 r.m.s. 

(Ye and Griffin, 2011).   
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Condition 5 used the same vibration magnitude as condition 3 (15 dB above threshold 

determined with 3-mm probe) but with a 6-mm probe and not a 3-mm probe. This 

reduced the FBF% from 79% to 70% in the exposed right middle finger and from 84% 

to 77% in the unexposed left middle. The increased probe diameter increased the 

excitation area from 38.5 mm2 to 78.5 mm2). There are no known studies of the effect 

of the area of vibration excitation on reductions in finger blood flow, but it is possible to 

compare the vasoconstriction obtained in different studies with different areas of 

excitation. Vibration of the whole hand with 125 Hz at 62 ms-2 r.m.s. has reduced FBF% 

to 25% (Bovenzi et al., 1999), whereas vibration of only the palm on a 40 mm by 20 

mm platform with 125-Hz at 64 ms-2 r.m.s. reduced FBF% to only 70% (Griffin et al., 

2006). Although conducted with different subjects and different methods, the findings 

are consistent with greater areas of excitation triggering a greater vascular response. 

Reductions in finger blood flow on fingers of the unexposed hand as well as the 

exposed hand is also consistent with previous studies (Bovenzi et al., 2000, 2006; 

Thompson and Griffin, 2009; Ye and Griffin, 2011). It has previously been hypothesised 

that vibration reduces finger blood flow through a sympathetic reflex mechanism 

provoking vasoconstriction in both hands. The extent of vasoconstriction during and 

after vibration depends on the frequency of vibration – with greater vasoconstriction at 

higher frequencies when using frequency-weighted acceleration (i.e., the same velocity 

at all frequencies) (Bovenzi et al., 2000; Thompson and Griffin, 2009). The results of 

these studies agreed with the neurophysiological evidence that vibration in the range 

63 to 500 Hz can stimulate skin mechanoreceptors such as Pacinian corpuscles, which 

could represent the afferent branch of the sympathetic reflex arch elicited by vibration. 

Several studies have concluded that when perception is mediated by the Pacinian 

channel the vibrotactile perception thresholds decrease with increasing contact area, 

due to the property of ‘spatial summation’ (Verrillo, 1968). Vibrotactile thresholds at 125 

Hz also reduce when the contact area is increased from the fingertip to the whole hand 

(Morioka and Griffin, 2005). Using apparatus similar to that employed in the present 

study, thresholds at the fingertip with a 1-mm diameter circular probe (with 1-mm gap 

to a fixed circular surround) and a 6-mm diameter circular probe (with 2-mm gap to a 

fixed circular surround) were lower with the larger contactor (Morioka et al., 2008). With 

the larger contact area the excitation area increased and, in accord with ‘spatial 

summation’, more Pacinian corpuscles would be activated resulting in a lower 

threshold. According to the spatial summation theory, a 3 dB decrease is expected in 

the Pacinian threshold per doubling of contact area (Verrillo, 1963), so an increase in 

the excitation area from 38.5 to 78.5 mm2 (a factor of 2) was expected to produce a 3 
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dB decrease in threshold. In present study, the median reduction in the threshold 

across subjects was 2.87, consistent with spatial summation in the Pacinian channel.     

Individual reductions in FBF provoked by 125-Hz vibration have been found to be 

correlated with individual thresholds for perceiving 125-Hz vibration, suggesting the 

Pacinian system is involved in reducing FBF (Ye and Griffin, 2011). For the present 

study, this suggested there would be greater reductions in FBF when the perception of 

vibration is mediated by the Pacinian channel. Spatial summation in the 125-Hz 

thresholds in this study is consistent with the P channel mediating vibration perception, 

as expected for the contact conditions and the magnitudes of 125-Hz vibration 

employed, and from the four channel model of vibrotactile perception (Bolanowski et 

al., 1988) and various psychophysical experiments (Verrillo, 1968; Morioka and Griffin, 

2005; Morioka et al., 2008). It seems reasonable to conclude that the reduction in FBF 

with increased contact area was primarily due to the spatial summation characteristics 

of the P channel. The similar reduction in FBF when exposed to vibration at the same 

sensation level (15 dB above threshold with different probe sizes) is further evidence 

for the role of the Pacinian channel. The results are therefore consistent with the 

vibration-induced reductions in FBF found here being determined by activation of the 

Pacinian channel, with the extent of the reduction being determined by the sensation 

level rather than the absolute magnitude of vibration. The findings are also consistent 

with vibration eliciting a central sympathetic reflex through activation of Pacinian 

mechanoreceptors.  

6.5 Conclusions 

With increased area of contact with 125-Hz vibration applied to the thenar eminence, 

vibrotactile thresholds reduce and vibration-induced vasoconstrictions increase. For 

125-Hz vibration presented with different contact areas, there are similar reductions in 

finger blood flow when the sensation level is the same. The findings are consistent with 

reductions in finger blood flow arising from excitation of the Pacinian channel: a 

doubling of the area of contact with vibration increases Pacinian activation (i.e., spatial 

summation) and increases vibration-induced vasoconstriction in fingers on a hand 

exposed to vibration and on the hand not exposed to vibration.  
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Chapter 7 Vasoconstriction induced by 125-Hz 

vibration at the fingertip and the thenar 

eminence: dependence on thresholds for 

perceiving vibration  

 7.1 Introduction 

The vascular disorder associated with occupational exposures to hand-transmitted 

vibration is commonly known as vibration-induced white finger (VWF), which is 

characterised by attacks of finger blanching provoked by exposure to cold (Griffin, 

1990; Griffin and Bovenzi, 2002). The development of this disorder in the fingers of 

workers operating vibratory tools is thought to depend on the frequency, the 

magnitude, and the duration of the vibration (ISO 5349-1, 2001).  

In experimental studies, vibration-induced acute reductions in finger blood flow (FBF) 

have been found to depend on the magnitude of vibration (e.g., increased 

vasoconstriction during and after exposure to vibration with greater magnitudes), the 

frequency of vibration (increased vasoconstriction during and after exposure to 

vibration acceleration at greater frequencies), and the duration of exposure to vibration 

(increased vasoconstriction after exposure to vibration for greater durations) (Welsh, 

1980; Bovenzi et al., 1998, 1999, 2000). The reduction of finger blood flow associated 

with these three vibration characteristics were found on both the fingers of the hand 

exposed to vibration and the fingers on the contralateral hand not exposed to vibration.  

The mechanisms responsible for the vasoconstriction arising from acute and chronic 

exposures to hand-transmitted vibration are not understood. Vibration may cause 

changes in finger blood flow through a central sympathetic reflex (Gemne, 1994; 

Bovenzi et al, 2006, Ye and Griffin, 2011, 2013). Any such a reflex requires a stimulus, 

such as the excitation by vibration of mechanoreceptors in the hand (Ye and Griffin, 

2011, 2013). 

Vibrotactile thresholds in the glabrous skin of the hand are mediated by one or more of 

four psychophysical channels (Bolanowski et al., 1988; Gescheider et al., 2001). The 

Pacinian (P) channel is mediated by Pacinian corpuscles and generally has greatest 

sensitivity at high frequencies (e.g., greater than 40 Hz) and exhibits both spatial 

summation and temporal summation: thresholds reduce as either the area of excitation 

increases or the duration of vibration increases (Verrillo 1962, 1963). Of the three non-
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Pacinian channels, the response of the NPI channel may determine thresholds at 

frequencies between about 4 and 40 Hz, and is associated with Meissner corpuscles 

(FA I). The NPII and NPIII channels are associated with slow adapting fibres and have 

been identified from psychophysical studies (Capraro et al., 1979, Bolanowski et al., 

1988, Verrillo et al., 2002). The NPII channel is excited by vibration in the same 

frequency range as the Pacinian channel, but is sensitive to stretching of the skin and 

in most conditions has a higher threshold than the Pacinian channel (Bolanowski et al., 

1988). The NPIII channel may have a lower threshold than other channels in the 

frequency range 0.4 to 4 Hz (Greenspan and Bolanowski, 1996). By selecting the 

frequency and the magnitude of vibration and the contact conditions between the 

source of vibration and the skin, different mechanoreceptors can be activated (Morioka 

and Griffin, 2005; Ye and Griffin, 2011, 2013). 

Standards for evaluating the severity of exposures to hand-transmitted vibration 

recognise that factors other than the magnitude of vibration, the frequency of vibration, 

and the duration of exposure to vibration may influence the consequences of 

occupational exposures to hand-transmitted vibration. International Standard ISO 

5349-1:2001 says “the area and location of the parts of the hands which are exposed 

to vibration” may be one of the factors influencing the effects of exposure to hand-

transmitted vibration in working conditions. When a greater area of the finger is 

exposed to 125-Hz vibration, there are greater reductions in finger blood flow, both 

during and after exposure and on both the hand exposed to vibration and on the 

unexposed hand (Ye and Griffin, 2013). This is consistent with the Pacinian channel 

being involved in the activation of a central sympathetic reflex. 

The extent to which finger blood flow is reduced by 125-Hz vibration in an individual is 

dependent on the individual’s thresholds for the perception of 125-Hz vibration (Ye and 

Griffin, 2011). This is also consistent with the Pacinian channel being involved in 

changes in finger blood flow during exposure to vibration. With increasing area of 

contact with vibration there is increased sensitivity in the Pacinian channel due to 

‘spatial summation’, consistent with stronger vasoconstriction obtained with larger 

contact areas by Ye and Griffin (2013). If the vibration-induced reduction in finger blood 

flow depends on the sensitivity of the Pacinian channel, it will be altered by other 

changes in experimental conditions.  

This study was designed to determine whether reductions in finger blood flow induced 

by 125-Hz vibration at different locations on the hand are associated with differences in 

thresholds for perceiving the same vibration at the same locations. With a vibration 

magnitude 15 dB greater than the threshold for perceiving 125-Hz vibration applied to 
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the right thenar eminence, it was expected that the Pacinian channel would be 

activated at each of the three locations: the right index finger, the right thenar 

eminence, and the left thenar eminence. It was hypothesized differences in 

vasoconstriction during exposure to vibration at different locations would be correlated 

with differences in thresholds for perceiving vibration at the three locations.  

7.2 Method 

7.2.1 Apparatus 

Thresholds for the perception of 125-Hz vibration were obtained with the HVLab 

Vibrotactile Perception Meter (VPM, University of Southampton) (using a 6-mm 

diameter probe with 2-mm gap between the probe and a fixed circular surround) and 

the von Békésy algorithm.  

Finger blood flow (FBF) was measured using the HVLab multi-channel plethysmograph 

(University of Southampton) in the middle finger of both hands by a strain gauge 

plethysmographic technique. The strain gauges were placed at the base of the finger 

nails, and plastic pressure cuffs for air inflation were fixed around the proximal 

phalanges. The pressure cuffs and strain gauges were connected to a plethysmograph. 

Finger skin temperature (FST) was measured using k-type thermocouples attached by 

micro pore tape to the distal phalanges of the right and left middle fingers. The room 

temperature was measured by a mercury-in-glass thermometer to an accuracy of ± 

0.5ºC. The thermometer was located close to the heads of the subjects. 

Vertical sinusoidal 125-Hz vibration at a magnitude 15 dB greater than the threshold 

measured at the right thenar eminence of each individual was produced by the 

applicator of the VPM and monitored using the accelerometer inside the VPM. The 

waveform of the signal was displayed on the digital monitor Visual feedback for the 

control of the downward force was supplied to the subject by the control unit of the 

VPM.   

7.2.2 Subjects 

Twelve healthy male volunteers with a mean age of 25.6 (SD: 3.4; range: 20-30) years 

participated in the study. All subjects were university students, non-smokers, right 

handed, and had no history of regular use of hand-held vibratory tools in occupational 

or leisure activities. The subjects completed a health questionnaire, read a list of 

medical contraindications, and gave their written informed consent to the study. The 

mean stature of the subjects was 175.8 (SD: 6.5, range: 165-196) cm, their mean 

weight was 77.9 (SD: 10.5, range: 62-105) kg, and their mean body mass index (BMI) 
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was 24.5 (SD: 3.2, range: 19.6-27.3). The finger length and the width and depth of 

each phalanx of the right and left middle fingers were measured with vernier callipers to 

an accuracy of 0.5 mm, and then the volumes of the fingers calculated. The mean 

finger volumes were 17.6 (SD: 6.0) cm³ and 17.3 (SD: 6.2) cm³ for the middle fingers of 

the right and left hand.  

The subjects were requested to avoid consuming caffeine for 2 hours and alcohol for 

12 hours prior to the testing. The experiment was approved by the Human 

Experimentation Safety and Ethics Committee of the Institute of Sound and Vibration 

Research. 

7.2.3 Sessions 

Each subject participated in three sessions conducted on three different days. In each 

session, the vascular response was measured with vibration applied to one of three 

locations: (i) fingertip of right index finger (RIn), (ii) thenar eminence of the right hand 

(RTE), or (iii) thenar eminence of the left hand (LTE). Thresholds at each of these three 

locations were determined at the beginning of the first session. The order of 

presentation of conditions was randomized.  

In each session, finger blood flow was measured in the left and right middle fingers at 

30-second intervals throughout five successive experimental periods, with no break 

between the five periods: (i) pre-exposure (5 minutes): no force and no vibration; (ii) 

pre-exposure application with force (5 minutes): 2-N force and no vibration; (iii) 

vibration (5 minutes): 2-N force and vibration at 125 Hz with vibration magnitudes at 15 

dB above the threshold measured at the right thenar eminence; (iv) post-exposure with 

force (5 minutes): 2-N force and no vibration; (v) recovery (5 minutes): no force and no 

vibration. 

7.2.4 Procedure 

The experiment was performed in a laboratory with a mean air temperature of 25.2 (SD 

0.5) ºC.  

Initially, subjects sat on a seat next to a table supporting the vibrotactile perception 

meter. The height of the seat was adjusted so that subjects were comfortable and able 

to maintain a force of 2 N between their hands and the surround on the VPM 

applicator. Their vibrotactile perception thresholds at 125 Hz were measured at three 

locations: the fingertip of the right index finger and the thenar eminences of the right 

and left hands. The skin temperatures at these three locations were measured and the 

experiment proceeded only if the skin temperature was greater than 30°C. 
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The subjects lay supine throughout the measurement of finger blood flow, with both 

arms and both hands supported at heart level. The vascular response to vibration was 

determined using vibration applied by the HVLab VPM with the same contact 

conditions used when measuring thresholds (i.e., 6-mm diameter probe with 2-mm gap 

between the probe and a fixed circular surround). After a period of acclimatisation 

(around 20 minutes), finger blood flow and finger skin temperature were measured 

simultaneously in the left and right hand. For the first 5 minutes of measurement period 

(i), the base-line values of FBF were obtained with the hand supported at heart height 

alongside the subject. Then, with the help of experimenter, the subjects were asked to 

apply downward force of 2 N on the applicator of the VPM during period (ii). The hand 

was in a comfortable posture with all fingers suspended without contact. During period 

(iii), vibration was produced for 5 minutes at 125 Hz, followed by a 5-minute period with 

force but no vibration in period (iv). The exposed hand was then moved by the 

experimenter, and supported at heart height alongside the subject for another 5 

minutes during period (v). The unexposed hand was supported at heart level and kept 

motionless with no force and no vibration throughout all five periods. 

