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Abstract

Two experiments were conducted to determine the effects of horizontal

(transverse and longitudinal) vibration upon the seated human being. Such

vibration is typically found in ground vehicles.

The transverse (aide-to-side) vibration experiment utilized frequen-

cies from 1.5 to 5.5 cps, with intensities of 0.15, 0.25, and 0.55 g.

Measures were taken before, during, and following vibration exposure. Te

longitudinal (fore-aft) vibration experiment utilized the same frequencies

with intensities of 0.15, 0.25, and 0.50 g. Measures taken during both ex-

periments were of: compensatory tracking ability, choice reactiou time,

foot pressure constancy, peripheral vision, visual acuity, body equilibrium,

bodily transmissibility, oxygen consumption, breathing rate and total venti-

lation.

Ths results indicate that transverse and longitudinal, whole-body

vibration does affect tracking ability, choice reaction time, foot pressure

constancy, and peripheral vision, with some performance decrements being

related to specific frequencies and to intensity increments. Visual acuity

and body equilibrium were not affected. Performance decrements, transmissi-

bility, and respiratory effects are related and discussed.
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Introduction

When man operates a vehicle or is conveyed in it, he is subjected to

oscillations or vibration. The vibration problem is particularly acute in

trucks, tanks, personnel carriers, jeeps, helicopters, and high speed, low

altitude aircraft. In most of these vehicles, especially ground vehicles,

the vibration imparted to human occupants has characteristics of low fre-

quencies and high amplitudes.

Due to terrain, tires or tracks, and suspension systems, most ground

vehicles typically possess frequencies from 1 to 7 cps with amplitudes

yielding peak acceleration intensities up to 0.50 g's. Occasionally fre-

quency-amplitude combinations beyond 0.50 g intensity exist in a particular

vehicle.

The planes of vibration may be defined with reference to the human body

in this manner: vertical (up-dowm), transverse (side-to-side), and longitu-

1. dinal (fore-aft). Obviously, when a vehicle is under power the occupants ex-

perience whole-body vibration in all of these directions.

If man in a vehicle is considered as an integral component of a man-

machine system (Hornick, 1961c) the question immediately arises: what are

the effects of whole-body, low-frequency, high-amplitude vibration upon the

capabilities of the human component?

It is not the purpose of this report to present a lengthy review of vi-

bration studies. Several such reviews already exist; for instance, those of

Goldman and von Gierke (1960), Ashe (1960), and Hornick (1961b). Besides,

most vibration research has been done in the vertical direction. For repro-

sentative results of such vertical vibration studies, one may consult, in
I



addition to the review articles, the followinr: Coermann (,indated); Dennis and

Elwood (1958); Guignard nnd Irving (1060); Magid, oermann, ,knd Zoigonruecker

(1960); Riopelle and Hines (1955); Schmitz, Simons, and Bocitcher (1960).

In generalp low-frequency, vertical vibration may impair or affect visual

acuity, peripheral vision, simple reaction time, choice reaction time, com-

pensatory tracking ability, foot pressure constancy, metabolic rate, pulse

pressure, oxygen consumption, blood composition, and other physiological and

psychomotor behavior. In addition, the resonant frequency of the seated human

body to vertical vibration (resonant frequency is that at which input motion

is maximally amplified by the body) occurs at 4 to 7 cps (Haack, 1955). Mans

tolerance to withstand vertical vibration is also lowest in the range of 4 to

7 cps.

However, statements such as these cannot be made regarding transverse

and longitudinal vibration for the elementary reason that few studies of vi-

bration in these directions can be found. Reiher and Meister (1951) evaluated

subjective responses of 'strong', 'annoying', "objectionable', etc. for trans-

verse and longitudinal vibration experienced by standing or prone positioned

subjects, and observed that transverse vibration was 'soon and intensely felt'.

In another subjective study, Jacklin (1956) listed transverse vibration as

worst (having the lowest threshold for 'disturbing" sensations) followed by

longitudinal and then vertical vibration.

Regarding transmissibility for transverse vibration, Goldman and von

Gierke (1960) state that maximum movement of the hip occurs at 1.5 cps,

and the head at 2 cps for the sitting subject. They also report that ver-

tical vibration introduces body resonances at 4 to 6 cps. Dieckmann (1958)

indicates maximum body movement to occur below 2 cps for sitting subjects



exponed to horizontal vibraticn.

Using animtrlo, Suedn (1k37) reported earlier onset oi dcath in rats and

rabbits subjected to horizontal as opposed to vertical vibration. Ashe (1960)

conducted several experiments using vertical and horizontal vibration on rats

which were unrestrained. He reported greater weight lose with vertical vi-

bration, and there was no difference in weight changes between horizontally

vibrated and control rats. There was no difference in growth rates between

groups of rats which were vibrated in the two planes over a 48-day period.

