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Abstract:
The need to determine the dynamic response of a human biological system has been well established.,
It is the purpose of this study to design, construct, and test sophisticated equipment for determining the
dynamic response of the human forearm. Specifically, equipment was designed to experimentally
determine the response of the human forearm to a sinusoidal forcing function. The frequency of the
forcing function was swept between 50 and ' 1000 Hertz, The forcing function was applied at the
olecranon process. The response was measured by an accelerometer at different locations on the
forearm, then recorded on an X-Y plotter, thus obtaining a frequency response plot.

In order to determine which configuration of arm position and transducer location offered the most
repeatable results, a parametric study was undertaken.

Four parameters were investigated; they were: 1) longitudinal position of the response transducer, 2)
angular position of the response transducer, 3)static force between the response transducer and the skin
surface, and 4) rotational position of the forearm.

Two test subjects were used. Three tests were conducted at each of the twenty-four configurations,
which yielded 144 experiments conducted.

It was concluded that four of the configurations were significantly more repeatable than the other
twenty. It was also suggested that the first resonance observed in this study, occurring near 100 Hz,, is
a rigid body mode of the ulna, while the second resonance observed, occurring near 250 Hz,, is the first
bending mode of the ulna. 
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ABSTRACT . .

■ The need to determine the dynamic response of a 
human biological system has been .well established^ . It is 
the purpose of this study to design, construct, and test 
sophisticated equipment for determining the dynamic 
response of the human forearm. Specifically, equipment 
was designed to experimentally determine the response of 
the human forearm to a sinusoidal forcing function. The 
frequency of the forcing function was swept between 50 and ' 
1000 Hertz, The forcing function was applied at the 
olecranon process. The response was measured by an accel
erometer at different locations on the forearm, then 
recorded on an X-Y plotter, thus obtaining a frequency 
response plot.

In order to determine which configuration of arm 
position and transducer location offered the most 
repeatable results, a parametric study was undertaken.
Four parameters were investigated; they were5 I) long
itudinal position of the response transducer, 2) angular 
position of the response transducer, 3)static force be
tween the response transducer and the skin surface, and 
4) rotational position of the forearm.

Two test subjects were used. Three tests were conduc
ted at each of the twenty-four configurations, which 
yielded 144 experiments conducted.

It was concluded that four of the configurations were 
significantly more repeatable than the other twenty. It 
was also suggested that the first resonance observed in 
this study, occurring near 100 Hz,, is a rigid body mode 
of the ulna, while the second resonance observed, occurring 
near 250 Hz, is the first bending mode of the ulna.



INTRODUCTION

Previous works, have dealt with dynamic Response to 

human biological systems* Dr* Jurist (I) attempted 

to correlate several, physical factors of test subjects 

forearms with the determined resonant frequency, and the 

ulna length* The investigator found in a study of children 

that the product of resonant frequency and ulna length 

was significantly correlated with height, weight, upper 

arm circumference, and bone mineral content* He also 

concluded that the resonant frequency was hot significan

tly correlated with ulna length for boys of age 6-11 years.
R.. Matz (2) did a parametric study to correlate biolog

ical parameters of the human forearm with natural freq

uency. He found that the four parameters he investigated, 

ulna length, bone diameter, fleshiness, and muscle develop

ment were significantly correlated with resonant frequency. 

Dr* E* Re Garner modeled the forearm mathematically and 

solved for macroscopic material properties, using digital 

computation techniques: (4 )e

The intent of this study was to develop sophist

icated instrumentation which could provide repeatable 

data for dynamic response of the human'forearm* In 

addition to development of the equipment, a study was 

undertaken to demonstrate the repeatability of results
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obtained with the equipment for different transducer 

configurations. This study entailed four parameters:

1) Longitudinal position of the response transducer. 
Two locations were investigated; a point near the 
elbow, and a point located midway between the elbow 
and the styloid process. See figure I 0

2) Rotational position of the forearm. Two positions 
. were ".investigated: a position with the right fore
arm rotated fully counter-clockwise (viewing from 
the hand toward the elbow). This is called the
AP position. The second position.was with the 
right forearm rotated 90 degrees clockwise from 
the AP position. See figure 2.

3) Force with which the response transducer was 
held against the forearm. Two values were 
investigated: ;a relatiyly light force and a 
relativly heavy force. The force was controlled 
by the strength of the spring used to hold the 
response transducer against the forearm.