7.2.5 Statistical methods 

Data analysis was performed using the software package SPSS (version 19.0). The 

data were summarised with the median as a measure of central tendency and the inter-

quartile range (IQR) as a measure of dispersion. Non-parametric tests (Friedman test 

for k-related samples, Wilcoxon matched-pairs signed ranks test for two-related 

samples, and Spearman test for correlation coefficient) were employed in the statistical 

analysis.  

The Friedman test was used to test for differences between the 10 sets of finger blood 

flow measurements during the 5-minute pre-exposure period, the 5-minute pre-

exposure application of force, the 5-minute vibration period, the 5-minute post-

exposure application of force, and the 5-minute recovery period. A Wilcoxon matched-

pairs signed ranks test was then used to investigate any changes in finger blood flow 

between the five periods (with force and vibration applied) and any differences between 

the three body locations. A Spearman test was used to investigate the relation between 

individual perception thresholds and finger blood flow. 

The finger blood flow was expressed as a percentage of the pre-exposure finger blood 

flow measured in period (i) (i.e., FBF%). 

The criterion for statistical significance was p<0.05. The p values were adjusted for 

multiple comparisons. 
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7.3 Results 

7.3.1 Vibration thresholds  

The medians and inter-quartile ranges (IQR) of the perception thresholds at the right 

index finger, right thenar eminence and left thenar eminence were 0.29 (0.13), 0.54 

(0.27) and 0.61 (0.31) ms-2 r.m.s. respectively. Consequently, the ranges of vibration 

magnitudes used during the finger blood flow measurement were 2.21 to 6.74 ms-2 

r.m.s. (unweighted) and 0.28 to 0.84 ms-2 r.m.s. (weighted). The acceleration 

thresholds determined at the fingertip of the right index finger, the thenar eminence of 

the right and left hands are shown for each subject in Figure 7-1.  

 

Figure 7-1 Individual vibrotactile perception thresholds at 125 Hz measured at three 

body locations: right index finger, thenar eminence of right and left hands. 

The thresholds at the three locations would be expected to be correlated since they are 

all expected to be mediated by the Pacinian channel. Thresholds at right index finger, 

the right thenar eminence, and left thenar eminence were positively correlated (p<0.05, 

Spearman), except for the right thenar eminence and the left thenar eminence 

(p=0.079, Spearman). This shows that subjects with a lower threshold on the right 

index finger tend also to have lower thresholds at the thenar eminence of both hands. 

7.3.2 Room temperature and finger skin temperature 

The temperature in the laboratory did not vary during the 25-minute duration of the 

experiment in any of the three experimental conditions (p>0.1, Friedman). The median 

room temperature did not differ between the three conditions (p>0.1, Friedman).  

On neither hand was there a systematic change in finger skin temperature during the 

25-minute measurement of finger blood flow within any of the three experimental 
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conditions (p>0.1; Friedman). There was no differences in finger skin temperature 

across the three experimental conditions during the pre-exposure period, pre-exposure 

application of force, vibration exposure, post-exposure application of force, or recovery 

period for either the left or right hand (p>0.1). 

7.3.3 Finger blood flow 

Finger blood flow was initially expressed as a percentage of the median finger blood 

flow during period (i), the pre-exposure period (i.e., FBF%). The FBF% varied over the 

25-minute period of all three conditions on both the exposed hand (Figure 7-2) and the 

unexposed hand (Figure 7-3). 

 

Figure 7-2 Percentage change in finger blood flow (% of pre-exposure) in the middle 

finger of the exposed hand during the five exposure periods with vibration exposed to 

the right index finger, and the right and left thenar eminence. 
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Figure 7-3 Percentage change in finger blood flow (% of pre-exposure) in the middle 

finger of unexposed hand during the five exposure periods with vibration exposed to 

the right index finger, and the right and left thenar eminence. 

7.3.3.1 Finger blood flow during period (i): pre-exposure period 

There were no significant changes in FBF on either the exposed hand or the 

unexposed hand over the 10 measurements during the 5-minute pre-exposure period 

in any condition (p>0.1; Friedman). The median individual FBF over the 10 

measurements did not differ between the three conditions on either hand (p>0.1; 

Friedman). There was no significant difference in FBF between the exposed and the 

unexposed hand in any of the three conditions (p>0.1; Wilcoxon). 

7.3.3.2 Finger blood flow during period (ii): pre-exposure application of force  

Finger blood flow on the exposed hand and the unexposed hand did not change over 

the 10 measurements during the pre-exposure application of force in any of the three 

conditions (p>0.1; Friedman), and the median FBF% did not differ across the three 

conditions on either hand (p>0.1; Friedman).  

There was no significant difference in the median FBF% during period (ii) (pre-

exposure application of force) compared to period (i) (the pre-exposure period) (p>0.1 

on both hands for all three conditions) on either the exposed hand or the unexposed 

hand. This shows that when the 2-N force was applied to the right index finger, the right 

thenar eminence, or the left thenar eminence there was no change in finger blood flow 

on either hand. 
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7.3.3.3 Finger blood flow during period (iii): vibration exposure period 

In all three conditions, there were no significant differences in FBF% over the 10 

measurements during period (iii) (force with vibration) on either the exposed hand or 

the unexposed hand (p>0.1; Friedman), except on the middle finger of the exposed 

hand during vibration of the right index finger (p=0.027, Friedman). On both hands, 

there were significant reductions in the individual median FBF% during period (iii) 

(force with vibration) compared to period (i) (pre-exposure period) (p<0.001; Wilcoxon) 

and compared to period (ii) (pre-exposure force period) (p<0.001; Wilcoxon) with 

vibration applied to all three locations. This shows that vibration of the right index 

finger, vibration of the thenar eminence of the right hand, and vibration of the thenar 

eminence of the left hand reduced finger blood flow in the middle finger of both hands. 

With all three locations there was a greater reduction in FBF% in the middle finger of 

the exposed hand than in the middle finger of the unexposed hand (p<0.05, Wilcoxon). 

When exposed to 125-Hz vibration at the same vibration magnitude (15 dB above the 

threshold at the right thenar eminence), the FBF% reduced to 66.5% in the exposed 

right hand and to 72.5% in the unexposed left hand during exposure of the right index 

finger, and reduced to 78.0% in the exposed right hand and 85.1% in the unexposed 

left hand during exposure of the left thenar eminence, and reduced to 74.7% in the 

exposed right hand and 82.2% in the unexposed left hand during exposure of the right 

thenar eminence. There was a progressive increase in the reduction in finger blood 

flow when the same amount of vibration (15 dB above the threshold at the right thenar 

eminence) was applied to the left thenar eminence, the right thenar eminence, and the 

right index finger, respectively (p<0.001, Wilcoxon). This shows that vibration of the 

same frequency and magnitude applied to different body locations provoked different 

reductions in finger blood flow.  

7.3.3.4 Finger blood flow during period (iv): post-exposure application of force 

In all three conditions, there was no significant change in FBF% over the ten 

measurements during period (iv) (post-exposure application of force) (p>0.1, 

Friedman), except with vibration applied to the right index finger where the FBF% in the 

unexposed left hand progressively increased during period (iv) (p=0.041, Freidman).  

In all three conditions, the median FBF%s on both the exposed hand and the 

unexposed hand were less during period (iv) (post-exposure application of force) than 

during period (ii) (pre-exposure application of force) (p<0.01, Wilcoxon), but slightly 

greater than during period (iii) (force and vibration) (p<0.05, Wilcoxon). 
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7.3.3.5 Finger blood flow during period (v): recovery period 

Over the 10 measurements of FBF during period (v) (recovery period), there were 

significant changes in FBF on the exposed right hand and the unexposed left hand 

(p<0.001, Friedman) with all three conditions, except on the unexposed hand where 

the FBF did not change during vibration of the right thenar eminence (p=0.012, 

Friedman).  

In all three conditions, on the exposed right hand the individual median finger blood 

flow during period (v) (recovery) was significantly less than during period (i) (pre-

exposure) and less than during period (ii) (pre-exposure application of force) (p<0.05; 

Wilcoxon) but significantly greater than during period (iii) (vibration exposure) and 

greater than period (iv) (post-exposure application of force) (p<0.01; Wilcoxon). On the 

unexposed hand, the FBF during period (v) was significant less than during period (i) 

and period (ii) with vibration of the right index finger (p<0.05; Wilcoxon), but not with 

the vibration of the right and left thenar eminence (p>0.05; Wilcoxon).  

7.3.4 Relationship between finger blood flow and vibrotactile perception 

threshold 

During exposure to 125-Hz vibration with the same acceleration magnitude at each of 

the three locations, exposure at the right index finger and the left thenar eminence 

provoked reductions in finger blood flow on both the exposed right hand and the 

unexposed left hand that were positively correlated with subject vibrotactile perception 

thresholds with the right index finger exposed (right: p=0.011, left: p=0.037, 

Spearman), with the left thenar eminence exposed (right: p=0.033, left; p=0.051, 

Spearman). As expected, with vibration applied to the right thenar eminence there was 

no correlation between thresholds at the right thenar eminence and FBF% on either 

hand (p>0.1, Spearman). The results indicate that the vascular responses of subjects 

to vibration depended on their individual thresholds at the location of application of 

vibration. When vibration was applied to the right thenar eminence, the absence of a 

significant correlation between thresholds and FBF% is explained by the vibration 

magnitude being determined by the threshold at this location.  

To investigate whether the vasoconstriction caused by vibration applied to the three 

different locations on the hand was associated with individual perception thresholds at 

these locations, percentage differences in both FBF% and vibrotactile thresholds were 

calculated between pairs of conditions. For example, for each individual, the 

percentage difference in FBF% between the right index finger and the right thenar 

eminence was given by FBF%R-In /FBF%R-TE. 
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Figure 7-4 Relation between percentage differences in finger blood flow on the 

exposed hand during exposure (period (iii)) and percentage difference in perception 

thresholds at three locations: right index (RIn), right thenar eminence (RTE), left thenar 

eminence (LTE). 

There were positive correlations between the three percentage differences in FBF% on 

the exposed hand and the corresponding percentage differences in thresholds on the 

exposed hand (p<0.01, Spearman; Figure 4). This is consistent with the 

vasoconstriction induced by 125-Hz vibration depending on the thresholds for 

perceiving the vibration at the point of application of the vibration: the greater the 

difference in thresholds between locations, the greater the difference in the 

vasoconstriction. 

7.4 Discussion 

The finding that 125-Hz vibration of a small area of one hand produces bilateral 

reductions in finger blood flow is consistent with previous studies. The present study 

employed magnitudes of 125-Hz vibration in the range 2.21 to 6.74 ms-2 r.m.s. (i.e., 

0.28 to 0.84 ms-2 r.m.s. frequency-weighted) whereas previous studies have found 

similar reductions bilaterally with 0.5 and 1.5 ms-2 r.m.s. (Ye and Griffin, 2011) and 0.88 

to 9.17 ms-2 r.m.s. (Ye and Griffin, 2013). With 250- and 315-Hz vibration, magnitudes 

as low as 7.8 ms-2 r.m.s. and 9.8 ms-2 r.m.s., respectively, have produced 
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vasoconstriction (Thompson and Griffin, 2009). It is clear that vibration applied to 

various parts of the hand (palm, thenar eminence, and fingertip) at magnitudes much 

lower than occur on very many vibratory tools results in immediate reduction in finger 

blood flow on both the exposed hand and the unexposed hand. 

With 125-Hz vibration 15 dB above the thresholds at the right thenar eminence, there 

was greater vasoconstriction when the vibration was applied to the right index finger 

than when applied to the right and left thenar eminences. The same contactor (6-mm 

diameter probe with 2-mm gap), the same vibration magnitude, and the same vibration 

frequency were used in all three vibration conditions, only the exposure location 

changed from the fingertip to the thenar eminence. There is no known previous study 

of the effect of the location of vibration excitation on finger blood flow, but two studies 

have used the same experimental set up with vibration applied at different locations. 

With 125-Hz vibration at 64 ms-2 r.m.s. with a 5-N push force, FBF% was reduced to 

50% when the vibration was applied to the middle finger (Bovenzi et al., 2006) but only 

75% when applied to the palm of the hand (Griffin et al., 2006). This is consistent with 

the reduction in finger blood flow depending on the location of application of vibration to 

the hand, with greater reduction when the vibration is applied to the fingers than to the 

palm.     

After removing the force and the vibration, the finger blood flow on both hands 

gradually returned to the baseline value, consistent with previous studies using similar 

vibration provocation (Ye and Griffin, 2011, 2013). Some studies have reported 

reductions in finger blood flow after cessation of vibration, with the extent of the 

reduction dependent on the magnitude and the duration of the vibration exposure 

(Bovenzi et al., 1998, 1999, 2000). In one study, there were reductions in finger blood 

flow on a vibrated finger after exposure to 22 to 62 ms-2 r.m.s., but not after exposure to 

5.5 ms-2 r.m.s. (Bovenzi et al., 1999). In another study, during a 45-minute recovery 

period, finger blood flow returned to pre-exposure levels after a 7.5-minute exposure to 

125-Hz vibration at 87 ms-2 r.m.s. but not after 15- and 30-minute exposures to the 

same vibration (Bovenzi et al., 1998). With greater magnitudes of vibration and longer 

durations of exposure to vibration, the vasoconstriction after cessation of exposure is 

stronger and lasts longer. The absence of further reductions in finger blood flow 

following exposure to vibration in the present study may reflect the brevity of the 5-

minute exposure to the vibration and the low magnitude of the vibration. 

Vibrotactile perception thresholds differed between the three body locations used in the 

present study, with the finger having greater sensitivity than the thenar eminence. 

Thresholds at eight points on the glabrous skin of the hand measured with a 6-mm 
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diameter probe and a fixed surround showed greatest sensitivity at distal locations on 

the fingers and less sensitivity at proximal locations on the palm (Morioka and Griffin, 

2005), consistent with the suggestion of Löfvenberg and Johansson (1984) that greater 

densities of Pacinian corpuscles give lower psychophysical thresholds. The average 

density of Pacinian corpuscles in areas of glabrous skin on the human hand is reported 

to be about 25 units/cm2 at the fingertip compared with 10 units/cm2 at the palm (Vallbo 

and Johansson, 1979). The lower thresholds obtained on the right and left thenar 

eminence compared with the right index finger indicate that the Pacinian channel has a 

greater sensitivity on the finger.   

The greater reductions in FBF with vibration applied at the right index finger may be 

primarily due to the greater sensitivity of the P channel at the fingertip. The similar 

reduction in FBF with vibration applied at the thenar eminences of the right and left 

hands is consistent with similar sensitivity in the Pacinian channel in the palms of the 

right and left hands. These results indicated the factor ‘contact location’ will influence 

the sensitivity of the Pacinian channel and therefore affect the performance of Pacinian 

in mediating the digits circulation. This is consistent with the previous hypothesis that 

variation in the sensitivity of Pacinian channel would cause the different extent of 

vasoconstriction in different subjects and different vasoconstriction when vibration is 

applied at different locations.  

