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1. INTRODUCTION

In recent years several investigators have revealed a relationship between
various vascu]ar-muscu]af disorders and vibration induced into the hand.!0,33- ==
While the most common of these disorders is Raynaud's Phenomenon or vibration in-
duced white finger (VWF), there is a recent trend to classify all of the disorders
associated with hand-induced vibration as “the vibration syndrohe“.33‘ Although
there is increasingly more information available onthis topic, little solid
evidence is available which establishes the exact nature of the relationship that
exist between vibration 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 has been presented in the
form of equal sensation contours similar to equal loudness contours for hearing,
threshold and annoyance levels and proposed hazardous vibration exposure criteria
for vibration directed into the hand.®»7 = 9:11 “19,2% Simjlarly, information
which describes the mechanical response characteristics of the hand and arm to
vibration directed into the hand has been presented. These results have been
presented in the form of the measured driving point mechanical impedance of the
hand (measured vibration response of the hand due to a driving force applied to
the hand), some initial analytical mechanical models of the hand and arm and the
measured transmissibility (measured vibration response at specified locations on
the hand and arm due to a vibration input to the hand) relative to different
locations on the hand and arm.! - 3,6,24,26 - 27,32 The jnformation from the above
indicated studies has been very valuable in gaining an understanding of the sub-
-jective and mechanical response characteristics of individuals to vibration directed
into the hand, However, the usefulness of this information has been seriously
lTimited by the inability to correlate the results that have been presented by dif-
ferent researchers. Inconsistancies and differences in experimental techniques
used by different investigators and the lack of accurate information with regard to
human test populations used for the various studies have added to the inability
to correlate the results of the different investigators.

In recent years there has been a strong push by some organizations to formulate
and enact hazardous hand vibration criteria with regard to allowable vibration
levels and exposure times to these levels.”:8s11 There has been little national
and international acceptance of any of the proposed hand vibration criteria. The
reasons for this are two-fold. First, more definitive information is neededswhich



more accurately describes the mechanical interaction thatoccurres between a tool
operator's hand and the vibrating handle he clasps, the nature of the transfer of
vibration energy between a vibrating t001 handle and the operator's hand, and how
this transfer of energy affects the operator's response to hand-induced vibration.
Second, it is necessary to obtain information which clearly indicates the vibration
levels and the exposure times to these levels which are necessary to cause the
onset of the aifferent vascular-muscular disorders associated with the vibration
syndrome.

As a result for the need for the above information before any meaningful.
hazardous hand vibration exposure criteria can be established, the National
Institute for'Occupational Safety and Health has sponsored an initial three year
study which was aimed at obtaining some of the above information. The specific
questions that this study has answered and which will be discussed in this report
are:

1. What is the nature of the transmission of vibration energy from a vibrating

tool handle to the operator's hand? What factors influence and to what extent
do these factors affect this transfer of energy?

2. MWhat 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 subjective response to hand-induced
vibration? What physiological mechanisms are involved with regard to an
individual's subjective response to vibration directed into the hand?

This report will summarize and discuss the implications of the information that
has been obtained relative to the above questions. More detailed discussions
relative to this information and to the experimental procedures used to obtain
this information are presented in References 28 through 31.



2. TEST PARAMETERS

Work completed by Reynolds and Soedel, Reynolds and Jokel and during this
study indicated that there are several variables which influence an individual's
mechanical and subjective response to hand-induced vibration.2* = 32 Griffin, who
presented 'a 1ist of these parameters, separated them into extrinsic (characteristic
of the vibration input) and intrinsic (characteristic of the body) variables.® The
extrinsic variables were: frequency of vibration, amplitude of vibration, time
history of vibration, direction of vibratioh, 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 varijables
had upon an individual's response characteristics to hand-induced vibration.

Brief discussions are presented relative to each of the above 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 vibration directed into the hand
was a function of both the frequency and amplitude of the vibration signal. Also
evidence has been presented which 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 octave

broad band frequencies. Relative to the time history of the vibration signals,

all of the signals used were steady state discrete or 1/3 octave band broad band
signals. The frequency range used varied between 5 Hz and 1,000 Hz. These Timits
were used because they represented the limits of the instrumentation and test appa-
ratus that were used for most of the tests.

Direction of Vibration: Three mutuai]y perpendicular directions of vibration
were investigated (Figure 1). They were: the vertical direction 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 hor-

izontal plane perpendicular to and directed towards the torso, and the axial
direction in which the handle was vibrated from right to left in a horizontal

plan perpendicular to the torso. For the tests that were conducted, the relative
spatial orientation of the handle with respect to the subject was kept as constant
.as possible for all three directions.



Vertical
ﬁ Horizontal

)

Axia]r

Figure 1 Directions of Vibration



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
df the palm (Figure 2b). The grip tightness refers to the force with which the
handle was squeezed. Two grip forces were used: 2 1bf and 8 1bf. The 2 1bf
grip was a loose grip and the 8 1bf grip corresponded to holding the handle
tightly. These forces were monitored by using a handle which had a horizontal
s1it and a calibrated strain gage 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 vibration (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 tonfigurations were investigated:

2 1bf finger grip, 8 1bf finger grip, 2 1bf palm grip and 8 1bf palm grip.

Effects of C]dthing: Clothing can affect the response characteristics of the body

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

Intrinsic Variables: The effects of the intrinsic variables upon the vibration

response of individuals to hand-induced vibration have been shown by past invest-
igators to be of minor importance.2* =27 The results of this and past studies
have indicated that it has not been possible to identify any meaningful trends
re]ative‘to the effects of body size, posture and muscle tension (with the/exception
of muscle tension in the hand do to grip tightness) upon either an individual's
subjective or mechanical response to hand-induced vibration. However, to minimize
the possible effects of these variables upon the results discussed in this report,
the test subjects were always seated such that the forearm was horizontal relative
to the vibrating handle. They 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.



