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ABSTRACT 

A 3-year study investigating such parameters as the nature and influence of the 
transmission of vibratory energy from a hand tool to an opemtor's hand; the at­
tendant vibratory acceleration levels and the transmissibility from hand tool to var­
ious locations on the operator's hand and arm; the factors influencing an individ­
ual's subjective response to hand-arm vibration; and the physiological mechanisms 
involved with regard to subjective response to vibration have revealed, in part, the 
following: 

-The mechanical and subjective response characteristics of individuals to hand 
vibration were a function of the manner of clasping the vibratory tool hand"le 
and the orientation of the vibration relative to the hand. 

-The vibration response of the hand was indicative of only local response 
c1iaracteristics of the hand and fingers. 

-Attenuation of vibration as it proceeded up the arm occurred in the tissue 
adjacent to bone and not the bone itself; similarly, there was little attenuation 
across the joints. 

-The results of subjective response tests indicate that Ruffini endings, joint 
capsules, and Meissner's corpuscles were responsible for subjective response 
to low frequency ( =JOO Hz) discrete-frequency hand-induced vibration, 
whereas Merkel's discs, Ruffini endings, and pacinian corpuscles were respon­
sible for subjective responses above 100 Hz ( discrete-frequency vibration). 
Broad band vibration was subjectively determined mainly from the response 
characteristics of tonic receptors. 

Salient findings indicate a questionable credibility with regard to using subjective 
response data for the purpose of establishing hazardous hand-vibration criteria. It 
can also be inferred from the results that high frequency vibration ( above 100 Hz) 
is responsible, in part, for the destmctive effects associated with vibration syndrome. 

INTRODUCTION 

In recent years, several investigators have revealed 
a relationship between various vascular-muscular dis­
orders and vibration induced into the hand.1 ·1 Al­
though the most common of these disorders is Ray­
naud's phenomenon or vibration induced white finger 
(VWF), there is a recent trend to classify all of the 
disorders associated with hand-induced vibration as 
"the vibration syndrome. " 2 Although there is in­
creasingly more information available on this topic, 
little solid evidence is available establishing the exact 
nature of the relationship that exists between vibra­
tion directed into the hands and any of the disorders 
associated with the vibration syndrome. 

Several researchers have investigated the subjective 
response of individuals to hand-induced vibration. 
The results of this research have been presented in 

*Research sponsored by NIOSH Grant No's. 5-ROI-OH-
00470-01, 02, 03-SOH. 
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the form of equal sensation contours similar to equal 
loudness contours for hearing, threshold and annoy­
ance levels, and proposed hazardous-vibration expo­
sure criteria for vibration directed into the hand. 5•

19 

Similarly, information that describes the mechanical 
response characteristics of the hand and arm to vi­
bration directed into the hand has been presented in 
the form of the measured driving point mechanical 
impedance of the hand ( i.e., measured vibration re­
sponse of the hand due to a driving force applied to 
the hand). Initial analytical mechanical models of 
the hand and arm and the measured transmissibility 
( i.e., measured vibration response at specified loca­
tions on the hand and arm due to a vibration input 
to the hand) relative to different locations on the 
hand and arm have been developed. 18

•
2 r. The informa­

tion from the above studies has been very valuable in 
gaining an understanding of the subjective and me­
chanical response characteristics of individuals to vi­
bration directed into the hand. The usefulness of this 
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information has been seriously limited, however, by 
the inability to correlate the results that have been 
presented by different researchers. Inconsistendes 
and differences in experimental techniques used by 
different investigatnrs and the lack of accurate in­
formation with reg,1 rd to human test populatiohs used 
for the various stu,l ies have added to the inability to 
correlate the results of the different investigators. 

In recent years there has been a strong effort by 
some organizations to formulate and ena .. t hazard­
ous-hand-vibration criteria with regard to allowable 
vibration . levels and exposure times to these 
levels. 6 '

7
'
0

'
26 There has been little national and inter­

national acceptance of any of the proposed hand-vi­
bration criteria. The reasons for this appear to be 
two-fold. First, more definitive information is needed 
that more accurately describes the mechanical inter­
action occurring between a tool operator's hand and 
the vibrating handle he clasps, the nature of the trans­
fer of vibration energy between a vibrating tool han­
dle and the operator's hand, and how this transfer of 
energy_affects_the_operator's response to_ handainduced 
vibration. Second, information is needed clearly in­
dicating the vibration levels and the exposure times 
to these levels that are necessary to cause the onset of 
the different vascular-muscular disorders associated 
with the vibration syndrome. 

As a result of the need for the above information 
before any meaningful hazardous-hand-vibration ex­
posure criteria can be established, the National In­
stitute for Occupational Safety and Health has spon­
sored an initial 3-year study aimed at obtaining some 
of the above information. The specific questions that 
this study has answered and that will be discussed 
are 

1. What is the nature of the transmission of vi­
bration energy from a vibrating tool handle 
to the operator's hand? What factors in­
fluence and to what extent do these factors 
affect this transfer of energy? . 

2. What vibration levels relative to the vibration 
levels incident upon the hand are transmitted 
to other specified locations on the hand and 
arm? What are the phase relations between 
the incident vibration and the vibration 
measured at other locations? 

3. What factors influence an individual's sub­
jective response to hand-induced vibration? 
What physiological mechanisms are involved 
with regard to ari individual's subjective re­
sponse to vibration directed into the hand? 

This presentation summarizes and discusses the im­
plications of the information that has been obtained 
concerning these questions. More detailed discussions 
about this information and the experimental pro­
cedures used to obtain it are presented in References 
27 through 30. 

TEST PARAMETERS 
Work completed by Reynolds and Soedel, Reynolds 

and Joke!, and others during this study indicated that 
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there are several variables that influence an individ­
ual's mechanical and subjective response to hand-in­
duced vibration.18•

2 3
·
25

•
2 7

•
31 Griffin, who presented a 

list of these parameters, separated them into extrinsic 
( characteristic of the vibration input) and intrinsic 
( characteristic of the body) variables. 8 The extrinsic 
variables were frequency of vibration, amplitude of 
vibration, time history of vibration, direction of vi­
bration, type of grip used to clasp a vibrating handle, 
tightness of grip, and the effects of clothing, etc. The 
intrinsic variables were body size, body posture, and 
muscle tension. Care was exercised during this study 
to monitor and determine the effects these variables 
had upon an individual's response characteristics to 
hand-induced vibration. 

Brief discussions are presented relativr. to each of 
the above variables. 

Extrinsic Variables 

Frequency, Amplitude, and Time History of Vibration 
Signal 

- Most-investigators who have conducted research in 
the area of hand-arm vibration have found that the 
response characteristics of the hand and arm to vi­
bration directed into the hand was a function of both 
the frequency and amplitude of the vibration signal. 
Also evidence has been presented that indicates that 
in some cases the vibration response characteristics 
of the hand and arm differ, depending upon whether 
the signal is a discrete frequency signal or a signal 
consisting of several frequencies. Thus, tests were 
conducted using both discrete frequencies and 1/3-oc­
tave-band broad band frequencies. Relative to the 
time history of the vibration signals, all of the sig­
nals u~ed were steady state discrete or %-octave-band 
broad band signals. The frequency range used varied 
between 5 Hz and 1,000 Hz. These limits were used 
because they represented the limits of the instrumen­
tation and test apparatus used for most of the tests. 

Direction of Vibration 
Three mutually perpendicular directions of vibra­

tion were investigated ( Figure 1) : the vertical direc­
tion in which the handle was vibrated up and down 
in a vertical plane parallel to the subject's torso, the 
horizontal direction in which the handle was vibrated 
in a horizontal plane perpendicular to and directed 
towards the torso, and the axial direction in which 
the handle was vibrated from right to left in a hori­
zontal plane perpendicular to the torso. For the tests 
that were conducted, the relative spatial orientation 
of the handle with respect to the subject was hpt as 
constant as possible for all three directions. 

Grip Type and Grip Tightness 
The grip type refers to the area of the hand in 

which the vibrating handle was clasped. Two grip 
types were used. One was the finger grip in which 
the handle was clasped, using only the fingers (Figure 
2a). The other was the palm grip in which the handle 
was clasped with the fleshy part of the palm (Figure 
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Vertical 
Horizontal 

Figure 1. Directions of vibration. 

2b). The grip tightness refers to the force with which 
the handle was squeezed. Two grip forces were used: 
2 lbr and 8 lbr. The 2 lbr grip was a loose grip and 
the 8 lbr grip corresponded to holding the handle 
tightly. These forces were monitored by using a han­
dle that had a horizontal slit and a calibrated strain 
gauge bridge as shown in Figure 3. The handle was 
always mounted such that the slits remained in the 
horizontal plane, regardless of the direction of vibra­
tion (Figure 4). For the tests that were conducted 
during this study, a grip configuration was specified 
by first stating the grip tightness and then the grip 
type. Four grip configurations were investigated: 2 lbr 
finger grip, 8 lbr finger grip, 2 lbr palm grip, and 8 
lbr palm grip. 

Effects of Clothing 
Clothing can affect the response characteristics of 

the body by acting as vibration damping. To mini­
mize any possible effects of clothing, all subjects were 
dressed in street clothes, without jackets, and were 
asked to remove any jewelry, such as rings and 
watches, before being tested. 

Intrinsic Variables 

The effects of the intrinsic variables upon the vi­
bration response of individuals to hand-induced vi­
bration have been shown by past investigators to be 
of minor importance.1 8 '

23
' 24 '

31 The results of this and 
past studies have indicated that it has not been pos­
sible to identify any meaningful trends relative to 
the effects of body size, posture, and muscle tension 
( with the exception of muscle tension in the hand due 
to grip tightness) upon either an individual's subjec­
tive or mechanical response to hand-induced vibra­
tion. However, to minimize the possible effects of 
these variables upon the results discussed herein, the 
test subjects were always seated such that the forearm 
was horizontal relative to the vibrating handle. They 

(a) Frnge r Gri r 

-~ 

(b) Palm Grip 

Figure 2. Types of grips. 

(a) Pl an Vi ew 

( b ) Ele va tion 

Figure 3. Strain gauge arrangement. 

----

101 

To St rai n 
Indi cator 

To Stra i n 
Ind i ca tor 

were instructed to relax the muscles in their arm and 
to apply force to the handle by only squeezing it with 
the specified grip tightness. 
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(a) Horizontal Direction 

( 
(b) Vertical Direction 
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directed into the hand and the acceleration at the 
point where the handle contacted the hand. Eight test 
subjects were used for all of the tests except the trans­
missibility tests. For this series of tests, only five test 
subjects were used. 

A brief description of the test procedures used for 
each series of tests will be discussed individually. A 
more complete description of the test procedures and 
the instrumentation used for the tests discussed below 
can be found in References 27 through 30. 

Driving Point Mechaniical Impedance Tests 
For the mechanicai impedance tests, each test sub-

ject, using one of the specified grip configurations, 
was instructed to clasp the vibrating handle. The vi­
bration signal that was direc_ted into the hand was 
continuously varied from 5 Bi to 1,000 Hz. The ac­
celeration and force signals from the impedance head 
were directed to a set of instruments manufactured 
by the Spectral Dynamics Corporation. The displace-
ment mobility (displacement/force) and the phase 

(c) Axial Direction ------~between the displacement- and- force~signals- were di----­

Figure 4. Cross section of handle connections for dif­
ferent directions of vibration. 