He points out that during horizontal vibration there was a m arked increase

in heart rate at the onset of vibration with a gradual return to -the pre-

vibration rate. He interpreted this as being due to an 'apprehensive reaction"

(Ashe, 1960).

Fraser (1960) reported that human ioubjectn en aged in a tracking task

during vibration in each of the three planes revealed no decrement during

longitudinal vibration, but significant decrements in transverse and verti-

cal planes.

After examining vibration studies ouch as these, one itt led to several

basic conclusions. First, most vibration studies have been conducted with

vertical vibration showing physiological as well as performance effects.

Second, of the relatively few studies of horizontal vibration-transverse

and longitudinal--little has been done in determining the effects of trans-

verse and longitudinal vibration on human performance. At best, only some

physiological and nechnnical effects are known. Hence, a real need exists

for information regarding the effects oi" horizontal vibration on human per-

formance, especially since subjective indices reveal man's tolerance to be

lowest for such vibration.
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The experiments reported herein were, therefore, conducted to fill thin

need. IPerformar, e measures wore utilized to evaluate the effects of trans-

verve and longitudinal vibration similar to that experienced in typical

ground vehicles on man.

Two separate experiments are reported in this study. The first incor-

porated the use of transverse vibration with frequencies of 1.5, 2.5, 5.5,

4.5, and 5.5 cps; peak acceleration intensities of 0.15, 0.25, and 0.55 g;

and measures were taken during a pre-vibration period, during the first 15-

minutes of vibration, during the final 15-minutes of vibration, and during

a post-vibration period.

The second experiment incorporated the use of longitudinal vibration

with the same five frequencies; intensities of 0.15, 0.25, and 0.50 g; and

measures during the same four time periods. The longitudinal experiment

utilized a maximum g level of 0.30 because a preliminary investigation

indicated potential back injury end whiplash of the neck at 0.55 g. To

further protect subjects in the longitudinal direction, a lap-type seat

belt was worn.

In both experiments subjects were seated on a rigid chair mounted on

a shake table.

Performance measures were taken on compensatory tracking ability,

choice reaction time, foot pressure constancy, peripheral vision, visual

acuity, and body equilibrium. The first four measures were incorporated

into a sinulated driving task, while visual acuity and body equilibrium

were recorded at separate times. In addition, body transmissibility re-

cords were taken at the head and belt levels for transverse vibration, and

at head, chest, and belt levels during longitudinal vibration.
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In order to aid in interpretation of performance results, oxygen con-

sumption, breathing rate, and total ventilation measures were made on several

subjects in each direction of motion.

It was hypothesized that A) some frequencies of transverse and longitu-

dinal whole-body vibration would result in decrements in performance; B) the

decremeni j would increase with increases in intensity within a given frequen-

cy; C) the resonant frequency of the huan body would be below 2.5 cps in

each of the horizontal directions, and that greatest performance decrements

would occur at or near the resonant frequency; and D) greatest oxygen con-

sumption, breathing rate, and total ventilation would occur at or near

resonant frequencies.
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Method

Since the methodology of the transverse and longitudinal experiments

was very similar the descriptions below apply to both unless otherwise noted.

Subjects

Two different groups of twenty male subjects, ranging in age from 18 to

26 years experienced the conditions in both of the vibration directions.

Each subject was given a thorough physical examination before participating.

Design

In the transverse experiment subjects served in al! experimental condi-

tions. There were five frequencies (1.5, 2.5, 3.5, 4.5, and 5.5 cps), three

levels of intensity (0.15, 0.25, and 0.35 g), and four time periods (pre-,

first 15-minutes of, final 15-minutes of, and post-vibration).

T'he longitudinal experiment employed the same five frequencies and time

periods, but the three levels of intensity were 0.15, 0.25, and 0.30 g.

Subjects served in all conditions.

In each experiment, therefore, the basic experimental design was a

5 x 4 x 3 x 20 factorial analysis of variance with repeated measures.

Vibration Apparatue

The table used was a multi-directional ahake table with a top surface

of 360 x 40. The drive mechanism is mechanical with a power source of a

7J hp. electric motor. A complete description can be found in Schmitz et al.

(1960). For each desired experimental combination, frequency and amplitude

were pre-set and constantly monitored.

Rigidly mounted on the shake table was a wood chair with a back rest.

* Ao
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Tubular steel legs and supports maintained rigidity of the chair. For pro-

tection to the subjects during longitudinal motion, a lap-type seat belt

fastened to the chair was used by all subjects.