4) Rotational position of the response transducer 
about the longitudinal axis of the forearm. The 
response transducer is always maintained normal 
or perpindicular to the skin surface, but may
be aligned in a plane with the input transducer 
or may be rotated to other positions. These 
positions were analyzed: a position aligned with 
the input transducer, a position 30 degrees clock
wise from.alignment with the input transducer, and 
a position 30 degrees counter-clockwise from align
ment with the input transducer. See figure 3.

The combination of the four parameters yields twenty- 

four permutations (three parameters have two positions, 

one parameter has three positions). Each permutation was 

given six trials; three trials on each of two volunteer 

subjects. Thus a total of 144 experiments were conducted.
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The resulting data was reduced using statistical tech*?, , 

niqueso
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CHAPTER I

THE FREQUENCY PRESPONSE PLOT OF THE HUMAN FOREARM

The prupose of this study is to develop equipment 

to obtain a frequency response plot of the human.forearms 

The frequency response plot is an indication of the dyn

amic response of a system*

The dynamic response of any mechanical system can 

be illustrated using a frequency response plots As an 

example,' consider the simple beam pinned at each end 

shown in figure 4« Analysis of the system demonstrates 

that such. a beam has an infinite number of natural 

frequencies®associated with each of the natural freq

uencies' vis a particular mode shape* The natural freq

uencies of.such, a beam can be found experimentally by 

exciting the beam at or near one of the natural freq

uencies, and measuring, the amplitude of the displace

ment of the beam* As the excitation frequency approaches ■ 

the natural frequency of the beam, the amplitude o f .the 

■displacement at a particular non-nodal point will increase* 

An accelerometer can be used to measure response accelera

tion at various points on the beam* By plotting response 

amplitudes versus input frequency, the natural frequencies 

will appear as peaks on the frequency response plot as 

shown in figure 5® The positioning of,the accelerometer
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Figure 4 Pinned End Beam

-Natural Frequencies

Frequency

Figure q Example of a Frequency Response Plot



is important because of the nodes that may be associated 

v'ith a particular natural frequencye This is illustrated 

in figure 6,

The human forearm can be compared to the beam in 

the example.above in that both are examples of a cont

inuous system. It is expected that the forearm v/ill have 

an infinite number of natural frequencies and a particular 

mode shape associated with each of the frequencies. In the 

experimental work, small amplitude displacements must'be 

maintained to avoid pain and possible damage to the bio

logical system. Thus very sensitive response equipment 

is required. Further, the major structural elements 

of the forearm are the bones, and the bones are insulated 

from the instrumentation by the soft tissue of the flesh. 

Ideally, the response accelerometer should be attached 

directly to the bone, Since this is physically difficult, 

as an alternative, the transducer can be pressed against 

the skin surface at a point where the skin and flesh 

are thin, thus allowing the transducer to be in close 

proximity to the bone. Even a small layer of.skin and 

flesh will attenuate the transducer displacement at the 

skin surface. The location of the response accelerometer 

is important; when the response accelerometer is located

8



Note that the transducer does 
not move longitudinally.

Figure 6 Schematic of Pinned End Beam Resonating in
Second Bending Mode with Accelerometer Located 
a ( N o d a l  Point
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at or near a nodal point of the mode being excited, there 

will be little or no response for the associated natural 

frequencyo Also, since the forearm is a three-dimensional 

system, the plane of vibration is not knowne For ident

ification of. the plane of vibration it is necessary to 

position the response accelerometer at several locations 

on the forearmo

The evaluation of the system for determining the 

dynamic response of the human forearm to a sinusoidal 

forcing function is accomplished with a parameter study* 

The four.parameters that were varied are:

1) Longitudinal position of the response transducer*
2) Rotational^position of the forearm*
3 ■Force with which the response transducer was held

. ■' against. the forearm*
4) Rotational position of the response transducer 

about the longitudinal axis of the forearm*



CHAPTER 2 .