(a) Finger Grip

(b) Palm Grip

Figure 2 Types of Grips
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(a) Horizontal Direction
(b) Vertical Direction
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(c) Axial Direction

Figure 4 Cross Section of Handle Connections for Different Directions of
Vibration



3. TEST PROCEDURES

Four different series of tests were conducted during this investigation:
(1) driving point mechanical impedance tests,.{(2) transmissibility tests,
(3) threshold and annoyance testé, and (4) equal sensation tests. Data similar
to that obtained from the above tests were available from previoué investigators.
However, because of differences in experimental procedures used by individual
investigators to obtain this 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 using the same instrumentation, compatible
test procedures and as nearly as possible, the same test populations.

Work completed during this and past investigations has shown that the grip
type and grip tightness a person uses to clasp a vibrating handle affects the
individual's subjective and mechanical response characteristics to vibration.
However, these parameters have been the least controlied parameters in past
studies. It has been this lack of control that 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 discribed 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 that was attached to an electromechanical shaker (Figure 4). An
impedance head was placed bétWeen the shaker and the handle. With this trans-
ducer and other instrumentatiOn, it was possible to measure the force 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 transmissibilty
tests. For this series of teSts only five test‘subjects were used.

A brief discription of the test procedures used for each series of tests will
be discussed individually. A more comp]ete'discription of the test procedures
and the instrumentation used for the tests discussed below can be found in Ref-
erences 28 through 31.

Driving Point Mechanical Impedance Tests: For the mechanical impedance tests,

each test subject was instructed to clasp the vibrating handle, usingone of the
specified grip configurations. The vibration signal that was directed into the
hand was continuously varied from 5 Hz to 1,000 Hz. The acceleration and force
signals from the impedance head were directed to a set of instruments manufactured
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by the Spectral Dynamics Corporation. The displacement mobility (displacement/
iforce) and the phase between therdisp1acement and force signals were directly
"obtained from these instruments and plotted on a X-YY recorder as a function of
frequency. Figure 5 shows a plot of the individual test results from the test
subjects used for one series of tests. Once a series of tests for a specified
direction and grip configuration had been completed and the data plotted on a
single graph, curves which were biased towards the heaviest concentration of data
were drown through 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.

Transmissibility Tests: For the transmissibility tests subminiture accelerometers

were attached to the locations indicated in Figure 7. The accelerometers were at-
tached to the skin with carpet tape located between the accelerometer and the skin
at locations where thére was little skin over the bone. Such was the case at ‘
joints. The accelerometers were 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 individua]acce]erometerat one of the indicated locations on Figure 7

and from the impedance head located between the "T bar" handle and the electro-
mechanical shaker were directed into the Spectral Dynamics instruments. The
amplitudes of the acceleration levels at the specified location on the hand or arm
divided by the corresponding acceleration levels of the impedance head were plotted
as a function of frequency on a X-YY recorder. For sbme tests the phase angles
between the two measured acceleration signals were also plotted on a X-YY recorder.
As was the case with the driving point mechanical 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 fron
each test subject was plotted on a single graph and a 1ine representing the averag=
transmissibility as a function of frequency was drawn through the data in the same
manner as was used for the'impédance data. A1l four grip configurations were in-
vestigated in each of the three directions of vibration. For the vertical direct:on
subminiture 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 located at positions 2, 4, 5, 7 and 8. The accelerometers
were always oriented such that the axis of sensitivity of the accelerometers cor-
responded to the direction of vibration.
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Threshold and Annoyance Tests: For the threshold and annoyance tests, the test

subject's handwas excited by either a single discrete frequency or a single 1/3
octave band broad band vibration signal. The subject was instructed to clasp the
handle with one of the four specified grip configurations. For the threshold

tests he was asked to adjust the amplitude of the vibration signal until he de-
termined that the sensation produced by the vibration was just barely perceptible.
For the annoyance tests he was instructed to adjust the amplitude of the vibration
signal until he determined that the sensation due to the vibration was such that he
would not want to clasp the handle for an extended periodvof time. For the dis-
crete frequency tests, the vibration frequencies were the 1/3 octave band center
frequencies between 25 Hz and 1,000 Hz. The 1/3 octave band signals were obtained
by passing white noise through 1/3 octave band filters whose center frequencies
ranged from 25 Hz to 630 Hz. The test subjects were asked to specify the’thresho]d
and annoyance levels for each individual discrete or 1/3 octave band signal. Once
all the subjects had been tested for one test condition, the resulting data for the
threshold and annoyance tests were plotted on a single graph and the threshold

and annoyance curves which représented the average values of the data were drawn
througn the data (Figure 8). A1l four grip configurations were investigated in
each of the three directions. Both threshold and annoyance curves were obtained
for the discrete frequency tests. Only the threshold curves were obtained for the
1/3 octave broad band tests. It was not possible to deliver enough power to the
electromechanical shaker to produce annoyance for the 1/3 octave broad band tests.

Equal Sensation Tests: The equal sensation tests were conducted to determine an
individual's perception of vibration at specified frequencies relative to a
reference vibration signal. For this series of tests 100 Hz was determined to be
an optimum reference frequency.2? The reference vibration levels that were used

were .1 g, .59, 1 gand 5 g's. For a given series 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 freguency signal. For the discrete
frequency tests the test frequency signals consisted of the 1/3 octave band center
frequencies between 16 Hz and 1,000 Hz. The test frequency signals used for the

'1/3 octave broad band tests consisted of 1/3 octave bands, obtained 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 reference
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frequency signal to the test freguency signal sevefa] 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 levels. O0Once 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 which represented the average values
of the data was drawn through the data (Figure 8). A1l four grip configurations
were investigated in each of the three directions.



4. MATHEMATICAL MODEL OF THE VIBRATION
RESPONSE OF THE HAND AND ARM .

Work completed by Reynolds and Soedel, Reynolds and Jokel, Abrams and Suggs
has demonstrated that the hand and arm can be modeled as a lumped parameter
mass-excited vibration system,2:25- 28,3 Sych a system is comprised of a finite
number of mass (m), stiffness (k) and damping (c) elements. The results of the
impedance 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 1is directed into mass
ms. The functions xl(t), x2(t) and x3(t)‘represent the motions of masses my, m,
and ms, respectively.

Summing the forces act1ng on the three masses yields three coupled second
order ordinary differential equations.