TEST PROCEDURES 

Four different series of tests were conducted during 
this investigation: ; ( 1) driving point mechanical im­
pedance tests, ( 2) tfansmissibility tests, ( 3) threshold 
and annoyknce tests, and ( 4) equal sensation tests. 
Data similar to that obtained from the above tests 
were avail11-ble from previous investigators. However, 
because of differences in experimental procedures 
used by individual investigators to obtairi these data, 
it was extremely difficult to correlate the available 
information in the above four areas. Therefore, it 
was decided to conduct tests in all of these areas us­
ing the same instrumentation, compatible test pro­
cedures, and as nearly as possible, the same test popu­
lations. 

Work completed during this and past investigations 
has shown that the grip type and grip tightness a per­
son uses to clasp a vibrating handle affects the in­
dividual's subjective and mechanical response charac­
teristics to vibration. However, these parameters have 
been the least controlled parameters in past studies. 
This lack of control has made it extremely difficult 
to correlate test results from different investigators. 
Consequently, the grip type and tightness or the grip 
configuration were closely monitored and controlled 
during the four series of tests indicated above. The 
four grip configurations that were described in the 
previous section were used for each series of tests. . 

For all of the tests, vibration was directed into the 
hand by means of a "T bar" handle attached to an 
electromechanical shaker (Figure 4). A mechanical 
impedance transducer was placed between the shaker 
and the handle. With this transducer and other in­
strumentation, it was possible to measure the force 

rectly obtained from these in_struments and plotted on 
an X-YY' recorder as a :function of frequency. Figure 
5 shows a plot of the inidividual test results from the 
test subjects used for one series of tests. Once a 
series of tests for a specified direction and grip con-
figuration had _been completed and the data plotted 
on a single graph, curves that were biased towards 
the heaviest ~oncentration of data were drawn through 
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Figure 5. Typical displac:ement mobility data set for 
eight test subjects. 



HAND-ARM VIBRATION: 3 YEARS' RESEARCH 

both the individual displacement mobility and phase 
curves (Figure 6). A series of tests was conducted 
for each of the three directions and the four grip 
configurations discussed in the section on parameters. 
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Figure 6. Data envelope, response of analytical model, 
and representative curve for data shown in 
Figure 5. 

Transmissibility Tests 

For the transmissibility tests, subminiature acceler­
ometers were attached to the locations indicated in 
Figure 7. The accelerometers were attached to the 
skin with stiff, double-faced carpet tape placed be­
tween the accelerometer and the skin at locations 
where little skin exists over the bone, such as 
at joints. The accelerometers were then securely 
pressed against the skin by means of surgeon's tape 
placed over the accelerometer with a piece of soft 
foam between the tape and the accelerometer. Tests 
were conducted in which the acceleration signals 
from an individual accelerometer at one of the indi­
cated locations on Figure 7 and from the impedance 
head located between the "T bar" handle and the 
electromechanical shaker were directed into the Spec_­
tral Dynamics instruments. The amplitudes of the 
acceleration levels at the specified location on the 
hand or arm divided by the corresponding accelera­
tion levels of the impedance head were plotted as a 
function of frequency on an X-YY' recorder. For some 
tests the phase angles between the two :measured ac­
celeration signals were also plotted on an X-YY' re­
corder. As was the case with the driving point me-
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chanical impedance test, the vibration signal directed 
into .the hand was continuously varied from 5 Hz to 
1,000 Hz. After a series of tests was completed, all of 
the individual transmissibility curves from each test 
subject were plotted on a single graph and a line rep­
resenting the average transmissibility as a function of 
frequency was drawn through the plotted data in the 
same manner as was used for the impedance data. All 
four grip configurations were investigated in each of 
the three directions of vibration. For the vertical di­
rection, subminiature piezories1stlve accelerometers 
were located at positions 1, 3, 4, 5, 6, 7, and 8. For 
the horizontal direction they were located at positions 
2, 5, 7, and 8. For the axial direction they were lo­
cated at positions 2, 4, 5, 7, and 8. The acceler­
ometers were always oriented such that the axis of 
sensitivity of the accelerometers corresponded to the 
direction of vibration. 

Threshold and Annoyance Tests 
For the threshold and annoyance tests, the test sub­

ject's hand was excited by either a single discrete 
frequency or a single Vs-octave-band broad band vi­
bration signal. The subject was instructed to clasp 
the handle with one of the four specified grip con-

LEGEND 

1 Middle Phalanx 

2 Proximal Phalanx 

3 Third Metacarpal 
4 Triquetrum Carpal 

5 Styloid Process of Ulna 

6 Dlecranon 
7 Medial Epicondyle 

8 Acromion 

Figure 7. Location of accelerometers for transmissibility 
tests. 
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figurations. For the threshold tests, he was asked to 
adjust the amplitude of the vibration signal until he 
determined that the sensation produced by the vibra­
tion was just barely perceptible. For the annoyance 
tests, he was instructed to adjust the amplitude of the 
vibration signal until he determined that the sensa­
tion due to the vibration was such that he would not 
want to clasp the handle for an extended period of 
time. For the discrete frequency tests, the vibration 
frequencies were the ll3-octave-band center frequen­
cies between 25 Hz and 1,000 Hz. The ll3.octave-band 
signals were obtained by passing white noise through 
Va-octave-band filters whose center frequencies ranged 
from 25, Hz to 630 Hz. The test subjects were asked 
to specify the threshold and annoyance levels for each 
individual discrete or Va-octave-band signal. Once all 
the s~bjects had been tested for one test condition, the 
resultmg data for the threshold and annoyance tests 
were plotted on a single graph and the threshold and 
annoyance curves, which represented the average val­
ue~ of the data, were drawn through the plotted data . 

~~-(~F_1.gure 8). All four grip~gurntions were in­
vestigated in each of the three directions. Both thresh­
old and annoyance curves were obtained for the dis­
crete frequency tests. Only the threshold curves were 
obtained for the Va-octave-band broad band tests. It 
was not possible to deliver enough power to the elec-
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Figure 8. Threshold and annoyance level data of various 

subjects for discrete frequency vibration in 
the vertical direction; 8 lb., finger grip. 
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tromechanical shaker to produce annoyance for the 
Va-octave-band broad band tests. 

Equal Sensation Testis 

The equal sensation tests were conducted to deter­
mine an individual's perception of vibration at speci­
fied frequencies relative to a reference vibration sig­
nal. For this series of tests, 100 Hz was determined 
to be an optimum reference frequency. 28 The refer­
ence vibration levels that were used were 0.1 g, 0.5 g, 
1 g, and 5 g's. For a. given sedes of tests, a grip 
configuration and a reference vibration level at the 
reference frequency were specified. The test subject 
was instructed to clasp the handle with the selected 
grip configuration. His hand was then vibrated at 
the reference frequency and vibration level. When 
he indicated, his hand was then excited by a test fre­
quency signal. For the discrete frequency tests, the 
test frequency signals consisted of the ll3.octave-band 
center frequencies between 16 Hz and 1,000 Hz. The 
test frequency signals used for the Va-octave-band 
broad band tests consisted of li3.octave bands, ob­
tained by filtering random white noise between 25 
Hz and 1,000 Hz. The test subject adjusted the test 
vibration signal until it produced the same perceived 
sensation as was produced by the reference vibration 
signal. Often it was necessary to switch from the ref­
erence frequency signal to the test frequency signal 
several times before the proper adjustments had been 
made. This procedure was repeated for all of the test 
frequencies and for all of the reference vibration lev­
els. Once all of the tests subjects had been tested for 
a given set of tests conditions, the resulting data were 
plotted on a single graph and a curve that represented 
the average values of the data was drawn through the 
plotted data (Figure 8). All four grip configurations 
were investigated in each of the three directions. 

MATHEMATICAL MODEL OF THE 
VIBRATION RESPONSE OF THE 
HAND AND AUM 

Work completed by Abrams, Reynolds, Soedel, 
Jokel, and Suggs has demonstrated that the hand and 
arm can be modeled as a lumped parameter mass-ex­
cited vibration system.20

•
23

•
25

•27 •
31 Such a system is 

composed of a finite number of mass (m), stiffness 
(k) , and damping ( c) elements. The results of the 
imr.edance tests conducted during this investigation 
indicated that between· the frequencies of 5 Hz and 
1,000 Hz the hand could be modeled as a three-degree­
of-freedom, mass-spring-damper system for vibration 
in each of the three directions (Figure 9). The force 
exciting the system in Figure 9 is directed into mass 

"':3. The functions x1(tl, x2(tl and x3(tl represent 
the motions of masses 1• 1 , "2 and "':i , respectively. 

Summing the forces acting on the three masses 
yields three coupled, second-order ordinary differen­
tial equations. 

(1) 
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f(t) 

Figure 9. Conceptual schematic of three degree-of-free­
dom mass spring damper system. 

(3) 

If t(tl is assumed to be a complex exponential of the 
form 

f(t) • F ,J•t (4) 

then can be written 

(5) 
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x1• x2 and i3 are complex amplitudes. Substituting 
equations ( 4) and ( 5) into equations ( 1) through ( 3) 
yields 

(6) 

(7) 

(8) 

Equations ( 6) through ( 8) are linear simultaneous 
algebraic equations. Thus, Crammer's rule can be 
used to determine the expression for i

3 
or 

(9) 

where the <let A is given by 

(10) 

and where the <let B is given by 

(11) 

Expanding the determinates yields 

det A• (kl+k2·•'•1+Jw(cl+c2lHk2+k3·•''"z+jw(c2+c3llF (12) 
• F (k2 +j wc2)2 

det A• -(k3 +Jwc3)2(k1+t2 -lll2 m1+Ju(c1+c2})+ 

(kl+ k2 - w2 nil +j Iii (cl +cz)Hkz + k3 -w2 ~ + j 111,1 (c2 +c3)Hk3 -1112 "3 + j WC3) 

• (k2+J•<2>'(k3·•'•3+J•<3). (13) 

To simplify the analysis of equation (9), the fol­
lowing substitutions were made 

•3 
~· rl ~- r 

•1 2 (14) 

2 . 6 2 2. 8 2 ~- 8 2 (15) •1 I •2 2 •3 3 

cl ,. C <2 <3 

Vijiij l ~·'2 ~-,3 (16) 

~ .. 2c 1 e1 
<2 f • 2c363 

I 
mi= z cz Bz 

3 (17) 

The displacement mobility i/F for the three-de­
gree-of-freedom system shown m Figure 9 was ob-
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tained by performing the operations indicated in 
equation (9) and then dividing the results by the 
force amplitude F. Thus, the displacement mobility 
was written · 

where 

C "' (1/m3) [ wi. - w2 [ a1
2 + (1+r1tr-2) Bl + a/ / r1 

+ 4 a1 a3 t 1 , 3 / r1 + 4 s1 a2 c: 1 tz + 4 a2 s3 t2 ,;3 I r2 J : 

- j u [ 2 Bz Cz Bl 2 + 2 S3 CJ B1 2 / rl + 2 83 t 3 Sz2 
/ r 2 

+ 2 a1 ,; 1 a/+ 2 a1 c1 s3
2 / r1 + z_s2 tz Bl I r2· J 

- J •' r 2 a1 , 1 + (l+r1tr2) 2 a2 , 2. + 2 a3 , 3 / r 1l 

+ a2 
2 s1

2 + a1
2 Bl I r1 + a/ s/ / r 2 l 

0 : - 1,/• + j ws ( 2 i:1 s1 + 2 tz Sz (l+r1/rz} 

+ 2 i; 3 63 I r1 J + w'° [ s1
2 + Bl (l~r1/r2) 