EQUIPMENT DEVELOPMENT '

Development of equipment was accomplished in several 

phaseso They were: I) the electronics to provide the 

necessary signal to the input transducer, 2) the electron

ics to detect the signal from the response transducer and 

record the results, 3) the design of the input and output 

transducers, and 4) the design of a fixture to position 

the human forearm and transducer So The system is shown 

schematically in figure 7*

Some basic decisions.on transducer design were req

uired as a first Step6 There are several highly sensitive 

piezo-electric accelerometers available on.the commercial 

marketo An accelerometer manufactured by MB Electronics 

was selected for a response transducer. For analysis of 

the data, it is desirable to have the input system exert a 

force on the. arm that varied sinusoidally such that the 

amplitude of acceleration was constant for the frequency 

range of 50-1000 Hz6 In order to obtain an appropriate 

input system, a control system was designed and assembled® 

The details of the control system appear in Appendix B 0 

The input system was, thus, composed of ah. accelerometer 

and a control circuit with the function generator, power.
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amplifier, and electromagnetic vibrator,. It is noted that- 

except for the interface between the control circuit and 

the other devices, development of the components was 

done independently.

The development of the electronics for producing the 

input signal was accomplished using commercial equipment,

A Hewlett-Packard"function generator was used for producing 

the input signal, for sweeping the signal over the desired 

range of frequencies, and for controlling the sweep rate.

An X-Y plptter, also manufactured by Hewlett-Packard,• 

was used to construct a graph of input frequency versus 

output response amplitude, the frequency response plot.

The signal produced by the Hewlett-Packard function gen

erator was transmitted to the amplifier through the control 

circuit. The power amplifier served to convert the voltage 

signal to a power signal which was then used to drive the 

input transducer, A piezo-electric accelerometer was used 

to detect the acceleration amplitude of the mechanical 

signal at the interface between,the input transducer and 

the skin surface. The signal from the control accelero? . 

meter was then amplified through a calibrated charge amp

lifier, and the signal is detected by a RMS voltmeter.

13
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The RMS voltmeter also provided a D0G0 voltage which was 
proportional to the RMS value of the signal provided by 

the control accelerometer to the charge amplifier. This 

proportional D0Co signal was used in the specially designed 
control circuit to control the feedback loop of the oper

ational amplifier. The operational amplifier was located

between the function generator and the power amplifier.
\ '

Thus, the signal to the power amplifier was controlled.

The circuitry for reading and recording the response 

signal was assembled from commercially available equip

ment. A calibrated charge amplifier was necessary to 

amplify the. signal from the response transducer, a piezo- 

electric accelerometer. This amplified signal was then 

transmitted _ to another RMS voltmeter which detected the 

signal and provided an analogous D 0G 0 output voltage. This 

voltage is. proportional to the response signalp and is 

used to drive the Y-axis of the X-Y plotter.

The problem of fixture design.;. and input transducer 

design still remained. The transducers and fixture were 

interrelated since the fixture had to locate the arm 

and transducers in. positions that could be repeated at 

a later date.. The fixture is shown in figure S, and 

a detail !drawing of the fixture appears in Appendix C e After.
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several experiments with low powered loudspeakers for use 

as an input device, it was concluded that the loudspeakers 

were too delicate and inconsistent for use as an input 

deviceo Also, the small loudspeakers could not produce 

the power necessary at the lower frequencies 0 The low 

powered loudspeakers were not suitable as input devices* 

Experimental analysis of a small MB Electronics electro

magnetic vibrator indicated that this device would be 

satisfactory as a component of the input transducer* 

Attached to the head or table of the vibrator is a rod 

with a slider on it* The slider is held in position 

with a coiled compression spring as shown in figure 9° On 

the slider is the control accelerometer* The slider 

pressed the accelerometer against the skin surface of the 

forearm under the force of the compression spring*

Thus the static force on the forearm was transmitted 

through the spring* The natural frequency of.the slider 

spring system is considerably lower than the■frequency 

range under consideration* The spring is a long spring 

with a small spring constant, such that when it is com

pressed to the length used in the transducer, it produces 

a nearly' constant force over a displacement of about

16



+i inch. This was done so that the small movements.of the 

forearm, which were expected, would not significahtly 

affect the force with which the transducer was pressed 

against.the forearm0

The response transducer is somewhat similar to the 

input transducer. A similar.slider-spring mechanism was 

used, but the rod was mounted to a base which was adjust

able so that the response could be taken at various posi

tions. This adjustment was accomplished by rotating 

the transducer parallel to the longitudinal axis of the 

forearm. Also, there were fine adjustments available 

to insure that the response transducer was located properly 

in the desired location.