My X3(t) + ey x(t) +Kyx(t) - cg Xy (t) = kyx,(t) = F(t) | | (1)

mz'x'z(t)+(c2+c3) (t)+(k2+k3) X,(t) - ¢, x 1(t)-c3 >'<3(t)-k2x1(t)-k3 x3(t) =0

ml'x'l(t) + clil(t)+k1x1(t) - ¢ iz(t) -k, x,(t) = 0. . (3)

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

f(t) = F edut (4)

then Xl(t)’ xz(t) and x3(t) can be written

x (t) = X e xp(t) = Xy e xg(t) = Xgedet. (5)

il’ iz and i3 are complex amplitudes. Substituting equations (4) and (5) into
equations (1) througn (3) yields

-(k3+jwc3)22‘+(k3-m2m3+jwc3)x3 = F (6)
-(k2+jwc2)i1+(k2+k3+jw(c2+c3)-w2m2)§<2- (k3+jwc3)i3 =0 (7)
(k1+k2+jw(c1+c2)-m2m1)x1-(k2+jmc2)5<2=o. (8)

Equations (6) through (8) are linear simultaneous algebraic equations. Thus,
Crammer's rule can be used to determine the expression for X3 or
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where the det A is given by

(k1+k2+jw(C1+C2)-w2m1) -(k2+ij2) 0
-(k2+jw¢2) (k2+k3+jw(c2+c3)-w2m2)_ 0 (10)
0 ‘ ' '(k3+.jw‘C2) F

and where the det B is given by

(k1+k2+jw(c1+c2)'-m2m1) -(ky+jucy) - 0
-(k2+j(uC2) .(k2+k3+ujm(c24-c3)-m2m2) -(k3+j(uc3) (11)
. ) _ . o
0 | (kg3tJjuwcy) (ky+Jjucy -w?my)

Expanding the determinates yields
= _ .2 . o2 7 .
det A (k1+k2 w m1+Jm(c1+c2Dw2+k3 w meJm(c2+cﬁ)F
- . . 2 -
F(k2-+J wcz) (12)

det B ‘(k3+ij3)2(k +k2'w2m1+jm(cl+cz))+

1
H1+k2-w2m1+jm(c1+c2»ﬂ2+k3—m2m2+jm(c2+c3nw3-w2m3+jmcy

- ; 2 02 :
(kp*Jwey)? (kg-wima+juwc,y) | (13)
In order to simplify the analysis of equation (9), the following substitutions
were made
m m
3 - 3.
my "1 m =T (14)
k : k k
1 2 3
— =3 2 — =3 2 -= =8 2 (15
my 1 m, 2 ma 3 )
! €2 - €3
2k my © C2 27k © %3 (16)
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(]
o]

i QP 2 -2;. 8 3-8 (17)
my 171 m, 272 My ‘373

The displacement mobility i3/F for the three-degree-of-freedom system'shown
in Figure 9 was obtained by performing the operations indicated in eguation (9)
and then dividing the results by the force amplitude F. Thus, the displacement

mobility was written

(18)

[wo] Fan}

3

F
whére
C= (1/m3) [ w* - w? [ 82+ (I4r1/rp) 8,2 + 832/ 1y

£ 4B ByTyEy /Tyt A8 Byt st By B3ty ey Ty ]

-Jw 128y B2+ 28303812/ 1) +2832587%/ 1

*28y 5y 87 28y 8y 87 /1y + 28y 5y 83" /Ty

-Jwd 028y gy + (T4r/ry) 28, 2yt 283205/ 1]

2 2 2 2 2 2
t 8,7 B2+ B2 B3P/ ry t By° 85/ s ]

D=-wh+juw [2 4 61 + 2 %y B (]+r]/r2)
+ 2 C3 83 / T] ] + wk [ 8]2 + 822 (]+r]/r2)
832/ rp*td 8y 8 4 g8y B/
t4 oy 8ye3 B3/ rpt 4By Ly Ly By * By
+ 4 g5 By t3 B3 (14r1/rp) 1 - § w3 [ 2 27 8 832
MR
S+ 20y 8y (B2 4857/ ry) * 283387
42 B3 23 822 (1+r1/r2) + 8 73 83 g2 By 1 By o (20)

2 2 2 2
(B)2+ 8,2/ r)) *+ 20383 (82 /ry+8,2/r,)

5y By B32 (14r1/rp) 1 - w? [ 817 8% + 832 812 / 1y
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+ 4 7y By B3 U3 Bp2 + By2 B3 (l4ry/rp) + 4 1) 8y ¢y By 837 |
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Both C and D are complex quantities. Therefore, they were written

where

q:

C

g+t+ih
D

q+tijs

- Wb+t [ B2 4 g% (14ry/ry) 4 B4 / "

+hiyBy oy By Ay B3y By /T Ay By g3/
+483030) 8] + 837 + 4, B, 8y By (T4ry/rp) ]

-0 [ 82 87 ¥ 837 B2/ 1y ¥ 857 8P /vy + By 8y
+4gy By uy 830/ Tyt oy By By 3 8% * BT 8y
(1+ry/r,) + & 15 85 Ty 8y 837 1 + 8y2 Bp2 832.

wS [ 2gq By + 25y By (14ry/rp)
' | 2
+ 21483/ 1 -0 [22y8) 83

+

2ty8y (B2 + 832/ rp ) *+2 583 (827 1

-+

2 2
822 /ry) 2 Zy B ( By2 + Bg /v )

+

2 8353 8172 + 813831 8y%7 By

<+

2 83 &3 822 (1+r1/r2) + 2 C2782 832 (1+r]/r2)]

+

o [ 283 53 8% 82 + 2 ¢y By B3® By

+

2 2
2‘c] By B3” B, ]
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1
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m ‘
3
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h=-1/mg [w? [28) ¢y + (I4ry/ry) 28, 2,
2 2
+ 2 83 C3 522 / r] + 2 B-I C'I 522 + 2 B] C] 832 / r-l
+ 2 82 C2 832 / r2 ]

The displacement mobility can be expressed

X .
2 - 'Fi S . ‘ (27)
where
2 2
'g‘ - /Lt e tan (REES (28)