The associations between reductions in finger blood flow and vibrotactile thresholds at 

three body locations are consistent with the Pacinian channel mediating 

vasoconstriction (Ye and Griffin, 2011, 2013). The involvement of the Pacinian system 

in mediating changes in finger blood flow induced by 125-Hz vibration was previously 

investigated by investigating the correlation between reductions in individual FBF and 

individual thresholds (Ye and Griffin, 2011). Further study found that increasing the 

excitation area reduced thresholds and increased vasoconstriction (Ye and Griffin, 

2013), with both effects explained by ‘spatial summation’ in the Pacinian channel.  

The present findings confirmed the previous findings of an association between 

perception thresholds and vasoconstriction induced by vibration, and differences in 

vasoconstriction between females and males, between large and small contact areas 

(Ye and Griffin, 2011, 2013). All findings suggest the Pacinian channel is involved in 

the regulation of digital circulation through a central sympathetic reflex, with the extent 

of the vasoconstriction induced by vibration dependent on the activation of the Pacinian 

channel: people with lower Pacinian thresholds, or exposed to vibration over a larger 

area of skin on the hand, or at a location with greater Pacinian sensitivity, will have a 
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greater reduction in finger blood flow on both the exposed hand and the unexposed 

hand.    

7.5 Conclusions 

The application of 125-Hz vibration to an index finger provokes greater reductions in 

finger blood flow on both the exposed hand and the unexposed hand than the same 

vibration applied to the thenar eminence of either hand. The greater vasoconstriction is 

explained by lower vibrotactile perception thresholds at the fingertip, which reflect the 

greater sensitivity of the Pacinian channel at the fingertip. The findings are consistent 

with the Pacinian channel being involved in the control of finger circulation via 

sympathetic nervous system. 
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Chapter 8 Relation between vibrotactile 

thresholds and reductions in finger blood flow 

induced by 8-250 Hz vibration  

8.1 Introduction 

Occupational exposures to hand-transmitted vibration from powered tools can result in 

vascular disorder in the fingers, commonly called vibration-induced white finger (VWF). 

The condition may be visible during attacks of finger blanching provoked by cold, and 

diagnosed by excessive cold-induced reductions in finger blood flow or finger systolic 

blood pressure (Griffin and Bovenzi, 2002). Vibration-induced white finger affects the 

control of peripheral circulation in the fingers (Olsen, 1987), although other changes 

are also reported in severe cases (e.g., Takeuchi et al., 1986). Some epidemiology 

studies suggest that in mild or moderate cases the symptoms of VWF may decline after 

the cessation of occupational exposure to vibration (Behrens and Pelmear, 1992).  

The symptoms of vibration-induced white finger mostly arise after many years of 

regular exposure to hand-transmitted vibration and may be considered a chronic effect. 

There are also acute effects of hand-transmitted vibration in which finger blood flow is 

reduced during and immediately after exposure to vibration, with reductions occurring 

on the hand exposed to vibration and on the contralateral hand not exposed to 

vibration (Bovenzi et al., 2001, 2004; Griffin et al., 2006; Thompson and Griffin, 2009; 

Ye and Griffin, 2011a). It is not yet understood why vibration affects digital circulation or 

which mechanisms are involved in the dis-regulation of circulation. A common 

explanation has been that a central sympathetic reflex to vibration alters finger blood 

flow (Gemne, 1994; Bovenzi et al., 2006). For such a reflex to be involved there must 

be mediation of the vibratory stimulus, such as the excitation of mechanoreceptors by 

vibration (Ye and Griffin, 2011b). 

Thresholds for perceiving vibration of the hand are determined by one or more of four 

psychophysical channels associated with mechanoreceptors in the glabrous skin of the 

hand (Bolanowski et al., 1988). The most sensitive channel depends on the frequency 

of the vibration, the contact conditions, the location on the hand, and some other 

factors. The Pacinian (P) channel, mediated by Pacinian corpuscles (FA II), has the 

lowest threshold at frequencies greater than about 40 Hz when using a 6-mm vibrating 

contactor (Morioka and Griffin, 2005; Morioka, et al., 2008), and exhibits both spatial 

and temporal summation: reduced thresholds with increased area of excitation and 
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increased duration of vibration (Verrillo 1962, 1963). Of the three non-Pacinian 

channels, NPI often determines thresholds at frequencies between 4 and 40 Hz and is 

associated with Meissner corpuscles (FA I), whereas the NPII and NPIII channels are 

associated with slow adapting fibres and have been identified from the results of 

psychophysical experiments (Capraro et al., 1979, Bolanowski et al., 1988, Verrillo et 

al., 2002). The NPII channel, which is excited by vibration in the same frequency range 

as the Pacinian channel, is sensitive to the stretching of the skin and in most conditions 

has a higher threshold than the Pacinian channel (Bolanowski et al., 1988). The NPIII 

channel may have a lower threshold than other channels in the range 0.4 to 4 Hz 

(Greenspan and Bolanowski, 1996). According to the frequency and the magnitude of 

vibration and the contact conditions, different channels are activated by vibration. 

Current standards for evaluating the severity of occupational exposures to hand-

transmitted vibration assume that sensitivity to vibration acceleration is independent of 

the frequency of vibration at frequencies from 8 to 16 Hz but reduces in inverse 

proportion to the frequency of vibration from 16 to 1000 Hz. This assumption underlies 

frequency weighting Wh, used to predict the severity of hand-transmitted vibration (ISO 

5349-1, 2001). Laboratory studies of acute responses to hand-transmitted vibration 

have found that with the same frequency-weighted acceleration at all frequencies there 

is more vasoconstriction in the fingers (on both the exposed hand and the unexposed 

hand) with frequencies greater than 30 Hz than with lower frequencies (Furuta et al., 

1991; Bovenzi et al., 2000; Thompson and Griffin, 2009). With vibration having the 

same velocity at frequencies from 16 to 250 Hz (a frequency-weighted acceleration of 

5.5 ms-2 r.m.s.), Bovenzi et al. (2000) found that finger blood flow was strongly reduced 

in the exposed hand over the range 31.5 to 250 Hz, but only slightly reduced with 16-

Hz vibration. The experimental studies with acute exposures to vibration therefore 

suggest the acute vascular response is not well predicted using the frequency 

weighting employed in current standards. The frequency weighting was based on 

understanding of the frequency-dependence of the discomfort caused by hand-

transmitted vibration, not studies of acute vascular responses or acute neurological 

responses to vibration or epidemiological studies of chronic exposures to hand-

transmitted vibration.   

With greater magnitudes of vibration there is greater vasoconstriction in the digital 

vessels (Bovenzi et al., 1999; Thompson and Griffin, 2009; Ye and Griffin, 2011b). With 

progressive increases in the frequency-weighted acceleration from 0 to 15 ms-² r.m.s., 

vibration induces progressively greater reductions in finger blood flow at all frequencies 

in the range 16 to 315 Hz (Thompson and Griffin, 2009). Reductions in individual finger 
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blood flow induced by 125-Hz vibration at 0.5 and 1.5 ms-2 r.m.s. have been found to 

be associated with individual absolute thresholds for perceiving 125-Hz vibration via 

the Pacinian channel (Ye and Griffin, 2011b). This suggests the vascular changes 

provoked by vibration may be related the sensations produced by vibration, as 

assumed for frequency weighting Wh, at least for vibration conditions where sensations 

are mediated by the Pacinian channel.  

Large inter-subject variability has been observed in the vasoconstriction caused by 

vibration, with reductions in finger systolic blood pressure differing by as much as 50% 

(Ye and Griffin, 2011). This may be partly explained by the correlation between 

perception thresholds mediated by the Pacinian channel and the vibration-induced 

vasoconstriction: finger blood flow is less affected by vibration in subjects with higher 

thresholds at 125-Hz (Ye and Griffin, 2011b, 2013).  

In the light of previous findings, the magnitude of vibration presented to each subject in 

the present study was expressed relative to the subject’s absolute threshold for 

perceiving the vibration in the same conditions (i.e., expressed as a sensation level, 

SL). The study investigated the relation between the magnitude of vibration and 

reductions in finger blood flow induced by vibration over the frequency range 8 to 250 

Hz. With vibration applied to the thenar eminence of the right hand, it was expected 

that the Pacinian channel would have the lowest threshold at the higher frequencies 

(i.e., 63, 125, and 250 Hz) and would therefore determine the vibrotactile threshold. It 

was hypothesized that there would be vasoconstriction in digits on both hands when 

the vibration magnitude exceeded thresholds at these frequencies. At the lower 

frequencies (i.e., 8, 16, and 31.5 Hz), it was expected that non-Pacinian channels 

would mediate sensations at threshold, and that the Pacinian channel would not be 

activated until the vibration was greater than the threshold. It was therefore 

hypothesized that reductions in finger blood flow at these frequencies would not be 

related to thresholds for perceiving vibration at these frequencies. 

8.2 Methods 

8.2.1 Apparatus 

Vibrotactile perception thresholds were measured at six frequencies (8, 16, 31.5, 63, 

125 and 250 Hz) using an HVLab Vibrotactile Perception Meter (VPM, University of 

Southampton) and the von Békésy algorithm.  
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Finger blood flow (FBF) in the middle finger of both hands was measured with a 

venous occlusion method using an HVLab multi-channel plethysmograph (University of 

Southampton.  

Finger skin temperature (FST) was measured using k-type thermocouples attached by 

micro pore tape to the distal phalanges of the right and left middle fingers. The room 

temperature was measured by a mercury-in-glass thermometer to an accuracy of ± 

0.5ºC. The thermometer was located close to the heads of the subjects. 

Vertical sinusoidal vibration at 8, 16, 31.5, 63, 125, and 250 Hz was generated by the 

VPM controlled via a computer using HVLab Data Acquisition and Analysis Software 

(HVLab version 3.81). Visual feedback for the control of the downward force was 

supplied to the subject by the control unit of the VPM.   

8.2.2 Subjects 

Fourteen male volunteers participated in the study. They were all university students 

aged between 18 to 30 years (mean 22.7 years, standard deviation 3.0), healthy (no 

indication of cardiovascular or neurological disorders, connective-tissue diseases, 

injuries to the upper extremities, or a history of cold hand), non-smokers, right handed, 

and had no history of regular use of hand-held vibratory tools in occupational or leisure 

activities. The mean stature of subjects was 176.4 (SD: 4.4, range: 165-188) cm, their 

mean weight was 74.1 (SD: 7.8, range: 52-89) kg and their mean body mass index 

(BMI) was 23.7 (SD: 2.6, range: 18.5-26.4) kg.m-2. The finger length and the width and 

depth of each phalanx of the right and left middle fingers were measured with vernier 

callipers to an accuracy of 0.5 mm, and the volumes of these fingers calculated. The 

mean finger volumes were 19.0 (SD: 5.1) cm³ and 19.1 (SD: 5.0) cm³ for the middle 

fingers of the right and left hands, respectively. The subjects were requested to avoid 

consuming caffeine for 2 hours and alcohol for 12 hours prior to the testing. The 

experiment was approved by the Human Experimentation Safety and Ethics Committee 

of the Institute of Sound and Vibration Research. Informed consent to participate in the 

experiment was given by all subjects. 

8.2.3 Experimental sessions 

Each subject attended on seven separate days on which they experienced seven 

conditions, consisting of six different vibration frequencies (8, 16, 31.5, 63, 125, or 250 

Hz) and one control condition with no vibration (Table 1). The order of presentation of 

conditions was randomized. Vibrotactile perception thresholds at the appropriate 

vibration frequency were measured at the beginning of each session. 
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Table 8-1 Experimental design – exposures to push force alone (newtons) and 

combinations of push force and vibration with six frequencies of vibration (8 to 250 Hz), 

with 10 vibration magnitudes (sensation levels, see Figure 1). Condition 0 is a control 

condition. 

 

In each of the six sessions with vibration, finger blood flow was measured in the left 

and right middle fingers at 30-second intervals throughout five successive experimental 

periods, with no break between the five periods: (i) pre-exposure (5 minutes): no force 

and no vibration; (ii) pre-exposure application with force (5 minutes): 2-N force and no 

vibration; (iii) vibration (30 minutes): 2-N force and vibration at either 8, 16, 31.5, 63, 

125 or 250 Hz with vibration magnitudes at 10 sensation levels (-10 dB, -5 dB, 0 dB, 5 

dB, 10 dB, 15 dB, 20 dB, 25 dB, 30 dB and 40 dB), with 3 minutes at each sensation 

level; (iv) post-exposure with force (5 minutes): 2-N force and no vibration; (v) recovery 

(5 minutes): no force and no vibration (Figure 8-1). In the control condition there was 2-

N force during period (iii) for 30 minutes with no vibration.  
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Figure 8-1 The sequence of push force and vibration exposure during the five periods 

of six vibration conditions and the control condition: pre-exposure (period (i)), pre-

exposure application of force (period (ii)), vibration (period (iii)) (no vibration in the 

control conditions), post-exposure application of force (period (iv)), and recovery 

(period (v)). 

8.2.4 Procedure 

The experiment was performed in a laboratory with a mean air temperature of 25.5 ºC 

(SD 0.5 ºC). The finger skin temperature was measured and the experiment proceeded 

only if the skin temperature was greater than 30°C.  

Initially, subjects sat on a seat next to a table supporting the vibrotactile perception 

meter. The height of the seat was adjusted so that subjects were comfortable and able 

to maintain a force between their hands and the surround on the VPM applicator. 

Subjects applied a downward force of 2 N with their thenar eminence on a rigid flat 

circular surround having a circular hole (10-mm diameter) within which a flat circular 
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probe (6-mm diameter) flush with the surround (and separated by a 2-mm gap) 

vibrated at the required frequency.  

The vascular response to vibration was determined using vibration applied by the 

HVLab VPM at the absolute magnitudes of the vibration stimuli presented to the 

subjects at each frequency were determined by the individual vibrotactile perception 

thresholds at that frequency. The vibration was presented at 10 magnitudes, increasing 

in 5 dB steps from -10 dB SL to 30 dB SL and then to 40 dB SL, where a sensation 

level, SL, of 0 dB corresponds to the individual’s threshold for perceiving that frequency 

of vibration with the same contact conditions.  

Subjects wore light clothing and lay supine throughout the measurement of finger blood 

flow, with both arms and both hands supported at heart level. After a period of 

acclimatisation around 20 minutes, finger blood flow and finger skin temperature were 

measured simultaneously in the left and right hand. For the first 5 minutes in 

measurement period (i), the base-line values of FBF were obtained and then with the 

help of the experimenter, the subjects were asked to apply a downward force of 2 N 

with the thenar eminence of their right hand on the applicator of the VPM during period 

(ii). The hand was in a comfortable posture with all fingers suspended without contact. 

Visual feedback for the control of the downward force was supplied by the control unit 

of the VPM. After period (iv) the right hand was gently moved by the experimenter and 

supported at heart height alongside the subject for another 5 minutes during period (v). 

The left hand was supported at heart level and kept motionless with no force and no 

vibration throughout all five periods. 

8.2.5 Statistical methods 

Finger blood flow was expressed as a percentage of the pre-exposure finger blood flow 

measured in period (i) (i.e., FBF%).  