Performance and Related Apparatus

As mentioned earlier, compensatory tracking, choice reaction tiate, foot

pressure constancy, and peripheral vision measures were combined into a eimu-

lated driving situation.

- Compensatory tracking ability was evaluated by requiring the subject to

keep a small blip centered on an oscilloscope screen at all times by turn-

ing a steering wheel which varied a potentiometer at tho bottom end of the

steering shaft. As the blip moved to the left, the wheel had to be turned

to the right in order to keep the dot centered, and vice versa. The uncom-

pensated blip moved horizontally across the face of the scope at a frequency

of 3.5 cycles per minute, with a total displacement of 20. The variable

error (distance from center of scope) was electronically amplified, recti-

jfied, and integrated. The integrator was a voltage-to-frequency converter

that determined the average frequency over each of four 15-minute periods.

The resultant frequency was converted to error with a predetermined cali-

bration factor in terms of inches on the scope. The oscilloscope was placed

in a panel at the subject's approximate eye level.

Choice reaction time was recorded with apparatus consisting of three

jewel lights (one red, one green, one amber) mounted above the oscilloscope,

and a second bank of nino jewel lights (red, green, and amber in a counter-

balanced order) below the scope. Subjects were to react by means of a simu-

lated brake pedal when lights of the same color appeared on the upper and

lower stationary display banks and were not to respond if dissimilar colors



appeared.

Dring transverse vibration a delay was introduced (from 12 to 40 so-

conds) between the upper 'cue" light and the appearance of the response

light. Dring longitudinal vibration, both lights flashed on simultaneous-

ly. A Standard Electric Timer, calibrated in 1/100's of a second, was acti-

vated with the flashing of both lights and stopped with pressure on the

brake pedal.

For evai ating foot pressure constancy, a Simpson vacuum tube volt

meter with a simulated speedometer dial attached to its face was situated

next to the oscilloscope. The maximum range of the speedometer needle was

20-60 in simulated miles per hour. The needle indicator of the meter was

regulated by the amount of foot pressure exerted on an accelerator pedal.

An arm connected to the pedal made contact with a piece of aheet metal on

which four strain gauges were mounted, two on the upper surface and two on

the lower surface. The amount of strain placed on the sheet metal regula-

ted the movement of the indicator. The subject was instructed to *drive" at

40 miles per hour at all times (the figure 40 was at the center of the dial).

Error about this *speed* was amplified and integrated. Average total error

for each of four 15-minute periods was the measure used. The amount of

torque necessary to maintain center on the meter was 42.3 pound-inches.

This task and the instrumentation was the same for both the transverse and

longitudinal experiments. See Fig. 1 for the complete visual display.

The last of the simulated driving tasks, peripheral vision, was evalu-

ated by means of dull black standards on either side of the subject at a

distance of 55" from the center of the chair. The standards were adjusted

to be at each subject's eye level. The standards contained a row of 40
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,000CI4OICL RE.ACTION
0 0__ 0 TIME. LIdTS

SPE EoM L.TER

OSCIi LLOSCOP(.

Fig. 1. Visual display. The display was situated approximately
48 inches from seated subject. For compensatory tracking, 10 of steering
wheel movement elicited 0.0083 inches blip movement on the scope. For
foot pressure, 10 of pedal movement resulted in 6.86 simulsted miles per
hour variation.
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countersunk GE #47 lights. A multiple contact switch was used as a scanning

device which lit each light in succession beginning with the first (beyond

the subject's field of peripheral vision) and ending when the eubject pressed

a button (mounted on the wheel in place of the horn button) which switched

off the light and stopped the scanner indicating the number of the light

which the subject firs saw. For each subject the standards were placed

so that specific lights maintained calibrated peripheral vision angles in

all conditions.

The visual acuity test utilized Landolt C's as targets. A black parti-

tion with a small sliding door was placed 12' 8" from the subject at eye

level as he sat on the vibration table. A 200 watt lamp was placed approx-

imately 10 inches in front of the partition and focused on the sliding door.

Cards on which the Landolt C's were printed could be inserted in a frame

behind the sliding door so that the gap in the C was upp down, left or right.

The reflected light from these targets was measured as 100 foot Lambertsv

Body sway was recorded before and after each vibration condition. The

apparatus consisted of a wall mount adjustable to the height of each subject,

a flexible brass rod 198 long which was fastened to the mount and vertically

suspended from it, and a head piece adjustable to head size. Strain gauges

were mounted to the rod so that transverse and longitudinal movements were

detected. In this way, body sway in any plane through the axis of the rod

could be recorded. Strain gauge signals were amplified by two Brush ampli-

fiers and recorded on the two channels of standard Brush oscillograph chart

paper. The away in each plane was measured by means of a compensating polar

planimeter in terms of peak to peak area.