Equation (27) is the complex driving point displacement 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 reponse of the hand-arm-system. The analytical displacement mobility curves
for the different grip configUration that were investigated were plotted with
the use of a programmable calculator and a digital plotter. For each plot nine
model parameters had to be specified. ThaywereBl, Bos By» 215 T2 G35 s Ty
and m3. Because of the complexity of the three-degree-of-freedom model, it was
not possible to choose the various model parameters directly from the data.
However, at frequencies much greater than the third natural frequency predicted
by equation (27), the amplitude of the displacement mobility reduces to

(29)

Therefore, it was possible to make a rough estimate of my 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 predicted by the analytical
model corresponded as closely as possible to measured displacement mobility for

the condition being analyzed. This process often envolved some minor adjustments

of the initial estimates of ms. After a satisfactory fit of the data had been
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obtained, the model parameters were converted into the corresponding mass, spring
and damping coefficients of the model by the use of equations (14) through (17).
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5. DISCUSSION OF RESULTS

Mechanical Impedance Tests and Model

Before discussing the specific results obtained from the driving point
mechanical impedance tests, it is desirable 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 energy, respectively. Potential energy is stored
as a result of the relative compression or expansion of adjacent tissue. Kinetic
energy results from the motion of the tissues in the hand. These two ingredients .
are necessary to support vibratory motion. The capability of the hand to support
this type of motion has been clearly proven.l - 3:65,13-19,24 - 32 [p an jdeal
system with no damping, steady oscillatory 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 physical mechanical systems which are highlyelastic; this type
of energy transfer may not be destructive. That is, the systems can undergo very
large numbers of oscillations 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 which either proves or disproves this faet.

One of the unifying factors which ties the results of the different mechanical
impedance investigations of the hand together is the fact that the hand has been
found to be highly damped. Damping, when it is present, has the effect of dis-
sipating energy that is transferred to a system. With regard to hand vibration,
this implies that all of the energy which is initially 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 -obsorbed 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 potential energy |Eg l‘stored
in the hand can be expressed in terms of the displacement mobility |X3/F[
amplitude of vibration |X | and the phase angle 6 between the force and d1sp1acement
signal, or
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[

|E.| = |i3|2 Re(=—) or [E] = |i3|2 Il coss. (30)

>

3 X3

Similarly, the amplitude of the instantaneous energy dissipated IEd[ can be
expressed '

sinsg. (31)

: F = ol F
[Egl = X312 Im(==)  or  [E | = [X5]%|=—
d 3 3 d 3713

3 3

The amplitude of the total instantaneous energy |E| transferred to the hand is

given by
L -
E = (JE|2 + [E412¥% o [E] = |X,]2

.i'. (32)
X3 .
Equations (30) and (31) indicate that if the phase angle 8 between the force and
displacement signals is close to zero, most of the energy that is initially trans-
ferred 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 displacement
mobility. Therefore, if the amplitude of vibration directed into the hand ii3] is
held constant and the displacement mobility amplitude decreases, the amplitude of
the corresponding instantaneous energies 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 IPS[, the instantaneous power
dissipatedrlPdl and total instantaneous power supplied to the hand [P| canbe written

Pl = IE | w [Pyl = |E4lw [P| = |E| w (33)

where w is the angular frequency in radians/second. The above equations indicate
that if the amplitude of energy is held constant, the amplitude of the instantaneous
a

power supplied to the hand increases with increasing frequency.
Figures 10 through 15 show the average displacement mobility levels and the

average phase angles between the force and displacement signals as a function of
frequency that were measured for all of the test conditions that were investigated
during this investigation. Tables 1 through 3 show the values of thevidentified
mass, stiffness and damping coefficients specified by equation (28) that were
obtained for the different test conditions that were examined. The agreement
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(1bg-sec/in) (1be/in)

TABLE 1

32

Model Coefficients for Grip Types in the Vertical Direction

2 1b_-Finger 8 lbf-Finger 2 1be-Paim 8 Tbe-Palm

f

0.00081
0.000203
0.00045

89.82
0.20
860.0

0.971
0.019
1.49

0.00090
0.000275
0.00050

127.9
0.271
2021.0

1.22
0.0259
2.01

0.00103
0.000171
0.00057

146.0
0.167
441.0

1.39
0.0161
1.30

0.00114
0.000171
0.00057

162.0
0.169
900.0

1.55
0.0161
1.862



Model Coefficients for Grip Types in the Horizontal Direction.

(1be-sec?/in)

(lbf-sec/in) (lbf/in)

2 1bf-Finger

0.000648
0.000144
0.00036

5.76
0.0696
888.0

0.183
0.0127
1.47

TABLE 2

8 lbf-Finger

0.000858
0.000279
0.000429

22.9
0.705
2075.0

0.056
0.0673
1.32

2 1b-Palm

f

0.00114
0.000285
0.00057

11.5
0.72
1406.0

0.149
0.0244
1.70

8 1bf-Pa1m

0.00114
0.000342
0.00057

30.4

- 0.864

2757.0

0.149
0.0481
2.0
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TABLE 3

Mode] Coefficients for Grip Types in the Axial Direction..

(1bf—sec2/in)

(1bf-sec/in) (]bf/in)

2 1b_-Finger

f

0.00024
0.0000108
0.00012

23.7
0.0426
47.4

0.226
0.00136
0.377

8 1b_-Finger

f

0.00028
0.0000098
0.00014

17.7
- 0.0557
79.6

0.1688
0.00103
0.507

2 lbf-Pa]m

10.00012
0.0000048
0.000080:

0.474
0.0189
102.0

0.0226
0.00181
0.29

8 ]bf-Palm

0.00028
0.0000098
0.00014

4.42
0.0387
141.0

0.106
0.00148
0.422

34



35

between the experimentally measured mobility and phase curves and the corresponding
curves predicted by equation (28) is shown in Figures 10 through 15.