Data analysis was performed using the software package SPSS (version 17.0). The 

data were summarised with the median as a measure of central tendency and the inter-

quartile range as a measure of dispersion. Non-parametric tests (Friedman test for k-

related samples, Wilcoxon matched-pairs signed ranks test for two-related samples, 

and Spearman test for correlation coefficient) were employed in the statistical analysis.  

The Friedman test was used to test for differences between the 10 sets of finger blood 

flow measurements during the 5-minute pre-exposure period, the 5-minute pre-

exposure application of force, the 5-minute post-exposure application of force, the 5-

minute recovery period, and the 60 sets of finger blood flow measurements during the 

30-minute vibration period. A Wilcoxon matched-pairs signed ranks test was then used 
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to investigate differences between the median finger blood flow during five periods and 

the difference between each pair of seven exposure conditions. A Spearman test was 

used to investigate the relation between the subjects’ individual perception thresholds, 

finger skin temperatures, and finger blood flows. 

The criterion for statistical significance was p<0.05.  

8.3  Results 

8.3.1 Vibration thresholds  

The median and inter-quartile range of the vibration perception threshold at each of the 

six frequencies, and the consequent ranges of vibration magnitudes used when 

measuring finger blood flow, are listed in Table 8-2. The thresholds determined at the 

thenar eminence of the right hand are shown in terms of vibration displacement in 

Figure 8-2.  

Table 8-2 Vibrotactile perception thresholds and ranges of vibration acceleration 

applied at each frequency when measuring changes in finger blood flow. Medians and 

inter-quartile ranges of 14 subjects. 

 

Thresholds at any two frequencies would be expected to be more highly correlated 

when the same channel mediates the two thresholds. Thresholds at 8, 16, 31.5 and 63 

Hz were correlated (p<0.05, Spearman), except between thresholds at 8 and 63 Hz 

(p=0.133, Spearman) and between 16 and 63 Hz (p=0.089, Spearman). Thresholds at 

63, 125, and 250 Hz were also correlated with each other (p<0.05, Spearman).  

There were no correlations between thresholds at the thenar eminence and skin 

temperature (measured during period (i)) (p>0.1; Spearman). 
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Figure 8-2 Vibrotactile thresholds at the thenar eminence of the right hand. Medians 

and inter-quartile ranges from 14 subjects. 

8.3.2 Room temperature and finger skin temperature 

The temperature in the laboratory did not vary during the 50-minute duration of the 

experiment in any of the seven experimental conditions (p>0.1, Friedman). The median 

room temperature did not differ between the seven conditions (p>0.1, Friedman).  

The median finger skin temperatures on the right middle finger and the left middle 

finger during period (i) (pre-exposure without force), period (ii) (pre-exposure with 

force), period (iii) (exposure to 8 to 250-Hz vibration at sensation levels from -10 dB to 

40 dB, or no vibration), period (iv) (post-exposure with force), and period (v) (post-

exposure without force) are shown in Figure 8-3. 
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Figure 8-3 Finger skin temperature on the exposed right middle finger and unexposed 

left middle finger with vibration at six frequencies (8, 16, 31.5, 63, 125, and 250 Hz) 

applied to the thenar eminence of the right hand, and during a control condition with no 

vibration. Medians values from 14 subjects. 

In the control condition without vibration, the finger skin temperature on the distal 

phalanx of the right middle finger did not change during the 50-minute duration of the 

experiment (p=0.46, Friedman). However, during each of the six conditions with 

vibration there were progressive reductions in skin temperature as the vibration 

magnitude increased (p<0.05, Friedman). Similarly, on the distal phalanx of the left 

middle finger there was no change in temperature during the control condition (p=0.27, 

Friedman) but a reduction in temperature during vibration (p<0.05, Friedman), except 
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with 8-Hz vibration (p=0.69, Friedman). In each of the six vibration conditions, there 

was a significant reduction in the median temperature on the right hand relative to the 

control condition during period (iii) (vibration exposure, p<0.05, Wilcoxon), period (iv) 

(post-exposure application of force, p<0.05) and period (v) (recovery, p<0.05), but not 

during period (i) (pre-exposure, p>0.1), or period (ii) (pre-exposure application of force, 

p>0.1). There were similar changes on the left hand, with reductions in temperature 

relative to the control condition during period (iii) (p<0.05, Wilcoxon), period (iv) 

(p<0.05, Wilcoxon), and period (v) (p<0.05, Wilcoxon) when exposed to vibration at 16, 

31.5, 63, 125, and 250 Hz. The median finger skin temperature reduced with increasing 

frequency of vibration from 8 to 250 Hz on both the exposed right hand and the 

unexposed left hand during period (iii), period (iv), and period (v) (p<0.05, Wilcoxon), 

except between 125 and 250 Hz on both hands and between 31.5 and 63 Hz on the 

unexposed left hand. 

8.3.3 Finger blood flow 

For each subject, the percentage change in finger blood flow (FBF%) was calculated 

relative to the median of the 10 measures of FBF during the 5-minute pre-exposure 

period.   

The median FBF% in the right middle finger during period (i) (pre-exposure without 

force), period (ii) (pre-exposure with force), period (iii) (exposure to vibration at 

sensation levels from -10 dB to 40 dB, or no vibration), period (iv) (post-exposure with 

force), and period (v) (post-exposure without force) is shown in Figure 8-4. 

8.3.3.1 Finger blood flow during period (i): pre-exposure period 

There was no significant change in FBF on the exposed right hand or the unexposed 

left hand over the 10 measurements during the 5-minute pre-exposure period in any 

condition (i.e., with the six vibration conditions or in the control condition, p>0.1; 

Friedman). The median individual FBF over the 10 measurements did not differ 

between the seven conditions on either hand (p>0.1; Friedman). There was no 

significant difference in FBF between the exposed hand and the unexposed hand in 

any of the seven conditions (p>0.1; Wilcoxon). 

8.3.3.2 Finger blood flow during period (ii): pre-exposure application of force  

There were no significant changes in FBF% on the exposed right hand or the 

unexposed left hand over the 10 measurements during the pre-exposure application of 

force for any of the seven conditions (p>0.1; Friedman), and the median FBF% did not 

differ across the seven conditions on either hand (p>0.1; Friedman). There was no 
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significant difference in the median FBF% during period (ii) (pre-exposure application of 

force) compared to period (i) (the pre-exposure period) (p>0.1 for all seven conditions) 

on either the exposed right hand or the unexposed left hand, except for the exposed 

right hand in the 125-Hz vibration condition (p=0.037, Wilcoxon). It may be concluded 

that the 2-N force applied by the right hand did not change finger blood flow on either 

hand. 

 

Figure 8-4 Percentage changes in finger blood flow (FBF%) in the exposed right 

middle finger and unexposed left middle finger with vibration at six frequencies (8, 16, 

31.5, 63, 125, and 250 Hz) applied to the thenar eminence of the right hand and control 

condition. Median values from 14 subjects. 
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8.3.3.3 Finger blood flow during period (iii): vibration exposure period 

In the control condition without vibration, there were no significant changes in FBF% 

over the 30 minutes during period (iii) (force without vibration) on either the right hand 

or the left hand (p>0.1; Friedman), and there was no significant change in individual 

median FBF% during period (iii) compared to period (ii) (pre-exposure application of 

force) (p>0.1; Wilcoxon).  

Within each of the six vibration conditions, the finger blood flow did not vary over the 

six measurements during any 3-minute vibration exposure at any sensation level 

(p>0.05; Friedman), except on the exposed right middle finger with 125-Hz vibration at 

25 dB SL (p=0.033, Friedman) and with 250-Hz vibration at 15 dB SL (p=0.041, 

Friedman).  

With 8-Hz vibration, the individual median FBF% on both the exposed right hand and 

the unexposed left hand was reduced with 30 and 40 dB SL vibration compared to 

period (i) (pre-exposure period) and period (ii) (pre-exposure force period) (p<0.001, 

Wilcoxon), but there was no significant change with other sensation levels (-10 dB, -5 

dB, 0 dB, 5 dB, 10 dB, 15 dB, 20 dB and 25 dB) (p>0.1, Wilcoxon). There was a similar 

pattern in the reduction of finger blood flow with the other five frequencies of vibration: 

the FBF% was reduced compared to period (i) and period (ii) at 25 dB, 30 dB and 40 

dB SL with both 16- and 31.5-Hz vibration (p<0.01, Wilcoxon) on both hands, from 10 

dB to 40 dB SL with 63-, 125- and 250-Hz vibration (p<0.001, Wilcoxon) on the 

exposed right hand, from 15 dB to 40 dB SL with 63-, 125- and 250-Hz vibration 

(p<0.01, Wilcoxon) on the unexposed left hand, but not with other sensation levels 

(p>0.05, Wilcoxon).  

With all six frequencies of vibration, there were significantly greater reductions in the 

median FBF% on both the exposed right hand and the unexposed left hand with each 

increase in sensation level beyond 30 dB SL with 8-Hz vibration, 25 dB SL with 16- and 

31.5-Hz vibration, and 10 dB SL with 63-, 125- and 250-Hz vibration (p<0.05, 

Wilcoxon), except between 30 and 40 dB SL with 125-Hz vibration on the exposed right 

hand (p=0.063, Wilcoxon). This shows that vibration of the right hand reduced finger 

blood flow on both hands and that increases in vibration magnitude caused greater 

reductions in FBF.  

The reductions in FBF% on the exposed right hand were significantly greater than 

those on the unexposed left hand at all sensation levels where there was a significant 

reduction in finger blood flow on the right hand (p<0.05, Wilcoxon), except with 8-Hz 

vibration at 30 dB (p=0.12, Wilcoxon), 16-Hz vibration at 25 dB (p=0.22, Wilcoxon) and 
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30 dB (p=0.33, Wilcoxon), and 63-Hz vibration at 15 dB (p=0.082, Wilcoxon). This 

shows that the vascular response to vibration was greater on the exposed right hand 

than on the unexposed left hand (Figure 8-5). 

 

Figure 8-5 Percentage changes in finger blood flow (FBF%) in the exposed right 

middle finger and unexposed left middle finger with vibration at six frequencies (8, 16, 

31.5, 63, 125, and 250 Hz) applied to the thenar eminence of the right hand and control 

condition. Median values from 14 subjects. 

The FBF% on the exposed right hand did not differ between the six vibration conditions 

at -10, -5, 0, or 5 dB SL (p>0.1, Freidman). When the vibration magnitude reached 10 

dB SL, there was a lower FBF% with 63-, 125- and 250-Hz vibration than with 8-, 16-, 

or 31.5-Hz vibration (p<0.05, Wilcoxon). This difference was also present at 15, 20, 25, 

30 and 40 dB SL (p<0.001, Wilcoxon). On the unexposed left hand the pattern was 

similar, with lower FBF% during 63-, 125- and 250-Hz vibration than during 8-, 16-, or 

31.5-Hz vibration when the vibration magnitude was greater than 15 dB SL (p<0.05, 

Wilcoxon). On both the exposed right hand and the unexposed left hand there was a 

trend for greater reductions in finger blood flow with increasing frequency of vibration at 

the same sensation level for frequencies from 16 to 125 Hz. 
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8.3.3.4 Finger blood flow during period (iv): post-exposure application of force 

In the control condition, there was no change in FBF% during period (iv), and there was 

no difference in individual median FBF% on either the exposed right hand or the 

unexposed left hand between period (ii) (pre-exposure application of force) and 

condition (iv) (post-exposure application of force) (p>0.1; Wilcoxon).  

With 8-Hz vibration, there was a progressive increase in FBF% over the 10 

measurements during period (iv) (post-exposure application of force) (right: p=0.032, 

left: p=0.041; Freidman). With the other five frequencies there was a progressive 

reduction in FBF% over the ten measurements during period (iv) (right: p<0.001, left: 

p=0.008; Friedman).  

With 16- to 250-Hz vibration, the median FBF% on both the exposed right hand and the 

unexposed left hand was lower during period (iv) (post-exposure application of force) 

than during the last three minutes of period (iii) (vibration at 40 dB sensation level) 

(p<0.01, Wilcoxon), except for the unexposed left hand at 63 Hz (p=0.23, Wilcoxon). In 

the 8-Hz vibration condition, there was an increase in the median FBF% on both hands 

during period (iv) compared to the last three minutes of period (iii) (right: p=0.017, left: 

p=0.011; Wilcoxon).  

8.3.3.5 Finger blood flow during period (v): recovery period 

In the control condition, the individual median finger blood flow on both the exposed 

right hand and the unexposed left hand during period (v) (recovery period) was 

significantly less than during period (i) (pre-exposure), during period (ii) (pre-exposure 

application of force), and during period (iv) post-exposure application of force) (p<0.01, 

Wilcoxon).  

On the exposed right hand, there was a significant increase in FBF over the 10 

measurements of FBF during period (v) (recovery period) after all six frequencies of 

vibration (p<0.001, Friedman). On the unexposed left hand, the FBF changed only after 

8-Hz vibration (p=0.002, Friedman) and after 125-Hz vibration (p=0.017, Friedman).  

After exposure to 16 to 250-Hz vibration, the individual median values of FBF% on both 

hands during period (v) (recovery) were significantly less than during period (i) (pre-

exposure) (p<0.05, Wilcoxon), during period (ii) (pre-exposure application of force) 

(p<0.001, Wilcoxon), and during period (iv) (post-exposure application of force) 

(p<0.01, Wilcoxon). However, after exposure to 8-Hz vibration, the individual median 

values of FBF% on both hands during period (v) were less than during period (i) and 
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less than during period (ii) (p<0.001, Wilcoxon), but greater than during period (iv) 

(p<0.01, Wilcoxon).  

8.3.4 Relationship between finger blood flow and vibrotactile perception 

threshold 

At sensation levels that significantly reduced finger blood flow, associations between 

vibrotactile perception thresholds and reductions in FBF on each hand during period 

(iii) (exposure period) were investigated using the Spearman rank correlation. The p 

value was adjusted for multiple comparisons using the Bonferroni method (Shaffer, 

1995). Because the investigation of an association was limited to sensation levels 

showing significant reductions in finger blood flow, only 24 of the 60 possible 

correlations (6 frequencies with 10 sensation levels) were performed. The p-values for 

these correlations reported below have been multiplied by 24 to adjust for the multiple 

comparisons.  

Table 8-3 The coefficient of the Spearman rank correlation between the perception 

threshold at each frequency and the reduction in finger blood flow (i.e., FBF%) 

produced during exposure to vibration at the 30 dB sensation level (p value has been 

adjusted by multiplying by 24 for multiple comparisons). 
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The correlation coefficient between reductions in finger blood flow produced by the 30 

dB sensation level with the six vibration frequencies and vibrotactile perception 

thresholds at the six vibration frequencies are presented in Table 8-3. 

For each frequency of vibration, at the sensation levels that caused significant 

reductions in finger blood flow, the association between FBF% and vibrotactile 

thresholds at 63 Hz are shown in Figure 8-6. 

 

Figure 8-6 Associations between vibrotactile perception thresholds at 63-Hz and 

FBF% on the exposed right hand at all sensation levels at which blood flow was 

significantly reduced during exposure to each frequency of vibration. 