Each subject was also measured for his mechanical body response, or
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transmissibility, to each of the vibration conditions. Two accelerometers

were used to obtain this measure. One accelerometer, (Statham A5Aa-5-350)

was fastened to the table to measure input. A second accelerometer (Statham

A52-5-500), was firmly fastened to a x 2 " piece of thin plywood; the

plywood was then attached to a 2:'" wide strip of nylon backed vinyl material.

The material with the accelerometer attached could be firmly tied around the

subject at his belt line, around his chest or around his head. The table

input was compared to the mction recorded at the head, chest, or belt level

for the transmissibility measure.

Respiratory parameters and oxygen consumption were measured with con-

ventional techniques using a Collins 1 L Respirometer. Metabolic rat. was

calculated from the mean oxygen consumption during 6 minutes of vibration.

It was based on an assumption of an R.Q. of 0.82, resulting in 4.825 Cal/L 02.

Breathing frequency was counted from the spirogram. The ventilograph pen was

used to calculate total minute ventilation, calculated as the mean L/minute

for the 6 minute period. Control (no vibration) Periods were run at the be-

ginning of each experiment and after each 5 exposures to vibration. The

mean value for all "no vibration" periods was used as the reference point,

to which changes were referred.

Procedure

All subjects experienced a complete practice session of one hour duration.

A description of a typical experimental session is presented here for

clarification. The frequency and amplitude was pre-set into the table for

the desired frequency-intensity combination. For any one subject, of course,

these combinations were experienced in a random order.
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The subject began by having his pre-vibration body sway recorded. He

then sat on the chair of the shake table for 15-minutes of no vibration

(PRE) during which time his performance on the simulated driving tasks was

obtained. He controlled the oscilloscope blip by means of the steering

wheel. He attempted to maintain the simulated 40 miles per hour on the

speedometer display by means of the accelerator pedal. These two tasks

were continuous. At random intervals the choice reaction time lights were

presented, the subject reacting as quickly as possible by striking the simu-

lated brake pedal. Again at random intervals, and in a left-right random

order, the peripheral vision lights moved into his field of vision, the

subject pressing the horn button as soon as he noticed the light. During

this PRE period, a tape recording of the table noise was played in order to

control for the table noise during vibration conditions.

The same procedure was followed during the next one-half hour in which

the shake table was vibrating while the performance measures were recorded.

The half-hour was electronically divided into two 15-minute periods (V1 and

V2 ). Subjects were not aware of this division.

Following the half-hour of vibration, the subject again was stationary

while the recorded table noise was played. Measures following vibration

(POST) were then obtained for 15-minutes.

After this, the subject's body sway was again recorded.

In order to measure visual acuity, each of the 15 frequency-intensity

combinations was experienced while the subject attempted to locate gaps

in the Landolt C rings. A control condition (without vibration) was ran-

domly interspersed among the 15 conditions. Visual acuity limit was defined
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as the visual angle represented on the C where the subject made four errors

out of eight possibilities.

Human body mechanical response was obtained in additional sessions.

All frequency-intensity combinations were again reproduced while accelero-

meters were placed on the table and at head, chest, or belt levels. Peak-

to-peak acceleration recorded on the body was divided by the peak-to-peak

table acceleration giving a ratio measure of transmissibility at each point.

Separate sessions again were used for three subjects in the transverse

and five subjects in the longitudinal direction for the respiration measures.
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Results

(Transverse Vibration)

Compensatory Tre-cking

The sumary analysis of variance for tracking ability appears in

Table 1. Daita shown in Figs. 2, 3P, and 4 indicate that decrement in this

ability is greatest below 2.5 cps. Within a frequency, increments in in-

tensity result in greater decrements. There is a trend for tracking error

to increase as time of exposure increases and there is not complete recov-

ery of tracking ability during 15-minutes following exposure .o transverse

vibration.

Choice Reaction Time

The sumary analysis of variance for reaction time appears in Table .

The summary and Fig. 5 reveal that the tirae period is the only significant

factor. Frequency and intensity of vibration have no effect, but choice

reaction time is significantly iiaired following expcsure to transverse

vibration.

Foot Pressure onstcncy

Table x and Figs. 6, 7, and 8 show that foot pressure constancy suf-

fere greatest decrement at 1.5 and 2.5 cps during vibration; increasing

intensity increases decrement; decrement is immediate with the onset of

vibration ant shows no trends during expobure; recovery is virtually com-

pl-te following exposure.

Peripheral Vision

The summary analysis of variance for peripheral vision appears in

Table 4,. As seen in Fig. 9, peripheral vision iu impaired only at 1.5

and 2.5 cpt, and Poly during the initial 15 -inutzs of transverse vibration.