Figures 10 through 15 indicates that the mechanical response characteristics of
the hand werea function of frequency. Assuming constant displacement amplitudes
and noting that the instantaneous energy whichwas directed into the hand was inversely
proportional to the displacement mobility, the figures indicate that for all of the
conditions that were analyzed the instantaneous energy into the hand increased as
a function of frequency. Noting that the instantaneous power supplied to the hand
was directly proportional to both energy and frequency, theamplitudes of the instan-
taneous power supplied to the hand increasedatan even faster rate than did energy
as frequency was increased. ‘

The above figures indicate that the nature of the energy directed into the hand
was a function of the direction of vibration. Again, assuming constant displacement
amplitudes, the instantaneous energy supplied to the hand in the axial direction
was less than the corresponding energy directed into the hand for the vertical 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 thatweredirected
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 vibration in the vertical direction, the energy supplied to the hand in this
direction was fairly evenly distributed between stored kinetic and potential energy
and dissipated energy. However, at frequencies above 100 Hz the fact that the phase
between force and displacement approached and stayed around 90° indicates that al-
most all of the energy that was directed into the hand at those frequencies for
vibration in the vertical direction was dissipated. For vibration in both the axial
and horizontal directions, the phase between the force and displacement 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 obsorbed by the hand. )

Figures 10 through 15 indicate that the instantaneous values of energy supplied
to the hand were a function of grip configuration. In general, the energy directed
into the hand (assuming constant displacement amplitudes) was slightly higher for
the palm grips than for the finger grips. Also, more energy was supplied to the
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hand for the 8 ]bf grip than was for the 2 1bf 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 analytical model correlated very well with the measured mobility
amplitudes for all of the tests conditions that were investigated. The phase rela-
‘tion between the displacement and force predicted by the model correlated fairly
well with the measﬁred phase at frequencies below 100 Hz. At frequencies above
100 Hz the predicted phase was always less than the measured phase. This discrep-
ency was probably due to the fact that the hand was modeled as a three-degree-of-
freedom system for vibration in each of the three orthogonal directions when in
reality it had more than three degrees of freedom.

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 and progressively becomes more localized to the hand and then
the fingers as frequency is increased. This phenomenon has lead researchers to
postulate that the masses indicated 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 .68 ]bm.25’25
Similarly, for the mechanical model of the hand developed by Abrams, the maximum
value of mass was found to be around .1 1bm.2 The maximum value of total mass ob-
tained from this‘study was around .79 1bm. One would intuitively anticipate that
if the mechanical model predicted the vibration response of both 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 localized
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 coefficients associated with the mechanical model of the hand.
Mass m, was from .07 (axial direction) to .6 (horizontal direction) times the value
of mass ms. Mass m, was generally -around twice the value of ma for most of the con-
ditions that were investigated. The coupling indicated by the large values of k3
and Cq between masses M and my Was very strong while the coupling implied by the

very small values of k2 and Cy between masses m, and m, was very weak., The coupling

1

indicated by the intermediate values of k1 and <y between mass my and "ground" was
much stronger than. the coupling between masses m, andn@ but somewhat less than the
coupling between masses mé and Ms. Figure 16 shows a conceptual representation of

the mechanical model of the hand with regard to the above statements.
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A discussion of the locations and coupling that exist between the different
tissues in the finger and hand reveals some stricking 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 tissures are very dense and
are compoSed of very ciose]y packed cells. Some nerve endings extend up into the
epidermise. Below the dermis is the subcutaneous tissue. This tissue, in con-
trast to the dermis and epidermise, is not very dense. Most of the veins, arteries
and arterios carrying blood and fluids to and from the hand and fingers and the
nerve endings located in the hand and fingers are located in the subcutaneous tis-
sue. The cells making up the subcutaneous tissue are very loosely packed and the
tissue is highly fluidic. The elastic bond between the subcutaneous tissue and the
dermis is fairly strong. The muscle tissue is located below the subcutaneous tissue.
The attachment between the subcutaneous and muscle tissues is very weak. Com-
paring these statements with the statements made relative to the mechanical model,
mass mq corresponds to the dermis and epidermise, m, corresponds to the sub-
cutaneous tissure and ms corresponds -to the muscle tissue. "Ground" corresponds
to the skeletal system. k3 and Cq represent the strong coupling that exist between
the dermis and subcutaneous tissue; k2 and Cy represent the weak coupling that
exist between the subcutaneous and muscle tissues; and kl and <y
coupling between the muscie tissue and the skeletal system. ‘

If the above correlation between the mechanical model and the hand and fingers

represent the

exists, some very significant statements regarding the energy states that can exist
in the hand and fingers can be made. At low frequencies the vibration that is
directed into the hand and fingers is directed through the epidermise, dermis
and subcutaneous tissue to the muscle tissue and then to the skeletal system. The
vibration is then transmitted to other parts of the hand and arm through the ske-
etal system. However, because of the very weak coupling that exist between the
subcutaneous and muscle tissues, there will be a frequency, as the fregquency is
increased, above which the subcutaneous tissue will effeétive]y be dynamically
decoupled from the muscle tissue. The subjective response test conducted by Reynolds
and Jokel and the transmissibility tests conducted during this investigation
imply that this decoupling occures between the frequencies of 100 Hz and 200 Hz.Z2®

The impedance tests indicated that energy was dissipated in the fingers and
hand at frequencies below 100 Hz. Even though some of this energy was probably
dissipated in the subcutaneous tissue, most of it was probably dissipated due to the
relative motion between the subcutaneous and muscle tissues and between the muscle
tissue and the skeletal system.

’
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At frequencies above 100.Hz to 200 Hz the subcutaneous and muscle tissues are
probably decoupled. This implies that nearly all of the vibration energy above
these frequencies that js directed into the hand is stored and dissipated in the
epidermis, epidermis and subcutaneous tissue. Because of the sﬁrong coupling be;
tween 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 subcutaneous\tissue,
energy directed into the hand that causes a relatively small displacement of the
dermis and epidermis can result in a relatively large displacement of the sub-
cutaneous 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 tissue. The results of the transmissibility tests
indicate that the above may be true. ‘ '