+ Bl I r, + 4 tz Bz t;;J 81 + 4 ,;3 s3 t 1 81 / rl 

-~ --~2 Bz t3 63 / rz + 4 63 t3 t1 81 + Bi 
-----

+ 4 , 2 a2 , 3 a3 (l+q/r2) I - j •' I 2 q a1 a32 

+ 2 i; 2 s
2 

( s1
2 + s/ / r2) + 2 i::3 s3 ( s1

2 / r1 +a// r2 } 

+ 2 c1 a1 ( s2
2 + a/ / r1) + z a3 t 3 s1

2 

+ 2 s3 i; 3 a2
2 (1+r1/r2) + B ,;3 s3 tz s2 t 1 s1 

+ 2 tz Bz s3
2 (1+r1/rz) J - w2 I s1

2 s2
2 + s3

2 a12 / r 1 

+ s/ el / r2 + sJ2 s1
2 + 4 c2 s2 , 3 s3

2 / r2 

• 4 , 1 s1 s3 , 3 s2
2 + si2 s3

2 (l+r1tr2) + 4 tz s 2 c1 s 1 s3
2 l 

+ j w [ 2 63 t3 s, 2 Bz2 + 2 'z Bz Bl s, 2 + 2 t1 B1 Bl Bl ] 
+ 612 622 B32 

(18) 

(19) 

(20) 

Both C and D are complex quantities. Therefore, they 
were written 

C • g + j h 

D•q+js 

where 

q .. - IJ6 + w .. L 812 + 822 (l+r1/rz) + e/ / rl 

+ 4-'2 Bz ,;l 81 + 4 t;3 83 ,;1 81 / rl + 4 l;z B2 · 1;3 83 / rz 

+ 4 B3 1;3 ,;1 B1 + Bl + 4 'z Bz ,;3 83 (l+r1/r2) ) 

- i.i
2 ( B1

2 Bz2 + Bl e1
2 / r1 + 8/ 8z2 / r2 + e3 B1

2 

+ 4 '2 Bz (3 B32 / r2 + 4 '1 B1 83 '3 Bz2 + az2 B32 

(l+rl/r2) + 4 ,;2 8z ,;1 81 832 ) + 812 8z2 832. 

s • wS ( 2 c: 1 e1 + 2 ,; 2 8z (l+r1/rz) 

+ 2 ,;3 83 / r1 ) - wl ( 2 ,; 1 21 83
2 

+ 2 '2 a2 ( al, + a/ / •2 l + 2 <3 a3 ( al, / •1 

+ 8z2 I r2 ) + 2 , 1 e1 ( 8
2
2 + 2

3
2 / r

1 
) 

+ 2 83 t3 81 2 + 8 t3 83 ,;2 8z CJ BJ 

+ 2 63 <3 a2' (1+r1/•2l + 2 <2 a2 a3' (1+r1/•2ll 

+ w c 2 83 ,;3 e, 2 az2 + z 'z Bz 832 812 

+ z 't a, e3 2 Bz 2 J 

(21) 

{22) 

(23) 

(24) 

1 
g = - [ 111

4 
- w2 I B1

2 + (l+r1Jr2 ) B,,2 
~ L 

+ B32 I rl + 4 Bl B3 ,;1 1;3 / rl -t· 4 el B2 ,;2 ,;1 

+ 4 B2 B3 ,;2 1;3 / r2 ] + B22 B12 + B12 Bl / rl 

+ Bz2 a/ I r2 J 
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(26) 

The displacement mobility can be expressed 

(27) 

where 

Equation (27) is the complex driving point displace­
ment mobility of the three-degree-of-freedom system 
shown in Figure 9. 

Since the measured displacement mobility curves of 
the hand-arm system for vibration in each of the three 
orthogonal directions exhibited the general charac­
teristics of a three-degree-of-freedom system, equation 
(27) was used to model the response of the hand-arm 
system. The analytical displacement mobility curves 
for the different grip configurations that were investi­
gated were plotted with the use of a programmable 
calculator and a digital plotter. For each plot, nine 
model parameters had Ito be specified. They were 

a1, a2• a3• , 1, '2· '3• •, • •2 and · •3· Because of the com­
plexity of the three-degree-of-freedom model, it was 
not possible to choose the various model parameters 
directly from the c:Iata. However, at frequencies much 
greater than the third natural frequency predicted by 
equation ( 27), the ampliltude of the displacement mo­
bility reduces to 

(29) 

Therefore, it was possible to make a rough estimate 
of •3 from the data at frequencies around 1,000 Hz. 
The other model parameters were selected on the basis 
of trial and error until the displacement mobility pre­
dicted by the analytical model corresponded as closely 
as possible to measured displacement mobility for 
the condition being analyzed. This process often in­
volved some minor adjustments of ·the initial esti­
mates of •3 • After a satisfactory fit of the data had 
been obtained, the modell parameters were converted 
into the corresponding mass, spring, and damping 
coefficients of the model lby the use of equations (14) 
through ( 17). 
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DISCUSSION OF RESULTS 

Mechanical Impedance Tests and Model 

Before discussing the specific results obtained from 
the driving point mechanical impedance tests, it is de­
sirable to review the energy state that can exist in the 
hand and arm due to hand-induced vibration. The 
hand is a complex continuous elastic system. The 
elasticity and the mass of the hand are capable of 
storing potential and kinetic t;nergy, respectively. Po­
tential energy is stored as a result of the relative com­
pression or expansion of adjacent tissue. Kinetic 
energy results from the motion of the tissues in the 
hand. These two elements are necessary to support vi­
br_atory motion. '!'he capability of the hand to support 
this type of mot10n has been clearly proven.11·25,2,-s o 

In an ideal system with no damping, steady oscilla­
tory motion results in the transfer of energy ·between 
the system being excited ( the hand) and the exciting 
mechanism (the tool handle). Over part of a cycle 
of oscillation, energy imparted to the hand by the 
handle is stored in the form of potential and kinetic 
energy in the hand. Over the rest of the cycle, the 
energy stored in the hand is transmitted back to the 
handle. Thus, the net or time averaged transfer of 
energy between the hand and handle is zero. In phys­
ical-mechanical systems that are highly elastic, this 
type of energy transfer may not be destructive. The 
systems can undergo very large numbers of oscilla­
tions without failing or fatiguing. Because of the 
highly elastic nature of the different types of tissues 
in the hand, one would expect this to be true for 
vibration excitation of the hand. However, there has 
been no evidence presented that either proves or dis­
proves this fact. 

One of the unifying factors that ties together the 
results of the different mechanical impedance investi­
gations of the hand is the fact that the hand has been 
found to be highly damped. Damping, when it is 
present, has the effect of dissipating energy that is 
transferred to a system. With regard to hand vibra­
tion, this implies that all of the energy, which is ini­
tially transferred to the hand by a vibrating handle, 
is not stored in the form of potential and kinetic 
energy and then transferred back to the handle. A 
portion of the energy that is initially incident upon 
the hand is absorbed or dissipated in the tissue of the 
hand. The higher the damping, the greater the amount 
of energy dissipated. 

The amplitude of the instantaneous kinetic plus po­
tential energy 1r,1 stored in the hand can be ex­
pressed in terms of the displacement mobility IX/Fl , 
the amplitude of vibration 1i31 , and the phase angle 
() between the force and displacement signal, or 

(30) 

Similarly, the amplitude of the instantaneous energy 
dissipated IEdl can be expressed 

107 

I Edi • IX312 lm(t) or IEdl • IX31'ltl stne . (31) 

The amplitude of the total instantaneous energy IEI 
transferred to the hand is given by 

IEI • !IE,1 2 + 1Edl 2
Ji, or IE/• 1i3 /'ltl (32) 

Equations (30) and (31) indicate that if the phase 
angle () between the force and displacement signals is 
close to zero, most of the energy that is initially 
transferred to the hand is stored in the form of kinetic 
and potential energy. On the other hand; if it is close 
to 90°, most of the energy that is initially transferred 
to the hand is dissipated in the hand. The above 
equations also indicate that the instantaneous energy 
values are a function of the inverse of the displace­
ment mobility. Therefore, if the amplitude of vibra­
tion directed into the hand 1x31 is held constant and 
the displacement mobility amplitude decreases, the 
amplitude of the corresponding instantaneous ener­
gies will increase. 

The instantaneous time rate of change of energy or 
the instantaneous power supplied to the hand is often 
of interest. In terms of equations (30) through (32), 
the amplitudes of the instantaneous power stored IP,/ , 
the instantaneous power dissipated IPd/ , and total in­
stantaneous power supplied to the hand /Pl can be 
written 

/P,I • /E,/. /Pl • /E/ • (33) 

where • is the angular frequency in radians/ second. 
The above equations indicate that if the amplitude of 
energy is held constant, the amplitude of the instan­
taneous power supplied to the hand increases with 
increasing frequency. 

Figures 10 through 15 show the average displace­
ment mobility levels and the average phase angles be­
tween the force and displacement signals as a function 
of frequency that were measured for all of the inves­
tigated conditions. Tables 1 through · 3 show the 
values of the identified mass, stiffness, and damping 
coefficients specified by equation (28) that were ob­
tained for the different test conditions. The agree­
ment between the experimentally measured mobility 
and phase curves and the corresponding curves pre­
dicted by equation (28) is shown in Figures 10 
through 15. 

Figures 10 through 15 indicate that the mechanical 
response characteristics of the hand wel'e a function 
of frequency. Assuming constant displacement am­
plitudes and noting that the instantaneous energy that 
was directed into the hand was inversely proportional 
to the displacement mobility, the figures indicate that 
for all of the conditions that were analyzed the in­
stantaneous energy into the hand increased as a func­
tion of frequency. Noting that the instantaneous 
power supplied to the hand was directly . proportional 
to both energy and frequency, the amplitudes of the 
instantaneous power supplied to the hand increased 
at a~ even faster rate than did energy as frequency 
was mcreased. 
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Figure 10. Comparison of the displacement mobility re­
sponse of the hand and the response pre­
dicted by the mechanical model for the 2 lb, 
and B lb, finger grip (vertical direction). 

Table I. Model coefficients for grip types in the 
vertical direction 

2 lhr- 8 lbt- 2 lht· 8 lbt· 
Elements Finger Finger Palm Palm 

Mass* 

m1 0.00081 0.00090 0.00103 0.00114 
m 2 0.000203 0.000275 0.000171 0.000171 
m 3 b.00045 0.00050 0.00057 0.00057 

Stifjnesst 
kl 89.82 127.9 146.0 162.0 
k 2 0.20 0.271 0.167 0.169 
k a 860.0 2021.0 441.0 900.0 

Dampingt 
C1 0.971 1.22 1.39 1.55 
C2 0.019 0.0259 0.0161 0.0161 
C3 1.49 2.01 1.30 1.862 

* lbr-sec2 
/ in. 

t lbt(in. 
+ lb r•sec / in. 

REYNOLDS 

1121-1 
FINGER GR IP 

HDRIZOtlTAL DIRECTIOtl 

> 
I-

J 
-? 

ai" Iii! 
a i. 
I: Ill 

J 
I- \ 
z z 
l,J -
I: V 

LI l 
V \ 

103 5 X 
n. Data Average 
UI Me,: h . Mode 1 

0 2 'lbf Gr i p 

B lbf Grip 

lli!li! lli!li!li! 

f"REGUENCY - HZ 

Figure 11. Comparison of the displacement mobility re­
sponse of the hand and the response predicted 
by the mechanical model for the 2 lb, and B 
lb, finger grip {horizontal direction). 