Table 1

Summary Analysis of Variance for Compensatory Tracking
During Transverse Vibration

Source 3S df MS F

Between Subjects 1.147 19 O.06O

Within Subjects

Frequency 0.057 4 0.O14 7 .01

Intensity 0.060 2 0.030 15 .01

Time 0.112 5 0.037 18.5 .01

F x I 0.030 6 0.oo4 2 .05

F x T 0.044 12 0.0o4 2 .05

I x T 0.026 6 0.004 2 N.8.

F x I x T 0.053 24 0.001 0.5 N.S.

Residual 1.852 1121 0.002

Total 3.361 1199
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Fig. 2. Compensatory trackin~g as a function of frequency and
intensity of transverse vibration.
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l±s. 4. Compensatory tracking as a function of intensity and tine
period for transverse vibration.
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Table 2

Summary Analysis of Variance for Choice Reaction Time
During Transverse Vibration

Source SS df MS F

Between Subjects 25.582 19 1.556

Within Subjects

Frequency .090 4 .025 1.55 N.S.

Intensity .023 2 .012 0.80 N.S.

Time .585 3 ."28 8.53 .01

F x 1 .026 8 .003  0.20 N.S

F x T .284 12 .024 1.60 N.E,

I x T .057 6 .oo6 o.4o N.S.

F x I x T .342 24 .o14 0.93 N.S.

Residual 17.295 1121 .015

Total 43.864 1199
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Fig. 5.h~oice reaction time in oach of' the 15-minute time periods
for transverse vibration.
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Table 3

unnary Analysis of Variance for Foot Pressure Constancy
During Tranpverse Vibration

Source S3 df MS F

Between Subjects 315.343 19 16.597

Within Subjeots

Frequency 39-724 4 9.931 20.18 .01

Intenaity 31.666 2 15.833 32.18 .01

Time 54.024 3 18.008 36.60 .01

F x I 21.026 8 2.628 5.34 .01

F x T 41.927 12 3.494 7,10 .01

I x T 14.782 6 2.464 5.00 ".01

F x I x T 12.748 24 0 51 1.08 N.S.

Residual 551.879 1121 0.492

Total 1083.119 1199
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Fig. 6. Constancy of foot pressure as a function of frequency and
intensity of trarnsverse vibration.
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Fig. 7. Constancy of foot pressure as P. function of frequency and
time period for transverse vibration,.
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Fig. 8. Constancy of foot pressure as a Panction of intentity S.d
time period ror transverse vibration.
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Table 4

Sumary Analysis of Variance for Peripheral Vision
Diring Transverse Vibration

Source 86 MS F

Between Subjects 38,055.629 19 2,001.875

Within Subjects

Frequency 69.122 4 17.281 2.84 .05

Intensity 2.755 2 1.378 0.23 U.S.

Time 260.285 5 86.762 14.24 .01

F x I 8o.096 8 10.012 1.64 X.S.

F x T 196.e74 12 16.390 2.69 .01

I x T 41.625 6 6.938 1.14 X.S.

F x I x T 77.528 24 5.25u 0.55 N.S.

Residual 6,830.967 1121 6.094

Total 45,599.68' 1199
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Fig. 9. Peripheral vision during transverse -vibration. Values of
the peripheral vision scales 6.0 - 950431; 7.0 w950 121; 8.0 - 94o 42';
9.0 - 940 1ot.
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Post-vibration peripheral vision io seen to be significantly superior to

the pre-vibration control level.

Visual Acuity

Landolt "0' gaps were converted to values representing 1/visual angle.

The analysis of variance indicates no significant differences between fre-

quencies or intensities. There is no significant visual acuity decrement

attributable to traniverse vibration.

Body Equilibrium

A comparison of before- and after-vibration records indicates no diff-

erences for body sway in fore-aft or side-to-side planes. A t-test on the

movement envelope areas verifies that there are no significant differences

between before- and after-vibration periods..

Transmissibility

Peak acceleration of movement at the belt level is consistent in so far

as all frequency-intensity combinations resulted in an amplification of in-

tensity near 1.9 times. See Table 5.