The right forearm was held in the fixture with the 

forearm in a, verticle position and the upper arm hori

zontal forming a right angle at the elbow. The upper 

arm rested in an adjustable cradle. The..'wrist and hand 

were positioned by an adjustable plate which the hand 

rested against. In order to have the forearm as free as 

possible from external constraints, the points of contact 

between the positioning fixture and the arm were hot in 

the vicinity of the forearm being studied.

17



CHAPTER 3

PARAMETRIC EVALUATION OF TRANSDUCER' LOCATION ’

It has been previously, noted that transducer location 

is an important aspect of experimentally determining the 

dynamic response of the human forearm. Several factors 

affect the ability of the response transducer to detect 

natural frequencies of the forearm system. Primarily, 

the location of the response transducer on the forearm 

is critical. It must be located at a point on the fore

arm which is not a nodal point. Also, as has been pre

viously noted, the response amplitudes are a function of 

the angular position of the response accelerometer 

relative to the longitudinal axis of the forearm. An- 

pther problem which has already been mentioned is the 

fact that the transducer cannot toe attached directly to 1'. 

the bone. Since it cannot be directly attached to the 

bone, it is necessary to find a location which puts the 

response transducer in close proximity to the bone. The 

pressure between the transducer and the skin is an 

important parameter. If this force is very, large, the 

transducer may be uncomfortable.for the test subject| also 

a large force applied to the system at a point will affect^ 

the dynamic response of the system.
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These being the factors to be considered, a parametric 

evaluation of the equipment was undertaken^ Four ind- 

pendent parameters were considered® Two of the indep

endent parameters are concerned with location of the 

response transducer on the forearm® Another independent 

parameter.is concerned with the static force between the 

response transducer and the skin surface® The final inde

pendent parameter is concerned with the position of the 

forearm®

The first independent parameter is rotation of the 

forearm as shown in figure 2® Since the forearm can 

rotate about its longitudinal axis, it changes geometry 

and hence the dynamic response.will change® Also, rot

ation of the forearm moves the bones, the ulna and the 

radius, in relation to each other and in relation to the 

skin surface® Hence som position may be preferable due 

to the bones being more accessible for the response trans

ducer® It was desired to test the sensitivity of the 

frequency response plot to the rotation of the forearm® 

Therefore, two positions were chosen for this independent 

parameter® Viewing the right forearm from the hand 

towards the elbow along the longitudinal axis, the hand is 

rotated fully counter-clockwise® This describes the AP



"I

20
position and is,.the first positione Rotating the hand and

wrist 90 degrees clockwise from the AR position describes
• ' i : \J

the second position*

The second independent parameter is location of the 

response transducer along the longitudinal axis of the 

forearm as shown in figure I e This parameter was varied 

in an attempt to avoid locating the response transducer, 

at a nodal point for the modes which are being excited*

The response transducer always measure acceleration in 

the horizontal plane, but can be moved vertically to 

various points on the longitudinal axis of the forearm*

Two positions on the longitudinal axis were chosen as-.-test 

points. One position was just above the elbow on the 

olecranon process. The other is a point midway between 

the olecranon process and the styloid process.

The third independent parameter which was considered 

is the force with which the response transducer was held 

against the forearm. A small force may not cause the 

response transducer to be in close enough proximity with 

the bone. A large force may be painful for the test sub

ject and may affect, the response of the system to a large 

degree. Two- forces, which were provided by coil springs.

I
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were tried: a relativly light 2.5 pound force, and a 

relativly strong 5.0 pound force.

The fourth independent parameter was the angular . 

location of the response transducer about the longitud

inal axis of the forearm as shown in figure 3® Three 

different angular.positions were used. This parameter 

was varied in order to locate the appropriate plane.for 

the transducer location. Also, angular position about the 

longitudinal axis of the forearm affects the relative 

position of the bones to the skin surface, so one position 

may allow the response transducer to be in closer prox

imity to the bone. The three positions that were tried 

are: I) aligned with the input transducer, 2) 30 degrees 
clockwise from, alignment with the input transducer, and

3) 30 degrees counter-clockwise from alignment with the 

input transduceri

Since each of the four aforementioned parameters could 

have been varied independently, a conventional statistical 

code was used to.describe the state of each parameter. A 

code containing four letters (a,b,c, and d) was used. The 

presence of a letter in the code indicates one state of a 

given parameter. The absence of a letter indicates the 

other state of the given parameter.' In the case of the
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fourth parameter, where there were three states, the 

symbols dl and d2. were used. Thus dl indicates one state, 

and d2 indicates another state, while the absence of dl 

and d2 indicates the third state* This code is summarized 

in Table I .