The results of the mechanical 1mpédance tests implied that for vibration that
was directed into the hand in each of the three orthogonai directions, almost all
of the energy induced into the hand and fingers at frequehcies above 100 Hz was
dissipated. The discussion in the above paragraph indicates that this energy was
dissipated due to the motion of the subcutaneous tissue and due to the relative
motion between the subcutaneous tissue and the dermis. Energywas probably also
dissipated due to the relative motions between the vessels and other tissues com-
prising the subcutaneous tissue. The energy was most likely dissipated in the form -
of heat caused by the relative motions between the different tissues. One can '
~easily note that if an object is continually rubbed over the surface of the skin,
the skin becomes warm and if the rubbing persist, 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 bdrning‘sensation. It is
reasonable to assume this same thing happens as a result of the relative motions
that occur 1in the subcutaneous 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 results of
this are a burning sensation and a swellingof the fingers or hand. These results
have been observed in the hands and fingers of individuals who have been exposed
to hénd-induced vibration. If the above irritation persists over a very long period
of time, it could possibly result in cell distruction in the subcutaneous tissue.
Many researchers who have investigated the pathological effects of the vibration
syndrome have reported definite cell distruction in the small vessels and of other
tissues contained in the subcutaneous tissue. This discussion very strongly
implies that the vibration energy above 100 Hz to 200 Hz that has been directed
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linto the hand and dissipated in the subcutaneous tissue may have been primarily
responsibie for the cell and tissue distruction that has been associated with the
vibration syndrome.

Transmissibility Tests

Figures 17 through 19 show the average value curves for the transmissibility
tests that were conducted at the indicated locations in the vertical, horizontal
and axiéﬁ directions for the 2 1bf finger grip. The results that were obtained
for the other three grip configurations were very similar to those obtained for the
2 1bf finger grip. Subminiture accelerometers attached to the skin surface directly
over the bone at the indicated joints were used to obtain these results. There-
fore, 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 levels directed into the hand and fingers, at the
specified locations. ,

The vibration transmissibility through the finger at the middle phalanx (1)
for vibration in the vertical direction and at the proximal phalanx (2) for vibra-
tion in the horizontal and axial directions indicate that vibration up to around
a frequency of 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 amplitdues of the backs of the fingers decreased as the vibration fre-
quency increased. The vibration levels at the third metacorpal (3) for vibration
in the vertical direction decreased at an even faster rate, compared to the middle
phalanx, as the vibration frequency was increased (Figure 17). These factors tend
to imp1y that at frequencies below 100 Hz most of the vibration that was directed
into the fingers was transmitted to the hand. However, as the vibration freguency
was progressively increased above 100 Hz, the vibration tended to become more and
more localized to the fingers. For vibration in the horizontal and axial directions
the vibration tended to become more localtized to the area of the fingers directly
in contact with the vibrating handle. This happened for vibration in the vertical
direction for frequencies above 400 Hz. These observed trends support the discus-
‘sions in the mechanical‘impedance section which concerned the vibration response of
the epidermis, dermis and subcutaneous 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
show that for vibration in all three diréttjons the vibration amplitudes at the
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wrist progressively decreased as frequency increased throughout the entire test
frequency range. The vibration amplitude at the wrist had decreased to around .1
the vibration amplitude incident upon the fingers at 100 Hz and to .01 for
vibration in the vertical direction and to .00l for vibration in the horizontal and
axial directions at a frequency of 1,000 Hz. These results indicate almost all
of the vibration directed into the fingers at frequencies at frequencies above
100 Hz was confined to the hand and fingers. This further supports the the state-
ments that were made in the mechanical impedance section with regard to the fact
that almost all of the energy that was directed into the hand and fingers at fre-
quencies 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 Figures 17 and 19 and for locations 6 and 7, the elbow joint,
- in Figure 17. These results indicate that in general very little vibration atten-
uation 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 further analysis. For vibration in
both the vertical and axial directions a noticeable reduction in the vibration
levels between the wrist and elbow (locations 5 and 7) was evident at all freg-
uencies (Figures 17 and 19). For vibration in the horizontal direction, this
vibration reduction was not present (Figure 18). It is important to recall that
due to the orientation of the forearm to the vibrating handle, vertical and axial
vibration was perpendicular to the forearm while horizontal vibration was normal
to the forearm. To more closely analyze this phenomenon, the average value
transmissibility curves for these two locations were isolated and superimposed for
vibration in the vertical and horizontal directions. Figure 20 shows this compar-
ison for the 2 1bf 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 resuits for the vertical and horizontal
directions are plotted in Figure 21. The information in Figure 21 implies that
longitudinal vibration (vibration amplitudes normal to propogation of vibration)
is transmitted along a bone nearly unattenuated while transverse vibration
(vibration amplitudes perpendicular to propogation of vibration) is substantially
attenuated as it travels along a bone. The degree of attenuation is probably a
function of freguency. ' '
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Figures 22 through 26 indicate both the transmissibility levels and the phase
relations between corresponding vibration signals at the indicated locations on the
finger and hand. The discussions relative to the vibration levels transmitted
to the specified locations on the finger and hand and across the indicated joints
are the same as before. However, it is interesting to note the phase relations
between the corresponding signals. Even though the vibration levels on the back of
the finger at the middle phalanx and the proximal phalanx are nearly the same as
the vibratioﬁ 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 fo the corresponding signals were in phase. The fact that the vibration
signals at the back of the finger were out of phase iwth the vibration signal in-
duced into the finger at frequencies above 100 Hz is significant. This implies
that due to the phase difference between the corresponding signals, even though
the transmissibilities 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 apply to the third metacarpal (Figure 24). This information
supports the discussions in the mechanical impedance section with regard to the
relative motion between the muscle tissue, subcutaneous tissue, dermis and epi-
dermis.

Figures 25 and 26 indicate, as before, that there was very little vibration
reduction across the joint between the third metacarpal and the proximal phalanx
and across the joint between the styloid process of ulna and the triquetrum carpal.
The attenuation for individual test subjects may have been substantial, but the over
all 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, indicated by the phase difference, was significant.