Table 2. Model coefficients for grip types in the 
horizontal direcltion 

2 lbt· 8 llb t· 2 lbt· 8 lbt· 
Elements Finger Finger P alm Palm 

Mass* 

m 1 0.000648 0.000858 0.00114 0.00114 

m 2 0.000144 0.000279 0.000285 0.000342 

m 3 0.00036 0.000429 0.00057 0.00057 

Stifjnesst 
kl 5.76 22.9 11.5 30.4 

k 2 0.0696 0.705 0.72 0.864 

k a 888.0 2075 .. 0 1406.0 2757.0 

Dampingt 
C1 0.183 0.056 0.149 0.149 

C2 0.0127 0.0673 0.0244 0.0481 

Ca 1.47 1.32 1.70 2.0 

* lb1-sec2 /in. 
t lbt/in. 
+ lb 1-sec / in. 
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Figure 12. Comparison of the displacement mobility re­
sponse of the hand and ·the response predicted 
by the mechanical model for the 2 lb, and 8 
lb 1 finger grip (axial direction). 

Table 3. Model coefficients for grip types in the 
axial direction 

2 lb1- 81hr 2 lb1- 8 lb1-
Elements Finger Finger Palm Palm 

Mass·::-

m1 0.00024 0.00028 0.00012 0.00028 

m2 0.0000108 0.0000098 0.0000048 0.0000098 

m3 0.00012 0.00014 0.000080 0.00014 

Stifjnesst 
kl 23.7 17.7 0.474 4.42 

k2 0.0426 0.0557 0.0189 0.0387 

k3 47.4 79.6 102.0 141.0 

Dampingt 
C1 0.226 0.1688 0.0226 0.106 

C2 0.00136 0.00103 0.00181 0.00148 

C3 0.377 0.507 0.29 0.422 

* lbrsec" / in. 
t lb 1/in. 
+ lb1·sec/in. 

The figures indicate that the nature of the energy 
directed into the hand was a function of the direction 
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Figure 13. Comparison of the displacement mobility re­
sponse of the hand and the response pre­
dicted by the meclhanical model for the 2 lb1 
and 8 lb1 palm grip (vertcal direction). 

of vibration. Again, assuming constant displacement 
amplitudes, the instantaneous energy supplied to the 
hand in the axial direction was less than the corre­
sponding energy directed into the hand for the ver­
tical and horizontal directions. The energy supplied 
to the hand in the horizontal direction at frequencies 
below 40 Hz was greater than the corresponding 
energy supplied to the hand in the vertical direction. 
At frequencies above 40 Hz, the opposite was true. 

By observing the phase relations between the force 
and displacement signals, some statements can be 
made with regard to the types of energy that were 
directed into the hand for vibration in each of the 
three orthogonal directions. Since the phase between 
the force and displacement signals below 100 Hz was 
much less than 90° for vibrntion in the vertical direc­
tion, the energy supplied to lthe hand in this direction 
was fairly evenly distributed between stored kinetic 
and potential energy and dissipated energy. However, 
at frequencies above 100 H2:, the fact that the phase 
between force and displacement approached and 
stayed around 90° indicates that almost all of the 
energy that was directed into the hand at those frl}­
quencies for vibration in the vertical direction was 
dissipated. For vibration in both the axial and hori­
zontal directions, the phase between the force and dis-
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Figure 14. Comparison of the displacement mobility re­
sponse of the hand and the response predicted 
by the mechanical model for the 2 lb, palm 
grip (horizontal direction). 

placement varied between around 60° and 120°. This 
indicates that for nearly all frequencies in these two 
directions almost all of the energy that was directed 
into the hand was dissipated or absorbed by the hand. 

Figures 10 through 15 indicate that the instanta­
neous values of energy supplied to the hand were a 
function of grip configuration. In general, the energy 
directed into the hand ( assuming constant displace­
ment amplitudes) was slightly higher for the palm 
grips than for the finger grips. Also, more energy 
was supplied to the hand for the 8 lbt grip than was 
for the 2 lbr grip. These statements were true for all 
three directions of vibration. 

Figures 10 through 15 show that the displacement 
mobility amplitudes that were predicted by the ana­
lytical model correlated very well with the measured 
mobility amplitudes for an of the test conditions that 
were investigated. The phase relation between the 
displacement and force predicted by the model corre­
lated fairly well with the measured phase at frequen­
cies below 100 Hz. At frequencies above 100 Hz, the 
predicted phase was always less than the measured 
phase. This discrepancy was probably because the 
hand was modeled as a three-degree-of-freedom sys­
tem for vibration in each of the three orthogonal di­
rections when, in reality, it had more than three de­
grees of freedom. 
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Figure 15. Comparison of the displacement mobility re­
sponse of the hand and the response predicted 
by the mechani1:al model for the 2 lb, and 
B lb, palm grip (axial direction). 

One of the most common perceptions related to 
hand vibration is the fact that vibration directed into 
the hand at very low frequencies can be felt all the 
way up to the shoulder; the vibration becomes pro­
gressively more localized to the hand and then the 
fingers as frequency is increased. This phenomenon 
has lead researchers to postulate that the masses in­
dicated in Figure 9 have represented different parts of 
the hand and arm. However, the maximum value of 
total mass associated with the mechanical model of 
the hand developed by Reynolds and Soedel was 
around 0.68 lb111 • ~"·'11 Similarly, for the mechanical 
model of the hand developed by Abrams, the maxi­
mum value of mass was found to be around 0.1 lb111•

20 

The maximum value of total mass obtained from this 
study was around 0.79 lb111 • One would intuitively an­
ticipate that if the mechanical model predicted the 
vibration response of bolth the hand and arm, the 
above values of total mass would have been larger. 
The fact that they were fairly small tends to imply 
that the mechanical model represented only the local­
ized effects in the hand due to hand-induced vibration. 

It is possible to make some statements with regard 
to the values of the mass, stiffness, and damping co­
efficients associated with the mechanical model of the 
hand. Mass m 2 was from 0.07 (axial direction) to 
0.6 (horizontal direction} times the value of mass 
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m3 • Mass m1 was generally around twice the value of 
m3 for most of the conditions that were investigated. 
The coupling indicated by the large values of k3 and 
c3 between masses m2 and m3 was very strong whereas 
the coupling implied by the very small values of k2 

and c2 between masses m1 and m 2 was very weak. 
The coupling indicated by the intermediate values of 
k1 and c1 between mass m1 and "ground" was much 
stronger than the coupling between masses m1 and 
m 2 but somewhat less than the coupling between 
masses m2 and m3 • Figure 16 shows a conceptual 
representation of the mechanical model of the hand 
with regard to the above statements. 

A discussion of the locations and coupling that 
exist between the different tissues in the finger and 
hand reveals some striking similarities with the above 
statements on the mechanical model of the hand. The 
outer tissue of the finger and hand are composed of 
the dermis and epidermis. These tissues are very 
dense and are composed of very closely packed cells. 
Some nerve endings extend up into the epidermis. 
Below the dermis is the subcutaneous tissue. This 
tissue, in contrast to the dermis and epidermis, is not 
very dense. Most of the veins, arteries, and arterioles 
carrying blood and fluids to and from the hand and 

/ / / 

l 
/ / / / 

l c, /.' -k1 --

f 

Figure 16. Conceptual representation of a three degree­
of-freedom model showing the relative size of 
the various parameters as found by impedance 
modeling of the H-A-S. · 
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fingers and the nerve endings located in the hand 
and fingers are located in the subcutaneous tissue. 
The cells making up the subcutaneous tissue are very 
loosely packed and the tissue is highly mobile. The 
elastic bond between the subcutaneous tissue and the 
dermis is fairly strong. The muscle tissue is located 
below the subcutaneous tissue. The attachment be­
tween the subcutaneous and muscle tissues is very 
weak. When these statements are compared with the 
statements made about the mechanical model, mass 
m, corresponds to the dermis and epidermis; m 2 

corresponds to the subcutaneous tissue; and m3 corre­
sponds to the muscle tissue. "Ground" corresponds 
to the skeletal system ; k3 and c,1 represent the strong 
coupling that exists between: the dermis and subcutan­
eous tissue ; k2 and c2 represent the weak coupling 
that exists between the subcutaneous and muscle tis­
sues; and k, and c1 represent the coupling between 
the muscle tissue and the skeletal system. 

If the above correlation between the mechanical 
model and the hand and fingers exists, some very 
significant statements can be made about energy 
states that can exist in the hand and fingers. At low 
frequencies, the vibration that is directed into the 
hand and fingers is directed through the epidermis, 
dermis, and subcutaneous tissue to the muscle tissue 
and then to the skeletal system. The vibration is then 
transmitted to ~ther parts of the hand and arm 
through the skeletal system. However, because of the 
very weak coupling that exists between the subcutan­
eous and muscle tissues, there will be a frequency ( as 
the frequency is increased) above which the subcu­
taneous tissue will effectively be dynamically de­
coupled from the muscle tissue. The subjective re­
sponse test conducted by Reynolds and J okel and the 
transmissibility tests conducted during this investiga­
tion imply that this decoupling occurs between the 
frequencies of 100 Hz and 200 Hz.2 7 

The impedance tests indicated that energy was dis­
sipated in the fingers and hand at frequencies below 
100 Hz. Even though some of this energy was prob­
ably dissipated in the subcutaneous tissue, most of it 
was probably dissipated because of the relative mo­
tion between the subcutaneous and muscle tissues and 
between the muscle tissue and the skeletal system. 

At frequencies above 100 Hz to 200 Hz, the sub­
cutaneous and muscle tissues are probably decoupled. 
This implies that nearly all of the vibration energy 
above these frequencies directed into the hand is 
stored and dissipated in the epidermis, dermis, and 
subcutaneous tissue. Because of the strong coupling 
between the dermis and subcutaneous tissue and the 
fact that the mass of the dermis and epidermis is 
much larger than the corresponding mass of the sub­
cutaneous tissue, energy directed into the hand that 
causes a relatively small displacement of the dermis 
and epidermis can result in a relatively large dis­
placement of the subcutaneous tissue. If the motions 
of the dermis and the subcutaneous tissue are out of 
phase, the relative motion between the two tissues can 
be even larger than the individual motions of each 
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tissue. The results of the transmissibility tests indi­
cate that the above may be true. 

From the results of the mechanical impedance tests, 
it can be inferred that when vibration was directed 
into the hand in each of the three orthogonal direc­
tions, almost all of the energy induced into the hand 
and fingers at frequencies above 100 Hz was dissi­
pated. The discussion in the above paragraph indi­
cates that this energy was dissipated because of the 
motion of the subcutaneous tissue and because of the 
relative motion between the subcutaneous tissue and 
the dermis. Energy was probably also dissipated be­
cause of the relative motions between the vessels and 
other tissues comprising the subcutaneous tissue. The 
energy was most likely dissipated in the form of heat 
caused by the relative motions between the different 
tissues. If an object is continually rubbed over the 
surface of the skin, the skin becomes warm, and if 
the rubbing persists, the skin may become irritated 
and blister. This usually results in reddening of the 
skin, a flow of blood and other fluids into the area of 
the irritation, and a tingling and burning sensation. 
It is reasonable to assume this same thing happens as 
a result of the relative motions that occur in the sub­
cutaneous tissue and between the subcutaneous tissue 
and the dermis. As indicated above, this can result 
in irritation and consequently, a flow of blood and 
other fluids into the area of irritation. The noted re­
sults of this are a burning sensation and a swelling 
of the fingers or hand. These results have been ob­
served in the hands and fingers of individuals who 
have been exposed to hand-induced vibration. If the 
above irritation persists over a very long period of 
time, it could possibly result in cell destruction in the 
subcutaneous tissue. Many researchers who have in­
vestigated the pathological effects of the vibration 
syndrome have reported definite cell destruction in 
the small vessels and destruction of other tissues con­
tained in the subcutaneous tissue 

From this discussion it can be very strongly in­
ferred that the vibration energy above 100 Hz to 
200 Hz that has been directed into the hand and dis­
sipated in the subcutaneous tissue may have been 
primarily responsible for the cell and tissue destruc­
tion associated with the vibration syndrome. 