There were no significant correlations between the FBF% during vibration exposure 

and the vibrotactile threshold measured at the same frequency for any of the six 

vibration frequencies (p>0.05, Spearman), except for positive correlations on the 

exposed right hand with 63-Hz vibration at 10 dB SL (p=0.037, Spearman) and 125-Hz 

vibration at 10 dB SL (p=0.024, Spearman).  

With low frequency vibration (8, 16 and 31.5 Hz), reductions in FBF on both the 

exposed right hand and the unexposed left hand were correlated with vibrotactile 
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perception thresholds at high frequencies (63, 125 and 250 Hz). Significant correlations 

were found at 30 and 40 dB SL with 8-Hz vibration (p<0.01, Spearman), at 25 dB and 

30 dB with 16-Hz vibration (p<0.05, Spearman), and at 25 dB and 30 dB SL with 31.5-

Hz vibration (p<0.05, Spearman). There were also correlations between reductions in 

FBF on both hands caused by 16- and 31.5-Hz vibration and thresholds at high 

frequencies when the vibration magnitude reached 40 dB SL (p<0.05, Spearman), but 

these were not significant after adjusting the p-value for multiple comparisons. During 

exposure to high frequency vibration (63, 125 and 250 Hz), reductions in FBF on each 

hand were not correlated with vibrotactile perception thresholds at either low 

frequencies (8, 16 and 31.5 Hz) or high frequencies (63, 125 and 250 Hz).   

8.4 Discussion 

8.4.1 Finger blood flow during vibration exposure 

Acute exposure of the thenar eminence of the right hand to vibration at frequencies 

from 8 to 250 Hz reduced finger blood flow in both the middle finger of the exposed rig 

hand and the middle finger of the unexposed left hand relative to finger blood flow prior 

to exposure and finger blood flow during a control condition without vibration. This is 

consistent with other experimental studies suggesting a neurogenic reflex may be 

involved in the vascular response of the digital vessels to acute exposures to hand-

transmitted vibration (Welsh, 1980; Hyvärinen et al., 1973; Bovenzi et al., 1995; 

Thompson and Griffin, 2009; Ye and Griffin, 2011). The greater vasoconstriction on the 

vibrated right hand is also consistent with previous studies (Bovenzi et al., 2000, 2006; 

Ye and Griffin, 2011b) and suggests there is also a local mechanism involved in 

vasoconstriction during exposure to vibration.  

Vibration at 63, 125, and 250 Hz provoked statistically significant reductions in finger 

blood flow when the vibration reached only 10 dB SL (i.e., 10 dB above the threshold 

for feeling the vibration). With 8-Hz vibration, 30 dB SL was required to provoke 

statistically significant reductions in finger blood flow, and 25 dB SL was required with 

both 16- and 31.5-Hz vibration. From 10 to 40 dB SL, a greater reduction in FBF was 

caused by high frequency vibration (63, 125 and 250 Hz) than by low frequency 

vibration (8, 16 and 31.5 Hz). Greater reductions in finger blood flow have been found 

on both exposed and unexposed hands with 125-Hz vibration than with 16-Hz (when 

using the same frequency-weighted acceleration using the Wh weighting from ISO 

5349-1:2001, which differs from the frequency-dependence of vibration thresholds) 

(Bovenzi et al., 2000). With the frequency-weighted acceleration increasing 

progressively from 0 to 15 ms-2 r.m.s., 125-Hz vibration also caused more 
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vasoconstriction than 16-Hz vibration (Thompson and Griffin, 2009). Using vibration 

with the same subjective severity at each frequency (at sensation levels from 10 dB SL 

to 40 dB SL), the present study found greater reductions in finger blood flow with high 

frequency vibration than with low frequency vibration, showing that the acute vascular 

response to vibration is not solely dependent on the subjective severity of the vibration.  

Vasoconstriction increased when the magnitude of vibration applied to a small area of 

the thenar eminence increased (from 10 to 40 dB SL with the 63-, 125- and 250-Hz 

vibration, from 25 to 40 dB with 16- and 31.5-Hz vibration, and from 30 to 40 dB SL 

with 8-Hz vibration). Increased vasoconstriction with greater magnitudes of vibration 

has been reported with 5.5 to 62 ms-2 r.m.s. (unweighted) 125-Hz vibration applied to 

all fingers (Bovenzi et al., 1999), with 16 to 64 ms-² r.m.s. (unweighted) 125-Hz 

vibration applied to the intermediate phalanx of the right middle finger (Bovenzi et al., 

2004), and progressively increasing magnitudes up to 15 ms-2 r.m.s. (weighted) for 16-, 

31.5-, 63-, 125-, 250-, and 315-Hz vibration applied to the palm (Thompson and Griffin, 

2009). In the previous studies, vibration was applied to various parts of the hand 

(fingers, palm, and forearm) and the area excited by vibration would have increased as 

the magnitude of vibration increased. It was therefore not clear whether increased 

vasoconstriction was caused by the greater magnitude of vibration, the greater area of 

excitation, or both. Using the same arrangement as the current study (a vibrating probe 

with a fixed surround) so as to control the area of excitation, a greater reduction in 

finger blood flow has been found with greater vibration magnitudes (Ye and Griffin, 

2011), as in the present study. Using a similar arrangement to the current study but 

with two sizes of probe (3-mm and 6-mm diameter) greater reductions in finger blood 

flow have been found with the greater contact area (Ye and Griffin, 2013). 

8.4.2 Finger blood flow after vibration exposure 

Finger blood flow on both the exposed hand and the unexposed hand remained 

reduced after the cessation of vibration, with a greater reduction with increasing 

frequency of vibration from 8 to 250 Hz. Vasoconstriction after the cessation of 

vibration has been found previously in fingers of both exposed hands and unexposed 

hands (e.g., Bovenzi et al., 2004, 2006). Finger blood flow after the cessation of 

vibration depends on the frequency of vibration, the magnitude of vibration, and the 

duration of exposure to vibration (Bovenzi et al., 1998, 1999, 2000). With the same 

frequency-weighted acceleration at both frequencies, a stronger vascular after-effect of 

vibration (i.e., less finger blood flow and longer recovery period) has been reported 

after exposure to 125-Hz vibration than after exposure to 16-Hz vibration (Bovenzi et 

al., 2000). The current study confirmed the existence of persisting after-effects of 
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vibration and showed that they are dependent on the frequency of vibration even when 

vibration is presented at the same sensation level. 

8.4.3 Vibrotactile thresholds 

The vibrotactile thresholds were highly dependent on the frequency of vibration (Figure 

2) but can be separated into two distinct groups. There were high correlations between 

thresholds at high frequencies (63, 125 and 250 Hz), showing that subjects with a high 

threshold at any one of these frequencies was likely to have a high threshold at the 

other two frequencies. This is consistent with the thresholds being mediated by the 

Pacinian channel at all three frequencies. There were also correlations between 

thresholds at low frequencies (i.e., at 8, 16 and 31.5 Hz), suggesting thresholds at 

these frequencies were mediated by a common channel. Thresholds at the high 

frequencies (63, 125 and 250 Hz) were generally not correlated with thresholds at the 

low frequencies (8, 16 and 31.5 Hz), indicating that different channels mediated 

thresholds at low and high frequencies in most subjects. This is consistent with other 

studies of perception thresholds using the same apparatus and vibration applied to the 

fingertip (Morioka and Griffin, 2005; Morioka et al., 2008). 

8.4.4 Association between reductions in finger blood flow and vibrotactile 

perception thresholds 

With the higher frequencies of vibration (i.e., 63, 125 and 250 Hz), finger blood flow on 

the exposed hand was significantly reduced when the magnitude of vibration reached 

10 dB SL and it was significantly reduced on the unexposed hand when the magnitude 

of vibration reached 15 dB SL. Perception thresholds at these frequencies were 

determined by the response of the Pacinian channel. Studies of masked thresholds 

show the difference in the sensitivity of the Pacinian channel and the next most 

sensitive channel (a non-Pacinian channel) is about 30 dB SL (Morioka and Griffin, 

2005). The vibration magnitudes provoking significant reductions in finger blood flow 

(i.e., 10-15 dB SL) were only within the activation zone of Pacinian receptors. This is 

consistent with previous conclusions that the Pacinian channel is involved in mediating 

vibration-induced reductions in finger circulation at high frequencies (Ye and Griffin, 

2011, 2013). 

The vibration magnitudes used in the present study were determined by the perception 

thresholds of each individual subject, so although each subject received a different 

absolute magnitude of acceleration they received vibration with the same sensation 

level (i.e., the same degree of Pacinian activation). The absence of associations 

between perception thresholds and reductions in finger blood flow during high 
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frequency vibration is consistent with subjects having a similar degree of 

vasoconstriction when presented with vibration at the same sensation level. This is as 

expected if the changes within individual subjects are dependent on their perception 

threshold at the frequencies where perception is mediated by the Pacinian channel 

(e.g., 63, 125, and 250 Hz). A previous study has shown that there is an association 

between perception thresholds and reductions in finger blood flow caused by 125-Hz 

vibration when the vibration magnitude is not adjusted for the perception threshold of 

subjects (Ye and Griffin, 2011). 

With the lower frequencies of vibration (i.e., 8, 16 and 31.5 Hz), finger blood flow was 

not significantly reduced on either hand until the vibration magnitude reached 25 dB SL 

or greater. Psychophysical studies have shown that with the contact conditions used in 

the current study the thresholds at these low frequencies are not mediated by the 

Pacinian channel but by another channel, probably NPI associated with Meissner 

corpuscles (Bolanowski et al., 1988). The four channel psychophysical model suggests 

that around 25 dB SL above the absolute thresholds for these frequencies, one or more 

other channel, including the P-channel, become activated and involved in the mediation 

of sensations (Bolanowski et al., 1988). The results suggest finger blood flow reduced 

when the vibration magnitude was sufficient to activate the Pacinian receptors, which 

occurs at threshold levels at high frequencies but at magnitudes much greater than the 

threshold at low frequencies.  

At high vibration magnitudes (i.e., high sensation levels), there was a positive 

correlation between thresholds at 125 and 250 Hz and reductions in finger blood flow at 

low frequencies (i.e., 8, 16 and 31.5 Hz). Although thresholds at low frequencies are 

determined by the responses of a non-Pacinian channel, other mechanoreceptors 

become activated at greater magnitudes of vibration (Bolanowski et al, 1988; Verrillo et 

al, 2002). At vibration magnitudes 25, 30, and 40 dB SL above the threshold, the 

Pacinian channel is expected to have been activated. This explains the association 

between Pacinian and sympathetic response to vibration evident in the circulation 

system at low frequencies (8, 16, and 31.5 Hz). So, although the Pacinian channel 

does not mediate sensations caused by low frequencies at magnitudes close to the 

threshold, it seems to be involved in regulating finger blood flow when the magnitude of 

low frequency vibration is much greater than the threshold.  

Without a surround around a vibrating contactor, as the magnitude of vibration 

increases the area of skin with a vibration magnitude greater than the threshold of the 

Pacinian channel will increase. Vasoconstriction increases when the area of excitation 

increases without any change in the magnitude of vibration (Ye and Griffin, 2013), so 
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without a surround it is unclear whether increased vasoconstriction with increased 

magnitude of vibration is due to an increased Pacinian response to the greater 

magnitude, or the increased area of excitation, or both. The fixed surround around the 

vibrating contactor in the present study was designed to limit the transmission of 

vibration to other parts of the hand and maintain the same area of excitation with all 

magnitudes of vibration. If this was successful, the increased vasoconstriction with 

increased vibration magnitude indicates that in conditions without a surround the 

greater vasoconstriction with increased magnitude of vibration is due to both the 

increased area of excitation and the increased Pacinian response with increasing 

magnitude. 

8.4.5 Evaluation of vibration severity 

The current international standard for evaluating the severity of hand-transmitted 

vibration (ISO 5349-1, 2001) uses a frequency weighting Wh to allow for a frequency-

dependence in the severity of hand-transmitted vibration. Experimental studies of 

responses to hand-transmitted vibration show a frequency-dependence that varies 

according to the psychophysical or physiological response of interest, the magnitude of 

vibration, and various other factors (Griffin, 2012). Epidemiological studies suggest that 

frequency weighting Wh may not be optimum for predicting the incidence of vibration-

induced white finger from occupational exposures to hand-transmitted vibration, with 

the weighting underestimating the severity of high frequency vibration relative to the 

severity to low frequency vibration (Griffin et al., 2003, Bovenzi, 2010, 2012, Brammer 

and Pitts, 2012). 

The present study shows that vasoconstriction provoked by vibration at high 

frequencies (i.e., 63, 125, and 250 Hz) is related to sensation levels determined by 

subject absolute thresholds for the perception of vibration, and subjects with greater 

sensitivity to vibration have stronger vascular responses (Ye and Griffin, 2011b). This 

suggests absolute thresholds for the perception of hand-transmitted vibration provide a 

useful indication of the frequency-dependence of vasoconstriction caused by these 

higher frequencies. With increasing magnitude of vibration, other mechanoreceptors 

(e.g., NPII) may be activated and involved in mediating sensations, but there is no clear 

evidence that this involvement affects peripheral circulation. There are large 

differences in thresholds between subjects and also differences in thresholds within 

subjects associated with variations in contact area, contact location, room temperature, 

etc. The frequency-dependence of these effects cannot be reflected in a single simple 

frequency weighting.  



Ying Ye  Chapter 8: Effect of Frequency 

 

The acute vasoconstriction provoked by vibration at low frequencies (i.e., 8, 16, and 

31.5 Hz) in the present study were not related to sensation levels determined by 

subject thresholds for the perception of these frequencies of vibration. This might 

explain the discrepancy in exposure-response relationship for vibration-induced white 

finger in previous studies. Current standards for evaluating the severity of hand-

transmitted vibration employ a single frequency weighting to predict both discomfort 

and the risk of developing vibration-induced white finger. The weighting is based on 

sensations and so will tend to overestimate the vascular effects of low frequency 

vibration, because the vascular response occurs at magnitudes greater than the 

threshold for vibration perception at low frequencies. It seems reasonable that different 

weightings are required to predict sensations (e.g., vibration discomfort) and the 

vascular effects associated with hand-transmitted vibration. 

8.5 Conclusions 

Vibration of the thenar eminence at frequencies in the range 8 to 250 Hz reduces finger 

blood flow in both the hand exposed to the vibration and in the unexposed hand. 

Vibration at the higher frequencies (63, 125, and 250 Hz) produces vasoconstriction 

when the magnitude of vibration exceeds the absolute threshold for the perception of 

vibration. Vibration at the lower frequencies (8, 16, and 31.5 Hz) produces 

vasoconstriction at magnitudes unrelated to absolute thresholds for the perception of 

vibration at these frequencies, although still correlated with thresholds at higher 

frequencies (125 and 250 Hz). The findings are explained by the Pacinian channel 

mediating the vascular response to vibration in both hands at all frequencies in the 

range 8 to 250 Hz. At the higher frequencies, the Pacinian channel mediates the 

perception of vibration at threshold but at the lower frequencies non-Pacinian channels 

mediate the perception of vibration at threshold and they do not appear to be involved 

in the regulation of peripheral circulation. 
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Chapter 9 Discussion 

9.1 Introduction 

This chapter aims to bring the findings of all five experiments (as reported in Chapters 

4, 5, 6, 7 and 8) together to answer the initial research question. The research question 

which stimulated this study was: ‘Which mechanoreceptors are involved in mediating 

the finger circulation changes during vibration exposure?’. 