Subjective Response to Vibration

Before discussing the results of the equal sensation, threshold and annouyance
tests, it is desirable to describe the physiological mechanisms involved in the
perception of vibration. The perception of a sensation is composed of four para-
meters: quality, intensity, locus, and affect.?2 Quality is the subjective dif-
ference which enables a subject‘to name sinsations: hot and cold, taste, smell,
etc. Intensity is the strength or amplitude of the stimulus. Locus 1ndicates‘the
location from which the sensation appears to come. Affect is that aspect of the
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sensation which enables the subject to classify it as pTéasant or unpleasant. This
emotional response can at times 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,

Mechanorececeptors which respond to mechanical deformation of the tissue are
used by individuals to detect the presence of vibration. Figure 27 shows a cross
section of glabrous skin with most of the mechanoreceptors indicated. When the
tissue is defbrmed, the mechanoreceptors produce a generator potential by a pro-
cess known as depolarization.20°22 The generator potential is a stationary poten-
tial which is proportional to the magnitude of the stimulus applied to the tissue.
If the amplitude of the generator potential exceeds a certain value, called the
threshold of the nerve fiber being stimulated, an action potential of the nerve
fiber will be produced. The action potential is an "all-or-nothing" firing action,
the amplitude being constant for a given receptor or nerve fiber.20 This action
potential is then transmitted along the nerve pathways to the central nerveus
system where it is encoded in such a manner as to make it possible for the sub-
ject  to determine the nature of the stimulus. The magnitude of the stimulus is
encoded in the number of action potehtia]s 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 nerveous system. ‘

Mechanoreceptors have the ébi1ity to adapt either partially or completely to
a stimulus after a period of time. That is, when a static signal is app]iéd, the
receptor responds with a high generator potential which decreases with time.
Adaptation occures at different rates for different receptors (Figure 29). The
mechanoreceptors associated with the sensation of touch and vibration are classified
according to their rates of adabtation. Tonic receptors are stow adapting nerve
afferents. They include: Merkel's disc, Ruffini's endinds, 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‘potentiéi due to both static and dynamic
components of a stimulus (Figure 30). The static component is determined by the
amplitude of the deformation of the tissue. The dynamic compaonent is determined
by the time rate of change of the deformation. If the stimulus is changing with
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respect to time, the generator potential is primarily determined by the dynamic
component. If the intensity of the stimulus is very high both the dynamic and
static components may be involved in determining the amplitude of the generator
potential. If the stimulus does not change with time, the generator potential
decreases with time to the amp]ifude determined by the static component alone.

Figure 31 indicates the relationship between a displacement stimulus, the
generator potential produced by the stimulus, and the action potentials excited
by the generator potential. The static and dynamic components of the stimulus
determine the initial amplitude of the generator potential, which then decreases
to a level determined by the static component alone. Thus, the number of action
potential spikes are initially determined by the onset ot the displacement and are
proportiohal to the time rate of change of the stimulus. After the static displace-
ment has been applied and is continuously applied without changing, the number of
action potential spikes 1is proportional to the static deflection experienced by
the skin. ‘

After an action potential spike has been excited on a nerve figer, the thres-
hold to a second stimulus is increased. For a very short period of time (the
absolute refractory period) the resulting threshold is infinite and the nerve
fiber cannot be excited by a second stimulus. Thereafter, for an additional period
of time (the relative refractory 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 1limit 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 un]éss the amplitude
is so great that it produces a perceived static displacement.22

The fast-adapting phasic receptors respond only to stimuli which are contin-
uously changing. If subjected 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 excited
by the phasic receptors in response to a vibrating signal is proportional to the
frequency of the stimulus.22 It is felt that the amplitude of a vibration stimulus
may be encoded in the number of phasic receptors that are excited by the stimulus.

Fof a given frequency, the minimum amplitude at which a phasic receptor re-
sponds with one action potential spike per cycle is know as a tuning point. When
tuning points are established for selected frequencies, it is possible to determine
the frequency range at which a phasic receptor will respond. Mountcastle indicated
that vibration is detected by two different types of phaéic receptors, one tuned to
Tow frequency vibrations and one tuned to high frequency vibrations.2? He indicated
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that Meissner'é corpuscles appeared to by tuned to frequencies below 200 Hz while
pacinian corpuscles were tuned to frequencies between 70 Hz and 400 Hz (Figure 33).
Mountcastle 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 frequehcies around 200 Hz.>?
Figure 34 shows the equal sensation curves for discrete frequency vibration
for the 2 1bf finger grip and Figure 35 shows the equal sensation curves for the
1/3 octave broad band frequency vibration for the 2 1bf finger grip. These curves
indicate an individual's perception of vibration retative to a reference signal
at 100 Hz. That is, the indicated vibration 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
indicated that an individual's relative perception of vibration 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 no adequate theory to explain the differences in an indi-
vidual's perception due to the above-mention parameters. However, it is possible
~ 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 phésic
receptors were primarily responsible for an individual's perceived sensation due to
discrete frequency vibration. Meissner's corpuscles tuned to low frequencies and
pacinian corpuscles tuned to high frequencies were possibly the phasic receptors in-
"volved in determining the sensation felt. ’ ,
The equal sensation curves also give some indication{that tonic reseptors were
also used to determine 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 coﬁnecting nerve fibers of a tonic receptor
is directily Eeiated to the displacement amplitude of the stimulus. Thus, equal
sensation associated with tonic receptors would be cause by equal displacements.
The flattening of the equal sensation curves {meaning constant displacement for
equal sensation) in the Tow 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 thé vibration increased, the
contrast in the displacements necessary for equal sensation for low and high freq-
uency vibration decreased.
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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 Targe numbers of tonic receptors such as Ruffini's
endings and joint capsules and a small number of pacinian corpuscles (phasic
receptor). Low frequency vibration induced into the hand caused movements or
 rotations of both the elbow and wrist. The movement of these joints would have
been detected by the tonic receptors mentioned above. Thus, the use of Ruffini's
endings and joint capsules (tonic receptors) and Meissner's corpuscles (phasic
receptor tuned to low frequencies) could have possibly been responsible for, an
individual's perception of low frequency vibration. ' ‘

Tests subjects indicated that high frequency vibration (125 Hz to 1,000 Hz)
was primarily localized to the hand and fingers. This region of the body contains
Merkel's discs and Ruffini's endings (tonic receptors) embedded in the glabrous
skin of the hand and paciniah corpuscies (phasic receptor) in the subcutaneous
tissue of the hand. The cumulative detection of vibration by these receptors
could possibly have resulted in the shapes of the equal sensation curves for high
frequency vibration.