Head accelerations result in a set of curves seen in Fig. 10. The

transmissibility of the human body within the frequencies tested as meas-

ured at the head is 1.5 cps. Increasing input accelaration intensity from

0.15 to 0.55 g results in gradually lower amplification at the head. At

1.5 cps, for instance, a 0.15 g input elicits a peak to peak acceleraticn

intensity 114% as great at the head; 0.25 g elicits an acceleration 65% as

great; and 0.55 g elicits head acceleration 60% of the input. Actual head

acceleration can be comDuted for any point on Fig. 10 by multiplying the

indicated input intensity by the per cent transmissibility ibserved.
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lable 5

Transamssibility at the Belt Level
(Transverse Vibration)

INTENSITY FREQUENCY

0.15 2.33 2.00 1.83 2.20 1.59

0.25 1.92 1.91 1.86 1.81 1.78

045 1.72 1.97 1.82 1.77 1.68
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Fig. 10. Transmissibility at the he.d during transverse vibration.
Values represent the ratio of head acceleration intensity to the table
acceleration intensity. Standard deviations appear for each mean.
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Oxygen Consumption

The oxygen consumption is expressed in the terms 'calories per square

meter of surface area per hour', or: CAL/?2/HR. As is seen in Fig. 11, for

frequencies of 5.5 cps and above, no change from a control level occurs.

However, 1.5 and 2.5 cps blicit greater oxygen consumption with intensities

of 0.25 g and 0.55 g.

Breathing Rate

No systematic change is seen in Fig. 12 as a function of vibration

conditions. There is, however, a general lowering of breathing frequency

during transveree vibration.

Total Ventilation

The total amount of gas moved by inspiration and expiration is shown

in Fig. 15. For frequencies above 5-5 cps no significant difference from

a control measure is indicated. For 1.5 and 2.5 cps, the liters per minute

of air moved is -enerally related to increases in intensity with 1.5 cps

eliciting the greatest increase in total ventilation. At 1.5 cps the aver-

age number of liters per minute ranges from 7.82 for 0.15 g to 11.06 L/min

for 0.55 g. At 2.5 cps the range for 0.15 to 0.55 g is from 7.07 to 9.67

L/amin.
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Fig. 11. Oxygen consumption during transverse vibration.



a

0 /-5 3.5 +5 5

FREQUECNCY

Fig. 12. Breathing frequency during transverse vi.bration.
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Fig. 13. Total ventilation during transverse vibration.
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Results

(Longitudinal Vibration)

Coapesatory Tracking

fte mmxnry analysis of variance for tracking ability during longitu-

dinal vibration appears in Table 6. Intensity and time period variables

show significant effects. Fig. 14 shows the tracking error as a function

of intensity and time. in general, higher intensities produce greater

error during vibration, with recovery of tracking ability not being com-

plete following exposure. The frequency-intensity interaction is explaine

by the error being greatest at 0.50 g intensity across the frequency spec-

trum except at 3.5 cps where 0.25 g intensity results in slightly greater

error than 0.30 g. At 4.5 and 5.5 cps, there is essentially no difference

in error between the intensity levels.

Choice Reaction Time

The analysis of variance reveals no significant main effects or in-

teractions for choice reaction time during longitudinal vibration.

Foot Pressure Oonstancy

The analysis of variance (Table 7) for foot pressure constancy reveals

significant main effects and interactions. Fig. 15, 16, and 17 show that

3.5 cps produces greatest error; as intensity increases, error increases;

recovery following exposure is virtually complete.

Peripheral Vision

The analysis for periphoral vision reveals no significant interactions

or main effects during longitudinal vibration.



Table 6

Summary Analysis of Variance for Compensatory Tracking
During Longitudinal Vibration

Source SS df MS F

Between Subjects 0.816 19 O.045

Within Subjects

Frequency 0.003 4 0.001 N.S.

Intensity 0.010 2 0.005 .01

Time 0.056 5 0.012 .01

F x I 0.016 8 0.002 .01

F x T 0.005 12 -- N.S.

I x T 0.002 6 -- N.S.

F x I x T 0.005 24 - N.S.

Residual 0.6534 1121 0.001

Total 1.525 1199
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pig. 14. Oomponsatory tracking as a funotion of intensity and
time period for longitudinal vibration.
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Table 7

Suinary Analysis of Variance for Foot Pressure Constancy
During Longitudinal Vibration

Source SS df mS F

Between 3ubjeots 245.75 19 12.93

Within Subjects

Frequency 18.25 4 4.56 .01

Intensity 18.14 2 9.07 .01

Time 57.-53 3 19.18 .01

F x I 16.o4 8 2.01 .01

F x T 7.59 12 0.63 .05

I x T 10.09 6 e68 .01

F x I x T 4.98 24 0.21 N.S.

Residual 397.48 1121 0.35

Total 775.85 1199
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Fig. 15. Constancy of foot pressure aa a function of frequency and
time period for longitudinal vibration.
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Fig. 17. ,oot pr-Fsure constancy as a function of frequency and
intensity during longitudina1 vibration.
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Visual Acuity

Analysis for -' ual acuity during longitudinal vibration indicates no

significant effects.

Body Equilibrium

A comparison of body movement records indicate no differences for body

sway in fore-aft or side-to-side planes. A t-test on the movement envelope

areas verifies that there are no significant differences between pro- and

post-vibration periods.