9.2 Interpretation of the findings 

As a result of this physiological investigation of the vascular response to vibration, one 

of the mechanoreceptor channels, the Pacinian channel, has been demonstrated to 

play an important role in mediating of vasoconstriction during vibration exposure: 

increased sensitivity in the Pacinian channel can increase the vasoconstriction. 

The role of the Pacinian channel in the regulation of vasoconstriction during vibration 

was initially observed in Study 2 (Chapter 5). When the vibration magnitude was 

greater than individual vibration thresholds, changes in finger blood flow were positively 

correlated with thresholds: subjects with lower thresholds showed greater reductions in 

finger blood flow (Figure 5-3). Previous studies have hypothesized that vibration may 

elicit a central sympathetic reflex through the activation of mechanoreceptors 

(Sakakibara et al., 1990; Bovenzi et al, 2001; Griffin et al., 2006). The subcutaneous 

Pacinian corpuscles are anatomically connected to sympathetic nerve fibres (Santini et 

al., 1971) and neurophysiological evidence shows they are highly sensitive to vibration 

at 125 Hz (Verrillo and Gescheider, 1975; Gescheider et al., 2004).  

Although the association between 125-Hz thresholds and changes in FBF induced by 

125-Hz vibration seem convincing there are still concerns about the possible 

involvement of other mechanisms during the mediation of reductions in finger blood 

flow: 

1. Vibration may activate mechanoreceptors other than the Pacinian corpuscle. 

The vibration used in the present study was of very low magnitude compared 

with previous studies, so even if only the Pacinian channel was involved here it 

cannot be concluded that the Pacinian corpuscles are the only 

mechanoreceptors involved in vibration-induced changes in FBF.  

2. The control of blood flow could be mediated through several mechanisms 

simultaneously. The small but statistical significant differences between the 
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finger blood flow observed on the exposed and unexposed hands suggest other 

mechanisms are involved. 

An attempt was therefore made to distinguish the response of the Pacinian system 

from the activity of other mechanisms controlling the blood flow (e.g., possible 

involvement of three non Pacinian channels, baroreceptor reflexes). Two different 

approaches were taken: a consideration of the physiological factors (mechanoreceptor 

characteristics) and a consideration of physical factors (vibration transmission 

characteristics). The involvement of the Pacinian channel in vasoconstriction in the 

digits during vibration exposure may be influenced by: 

1. Variation of the area of contact with vibration 

2. Variation of the sensitivity over the hand 

3. Variation of the stimulus frequency  

9.2.1 Variation of the area of contact with vibration 

The perception of low magnitude vibration at 125 Hz arises from stimulation of the 

Pacinian channel, which has the property of spatial summation. With increasing area of 

excitation by vibration, lower absolute thresholds have been observed in many 

psychophysical studies (e.g., Bolanowski et al., 1988; Verrillo et al., 2002). A 2.9-dB 

decrease in threshold was found with a doubling of the size of the excitation area in 

Study 3 (Chapter 6), consistent with the findings of Verrillo (1963). The blood flow 

measurements during vibration applied by 3-mm and 6-mm diameter probes showed a 

greater reduction in finger blood flow with the larger contact area. This confirmed the 

findings of Study 2 and demonstrated that an increased sensitivity in the Pacinian 

channel could lead to a stronger vasoconstriction in the digits. Similar reductions in 

finger blood flow were observed when vibration was presented via two different contact 

areas at the same sensation level (Figure 6-4). This finding implied that vibration 

stimulation of the same intensity of signal on the Pacinian channel could result in a 

similar vasomotor tone through the sympathetic nervous system. 

With the application of 5-N push force on the 3-mm and 6-mm probes, there was a 

trend that greater reduction in finger blood flow with the 3-mm probe (Study 3). This 

was probably due to the 3-mm probe having a greater pressure, approximately four 

times greater than the pressure with the 6-mm probe. A reduction of finger blood flow 

induced by the application of force may be controlled via two possible mechanisms: the 

mechanoreceptors (e.g., slow adaption receptors SAI and SAII) responsible for the 
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detection of pressure or the baroreceptors that sense the stretch change in the blood 

vessels.  

Since vibration can only be transmitted through the skin when the vibrating source is 

properly in contact with the hand, the contact force has been identified as an important 

factor needing to be controlled in experiments and considered during the data analysis 

(Bovenzi et al., 2006; Griffin et al., 2006; Thompson and Griffin, 2009). To minimise the 

activation of mechanisms that control the finger blood flow during force application, a 

lower push force need to be selected in later studies. 

To differentiate the effect of force and vibration on the vascular response on the digits, 

the change of FBF during vibration has been calculated as a percentage relative to 

FBF during force application. However, the statistical methods could only remove the 

effect of force on finger blood flow when it is applied alone. There remains uncertainty 

whether the mechanisms regulating blood flow during force application interact with the 

mediation of the Pacinian channel during vibration exposure. Although blood flow is 

normally controlled through several mechanisms simultaneously, the correlation found 

between the vasoconstriction induced solely by vibration and the sensation of the 

Pacinian channel implies mediation via the Pacinian channel is playing a dominant role 

during exposure to vibration, at least with the physical characteristics (the vibration 

stimulus) used in the current studies. 

9.2.2 Variation in sensitivity over the hand 

The perception of vibration via the Pacinian channel differs over the glabrous skin of 

the hand, and the fingertip seems have a greater sensitivity of Pacinian channel 

observed in previous psychophysical studies (Vallbo and Johansson, 1979, 1984; 

Morioka and Griffin, 2005). Study 4 investigated whether this variation in sensitivity of 

the Pacinian channel over the hand would influence the vasoconstriction mediated 

through the central sympathetic nervous system. Greater vascular responses were 

observed when 125-Hz vibration at the same acceleration magnitude was applied to 

the right index finger (Figure 7-2 and Figure 7-3). Perception thresholds at the right and 

left thenar eminence had similar values, but lower thresholds were obtained when 

perception was measured at the fingertip (Figure 7-1). Correlations between 

differences in finger blood flow changes and differences in perception thresholds 

(Figure 7-4) indicated that the Pacinian channel, which mediated perception at 

threshold, was responsible for vasoconstriction during vibration exposure.  

Considering the vasoconstriction induced by the application of force in Study 3, a lower 

push force 2-N was applied to the index finger and the thenar eminence. There was no 
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significant reduction in finger blood flow, which suggests the receptors responsible for 

detection of the pressure were ‘inactive’, at least not fully active to stimulate the 

increasing of the vasomotor tone.  

The perception thresholds measured at the fingertip were approximately 3 dB lower 

than measured at the thenar eminences of both hands. This means the vibration 

applied to the index finger was at about 18 dB sensation level. Although previous 

masking studies suggest that there is about 25-30 dB difference between the Pacinian 

channel and non Pacinian channels (most likely NP II) (Gescheider et al., 1985; 

Bolanowski et al., 1988), it is possible that the vibration stimulus applied to the fingertip 

excited the non Pacinian channels in some subjects. There is insufficient evidence to 

conclude that the activation of these mechanoreceptors could fire up the sympathetic 

nervous system and alter the vasomotor tone as the Pacinian channel does. The 

strong correlation between the thresholds and vasoconstriction reported in the current 

study indicated that either the activated non Pacinian channel is not involved in 

mediating finger blood flow or the Pacinian channel provides a more ‘dominant’ signal 

through the nerve pathways and masks any signal provided by non Pacinian channels, 

at least with the relatively low magnitude vibration used here.  

9.2.3 Variation of the stimulus frequency 

Studies 3 and 4 confirmed the findings of Study 2: the Pacinian channel mediates the 

control of finger blood flow during vibration exposure at 125 Hz, and greater sensitivity 

in the Pacinian channel will increase vasoconstriction. However, the perception of 

vibration is frequency dependent and mediated through both the Pacinian channel and 

non Pacinian channels. The following question was raised – is the Pacinian channel 

involved in mediating vasoconstriction when vibration is applied at other frequencies of 

vibration?  

Psychophysical studies have shown that, with the contact conditions used in the 

current thesis, thresholds for perceiving vibration at low frequencies are not mediated 

by the Pacinian channel but by another channel, most likely NPI which is associated 

with Meissner corpuscles (Bolanowski et al., 1988). Psychophysical studies to have 

obtained perception thresholds at these low frequencies also suggest the activation of 

the NPI channel (Gescheider et al., 2001). Experimental studies suggest that vibration 

at low frequencies requires a greater magnitude to provoke a similar vascular response 

as the high frequency vibration (Bovenzi et al., 1999, 2006; Thompson and Griffin, 

209). It is therefore reasonable to expect that there may be a different relationship 
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between thresholds for perceving vibration at low frequencies and reductions in finger 

blood flow. 

Study 5 focused on the role of mechanoreceptor channels other than the Pacinian 

channel in mediating vibration-induced vasoconstriction at frequencies from 8 to 250 

Hz. The perception thresholds at six frequencies (8, 16, 31.5, 63, 125 and 250 Hz) 

were measured at the right thenar eminence and were separated into two distinct 

groups. The absence of significant correlations between thresholds at low frequencies 

(8, 16 and 31.5 Hz) and thresholds at high frequencies (63, 125 and 250 Hz) 

suggested the perception of vibration was likely to be determined through two different 

mechanoreceptor (i.e., the NPI and P channels). Changes in finger skin temperature 

(Figure 8-3) and finger blood flow (Figure 8-4) with six frequencies of vibration and one 

control condition showed that with the same sensation level, the reduction in finger 

blood flow increased with increasing frequency of vibration.  

With low frequencies of vibration (8 to 31.5 Hz), perception thresholds determined by 

the NPI channel were not correlated with the vasoconstriction, and the blood flow did 

not start to reduce until the vibration magnitude increased to 25 dB or greater than the 

perception level of the NPI channel. The four-channel psychophysical model suggests 

that around 25 dB SL above the absolute thresholds for these frequencies, one or more 

other channel, including the P-channel, become activated and involved in the mediation 

of sensations (Bolanowski et al., 1988). It seems that unlike the Pacinian channel the 

NPI channel did not activate the regulation of the vasomotor tone, the blood flow during 

exposure to low frequency vibration remained unchanged at magnitudes around 

perception (activation of NPI channel). At greater vibration magnitudes (i.e., higher 

sensation levels), there was a positive correlation between thresholds at 63, 125 and 

250 Hz and reductions in finger blood flow at low frequencies (i.e., 8, 16 and 31.5 Hz). 

This implies that when the vibration magnitude is high enough to excite the Pacinian 

channel, the vasoconstriction is controlled though the same mechanism as with high 

frequency vibration – mediated via the Pacinian channel.  

With high frequencies of vibration (63 to 250 Hz), the vasoconstriction was dependent 

on individual thresholds for the perception of vibration, consistent with the finding of 

Studies 2, 3 and 4. The finger blood flow during exposure to high frequency vibration 

was reduced when the signal sent via the Pacinian channel stimulated the vasomotor 

tone. 

With high frequency vibration at high sensation levels (i.e., 40 dB SL), the non Pacinian 

channels (e.g., NP II) could be activated. However, the further reduction in finger blood 
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flow with increased vibration magnitude seems to suggest that the activation of NP II 

channel dos not inhibit the activation of the Pacinian channel and stop the signal being 

transmitted through the sympathetic nervous system.  

Another remaining concern is that with increased vibration magnitude, the blood flow 

reduced more than 50% on both hands (Figure 8-4). If the blood flow remains at this 

low rate, the nutrients supplied to the tissues of the hand may not meet the requirement 

of the tissues. Then the mechanisms of local control of blood flow may be activated to 

cause vasodilation of the peripheral blood vessels. However, this possibility has not 

been seen with the current experimental setting, possibly because the finger blood flow 

measured in the digits was the sum of the blood flow in both the arteries and the 

smaller peripheral blood vessels. Vasodilation during vibration exposure has been 

observed using a blood flow meter with a sensor attached to the dorsal surface of the 

finger (Mahbub et al., 2006; Mahbub and Harada, 2008). Further investigations are 

required to investigate the existence of vasodilation in superficial blood vessels and 

better understand the regulation of local blood flow. 

9.3 Proposed model of the Pacinian channel mediating 

vasoconstriction during vibration exposure  

Figure 9.1 proposes a model of how the Pacinian channel is involved in vascular 

changes during vibration exposure. The model has one output: vasoconstriction in the 

digits on both the exposed and unexposed hands during vibration, as assessed 

experimentally by measuring the finger blood flow on both hands.  

The proposed model suggests that vibration may be perceived by the somatosensory 

system (the Pacinian channel and three Non-Pacinian (NP) channels). Once the 

vibration is sensed in the Pacinian channel, this information is interpreted by the central 

nervous system which triggers a central sympathetic reflex in the circulatory system, 

and provokes immediate vasoconstriction in both hands. There are some remaining 

question marks in the model that need to be investigated in future research. Other 

receptors (baroreceptor reflexes and other mechanoreceptors) detecting the pressure 

may also contribute to controlling finger blood flow during the application of force. With 

the blood flow reduced to a low rate in the digits (induced by the application of vibration 

and force), the oxygen availability on the tissues of hand may greatly reduce and cause 

the capillaries increase in diameter to allow more blood going through. The 

chemoreceptors reflexes, which are responsible for maintain the homeostasis when 

oxygen in the blood decreases markedly, may become active to increase vasomotor 

tone.  The adrenal medullary mechanism is active when physical stimuli (vibration or 
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force) increase sympathetic stimulation of the blood vessels and result in epinephrine 

and some norepinephrine secretion. 

In this thesis, various factors have been identified which influence the perception of 

vibration via the Pacinian channel and, consequentially, digital circulation during 

vibration. These factors are: vibration characteristics (magnitude, frequency) which are 

the main inputs of the proposed model (Figure 9.1); environmental conditions (room 

and skin temperature); contact conditions (contact area, contact location and contact 

force), and the physical characteristics of subjects (age, gender, hand size). 

 

Figure 9-1 Model of Pacinian involvement in vascular change during vibration 

exposure. 

The effects of room temperature on vibration-induced vasoconstriction were 

demonstrated in Study 1 (Chapter 4), and have not previously been investigated in the 

measurement of acute vascular responses to vibration. The absolute reduction in FBF 

was greater with the higher room temperature (Figure 4.3), but the percentage 

reduction in FBF relative to pre-exposure FBF was similar (Figure 4.4). The study 

showed that an increase in temperature can provide a greater absolute reduction in 

blood flow but a similar percentage reduction in blood flow. By selecting and controlling 

room temperature at around 25 °C, a clear pattern of changes in finger circulation with 

vibration applied to the hand was observed. The measurements also showed a wide 
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variation in absolute values of finger blood flow between individuals. With such natural 

variations in finger blood flow, a large number of measurements and many subjects are 

required when quantifying the effects of vibration on digital circulation. 