Transmissibility Tests 

Figures 17 through 19 show the average value 
curves for the transmissibility tests that were con­
ducted at the indicated locations in the vertical, hori­
zontal, and axial directions for the 2 lbr finger grip. 
The results that were obtained for the other three grip 
configurations were very similar to those obtained for 
the 2 lbr finger grip. Subminiature piezoresistive ac­
celerometers attached to the skin surface directly over 
the bone at the indicated joints were used to obtain 
these results. Therefore, these results cannot be used 
to specify the absolute energy state at the indicated 
locations, but they can be used to comment on the 
relative vibration levels, referenced to the vibration 
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Figure 17. Average value 1trailsmissibility curves for vi­
bration in the vertical direction for the 2 lb, 
finger grip. 

levels directed into the hand and fingers, at the speci­
fied locations. 

The vibration transmissibility through the finger at 
the middle phalanx (1, see curves on figures) for vi­
bration in the vertical direction and at the proximal 
phalanx (2) for vibration in the horizontal and axial 
directions indicates that vibration up to approximately 
100 Hz was directed, nearly unattenuated, from the 
point of contact between the finger and the vibrating 
handle through the finger to the back surface of the 
finger. At frequencies above 100 Hz for vibration in 
the horizontal and axial directions and above 400 Hz 
for vibration in the vertical direction, the vibration 
amplitudes of the backs of the fingers decreased as the 
vibration frequency increased. The vibration levels at 
the third metacarpal ( 3) for vibration in the vertical 
direction decreased at an even faster rate, compared 
with the middle phalanx,, as the vibration frequency 
was increased (Figure 17). These factors tend to indi­
cate that at frequencies below 100 Hz most of the vi­
bration that was directed :into the fingers was transmit­
ted to the hand. However, as the vibration frequency 
was progressively increased above 100 Hz, the vibra­
tion tended to become more and more localized at the 
fingers. For vibration in horizontal and axial direc­
tions, the vibration tended to become more localized 
to the area of the fingers directly in contact with the 
vibrating handle. This happened for vibration in the 
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Figure 18. Average value transmissibility curves for vi­

bration in the horizontal direction for the 2 
lb, finger grip. 

vertical direction for frequencies above 400 Hz. These 
observed trends support the discussions in the me­
chanical impedance section that concerned the vibra­
tion response of the epidermis, dermis, and subcu­
taneous tissue at frequencies above 100 Hz to 200 Hz. 

Location 4, the triquetrum carpal, and location 5, 
the styloid process of ulna, represent a part of the 
wrist joint. The results, indicated in Figures 17 
through 19, can be used to show that for vibration in 
all three directions the vibration amplitudes at the 
wrist progressively decreased as frequency increased 
throughout the entire test frequency range. The vi­
bration transmissibility amplitude at the wrist had 
decreased to around 0.1 for a vibration amplitude in­
cident upon the fingers at 100 Hz; and at a frequency 
of 1,000 Hz, to 0.01 for vibration in the vertical di­
rection and to 0.001 for vibration in the horizontal 
and axial directions. These results indicate almost all 
of the vibration directed into the fingers at frequen­
cies above 100 Hz was confined to the hand and fin­
gers. This further supports the statements that were 
made in the mechanical impedance section concerning 
the fact that almost all of the energy directed into 
the hand and fingers at frequencies above 100 Hz was 
dissipated in the hand and fingers. 

Attention should be focused on the transmissibility 
levels for locations 4 and 5, the wrist joint, in Fig­
ures 17 through 19 and for locations 6 and 7, the 
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Figure 19. Average value transmissibility curves for vi­

bration in the axial direction. 

elbow joint, in Figure 17. These results indicate that, 
in general, very little vibration attenuation occurred 
across a joint. In some cases at certain frequencies, 
a slight vibration amplification occurred across a 
joint. 

The vibration levels transmitted to most locations 
on the hand and arm were approximately the same, 
regardless of the direction of vibration. However, 
one notable exception was considered worthy of fur­
ther analysis. For vibration in both the vertical and 
axial directions, a noticeable reductiort in the vibra­
tion levels between the wrist and elbow (locations 5 
and 7) was evident at all frequencies (Figures 17 and 
19). For vibration in the horizontal direction, this 
vibration reduction was not present (Figure 18). It 
is important to recall that because of the orientation 
of the forearm to the vibrating handle, vertical and 
axial vibn1tion was perpendicular to the forearm 
whereas horizontal vibration was normal to the fore­
arm. To analyze this phenomenon more closely, the 
average value transmissibili lty curve for these two 
locations were isolated and superimposed for vibra­
tion in the vertical and horizontal directions. Figure 
20 shows this comparison for the 2 1hr finger grip. 
The transmission levels indicated by this plot were 
used to calculate the ratio of the vibration level of 
the elbow divided by the vibration level of the wrist. 
These results for the vertical and horizontal directions 
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Figure 20. Comparison of the average value transmis­

sibility curves for the elbow and wrist joints 
for vibration in the horizontal and vertical 
directions for the 2 lb, finger grip. 

are plotted in Figure 21. From information in Figure 
21, it can be inferred that longitudinal vibration ( vi­
bration amplitudes normal to propagation of vibra­
tion) is transmitted along a bone nearly unattenuated 
whereas transverse vibration ( vibration amplitudes 
perpendicular to propagation of vibration) is sub­
stantially attenuated as it travels along a bone. The 
degree of attenuation is probably a function of fre­
quency. 

Figures 22 through 26 indicate both the transmis­
sibility levels and the phase relations between cor­
responding vibration signals at the indicated loca­
tions on the finger and hand. The discussions about 
the vibration levels transmitted to the specified loca­
tions on the finger and hand and across the indicated 
joints are the same as before. However, it is inter­
esting to note the phase relations · between the corre­
sponding signals. Even though the vibration levels 
on the back of the finger at the middle phalanx and 
the proximal phalanx were nearly the same as the 
vibration levels directed into the finger up to around 
300 Hz to 400 Hz ( at which they began to decrease), 
the phase between the corresponding signals began to 
·increase from zero degrees at a frequency around 
100 Hz. At frequencies below 100 Hz, all the corre­
sponding signals were in phase. The fact that the 
vibration signals at the back of the finger were out of 
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Figure 21. Calculated ratiios of the vibration levels at 
the elbow divided by the vibration levels at 
the wrist for vibration in the horizontal and 
vertical directions for the 2 lb, finger grip. 

phase with the vibration signal induced into the fin­
ger at frequencies above 100 Hz is significant; it 
indicates that because of the phase difference between 
the corresponding signals, even though the transmis­
sibilities at the back of the finger were unity up 
to 300 Hz to 400 Hz, the relative motion between the 
inside and the back of the finger was up to twice that 
indicated by the individual vibration levels or the 
transmissibilities alone. The same statements also ap­
ply to the third metacarpal ( Figure 24) . This infor­
mation supports the discussions in the mechanical im­
pedance section with regard to the relative motion 
between the muscle tissue, subcutaneous tissue, der­
mis, and epidermis. 

Figures 25 and 26 indicate, as before, that there 
was very little vibration reduction across the joint 
between the third metacarpal and the proximal pha­
lanx and across the joint between the styloid process 
of the ulna and the triquetrum carpal. The attenuation 
for individual test subjects may have been substantial, 
but the overall average of all test subjects was near 
unity. As before, the phase relations between the 
corresponding signals became quite significant. Thus, 
even though the attenuation across a joint may have 
been small, the relative motion across the joint, indi­
cated by the phase difference, was significant. 
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Figure 22. Ratio of vibration levels at middle phalanx 
(location 1) divided by vibration levels induced 
into the hand with phase difference between 
corresponding signals for individual test sub­
jects for the 2 lb, finger grip (verticai direc­
tion). 

Subjective Response to Vibration 

Before discussing the results of the equal -sensation, 
threshold, and annoyance tests, it is desirable to de­
scribe the physiological mechanisms involved in the 
perception of vibration. The perception of a sensa­
tion is composed of four parameters: quality, inten­
sity, locus, and affect. 32 Quality is the subjective. dif­
ference that enables a subject to name sensations: 
hot and cold, taste, smell, etc. Intensity is the strength 
or amplitude of the stimulus. Locus indicates the 
location from which the sensation appears to come. 
Affect is that aspect of the sensation that enables the 
subject to classify it as pleasant or unpleasant. This 
emotional response can at tirries become so intense 
that it may have the effect of diminishing the quality 
and intensity of the sensation, thus altering the sub, 
jective response to the stimulus. 

Mechanoreceptors that respond to mechanical de­
formation of the tissue are used by individuals to de­
tect the presence of vibration. Figure 27 sho.ws a 
cross section of glabrous skin with most of the me­
chanoreceptors indicated. When the tissue is de­
formed, the mechanoreceptors produce a generator 
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Figure 23. Ratio of vibration levels at proximal phalanx 

(location 2) divided by vibration levels in­
duced into the hand with phase difference 
between corresponding signals for individual 
test subjects for the 2 lb, finger grip (vertical 
direction). 

potential by a process known as depolarization. 32
'
33 

The generator potential is a stationary potential that 
is proportional to the magnitude of the stimulus ap­
plied to the tissue. If the amplitude of the generator 
potential exceeds a certain value, called the threshold 
of the nerve fiber being stim111Iated, an action poten­
tial of the nerve fiber will be produced. The action 
potential is an "all-or-nothilllg" firing action, the 
amplitude being constant fo:r a given receptor or 
nerve fiber. 33 This action potential is then transmit­
ted along the nerve pathways to the central nervous 
system where it is encoded illl such a manner as to 
make it possible for the individual to determine the 
nature of the stimulus. The magnitude of the stim­
ulus is encoded in the number of action potentials 
per unit time. Once the threshold has been exceeded, 
the number of action potentials per unit time is a 
function of the amplitude of the generator potential 
(Figure 28). If a stimulus is of such an intensity as 
to saturate one nerve fiber, this greater intensity can 
be encoded by several nerve fibers relaying action 
potentials from a group of mechanoreceptors to the 
central nervous system. 
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Figure 24. Ratio of vibration levels at third metacarpal 
(location 3) divided by vibration levels induced 
into the hand with phase difference between 
corresponding signals for indiviqual test sub­
jects for the 2 lb, finger grip (vertical direc­
tion). 

Mechanoreceptors have the ability to adapt either 
partially or completely to a stimulus after a period of 
time. That is, when a static signal is applied, the re­
ceptor responds with a high generator potential that 
decreases with time. Adaptation occurs at different 
rates for different receptors (Figure 29). The me­
chanoreceptors associated with the sensation of touch 
and vibration are classified according to their rates 
of adaptation. Tonic receptors are slow-adapting 
nerve afferents. They include Merkel's disc, Ruf­
fini's endings, muscle spindles, Golgi tendon-organs, 
and free nerve endings. Phasic receptors are fast. 
adapting nerve afferents. They include pacinian 
corpuscles, Meissner's corpuscles, hair end organs, 
and free nerve endings. 