Transmi ssibility

The ratio of movement intensity of the body levels to the table motion

is presented in Fig. 18. For each frequency the levels of intensity (0.15,

0.25, and 0.30 g) were combined because of a homogeneous group of means.

Essentially, 5.5 cps elicits the greatest ratio of head to table, chest to

table, and belt to table movements with a secondary peaking for the belt at

3.5. cps.

Oxygen Gonsumption

As is seen in Fig. 19, higher levels of longitudinal vibration (0.25

and 0.30 g) result in greater oxygen consumption than a control (no vibra-

tion) state. There is no relationship between vibration frequency and oxygen

consumption.

Breathing Rate

There is no systematic relationship between vibration frequency or in-

tensity and breathing rate. There is, however, a general lowering in breath-

ing rats (as compared to a control level)' during longitudinal vibration (See

ig. 20).
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Fig. 10. Transmissibility at belt, head, and chest levels during
longitudinal vibration. Values represent the ratio of the body acceler-
ation intensity to table acceleration intonsity. Standard deviations
are presented for each mean.
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Fig. 19. Oxygen consumption during longitudinal vibration.
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Fig. 20. Breathing frequency during longitudinal vibration.



Total Ventilation

The total amount of~ air moved increaaes during longitudinal vibration

an compared to a co-trol level. In addition, Fig. 21 reveali -that as the

intensity increases within a frequency, the amount of~ air moved also in-

creases*
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Fig. 21. Total ventilation~ during longitudinal vibr'ation.
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Discussion

The results did verify portions of the hypotheses stated in the intro-

duction; other aspects were not borne out.

Regarding compensatory tracking ability, 1.5 cps produces greatest

tracking error in the transverse direction, while no frequency was signi-

ficantly most detrimental in the longitudinal direction. In both cases,

there is significant tracking error as a result of the vibration itself,

with error increasing as a function of vibration intensity,. In both di-

rections of vibration, there was a trend in error with time, with error

being greatest during the last 15-minutes of vibration. In transverse and

longitudinal vibration, this ability is not recovered completely during

15-minutes following vibration exposure. Such results are in partial

agreement and conflict with those of Fraser (1960). Essentially, he found

no diff .nce in error between longitudinal and control conditions, but

did find significant tracking error during transverse vibration. Fraser

also found a significant intensity variable, but it was due to a low in-

tensity level eliciting superior tracking performance to a control state,

whereas this experiment revealed incr6eSes in inteneity to yield increasing

tracking error.

The fact that compensatory tracking ability does not show complete

recovery has importance. It is conceivable that operators of some vehicles

ma.y have to perform a tracking task (on missile courses, for instance) after

the vehicle has been in motion. It is seen here that one cannot asuume that

tracking ability recovers completely following vibration exposure. For some

time during the 15-minutes after exposure, tracking ability In impaired.
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The increase in tracking error through time is also an important coa-

sideration that will have to be handled in advanced vehicles which may be

ider power for great lengths of time and which require tracking on the

part of operators.

Since tracking error is least for low intensity levels of vibration,

the design engineer of crew compartments has a prime responsibility of

developing vehicle suspensions and seating equipment which attenuates the

inherent transverse and longitudinal vibration as much as possible.

Uioice reaction time Uith either transverse or longitudinal motion

shows no relationship to frequency or intensity of motion. No differ-

ence from a pre-vibration control level was noted during vibration. How-

ever, reaction time significantly increases (subjects slow down) following

exposure to transverse vibration. This is consistent with simple reaction

time experiments (Schmitz et al., 1960; Hornick, 1961a) in which no vibra-

tion condition itself elicited a reaction time effect. Schmitz et al.

(1960) also found a rise in reaction time following vertical vibration.

Here again is an ability which may be required of personnel in ve-

hicles after being in motion. If situations are such that hasty decisions

are required of vehicle occupants after a vertical or transverse vibration

experience, it can be expected that they will respond slower than normal,

and even slower than during such vibration.

A possibility for the rise in reaction time following exposure to vi-

bration in vertical and transverse directions is that of a drop in subjects'

motivation. It is possible that subjects relax during the post-vibration
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period and therefore react more slowly. However, if this were the case,

it could be expected that other performance measures should show the same

rise in error during the post-vibration session, which is not the case.

Another reason for dismissing the drop in motivation possibility is that

choice reaction time following longitudinal vibration does not reveal such

a slowing down.

Foot pressure constancy is believed to be predominantly a bio-mechan-

ical function. That is, htuan subjects cannot fully control the effective

angle of the foot applying pressure to an accelerator pedal during trans-

verse and longitudinal vibration. Foot pressure constancy was most severely

affected at 1.5 and 2.5 cps during transverse, and at 5.5 cps during longi-

tudinal vibration. Error increases with intensity. There is no trend of

error over time, and recovery is virtually complete following exposure.