The subject characteristics that would affect the perception of vibration via the Pacinian 

channel, and therefore vascular responses to vibration, were measured in the Study 2. 

The statures, weights, and finger sizes of the male and female subjects were collected 

(Table 5.1). Females had lower thresholds, lower baseline finger blood flow before 

exposure to vibration (Table 5.1), but a stronger vasoconstriction during vibration 

exposure (Figure 5.3). The menstrual cycle might have influenced the perception of 

vibration: females have greater sensitivity to vibration during menstruation (Espritt et 

al., 1997). Finger size might also affect the perception of vibration: smaller fingers have 

a greater density of Pacinian corpuscles which leads to lower thresholds. The 

association between perception thresholds and vascular changes in the current study 

suggest that the lower thresholds (i.e., greater sensitivity in the Pacinian channel) in 

females caused a greater reduction in digital circulation during vibration.  

The influence of contact conditions during the application of vibration on the sensitivity 

of the Pacinian channel and vasoconstriction were investigated in Studies 3 and 4 by 

applying vibration using two contact areas and three contact locations. The results 

suggest that the contact conditions influence reductions of finger blood flow by altering 

the sensitivity of Pacinian channel. The sensitivity in the Pacinian channel varied 

according to the characteristics of the Pacinian channel (i.e., ‘spatial summation’ and 

density variation of the Pacinian corpuscles over the hand) (Figure 6-1 and Figure 7-1). 

With increased sensitivity, the Pacinian channel is able to stimulate the signal to the 

central nervous system with a higher intensity, which increasing the vasomotor tone 

and resulting in stronger vasoconstriction.  

The application of 5-N force by one hand can provoke vasoconstriction on both hands, 

suggesting that receptors responsible for the detection of pressure might be involved in 

mediating blood flow (Study 3, Figure 6-2 and Figure 6-3). However, by reducing the 

push force to 2 N, these receptors seem to become ‘inactive’, and not involved in the 

mediation of the blood flow (Study 4, Figure 7-2 and Figure 7-3).  

The influence of the characteristics of vibration stimuli on perception via the Pacinian 

channel and finger blood flow was identified in Study 5 (Chapter 8). The response of 

the Pacinian channel is frequency sensitive, and mainly mediates the perception of 

vibration within the high frequency range (63 to 250 Hz), whereas low frequencies of 

vibration (8 to 31.5 Hz vibration) are detected by the non Pacinian channel (i.e., NP I). 
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Since the NP I channel is not involved in mediating the finger blood flow during 

vibration exposure, the low frequencies vibration could not provoke the reduction in 

finger blood flow as the high frequency vibration does at the low sensation level (e.g. 

10 or 15 dB SL)(Figure 8-3).  

9.4 Discussion of the method 

In Study 1, the variations in finger skin temperature and finger blood flow during 

vibration were recorded and compared. Both variables showed a similar pattern: they 

both reduced during vibration and slowly recovered after removal of vibration (Figure 4-

2 and Figure 4-3). The 10-minute application of 125-Hz vibration at 44 ms-2 r.m.s. 

(unweighted) caused a 1 to 2°C reduction of finger skin temperature, whereas a 50% 

reduction in finger blood flow was observed. The finger skin temperature changed 

slowly and smoothly, so its values may be used as an indication of the change of 

vascular response within a few minutes, but cannot used to measure and quantify rapid 

changes in digital circulation within seconds (Greenfield et al., 1963). Finger blood flow 

has been found to reflect small vascular responses to 250 and 315 Hz vibration at 0.5 

to 1.0 ms-2 r.m.s. (frequency-weighted) (Thompson and Griffin, 2009).  

To minimise variations of the finger blood flow, a larger number of measurements of 

blood flow (up to 50 measures within 25 minutes) and a greater number of subjects (up 

to forty participants) were used in later studies to minimize the effects of intra-subject 

variability.  Since some studies contained more than one session and conducted on 

separate days, the subjects’ absolute blood flow values may vary based on their 

physical conditions between each test day. However, by introducing the variable - 

FBF%, the general pattern of subjects’ circulatory responses to hand transmitted 

vibration could be compared between sessions.   

In the current series of studies, the finger blood flow was measured by a strain gauge 

plethysmographic technique, which indicated the blood flow value to all blood vessels 

in the fingers, even during vibration. There is another commonly used method, laser 

Doppler flowmetry (LDF), to assess blood flow in the digits. This method measures the 

superficial blood flow within 2 mm depth under the skin and can catch quick changes, 

within seconds, but the hands need to be kept stable to obtain a clear image during 

measurement. Blood flow has also been assessed using a blood flow meter with a 

sensor based on the thermal diffusion method and vasodilation in the peripheral blood 

vessels has been reported in some studies with vibration (Mahbub et al., 2006; 

Mahbub and Harada, 2008). Like the LDF, this method only measures the superficial 

blood flow, whereas the plethysmograph measures the total blood flow into the digits 
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(arteries and capillaries). In future experiment, the LDF may be suitable for assessing 

the blood flow in the contralateral hand, which does not move during vibration and 

indicate the microcirculatory function of the digits during vibration. 

In the current thesis, the sensitivity of the Pacinian channel was monitored through the 

measurement of thresholds before vibration exposure. This method is sufficient to 

establish an initial association between the Pacinian channel and vasoconstriction, but 

not enough to give a detailed picture of how the neural signals changed during the 

vibration exposure. The sympathetic activity can be measured directly from the skin 

nerves using microelectrode methods (Hagbarth et al., 1972). The neurogram that 

gives a recording of skin sympathetic nerve activity during vibration might also be 

useful to explain the relationship between increased nerve activity and decreased 

blood flow. However, the measurement of nerve activity may interfere with the blood 

flow measurement, and the proper filter need to be considered during the data analysis 

to identify the true signal from artificial noise. 

9.4 Recommendations for future research 

This research provides a framework for developing a model of the Pacinian channel 

mediating vasoconstriction through the sympathetic nervous system.  However, in the 

proposed model, there are areas that remain unknown. Research is required to provide 

further understanding of the mechanisms responsible for the acute vasoconstriction 

induced by hand transmitted vibration. 

Does the application of force influence finger blood flow through central or local 

control of blood flow?  

The application of vibration is always combined with the application of force to maintain 

the contact between the hand and the vibrating source. An effect of force on digital 

circulation has been reported in the current work (Study 3) and in previous studies 

(Bovenzi et al., 2006; Griffin et al., 2006, Thompson and Griffin, 2009). However, 

inconsistent findings show that vasoconstriction may be observed on the exposed 

hand, or the unexposed hand, or both hands together. It would be sensible to identify 

whether the mechanisms mediating the changes in blood flow due to the application of 

force are mediated through the central nervous system or only related to local control.  

Is vasoconstriction during the application of vibration accompanied by the 

vasodilation in the superficial blood vessels? 

The vasoconstriction in the digital circulatory response to vibration has been identified 

in the current and many previous studies (Welsh, 1980; Furuta et al., 1991; Egan et al., 
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1996; Bovenzi et al., 2000; Griffin et al., 2006). By contrast, other studies have reported 

that vibration can cause vasodilation and increased local blood flow during exposure to 

vibration (Azuma et al., 1980; Nakamura et al., 1996; Mahbub et al., 2006). These 

findings suggest the importance of the measurements methods, which affect which 

blood vessels (capillaries or arteries) are included in the measurement. Further 

investigation is required to determine whether the cause of any vasodilation in the 

superficial blood vessels and how this local control of blood flow interacts with the 

vasoconstriction mediated through the sympathetic nervous system.  

Are the non Pacinian channels involved in mediating the finger blood flow when 

high magnitude vibration is applied to the hand? 

In current thesis, the vibration magnitude was set up around the perception level to 

make sure only activating the Pacinian channel but not three non Pacinian channels at 

high frequencies. The four channel model of the sensation of vibration proposed by 

Bolanowski et al., (1988) suggests that with the increasing of stimulus magnitude, the 

non Pacinian channels may become active. Then the new question was raised: Is the 

activation of non Pacinian channel in detecting the vibration also contributes to the 

vasoconstriction in digits? Although there is no evidence to support the assumption that 

the activation of non Pacinian channels inhibits the Pacinian channel, there is 

remaining possibility that two systems may combine together to mediating the finger 

blood flow.  

9.5 Conclusion 

The relationship between Pacinian mechanoreceptors, vasoconstriction during 

vibration exposure, and factors that influence this association have been investigated 

systematically using two dependent variables: vibrotactile perception thresholds and 

finger blood flow. The changes in perception thresholds measured with different 

subjects, contact areas, contact locations, contact forces, and stimulus frequencies 

show that sensitivity to the vibration stimulus in the Pacinian channel varies according 

to contact conditions, as well as inter- and intra-subject variability. The changes in 

finger blood flow during on both hands and show that the variation in blood flow is 

under the control of the sympathetic nervous system, triggered by activation of the 

Pacinian channel. A stronger reduction in finger blood flow was observed when factors 

increased the sensitivity of the Pacinian channel.  

The model (Figure 9-1) proposes a role for the Pacinian corpuscle in ‘firing up’ the 

sympathetic nervous pathway and altering the vasomotor tone to mediating the 

vascular responses to vibration. However, peripheral blood flow in the body may be 
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controlled via several mechanisms simultaneously. Other mechanisms (e.g. capillaries 

diameter, chemoreceptor reflexes, and adrenal medullary) may also be activated by the 

physical stimulus (i.e. application of vibration and force) and provide further controls of 

the blood flow. These possible mechanisms are also included in the model with the 

uncertainty.  
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Chapter 10 Conclusion 

Five experiments have been conducted to investigate the involvement of the Pacinian 

channel in mediating vasoconstriction during exposure to hand-transmitted vibration in 

healthy people (Chapters 4 to 8). The results of the five experiments have been 

combined to develop a model to assist understanding of the mechanisms involved in 

mediating the finger blood flow reduction in both exposed and unexposed hands. 

Experimental findings have also been used to develop a proposed model of factors that 

influence the sensitivity of the Pacinian channel and, consequently, affect digital 

circulation during vibration.  

It appears that the severity of vasoconstriction during vibration exposure is not solely 

dependent on either the frequency or the magnitude of the vibration stimulus as 

described in current standards, but is also influenced by other factors such as 

environmental conditions, contact conditions, and subject characteristics. Variations in 

perception thresholds in different conditions have been explained by known variations 

in the sensitivity of the Pacinian channel, and variations in the sensitivity of the 

Pacinian channel have been shown to explain variations vibration-induced 

vasoconstriction in the hands. Correlations between vibrotactile perception thresholds 

and reductions in finger blood flow caused by high frequency vibration show that the 

Pacinian channel is involved in mediating the regulation of blood flow in the fingers 

through a central sympathetic mechanism. In this thesis, low magnitudes of vibration 

were used to trigger a response in the Pacinian channel. If the vibration magnitude is 

increased to that on many hand-held powered tools associated with vibration-induced 

white finger, other mechanoreceptors may be activated. Further studies are required to 

investigate the role of the non Pacinian channels in mediating the vasoconstriction with 

high magnitude vibration. 

Vibrotactile perception thresholds and the acute vascular responses to vibration differ 

between genders. Females tend to have greater sensitivity in the Pacinian channel and 

therefore experience a greater reduction in blood flow during exposure to 125-Hz 

vibration at supra-threshold magnitudes. However, the differences reported in this 

thesis may also be explained by other differences between genders (e.g., finger size 

and menstrual cycle). Further studies are needed to improve understanding of 

individual factors associated with the acute effects of hand-transmitted vibration.  
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When exposed to vertical hand-transmitted vibration, the vasoconstriction depends on 

the contact conditions between the vibrator and human body (e.g., how and where the 

vibration is applied). With increased area of contact (increased from 3-mm to 6-mm 

diameter vibrating probe) with 125-Hz vibration of the thenar eminence, vibrotactile 

thresholds reduced and vibration-induced vasoconstriction increased. For vibration 

presented via different contact areas, reductions in finger blood flow are similar when 

the sensation level is the same. There was greater reduction in finger blood flow when 

125-Hz vibration was applied to the index finger than when it was applied to the thenar 

eminence, consistent with a lower perception threshold at the fingertip indicating 

greater sensitivity of the Pacinian channel at this location. Both findings are consistent 

with the Pacinian channel being involved in the control of finger circulation via a central 

sympathetic reflex, as shown in the model (see Figure 9-1). 

The association between perception thresholds and vibration-induced vasoconstriction 

was tested at six frequencies (in the range 8 to 250 Hz) and at ten sensation levels 

(from -10 to 40 dB). There was a correlation between thresholds and reductions in 

finger blood flow only with higher frequencies of vibration (from 63 to 250 Hz). At these 

higher frequencies, the Pacinian channel mediated the perception of vibration at, and 

slightly above, threshold, whereas non-Pacinian channels mediated the perception of 

vibration at the lower frequencies, and do not appear to be involved in the regulation of 

peripheral circulation. This might explain the discrepancy between the frequency 

weighting currently used for predicting vibration-induced white finger and the findings of 

epidemiological studies of the dependence of vibration-induced white finger on the 

frequency of vibration.  

The model proposed in this thesis contributes to an understanding on how the Pacinian 

channel is involved in mediating digital circulation and identifies factors that are 

expected to affect the sensitivity of the Pacinian channel and the regulation of digital 

circulation. The reported perception thresholds and finger blood flow measurements 

were obtained from healthy subjects exposed to hand-transmitted vibration. By 

investigating the activation of other possible mechanisms (other mechanoreceptors, 

capillary diameter, chemoreceptor reflexes, baroreceptor reflexes, and hormonal 

control) during application of vibration and force, the proposed model could be further 

developed to overall evaluate the acute effects of hand-transmitted vibration on healthy 

people. 
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A.1  Instructions to Subjects in the First Experiment Reported 

in Chapter 4 

INSTRUCTION SHEET FOR SUBJECTS 
 

Thank you for agreeing to take part in this research project. The experiment has been 

approved by the Human Experimentation Safety and Ethics Committee of the Faculty 

of Engineering and the Environment at the University of Southampton.  

 

This research aims to investigate the effect of temperature on finger blood flow 

changes induced by 125-Hz vibration. There will be two sessions which will comprise of 

two tests exposure to hand-transmitted vibration on different room temperatures (20 ± 

1ºC and 28 ± 1ºC). In each session you will be lay down on a comfortable couch during 

the whole experiment period.   

 

Please read the following instructions carefully. 

 

 
Preparation phase 

 

 Complete the consent form and medical health questionnaire 

 Complete the measurement of finger sizes by the experimenter 

 

Exposure phase 

 

 Keep supine comfortably on the couch as guided by the experimenter 

 It is important that you maintain a comfortably posture with your neck, shoulder 

or arm been supported at the heart height 

 Please wear light clothes 

 Please make sure you maintain the force by monitor the force meter in front of 

your eyes as guided by experimenter 

 

Test procedure 

 

Finger blood flow measured in the left middle finger and finger skin temperature 

measured in left middle finger every minute. The measurement will be conducted 

automatically by the experimenter.  
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In each session, there are 3 periods, each period lasts 10 minutes (as shown in Figure 

below): 

 Pre-exposure: 5N force, no vibration. 