The flattening of the equal sensation curves for 1/3 octave broad band vibration
indicated by Figure 35 implies that perhaps more tonic receptors than phasic re-
ceptors were responsible for the perceived sensation due to broad band vibration.
The role of the phasic receptors in the perception of broad band vibration may
have been hampered by the random vibration within fhe frequency band. The unsteady
inconsistent pattern of vibration in the band may have caused subjects to rely
heavily upon the steady output associated with the tonic receptors.

Figures 36 through 39 show 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 interesting
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 direction 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.

Figures 40 through 42 show the amplitudes of the instantaneous stored potential
and kinetic energies,’the dissipated energy and the total energy directed into the
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hand for the 2 lbf finger grip. These curves were obtained by substituting the
appropriate measure data into equations (30) through (32). They indicate that
for vibration in the verfica] dfrection above 100 Hz and in the horizontal and
axial directions at.all measured frequencies almost all of the energy that was
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 indicate 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 directions were plotted in Figure 43. These curves indicate
that an individual's perception of annoyance is due primarily to the levels of
energy .that are necessary to cause the tissues to deform and/or move. Essentially,
the test subjects did not perceive the ehergy 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 sensations
and slight swellings of the hands and fingers. These results seem to be consistent
with previous discussions on both the mechanical and subjective response character-
istics of the hand and fingers. |

Comparison of Results with Results Obtained by Other Investigators

As was mentioned in the Introduction, one of the problems associated with
establishing a relationship between vibration exposure and the vibration syndrome
is the lack of correlation between the results that have been obtained by different
investigators. 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, un-
pleasant and tolerance 1imit levels for hand-induced vibration.l5s!8 Although
Miwa used a plane vibration table against which his test subjects pressed the
flat protion of the palm and fingers of their hand, rather than a vibrating handle,
it is whorthwhile to analyze his data. Miwa's data was presented in terms of
acceleration, but it was possible to manimpulate it and present it in terms of
displacement. Miwa's tolerance, unpleasant and threshold levels in terms of dis-
placement as a function of frequency are presented in Figure 44. The threshold
and annoyance curves for the 2 be palm grip (vertical direction) areshown for com-
parison. The most important observation is that the threshold and tolerance limit
curves obtained by Miwa approximate the threshold and annoyance level curves ob-
tained during this study. While the unpleasant level curve is formed of inter-
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mediate vibration levels, it does exhibit the same general shape as the annoyance
level curves.

It is worthwhile to exame the criteria use to determine tolerance and un-
pleasant levels in Miwa's study. Each subject pressed his hand against the flat
vibration table with a specified static force. The vibration level was increased
by the test monitor, remaining constant at each level for three 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.

It is interesting to note that 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 verywell with the annoyance levels
determined by this study.

An investigation of threshold levels for both human and monkey subjects was
performed by Mountcastlée.20 The threshold ieve] curves produced from this in-
vestigation are presented in Figure 45. The 2 1bf palm grip (vertical direction)
threshold level curve is superimposed on Mountcastle's curves for comparison.
While it was not the intent of this paper to analyse the data presented on monkey
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 exhibit the same general shape as those produced during this
study. In both cases the lowest threshold level occurred around 200 Hz. The
threshold levels obtained by Mountcastle were appreciably lower at all frequencies
than those developed during this investigation. This was probably due to dif-
ferences in experimental technique. It was not possible to determine the equip-
ment and experimental technique that were used by Mountcastle to obtain his data
from the available literature.
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6. CONCLUSIONS
The following statements can be made with regard to the results of this in- -
vestigation.

1. The mechanical and subjective response characteristics of individuals to hand-
induced vibrationwas a function of the manner in which a vibrating handle was
clasped and the orientation of the vibration relative to the hand.

2. The mechanical model of the hand that was developed during this study was des-
criptive of the physical orientation and coupling that exist between the epi-
dermis, dermis, subcoutaneous and muscle tissues and the skeletal system in the
fingers and hand. ' '

3. The results of the mechanical impedance tests and the curve fitting associated
the mechanical model tended to indicate that the vibration response of the hand
that was determined by méasuring the vibration response of the hand due to a
vibration input to the hand was primarily indicative of only the local response
characteristics of the hand and fingers.

4. The results of the mechanical impedance tests indicated that almost of the energy
that was directed into the hand and fingers at frequencies above 100 Hz for
vibration in the vertical direction and at all frequencies for vibration in the
horizontal and axial directibns 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 tranSmissibility tests indicated that vibration at frequencies
above 100 Hz tHat was directed into the hand and/or fingers was isolated to
the hand and fingers.

6. The above results also implied that vibration at frequencies above 150 Hz to
200 Hz tended to be isolated to the areas of the hand and fingers directly in.
contact with the vibrating handle. The mechanical model implied that this
vibration was isolated to the epidermis, dermis and subcutaneous tissues ad-
jacent to the vibrating handle.

7. The results of the transmissibility tests indicated that the attenuation of
vibration up the arm occurred in the tissue adjacent to the bone and not in
the bone.
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The results of the transmissibility tests implied that there was little atten-
uation of vibration across joints but that large relative motions across joints
could exist.

The results of the subjective response tests indicated that Ruffini's endings
and joint capsules (tonic receptors) and Meissner's corpuscles (phasic recep-
tors) were responsible for an individual'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 receptor) were responsible for an individual's subjective response to
high frequency discrete frequency vibration.

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

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 potential and kinetic energies induced into the hand’
by a vibrating source. iIn most cases this comprised a very small portion of
the total energy directed into the hand.

The results of the mechanical impedance and annoyance tests implied that an

individual did not perceive the energy that wasdirected into his hand that

was absorbed or dissipated by the hand. This absorbed or dissipated energy

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

The results stated in the above to statements imply a questionable credibility
with regard to using subjective response data for the purpose of establishing
hazardous hand vibration criteria.

The facts that high frequency vibration (above 100 Hz to 200 Hz) is isolated

to the fingers (and possibly to the epidermis, dermis and subcutaneous tissues)
and that almost all of the enerqgy associated with this high frequency vibration
is dissipated tend to imply that.it is high frequeﬁcy vibration that is respon-
sible for the distructive effects associated with the vibration syndrome.
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