Tonic receptors produce a generator potential be­
cause of both static and dynamic components of a 
stimulus ( Figure 30). The static component is de­
termined by the amplitude of the deformation of the 
tissue. The dynamic component is determined by the 
time rate of change of the deformation. If the stim­
ulus is changing with respect to time, the generator 
potential is primarily determined by the dynamic 
component. If the intensity of the stimulus is very 
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Figure 25. Ratio of vibration levels at third metacarpal 
(location 3) divided by vibration levels at 
proximal phalanx (location 2) with phase dif­
ference between corresponding signals for in­
dividual test subjects for the 2 lb, finger grip 
(vertical direction). 

high, both the dynamic and static components may 
be involved in determining the amplitude of the gen­
erator potential. If the stimulus does not change 
with time, the generator potential decreases with time 
to the amplitude determined by the static component 
alone. 

Figure 31 indicates the relationship between a dis­
placement stimulus, the generator potential produced 
by the stimulus, and the action potentials excited by 
the generator potential. The static and dynamic com­
ponents of the stimulus determine the initial ampli­
tude of the generator potential, which then decreases 
to a level determined by the static component alone. 
Thus, the number of action potential spikes are ini­
tially determined by the onset of the displacement and 
are proportional to the time rate of change of the 
stimulus. After the static displacement has been ap­
plied and is continuously applied without changing, 
the number of action potential spikes is proportional 
to the static deflection experienced by the skin. 

After an action poteintial spike has excited a nerve 
fiber, the threshold to a second stimulus is increased. 
For a very short time ( the absolute refractory pe­
riod), the resulting threshold is infinite and the nerve 
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SUBCUTANEOUS NERVES 

Figure 27. Cross section of glabrous skin showing loca­
tion of mechanoreceptors. 
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Figure 29. Adaptation of different types of receptors. 

fiber cannot be excited by a second stimulus. There­
after, for an additional time ( the relative refr~ctory 
period) , a second stimulus can excite the nerve fiber 
only if it is greater than the normal threshold level 
(Figure 32). Measured refractory periods indicate 
that the upper limit of most tonic receptors is from 
100 to 200 pulse per second. At frequencies greater 
than 200 Hz, tonic receptors will generally not respond 
to a vibrating signal unless the amplitude is so great 
tµat it produces a perceived statiic displacement."2 

The fast-adapting phasic receptors respond only to 
stimuli that are continuously changing. If subjected 
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to a static signal, they respond with only one action 
potential spike, indicating the onset of the stimulus. 
Thereafter, the generator· potential goes to zero very 
rapidly. The number of action potential spikes ex­
cited by the phasic receptors in response to a vibrat­
ing signal is proportional to the frequency of the 
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stimulus. "2 It is believed that the amplitude of a vi­
bration stimulus may be encoded in the number of 
phasic receptors that are excited by the stimulus. 

For a given frequency, the minimum amplitude at 
which a phasic receptor responds with one action po­
tential spike per cycle is k1iown as a "tuning point." 
When tuning points are established for selected fre­
quencies, it is possible to determine the frequency 
range at which a phasic receptor will respond. Mount­
castle in8icated that vibration is detected by two 
different types of phasic receptors, one tuned to low 
frequency vibrations and one tuned to high frequency 
vibrations. 33 He indicated that Meissner's corpuscles 
appeared to be tuned to frequencies below 200 Hz 
whereas pacinian corpuscles were tuned to frequen­
cies between 70 Hz and 400 Hz (Figure 33) . Mount­
castle also found that the high frequency detectors 
were more sensitive than the low frequency detectors. 
This corresponds to indications by others that the 
phasic receptors are most sensitive at frequencies 
around 200 Hz. 32 _ __ _ _ _ _ __ _ _ ____ _ 
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Figure 34 shows the equa~ sensation curves for dis­
crete frequency vibratipn for the 2 lbf finger grip, 
and Figure 35 shows the equal sensation curves for 
the ll3.octave-band broad band frequency vibration 
for the 2 lbr finger grip. These curves indicate an 
individual's perception of vibration relative to a ref­
erence signal at 100 Hz. That is, the indicated vibra­
tion levels at frequencies other than 100 Hz produced 
the same perceived sensation as was felt at 100 Hz. 
The results of the equal sensation tests for all four 
grip configurations in each of the three directions in­
dicated that an individu~l's relative perception of vi­
bration was a function of the direction of vibration, 
the grip configuration, the amplitude of the reference 
signal, and the frequency content of the signal. 

At present there is np adequate theory to explain 
the differences in an individual's perception due to 
the above-mentioned parameters. It is possible, how­
ever, to explain an individual's overall perception of 
vibration. The results of the discrete frequency equal 
sensation tests indicated that, physiologically, there 
were both low and high frequency receptors used for 
perceiving vibration (Figure 34) . The shape of 
the equal sensation curves were very similar to the 
curves presented by Mountcastle (Figure 33). This 
correlation implies that phasic receptors were pri­
marily responsible for an individual's perceived sen­
sation due to discrete frequency vibration. Meissner's 
corpuscles tuned to low frequencies and pacinian cor­
puscles tuned to high frequencies were possibly the 
phasic receptors involved in determining the sensa­
tion felt. 

The equal sensation curves also give some indica­
tion that tonic receptors were also used to determine 
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vibration in the verticai, horizontal, and axial 
directions for 2 lb, finger grip. 



120 

+--------+ - VERTlCfL D1R£CllDN 

0--0 - HORIZONTAL DIRECTION 

10-l 
~--X - RXlAL D1R£CT1DN 

11!121 HZ 

z 1~i-2 
:::i 
-i 

~ 
I- 1 :z w 1 :E I Lu 10-3 V 
er. 
__J -i 

CL ! 
U1 

c:. 
U1 
:E 

lk:1-'i ct:: 

I 121~ L--L--..i-~..1-1-L.U--__._---L_._ .......... ~ 
l 0 l 0121 l 0121121 

FRE51UENCY - HZ 
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perceived sensation. Tonic receptors, as stated earlier, 
are more sensitive to static displacement than are 
phasic receptors. The number of action spikes fired 
or released in the connecting nerve fibers of a tonic 
receptor is directly related to the displacement ampli­
tude of the stimulus. Thus, equal sensation associated 
with tonic receptors would be caused by equal dis­
placements. The flattening of the equal sensation 
curves (meaning constant displacement for equal sen­
sation) in the low and high frequency ranges as the 
vibration intensity was increased indicated that tonic 
receptors were possibly being used to determine the 
perceived sensation. As the intensity levels of the 
vibration increased, the contrast in the displacements 
necessary for equal sensation for low and high fre­
quency vibration decreased. 

Test subjects stated that low frequency vibration 
induced into the hand (20 Hz to 80 Hz) was felt in 
a region between the shoulder and wrist. The elbow 
and wrist are joints containing large numbers of tonic 
receptors such as Ruffini's endings and joint cap­
sules and a small number of pacinian corpuscles 
(phasic receptor). Low frequency vibration induced 
into the hand caused movements or rotations of both 
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the elbow and wrist. The movement of these joints 
would have been detected by the tonic receptors men­
tioned above. Thus, the use of Ruffini's endings and 
joint capsules ( tonic receptors) and Meissner's cor­
puscles (phasic receptor tuned to low frequencies) 
could have possibly been responsible for an individ­
ual's perception of low frequency vibration. 

Test subjects indicated that high frequency vibra­
tion ( 125 Hz to 1,000 Hz) was primarily localized to 
the hand and fingers. This region of the body con­
tains Merkel's discs and Ruffini's endings ( tonic re­
ceptors) embedded in the glabrous skin of the hand 
and pacinian corpuscles (phasic receptor) in the sub­
cutaneous tissue of the hand. The cumulative detec­
tion of vibration by these receptors could possibly 
have resulted in the shapes of the equal sensation 
curves for high frequency vibration. 

From the flattening of the equal sensation curves 
for 1/:i-octave-band broad band vibration indicated by 
Figure 35, perhaps more tonic receptors than phasic 
receptors could be responsible for the perceived sen­
sation due to broad band vibration. The role of the 
phasic receptors in the perception of broad band vi­
bration may have been hampered by the random vi­
bration within the frequency band. The unsteady, in­
consistent pattern of vibration in the band may have 
caused subjects to rely heavily upon the steady output 
associated with the tonic receptors. 

In Figures 36 throug;h 39 are the results of the 
threshold and annoyance tests for discrete frequency 
vibration. As was the case with the equal sensation 
tests, the results indicated by these curves were a 
function of the direction of vibration and of the grip 
configuration used for the individual tests. Some in­
teresting observations can be made with regard to 
the different vibration levels associated with the three 
directions of vibration that were required to produce 
annoyance. In general, the vibration levels required 
to produce annoyance were greatest in the axial di­
rection and least in the vertical direction, although at 
lower frequencies, vibration in the vertical direction 
tended to be less annoying than the same vibration 
applied in the horizontal direction. 

In Figures 40 through 42 are plotted the amplitudes 
of the instantaneous stored potential and kinetic ener­
gies, the dissipated energy, and the total energy di­
rected into the hand for the 2 lbr finger grip. These 
curves were obtained by substituting the appropriate 
measure data into equations (30) through (32). They 
indicate that, for vibration in the vertical direction 
above 100 Hz and in the horizontal and axial direc­
tions at all measured frequencies, almost all of the 
energy directed into the hand for the corresponding 
annoyance levels was dissipated. This fact supports 
the corresponding statements that were made in the 
mechanical impedance section. The curves also in­
dicate that the energy required to produce annoyance 
decreased as frequency increased. 

The curves representing the stored potential and 
kinetic energies for vibration in each of the three di­
rections were plotted in Figure 43. These curves in-
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Figure 36. Discrete frequency threshold and annoyance 
level curves for vibration in the vertical, hori­
zontal, and axial directions for the 2 lb, finger 
grip. 

dicate that an individual's perception of annoyance 
is due primarily to the levels of energy that are nec­
essary to cause the tissues to deform, or move, or 
both. Essentially, the test subjects did not perceive 
the energy that was dissipated in their hands while 
vibration was being directed into the hands. After 
the vibration was stopped, they sensed the results of 
this dissipated energy in the form of burning sensa­
tions and slight swellings of the hands and fingers. 
These results seem to be consistent with previous dis­
cussions on both the mechanical and subjective re­
sponse characteristics of the hand and ~ngers. 

Comparison of Results with Results Obtained 
by Other Investigators 

As was mentioned in the Introduction, one of the 
problems associated with establishipg a relationship 
between vibration exposure and the vibration syn­
drome is the lack of correlation between the results 
that have been obtained by different investigators. 
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level curves for vibration in the vertical, hori­
zontal, and axial directions for the B lb, finger 
grip. 

Thus, it is desirable to compare the results of this 
study with the results obtained by other investigators. 

One of the investigations undertaken by Miwa was 
to establish threshold, unpleasant, and tolerance limit 
levels for hand-induced vibration.13

'
16 Although Miwa 

used a plane vibration table against which his test 
subjects pressed the flat portion of the palm and fin­
gers of their hand, rather than a vibrating handle, it 
is worthwhile to review his data. Miwa's data were 
presented in terms of accelera tion, but it is possible 
to manipulate it and present it in terms of displace­
ment. Miwa's tolerance, unpleasant, and threshold 
levels in terms of displacement as a function of fre­
quency are presented in Figure 44. The threshold 
and annoyance curves for the 2 lbt palm grip ( verti­
cal direction) are shown for comparison. The most 
important observation is that the threshold and tol­
erance limit curves obtained by Miwa approximate the 
threshold and annoyance level curves obtained during 
this study. Although the unpleasant level curve is 
formed of intermediate vibration levels, it does ex-
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Figure 38. Discrete frequency threshold and annoyance 
level curves for vibration in the vertical, hori­
zontal, and axial directions for the 2 lb, palm 
grip. 

hibit the same general shape as the annoyance level 
curves. 