 Vibration: 5N force, 125-Hz vibration at 44 ms-2 r.m.s. (5.6 ms-2 r.m.s., 

frequency-weighted). 

 Post-exposure: 5N force, no vibration. 

 

 

The test could only start when subject has stable blood flow and skin 

temperature, so please make sure do not drinking coffee or tea 2 hours before 

the test and alcohol 12 hours before the test. Please inform the experimenter if 

you need to take any medication on the test days. 

 

 

 

Thank you for taking part in this experiment 

 

 

 

 

 

 

 

 

 

 

 

 

Pre-Exposure

(5N force)

Vibration (5-N force with 

125-Hz vibration 

at 44 ms-2 r.m.s.) Post-exposure

(5N force)

Time (min)

0 10 20 30
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A.2  Instructions to Subjects in the Second Experiment 

Reported in Chapter 5 

INSTRUCTION SHEET FOR SUBJECTS 
 

Thank you for agreeing to take part in this research project. The experiment has been 

approved by the Human Experimentation Safety and Ethics Committee of the Faculty 

of Engineering and the Environment at the University of Southampton.  

 

This research aims to investigate whether vibration-induced reductions in finger blood 

flow are associated with vibrotactile perception thresholds mediated by the Pacinian 

channel, and considered gender differences in both vibration thresholds and vibration-

induced changes in digital circulation. There will be only one session which will 

comprise of exposure to hand-transmitted vibration on the thenar eminence of right 

hand. In the session you will be lay down on a comfortable couch during the whole 

experiment period.   

 

Please read the following instructions carefully. 

 

 
Preparation phase 

 

 Complete the consent form and medical health questionnaire 

 Complete the measurement of finger sizes by the experimenter 

 Complete the practice and measurement of vibrotactile perception 

measurement on right thenar eminence. 

 

Exposure phase 

 

 Keep supine comfortably on the couch as guided by the experimenter 

 It is important that you maintain a comfortably posture with your neck, shoulder 

or arm been supported at the heart height 

 Please wear light clothes 

 Please make sure you maintain the force by monitor the force meter in front of 

your eyes as guided by experimenter 

 

Test procedure 
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Finger blood flow measured on the right and left middle fingers every 30 seconds and 

finger skin temperature measured on right and left middle fingers every minute. The 

measurement will be conducted automatically by the experimenter.  

In each session, there are seven periods, each period lasts 5 minutes (as shown in 

Figure below): 

 Pre-exposure: no force; 

 Pre-exposure application of force : 2 N;  

 Vibration 1: 125-Hz vibration at  0.5 ms-2 r.m.s. (unweighted) with 2-
N force;  

 Rest with force: 2 N;  

 Vibration 2: 125-Hz vibration at 1.5 ms-2 r.m.s. (unweighted) with 2-
N force;  

 Post-exposure application of force: 2 N  

 Recovery: no force. 

 

 
 
The test could only start when subject has stable blood flow and skin 

temperature, so please make sure do not drinking coffee or tea 2 hours before 

the test and alcohol 12 hours before the test. Please inform the experimenter if 

you need to take any medication on the test days. 

 

 

 

Thank you for taking part in this experiment 

 

 

Time (min)

pre-exposure recovery

0 8 20 28
2N force 2N force

4 2412 16
2N force

vibration at 0.5 

ms-2 r.m.s.

vibration at 1.5 

ms-2 r.m.s.
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A.3  Instructions to Subjects in the Third Experiment Reported 

in Chapter 6 

INSTRUCTION SHEET FOR SUBJECTS 
 

Thank you for agreeing to take part in this research project. The experiment has been 

approved by the Human Experimentation Safety and Ethics Committee of the Faculty 

of Engineering and the Environment at the University of Southampton.  

 

This research aims to investigate whether the Pacinian channel is involved in vibration-

induced reductions of finger blood flow (FBF), vibrotactile thresholds and 

vasoconstriction have been studied with 125-Hz vibration and two contact areas: 3- or 

6-mm-diameter vibrating probes with 2-mm gaps to fixed surrounds. There will be five 

sessions which will comprise of three tests exposure to hand-transmitted vibration and 

two control sessions (as shown in Table below). In each session you will be lay down 

on a comfortable couch during the whole experiment period.   

 

Please read the following instructions carefully. 

 

 
Preparation phase 

 

 Complete the consent form and medical health questionnaire 

 Complete the measurement of finger sizes by the experimenter 

 Complete the practice and measurement of vibrotactile perception 

measurement on two different contactor sizes (3-mm and 6-mm diameter 

probes). 

 

Exposure phase 

 

 Keep supine comfortably on the couch as guided by the experimenter 
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 It is important that you maintain a comfortably posture with your neck, shoulder 

or arm been supported at the heart height 

 Please wear light clothes 

 Please make sure you maintain the force by monitor the force meter in front of 

your eyes as guided by experimenter 

 

Test procedure 

 

Finger blood flow measured on the right and left middle fingers every 30 seconds and 

finger skin temperature measured on right and left middle fingers every minute. The 

measurement will be conducted automatically by the experimenter.  

In each session, there are 5 periods, each period lasts 5 minutes (as shown in Figure 

below): 

 Pre-exposure: no force, no vibration. 

 Pre-application of force: 5N force, no vibration. 

 Vibration: 5N force, vibration at 15 dB above the thresholds.  

 Post-application of force: 5N force, no vibration. 

 Recovery: no force, no vibration. 

 

 

The test could only start when subject has stable blood flow and skin 

temperature, so please make sure do not drinking coffee or tea 2 hours before 

the test and alcohol 12 hours before the test. Please inform the experimenter if 

you need to take any medication on the test days. 

 

 

 

Thank you for taking part in this experiment 
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Recovery
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A.4  Instructions to Subjects in the Fourth Experiment Reported 

in Chapter 7 

INSTRUCTION SHEET FOR SUBJECTS 
 
Thank you for agreeing to take part in this research project. The experiment has been 

approved by the Human Experimentation Safety and Ethics Committee of the Faculty 

of Engineering and the Environment at the University of Southampton.  

 

This research aims to investigate whether reductions in finger blood flow induced by 

125-Hz vibration applied to three locations on the hand are related to individual 

thresholds for perceiving vibration at the same locations. There will be three sessions 

which will comprise of three tests exposure to hand-transmitted vibration on different 

body locations. In each session you will be lay down on a comfortable couch during the 

whole experiment period.   

 

Please read the following instructions carefully. 

 

 
Preparation phase 

 

 Complete the consent form and health questionnaire 

 Complete the measurement of finger sizes by the experimenter 

 Complete the practice and measurement of vibrotactile perception 

measurement on three different locations (right index finger, right thenar 

eminence, left thenar eminence). 

 

Exposure phase 

 

 Keep supine comfortably on the couch as guided by the experimenter 

 It is important that you maintain a comfortably posture with your neck, shoulder 

or arm been supported at the heart height 

 Please wear light clothes 

 Please make sure you maintain the force by monitor the force meter in front of 

your eyes as guided by experimenter 
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Test procedure 

 

Finger blood flow measured on the right and left middle fingers every 30 seconds and 

finger skin temperature measured on right and left middle fingers every minute. The 

measurement will be conducted automatically by the experimenter.  

In each session, there are 5 periods, each period lasts 5 minutes (as shown in Figure 

below): 

 Pre-exposure: no force, no vibration. 

 Pre-application of force: 2N force, no vibration. 

 Vibration: 2N force, vibration at 15 dB above the thresholds.  

 Post-application of force: 2N force, no vibration. 

 Recovery: no force, no vibration. 

 

 

The test could only start when subject has stable blood flow and skin 

temperature, so please make sure do not drinking coffee or tea 2 hours before 

the test and alcohol 12 hours before the test. Please inform the experimenter if 

you need to take any medication on the test days. 

 

 

 

Thank you for taking part in this experiment 
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A.5  Instructions to Subjects in the Fifth Experiment Reported 

in Chapter 8 

INSTRUCTION SHEET FOR SUBJECTS 
 
Thank you for agreeing to take part in this research project. The experiment has been 

approved by the Human Experimentation Safety and Ethics Committee of the Faculty 

of Engineering and the Environment at the University of Southampton.  

 

This research aims to investigate the vasoconstriction induced at magnitudes of 

vibration defined relative to individual thresholds for perceiving vibration (i.e., sensation 

levels, SL) in healthy subjects. There will be seven sessions which will comprise of six 

tests exposure to hand-transmitted vibration on different vibration frequencies and one 

control session. In each session you will be lay down on a comfortable couch during 

the whole experiment period.   

 

Please read the following instructions carefully. 

 

 
Preparation phase 

 

 Complete the consent form and health questionnaire 

 Complete the measurement of finger sizes by the experimenter 

 Complete the practice and measurement of vibrotactile perception 

measurement at six vibration frequencies (8, 16, 31.5, 63, 125, and 250 Hz). 

 

Exposure phase 

 

 Keep supine comfortably on the couch as guided by the experimenter 

 It is important that you maintain a comfortably posture with your neck, shoulder 

or arm been supported at the heart height 

 Please wear light clothes 

 Please make sure you maintain the force by monitor the force meter in front of 

your eyes as guided by experimenter 

 

Test procedure 
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Finger blood flow measured on the right and left middle fingers every 30 seconds and 

finger skin temperature measured on right and left middle fingers every minute. The 

measurement will be conducted automatically by the experimenter.  

In each session, there are 5 periods (as shown in Figure below): 

 Pre-exposure (5 minutes): no force, no vibration. 

 Pre-application of force (5 minutes): 2N force, no vibration. 

 Vibration (30 minutes): 2N force, vibration at either 8, 16, 31.5, 63, 125 or 

250 Hz with vibration magnitudes at 10 sensation levels (-10 dB, -5 dB, 0 

dB, 5 dB, 10 dB, 15 dB, 20 dB, 25 dB, 30 dB and 40 dB), with 3 minutes at 

each sensation level.  

 Post-application of force (5 minutes): 2N force, no vibration. 

 Recovery (5 minutes): no force, no vibration. 

 

The test could only start when subject has stable blood flow and skin 

temperature, so please make sure do not drinking coffee or tea 2 hours before 

the test and alcohol 12 hours before the test. Please inform the experimenter if 

you need to take any medication on the test days. 

 

 

 

Thank you for taking part in this experiment 
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Consent form to be completed by adult subjects who are  
being paid for their participation in an experiment 

(Adults are 18 years of age or older). 
 

Human Experimentation Safety & Ethics Approval Number: ................... 
. 

Exposure Number: …………….. 
 

Vibration Experiment Exposure and Consent Form 
 
Before completing this form, please read the ‘Information for Subjects’ on the reverse 
side of this sheet. 
 
(i)  Name ....................................................................................... (Mr/Mrs/Miss/                ) 
 
(ii)  Do you have any of the conditions listed on the reverse side of this form?.................... 
 
(iii)  Have you ever suffered any serious illness or injury?  .................................................. 
 
(iv)  Are you under medical treatment or suffering disability affecting your daily life?.......... 
 
If your answer is ‘YES’ to questions (ii), (iii) or (iv), please give details to Experimenter. 
 
I understand that for my participation in this experiment I am to be paid the sum of 
£.................. for my attendance on ................. occasion(s). 

___________________________ 
 
DECLARATION 
 
I volunteer to be a subject in a vibration experiment.  My replies to the above questions 
are correct to the best of my belief, and I understand that they will be treated by the 
experimenter as confidential.  I understand that I may at any time withdraw from the 
experiment and that I am under no obligation to give reasons for withdrawal or to attend 
again for experimentation.   
 
I undertake to obey the regulations of the laboratory and instructions of the Experimenter 
regarding safety, subject only to my right to withdraw declared above.  The purpose and 
methods of the research have been explained to me and I have had the opportunity to 
ask questions. 
 
Signature of Subject ....................................................................         Date ........................ 
 
I confirm that I have explained to the subject the purpose and nature of the investigation 
which has been approved by the Human Experimentation Safety and Ethics Committee. 
 
Signature of Experimenter .................................................................   Date ....................... 
 
Medical assistance is available if required. 

 
Cont/... 

 
 
 
This form must be submitted to the Secretary of the Human Experimentation Safety and 
Ethics Committee on completion of the experiment. 



Ying Ye  Appendix B Consent form 

 

Information for Subjects 

Persons with any of the following conditions are usually considered unfit for 
vibration experiments 

Active disease of respiratory system: including recent history of coughing-up blood or 
chest pain. 

Active disease of the gastro-intestinal tract: including internal or external hernia, 
peptic ulcer, recent gall-bladder disease, rectal prolapse, anal fissure, haemorrhoids or 
pilonidal sinus. 

Active disease of the genito-urinary system: including kidney stones, urinary 
incontinence or retention or difficulty in micturition. 

Active disease of the cardiovascular system: including hypertension requiring 
treatment, angina of effort, valvular disease of the heart, or haemophilia. 

Active disease of the musculo-skeletal system: including degenerative or 
inflammatory disease of the spine, long bones, or major joints or a history of repeated 
injury with minor trauma. 

Active or chronic disease or disorders of the nervous system: including eye and ear 
disorders and any disorder involving motor control, wasting of muscles, epilepsy or 
retinal detachment. 

Pregnancy: any woman known to be pregnant should not participate as a subject in a 
vibration experiment. 

Mental Health: subjects must be of sound mind and understanding and not suffering 
from any mental disorder that would raise doubt as to whether their consent to participate 
in the experiment was true and informed. 

Recent trauma and surgical procedures: persons under medical supervision following 
surgery or traumatic lesions (e.g. fractures) should not participate in vibration 
experiments. 

Prosthesis: persons with internal or external prosthetic devices normally should not 
participate in vibration experiments (although dentures need not exclude participation in 
experiments with low magnitudes of vibration). 

Other:  ................................................................................................................................. 

(For completion by experimenter) 

To be completed by the Experimenter: 

VIBRATOR: 

DESCRIPTION OF VIBRATION: State levels, frequencies, axes, durations etc.  (If 
subject is in direct or indirect control of the vibration level, also state maximum vibration 
level for each condition.)  Indicate subject posture, seat type, etc. and any other factors 
affecting subject exposure.  Description must be sufficient to enable reader to reproduce 
a similar exposure pattern. 

 

 
COMMENTS:   (If more space is required, please attach a continuation sheet.) 
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Subject Medical Questionnaire  

Name:        Date:   

Do you smoke?        Yes/No ……Cigs per day 

Have you ever suffered from cold hands?     Yes/No 

Do you suffer from any connective tissue diseases?     Yes/No 

Do you suffer from any diseases of the circulation?    Yes/No 

Do you suffer from any diseases of the nervous system?   Yes/No 

Have you ever suffered an injury to your fingers, hands, arms, neck? Yes/No 

Approximately how many hours each year are you exposed to hand-transmitted 

vibration?…….. 

Age:………yrs        Height…….m     Ethnic Group:…………   Weight……kg 

Anthropometric data 

 Finger left middle right middle 

Length Distal   

 Medial   

 Proximal   

Width (R) Distal   

 Medial   

 Proximal   

Volume Distal   

 Medial   

 Proximal   

Total    
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