It is true, of course, that results as these may be due in part to

the 42.5 pound-inc:ies necessary for perfect foot pressure constancy. Differ-

ent results might evolve from a situation in which greater or less pressure

is required.

Peripheral vision is only impaired during transverse vibration, and

only during the first 15-minutes of exposure, and at 1.5 and 2.5 cps. It

is seen (Fig. 9) that the post-vibration period results in better peripheral

vision than before or during vibration. However, it should be pointed out

that while these variables (frequency and time period) do have statistical

significance, there can hardly be much practical importance to the narrow-

ing of the visual field from 950 12' to 940 42'.

The possible superiority of the post-vibration (transverse) peric for



peripheral vision can most readily be accounted for in ter-s of either

practice or inadvertant glancing to the sides on the part of the subject.

This superiority is not seen with longitudinal vibration.

Visual acuity is not affected by horizontal vibration. As is indi-

cated elsewhere (Hornick, 1961c), this is not surprising since studies in-

dicate visual acuity to be afeected by frequencies above 10 cps (m',ozell

and White, 1958; Guignard and Irving, 1960).

Body swAy is not affected by horizontal vibration as meacured in

these experiments. A possibility that this phenomenon is affected by

such vibration still exists, however, since due to the experimental pro-

cedure, the post-vibration measure was taken 15 minutes after the vibra-

tion sessions. This was necessary because it was essential to take other

performance measures during the 15 minutes immediately following vibration

exposure. It is possible that if body equilibrium is affected, it recovers

during this time interval.

Tranw. -ibility measures, particularly head movement, indicate body

disturbanc:- to occur near or bslow 1.5 cps in the transverse direction.

Belt, chest, and head movements indicate a disturbing frequency of 5.5

cps or above, with a secondary peaking of belt movement at 3.5 ups for

longitudinal vibration. This is cons stent with Dieckman's statements

(1958) that resonant frequencies for transverse vibration are at 1.5 - 2

cps. Fbr the longitudinal transmissibility phenomena, it is to be remem-

bered that the maximum 5.5 cps disturbance comes about with the human

seated on a chair with a rigid back support while wearing a lap-type

seat belt.
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Respiratory measures of oxygen consumption, breathing rete, ane total

ventilation indicate that probably a state of hyperventilation occurs during

horizontal vibration. In general, during such vibration, breAthinp rate

diminishes while oxygen consumption and total air moved increases. In

addition, ox-gen consumption increases most at 1 .5 and 2.5 cps in the trans-

verse directiun with highest intensities of motion. Total ventilation dur-

ing transverse vibration also is related to intensity increases. Durinr

longitudinal vibration, again, the oxygen consumption and total ventilation

increases with the vibration intensity.

In general, for transverse vibration, greatest performance decrementi

occur at 1.5 to 2.5 cps; error increases as intensity increases; the reso-

nant frequency of the body occurs near 1.5 cps; and probable hyperventila-

tion trkes place at 1.5 and 2.5 cps.

In general, for longitudinal vibration, greatest performance decrements

occur at 2.5 to 5-5 cpS; error increases as intensity increases; the largest

mechanical response of the body occurs at 5.5 cps in the frequency range

explored; and hyperventilation apparently takes place across this frequency

range (1.5 to 5.5 cps).
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Sumary

Experiments were conducted to determine the effects of transverse and

longitudinal vibration upon man's performance, body response, and physio-

logical responses.

The experiment upon transverse vibration consisted of vibration fre-

quencies of 1.5, 2.5, 5.5, 4.5, and 5.5 cps, intensities of 0.15, 0.25,

and 0.55 g, while measures were taken before, during, and following vi-

bration. Performance measures wore of compensatory tracking ability,

choice reaction time, foot pressure constancy, peripheral vision, visual

acuity, and body equilibrium. V.echanical transmissibility records were

taken at head and belt levels. Respiratory measures were of oxygen con-

sumption, breathing rate, and total ventilation.

The experiment upon longitudinal vibration consisted of the sane five

frequencies with intensity levels of 0.15, 0.25, and 0.50 g. The came

psychomotor performance and respiratory measures were taken. An addi-

tional transmissibility measure was obtained at the chest level.

Results were presented indicating specific frequency-intensity condi-

tions as eliciting performance decrements; trends during exposure were

noted; relationships of error to intensity pointed out; resonant frequen-

cies of the human body determined; with physiological measures indicating

hyperventilation during transverse and longitudinal vibration.

- ~ ~- w w-
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