It is worthwhile to examine the criteria used to 
determine tolerance and unpleasant levels in Miwa's 
study. Each subject pressed his hand against the flat 
vibration table with a specified static force. The vi­
bration level was increased by the test monitor, re­
maining constant at each level for 3 minutes. The 
subject was asked at each step whether the vibration 
was unpleasant or intolerable. If the subject found 
one level to be tolerable physically but stated that it 
was subjectively unbearable, the next increment was 
selected as the tolerance limit. Interestingly, even 
though the method used by Miwa to determine the 
tolerance levels was substantially different than that 
used for this study, the tolerance levels obtained by 
Miwa correlated very well with the annoyance levels 
determined by this study. 

Mountcastle33 investigated the threshold levels for 
both human and monkey subjects; the threshold level 
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Figure 39. Discrete frequency threshold and annoyance 
level curves fair vibration in the vertical, hori­
zontal, and axiial directions for the 8 lb, palm 
grip. 

curves produced from his investigation are presented 
in Figure 45. The 2 lbt palm grip ( vertical direction) 
threshold level curve is superimposed on Mountcastle's 
curves for comparison. Although it was not the intent 
of this paper to analyze the data presented on mon­
key subjects, it should be noted that these curves have 
the same general shape as those presented for human 
subjects. 

The most important observation that can be made 
with regard to Mountcastle's curves is that they ex­
hibit the same general shape as those produced during 
this study. In both cases, the lowest threshold level 
occurred around 200 Hz. The threshold levels ob­
tained by Mountcastle were appreciably lower at all 
frequencies than those developed during this investi­
gation, probably becarnse of differences in experi­
mental technique. From the available literature, it 
was not possible to determine the equipment and ex­
perimental technique used by Mountcastle to obtain 
his data. 
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into the hand for vibration in the vertical di­
rection for the 2 lb, finger grip. 

CONCLUSIONS 

The following statements can be made with regard 
to the results of this investigation. 
1. The mechanical and subjective response charac­

teristics of individuals to hand-induced vibration 
was a function of the manner in which a vibrat­
ing handle was clasped and the orientation of 
the vibration relative to the hand. 

2. The mechanical model of the hand that was de­
veloped during this study was descriptive of the 
physical orientation and coupling that exist be­
tween the epidermis, dermis, subcutaneous, and 
muscle tissues and the skeletal system in the fin­
gers and hand. 

3. The results of the mechanical impedance tests 
and the curve fitting associated with the me­
chanical model tended to indicate that the vibra­
tion response of the hand ( determined by meas­
uring the vibration response of the hand, using 
a vibration input to the hand) was primarily 
indicative of only the local response characteris­
tics of the hand and fingers. 

4. The results of the mechanical impedance tests 
indicated that_ almost all of the energy directed 
into the hand and fingers at frequencies above 

123 

100 

u.. 

Total Energy 

Dissipated Energy 

Stored Potential and 5 

= 
>-
cc, 

°' w 
:z 
w 

u.. 
0 

w 
"" :::, 
I-

_J 

C. 
:E: 
e( 

(/) 
:::, 
0 
w 
:z 
<( 
I-
z: 
<( 

I-
(/) 

:z 

10·! 

10·2 

10·3 

~o 

0 \ 

\ 
a\ 

Kinetic Energy 

0 Za . 
~ 

10·4 ................ _ __._..._..._ .................. _ ....... _ ............................. 
s 10 ~ m 

FREQUEtlCY - Hz 

Figure 41. Spectrum of instantaneous energy directed 
into the hand for vibration in the horizontal 
direction for the 2 lb, finger grip. 

100 Hz for vibration in the vertical direction 
and at all frequencies for vibration in the hori­
zontal and axial directions was either absorbed 
or dissipated in the hand and arm. 

5. The results of the curve fitting associated with 
the mechanical model of the hand and the trans­
missibility tests indicated that vibration at fre­
quencies above 100 Hz directed into the hand, 
or fingers, or both was isolated at the hand and 
fingers. 

6. From the above results, it can also be inferred 
that vibration at frequencies above 150 Hz to 
200 Hz tended to be isolated at the areas of the 
hand and fingers directly in contact with the vi­
brating handle. The mechanical model implied 
that this vibration was isolated to the epidermis, 
dermis, and subcutaneous tissues adjacent to the 
vibrating handle. 

7. The results of the transmissibility tests indicated 
that the attenuation of vibration up the arm oc­
curred in the tissue adjacent to the bone and 
not in the bone. 

8. From the results of the transmissibility tests, it 
can be inferred that there was little attenuation 
of vibration across joints but that large relative 
motions across joints could exist. 



124 

100 
To ta 1 Energy 

-------- Dissipated Energy 

----- Stored Potential and u.. 
9 Kinetic Energy 

I 

= 10-1 
>-
<.!) 

c:: 
UJ 
:z 
UJ 

u.. 
C> 

w 
c:, 
:::, 

10-2 I-

_J a c.. 
:E 
<( 

en 
:::, 
C> 
UJ 
:z 
<( 

I-
:z 10-3 
<( 

I-
en 
:z 

10-4 LL.&.&..LL-....L---JL.....JI-L..L.1.&.&.L...--'-....L....L..&......_....., 

5 10 1.00 

FREQUENCY - Hz 

l(XXJ 

Figure 42. Spectrum of instantaneous energy directed 
into the hand for vibration in the axial direc­
tion for the 2 lb( finger grip. 

9. The results of the subjective response tests indi­
cated that Ruffini's endings and joint capsules 
( tonic receptors) and Meissner's corpuscles 
(phasic receptors) were responsible for an in­
dividual's subjective response to low-frequency, 
discrete-frequency, hand-induced vibration. These 
results indicated that Merkel's discs and Ruffini's 
endings ( tonic receptors) and pacinian corpuscles 
(phasic receptors) were responsible for an in­
dividual's subjective response to high-frequency 
discrete-frequency vibration. 

10. The results of the subjective response tests indi­
cated that an individual's response to broad-band 
hand-induced vibration was determined by the 
response characteristics of tonic receptors. 

11. The results of the mechanical impedance and 
annoyance tests indicated that an individual's 
perception of annoyance caused by hand-induced 
vibration was based primarily on the stored po­
tential and kinetic energies induced into the hand 
by a vibrating source. In most cases, this com­
prised a very small portion of the total energy 
directed into the hand. 

12. The results of the mechanical impedance and 
annoyance tests implied that an individual did 
not perceive the energy directed into his hand 
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Figure 43. Amplitudes of the instantaneous stored po­
tential and kinetic energies for vibration in 
the vertical, horizontal, and axial directions 
for the 2 lb, finger grip. 

that was absorbed or dissipated by the hand. 
This absorbed or dissipated energy generally 
comprised almost all of the energy directed into 
the hand by a vibrating source. 

13. Subjective response data used to establish haz­
ardous-hand-vibration criteria is of questionable 
value, based on the results above (paragraphs 1 
through 12) . 

14. From the facts that high frequency vibration 
( above 100 Hz to 200 Hz) is isolated to the fin­
gers ( and possibly to the epidermis, dermis, and 
subcutaneous tissues) and that almost all of the 
energy associated with this high frequency vi­
bration is dissipated, it can be inferred that high 
frequency vibration is in part responsible for the 
destructive effects associated with the vibration 
syndrome. 

ACKNOWLEDGEMENTS 

The author wishes to thank Kerrie G. Standlee, 
Reginald H. Keith, and Eric N. Angevine for the 
many hours of dedicated research that they, as grad­
uate research assistants, contributed to this project. 
The author wishes to thank the Office of Extramural 
Activities of the National Institute for Occupational 



HAND-ARM VIBRATION: 3 YEARS' RESEARCH 

z 

I 

l-­z w 
L. 
w 
V 
a: 
...J 
a.. 
lI1 

0 

lI1 
L. 
0:: 

10 _, 

10 ·l 

10 •l 

10-" 

10 ~ 

10 °" 

10 _, 

····· ······ ········ Threshold & Annoyance 
X-------X Tolerance Limit 
O~-~O Unpleasant Level 
+~~~+ Threshold Level 

..... 

10 

''x.. ·· ... 
', ·· ... 

''~·-.. "-,c. . .,.._ 
··-.. Annoyance 

····-.. ~eve I 

----O-

HIIJ 

FREmJENCY-HZ 

Levels 

1000 

Figure 44. Comparison of 2 lb, palm grip threshold and 
annoyance level curves with the threshold, 
unpleasant, and tolerance limit curves ob­
tained from the data of Miwa. 

Safety and Health for sponsoring this 3-year research 
project; D. E. Wasserman and H. H. Cohen were the 
NIOSH co-technical advisors to this study. Finally, 
much gratitude is expressed for all of the students 
who volunteered their time as test subjects for this 
project. 

REFERENCES 

1. James, P. B., and Galloway, R. W,: Brachia! arteriography 
in vibration induced white finger. In: W. Taylor, ed. 
The vibration syndrome. Academic Press, London, 1974. 

2. Taylor, W.: The vibration syndrome: Introduction. In: 
W. Taylor, ed. The vibration syndrome. Academic Press, 
London, 1974. 

3. Taylor, W., Pelmear, P. L., and Pearson, J.: Raynaud's 
phenomenon in forestry chain saw operators. In: W. 
Taylor, ed. The vibration syndrome. Academic Press, 
London, 1974. 

4. Walton, K. W.: The pathology of Raynaud's phenomenon 
of occupational origin. In: W. Taylor, ed. The vibration 
syndrome. Academic Press, London, 1974. 

125 

5. Axelsson, Sven-Ake: Analysis of vibrations in power saws. 
Studia Forestalia Suecica, Nr. 59, Royal College of For­
estry, Stockholm, 1968. 

6. International Standards Organization. Czechoslovak pro­
posal for guide for evaluation of human exposure to hand­
arm system vibration. ISO/TC108/WG7 (CSSR-4), Au­
gust 1969 (Louda). 

7. International Standards Organization. Guide for the 
evaluation of human exposure to hand transmitted vibra­
tion. (Draft June 1971) ISO/TC108/WG7 (Von Gierke 
-1). 

8. Griffin, M. J. : Some problems associated with the for­
mulation of human response to vibration. In: W. Taylor, 
ed. The vibration syndrome. Academic Press, London, 1974. 

9. Keighley, G. D.: Hand-arm system vibration: Draft British 
standard for development. Forestry Commission, Great 
Britain. 

10. Mishoe, J. W.: Human hand sensitivity to sinusoidal and 
non-sinusoidal vibration in single and three directional 
modes. Unpublished Master's thesis, North Carolina State 
University, 1971. 

11. Miwa, Toshisuke: Evaluation methods for vibration ef­
fects. Part 1: Measurement of threshold and equal sen­
sation contours of whole body for vertical and horizontal 
vibrations. Ind. Health (Japan), 5 :103-205, 1967. 

12. Miwa, Toshisuke: Evaluation methods for vibration ef­
fects. Part 2: Measurement of equal sensation level for 
whole body vibrations between vertical and horizontal 
sinusoidal vibrations. Ind. Health (Japan), 5 :206-212, 
1967. 

13. Miwa, Toshisuke: Evaluation methods for vibration ef­
fects. Part 3: Measurement of threshold and equal sen­
sation contours on hand for ve1,tical and horizontal sinus­
oidal vibrations. Ind. Health (Japan), 5 :213-220, 1967. 

14. Miwa, Toshisuke: Evaluation methods for vibration ef­
fects. Part 4: Measurement of vibration greatness for 
whole body and hand in vertical and horizontal vibrations. 
Ind. Health (Japan) 6:1-10, 1968. 

15. Miwa, Toshisuke: Evaluation methods for vibration ef­
fects. Part 5: Calculation methods of vibration greatness 
level on compound vibrations. Ind. Health (Japan), 
6 :11-17, 1968. 

16. Miwa, T: Evaluation methods for vibration effects. Part 
6: Measurement of unpleasant and tolerance limit levels 
for sinusoidal vibration. Ind. Health (Japan), 6:19-27, 
1968. 

17. Miwa, T: Evaluation methods for vibration effects. Part 
7: The vibration greatness of the pulses. Ind. Health 
(Japan), 6 :143-164, 1968. 

18. Reynolds, D. D. and Soedel, W.: Dynamic response of 
the hand-arm system to a sinusoidal input. Purdue Uni­
versity Noise Control Conference , West Lafayette, Indiana, 
July 1971. 

19. Abrams, C. F., Jr.: A study of the transmission of high 
frequency vibration in the human arm. Unpublished Mas­
ter's thesis, North Carolina State University, 1968. 

20. Abrams, C. F., Jr.: Modeling the vibration characteris­
tics of the human hand by the driving point mechanical 
impedance method. Unpublished Ph.D. dissertation, North 
Carolina State University, 1971. 

21. Abrams, C. F., Jr., and Suggs, C. W. : Chain saw vibra­
tion: Isolation and transmission through the human arm. 
Annual Meeting of the American Society of Agricultural 
Engineers, Purdue University, ·west Lafayette, Indiana, 
June 22-25, 1969. 

22. Dieckmann, D.: Ein Mechanisches Model! fur das 
Schwengungserreg-te Hand-Arm System des Menschen. 
Internal. Z. Angew. Physiol. Einschl. Arbeitsphysuik. 



126 REYNOLDS 

-------------2-lbf palm grip thresh old le ve l; 

C 

::t. 

L1J 
z 
(/') 

LL 
0 

L1J 
0 
::> 
1-

.J 
Q_ 

~~~-~--

ct 0.1 
10 

. . 
• 

Human 
Subjects 

100 10 

Monkey 
Subjects 

100 1000 

FREQUENCY OF SINE WAVE - Hz 
Figure 45. Comparison of 2 lb, palm grip threshold curve with the frequency threshold functions for five human sub­

jects and six monkey subjects obtained by Mountcastle. 

17 :25, 1958. University, 1972. 
23. Reynolds, D. D., and Soedel, W.: Dynamic response of 32. Patton, H. D., Ruch, T. C., Towe, A. L., and Woodbury, 

the hand-arm system to a sinusoidal input. J. Sound Vib. J. W.: Neurophysiology, 2nd ed. W. B. Saunders Com-
21 (3) :339-353, 1972. pany, Philadelphia, 1965. 

24. Reynolds, D. D., and J okel, C. R.: Hand-arm vibration- 33. Mountcastle, V. B.: Medical physiology, 13th ed. The 
An engineering approach. C. V. Mosby Company, St. Louis, 1974. 

25. Suggs, C. W.: Modeling of the dynamic characteristics of 
the hand-arm system. In: W. Taylor, ed. The vibration 
syndrome. Academic Press, London, 1974. 

26. Wasserman, D. E., and Badger, D. W.: The NIOSH plan 
for developing industrial vibration exposure criteria. J. 
Safety Research, 4(4) :146-154, December 1972. 

27. Reynolds, D. D., and Joke!, C. R.: Modeling the hand­
arm system's response to vibration. Report No. 1: Vi­
bration characteristics of the hand and arm. National 
Institute for Occupational Safety and Health Grant 
OH 00470-01, February 1974. 

28. Reynolds, D. D., and Standlee, K. G.: Equal sensation for 
mechanical vibration induced into the hand-arm ·system. 
Report No. 4: Vibration characteristics of the hand and 
arm. National Institute for Occupational Safety and Health 
Grant OH 00470-01, May 1975. 

29. Reynolds, D. D., and Angevine, E. N.: Threshold, annoy­
ance and transmission levels for mechanical vibration 
induced into the hand-arm system. Report No. 5: Vibra­
tion characteristics of the hand and arm. National Insti­
tute for Occupational Safety and Health Grant OH 00470-
02, October 1975. 

30. Reynolds, D. D., and Keith, R. H.: Analytical model of 
the vibration characteristics of the hand-arm system. Re­
port No. 6: Vibration characteristics of the hand and 
arm. National Institute for Occupational Safety and 
Health Grant OH 00470-02, October 1975. 

31. Reynolds, D. D.: Vibration interaction of the human 
hand-arm system with vibrating power tools (especially 
chain saws). Unpublished Ph.D. dissertation, Purdue 

BIBLIOGRAPHY 

Acton, W. I.: Aspects of field vibration measurements. In: 
W. Taylor, ed. The vibration syndrome. Academic Press, 
London, 1974. 
National Institute for Occupational Safety and Health : Vi­
bration and the worker's health and safety. A bibliography. 
D. E. Wasserman and D. W. Badger, eds. Cincinnati, Ohio. 
U.S. Department of Health, Education ·and Welfare, TR-77, 
1973. 
Rathbone, T. C. : Human sensitivity and product vibration. 
Product Engineering, August 5, 1963. 

QUESTIONS, ANSWERS, AND 
COMMENTARY 

Question (G. C. Agarwal, University of Illinois) : 
I have a couple of questions. Oqe is, I didn't see any 
numerical values for m, c, and k. How sensitive are 
these numbers when you get nine parameters that you 
are fitting by some kind of curve · fitting technique? 
You are going to have a lot of sensitivity problems? 

Answer: What we did was devise a system of 
damping coefficients, resonant frequencies, and ratios 
of masses that all resulted from the overall develop­
ment of the model. Then we worked with these para-
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meters. We used a brute force, trial and error, pa,ra­
metric fit technique to identify the parameters. l feel 
confident that the curve fit we achieved was about 
the best we could do. When the values of these para­
meters were from the optimum values, substantial 
variation from the measured impedance curves oc­
curred. The model was very sensitive to the values 
associated with k3 and c3 because they are very large. 
It was not very sensitive to k2 and c2 because these 
values were relatively small. So there were some of 
the parameters that the model was very serisitive to 
and there were other parameters in which there was 
quite a bit of latitude as to how they could be varied. 
I don't say that these are the absolute values of the 
corresponding parameters. The values of the para­
meters that were presented, however, yielded a good 
fit with regard to the measured data. I think the im­
portant thing is not the actual values of the parameters 
but rather the overall implication ·of the model itself 
and the fact that we observed and were able to obtain 
the same trends with regard to relative values between 
all the parameters throughout all the tests that we ran. 

Question (G. Agarwal) : In this case, were the e's 
and k's dependent on the grip force and frequency 
input? 

Answer: They're independent of frequency. 
Question (G. Agarwal): How can that be true be­

cause you were just fitting the total curve. Did you 
try to fit sections of the curve? Are c and k depen­
dent on that? 

Answer: No, because you have a three,degree-of­
freedom system, you have to treat your system in its 
entirety. In other words, the model was a three-de­
gree-of-freedom system model. Now the value of 
these parameters was a function of grip force, grip 
type, and direction of vibration. The corresponding 
values of these parameters were inserted into the mo­
bility equation, which was a function of frequency, 
and then we obtained the final results. 

Question (G. Agarwal): Well, the way you are 
doing it, yes; there would be an independence of fre­
quency because you are assuming a linear system. 
But my feeling is this is not entirely a linear system. 
My last question concerns the phase shift you've 
shown. Does it depend on, for example, the trans­
mission delay of the vibration? Because you have 
taken a lumped system rather than a distributed sys­
tem. Is it a distributed system with corresponding 
phase shift? How much of this can you account for 
simply by the time delay? 

Answer: We ran calibration curves for our phase 
information. Therefore, I believe the phase informa­
tion that we measured was, in fact, the phase between 
the force and the displacement signals. 

Question (H. Rafalski, IMS Medical Academy): 
Can you take your data of transmission vibration in­
to other areas of the hand and arm and correlate it 
to my data according to response of blood vessels, 
muscular change, and bone changes? We find in the 
fingers, wrist, forearm, and elbow there was less in­
fluence of vibration than on the shoulder. Can you 
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comment on transmission of vibration in these terms? 
Answer: Well, I would say that high levels of low 

frequency vibration transmitted to the arm could 
partly be responsible for bone deformation damage in 
the arm. Looking to transmissibility, I would say 
that as frequency increases, the corresponding bone 
damage would travel down the arm. Now one thing 
our data did indicate was that on the average, there 
was very little vibration attenuation across the joints. 
It did indicate, however, there was substantial relative 
motion within the joint. Thus, if resonances are pres­
ent in the joint, it is possible for the joint to experi­
ence twice or even more motion than is actually im­
plied by the initial signals directed into the hand. I 
would say then this could result over a long period 
of time in bone damage at the joint. 

Question (D. Koradecka, Central Institute for La­
bour Protection) : The parameters of resonance in­
clude elastic components that tend to change accord­
ing to muscular movements, and they change as a re­
sult of various disorders. For example, in muscles of 
the legs, you have resonances of about 8 to 11 Hz. 
During stress, you have resonances of about 30 to 40 
Hz. So if you look at the phenomenon of resonance 
exchanges, don't you have different coefficients, de­
pending mostly on dynamic and not static para­
meters? 

Answer: I think one of the biggest problems in 
making any type of dynamic measurements is inter­
preting the resuhs. Actually making the measure­
ments is about 10% of the problem. Interpreting 
them and knowing what you have after you make the 
measurements are about 90% of the problem. As we 
vibr~te the_ hand with low frequency vibration, we 
teel It up m the shoulder area, and as frequency is 
mcreased, the sensation of vibration creeps down the 
hand. It has long been thought that any mechanical 
model that we have of the hand ought to include the 
masses that correspond to mass of the hand, mass of 
the forearm, upper arm, etc. The identifying values 
of the masses that we measured did· not indicate this 
was true. If we look at the very strong correlation to 
the actual physical situation that exists in the skin 
!tsel~, b~tween the , finger and the bone, the strong 
1mphcat10n ( and I m not going to say that this is 
th~ absolute i1;1plic_ation) is that the measured driving 
pomt mechamcal impedance o:f the hand gives only 
the mechanical response characteristics of that area 
of the hand directly in contact with the vibrating 
handle. I realize that's a very strong statement to 
make, but this is what our data indicate. 

Comment and questions (H. Von Gierke, Aerospace 
Medical Research Laboratory) : Many models are 
made to evaluate the vibration in connection with the 
tool, and certainly if you have tools of different 
weights, you need the whole mass as well as the mass 
of the arm and of the shoulder, and that of the man. 
So you still need the whole system to describe the 
effects of vibration. 

I have two questions. When you based your model 
on these three degrees of freedom, which you indi-
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cated, did you have any measurements on the linearity 
of the whole system? Because you usually observe 
damage in tissue in the range where it becomes non­
linear and in the linear range we hardly observe dam­
age, which of these three degrees first becomes non­
linear? 

Answer: These are hard questions to answer, and 
it takes a lot of measurements to determine it. In 
the measurements •that were made in earlier studies, 

':! ,ve excited the hand ,vith different levels of forces, 

------~ ---- -- --

REYNOLDS 

measured the response, and then looked at the rela­
tion that existed between the data from the different 
tests. We used very strong levels of excitation and 
very weak levels of excitation, and in most cases, the 
average of these curves pretty much overlapped. I be­
lieve that there will probably be extremely high am­
plitudes where you will force the system into a non­
linear region. For modeling purposes that gets to be 
a very difficult problem, and so we've just limited 
our analysis to a linear system approach. 

---------------
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