Several'other independent parameters could have been 

varied, but were held constant* These are listed below 

and may"be considered in future studies*

1) The response transducer, was always measuring 
vibration, in ai horizontal plane, and the fore
arm was always held.in a varticle position*

2) The input vibration was aligned horizontally 
and in the same verticle plane that is desr-■ 
cribed by the upper arm* The input force 
was applied at the styloid process*

3) The input signal was maintained at a constant 
‘■... 'force at the skin surface*

In this study, only two dependent parameters were 

considered* They were; I H t h e  frequency location of the 

lowest frequency peak, and 2) the peak amplitude of the 

lowest frequency peak. Analysis of the data related to :- 

these two dependent parameters allowed several configura^i. 

tions to be selected as candidate configurations * Can

didate configuration is a term used in this paper to denote 

a particular combination of the four independent parameters



TABLE I Summary of Parameter Code

Independent Parameter .Symbol Presence State.
Not Rotated full counter-

Present clockwise
I Rotation of forearm a

Present Rotated 90° clock-wise 
from above position

2 .Longitudinal position
. Not • Located at olecranon process

b \ PrOsent
of response transducer

- ■Present.
Located mid-way between 
olecranon process and
styloid process

V :--: ‘ - ■

3 Force on response
Not

'
Relatively light force

c . Present- • (2.5 lb.)
transducer

■ Present Relatively strong, force
■■■ (5»0 lb.)

Not Aligned with input
Present transducer

4 Angular position of d 30° counter-clockwise from
response transducer ai alignment with input 

transducer

d2 30 clockwise from align- ; 
ment with input transducer
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which yields consistent results for the two dependent
\parameters. \



CHAPTER 4
DISCUSSION OF DATA REDUCTION ' . . . . . . .

■ The data was reduced by averaging; values for the 

lowest: natural frequencies and for the amplitude of the 

response associated with the lowest frequency for the 

three trials at each of the twenty-four configurations for 

each of the two test subjects. This computation yielded 

a mean frequency and a*’mean amplitude for the first 

resonant peak for each of the twenty-four configurations 

on each of the two test subjects.

In order to have an indication of how repeatable the 

data taken at each configuration was, the percent standard 

deviation at each configuration was calculated for both the 

amplitude and frequency o f .the first resonant peak. The 

following formulae were used to calculate the percent 

standard deviation of the frequency and amplitude (5).

^DEV- I S f - I
2 IOCH

I "
where

X=mean values= -SZ-
X=Sxperimentally obtained values 
N=number of trials (in.this case 3)

The percent standard deviation was calculated for 

each position on each subject; these values were then
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arranged in order of decreasing percent deviations, as 
presented in tables 2 and 3o The decreasing order was 
determined by. averaging the mean values for each subject 
and using, that average value to arrange the decreasing 
order. This same information is.presented graphically in 
figures 10 and 11,

There are four positions which have frequency devia
tions of less than 3$ and amplitude deviations of less . 
than 22$, These were considered candidate,configurations 
and are presented in table 4»

By virtue of the high percent deviations for freq
uency or amplitude of the other twenty configurations, 
which indicates.a lack of consistency at each of. these 
configurations, these twenty configurations were rejected 
for consideration as candidate configurations, The four 
candidate configurations are ab, abdl, abd2, and c,

It is interesting to note that three Of the four 
candidate configurations have, attributes a and b, Also, 
it is interesting to note that all. four candidate config
urations show a definite secondary peak(see appendix), 
which is not the case for many of the other configurations 

Figure 12 shows.the variation of the first resonance
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TABLE] 2 Configurations in Order of Decreasing

' 1 Amplitude Percent Deviation

'Configuration Subject #1 Subject #2
Amplitude % Dev. Amplitude % Dev.

(I) 2,3670 56.740 2.1000 42.320.b 2 . 3 0 0 0 49.380 .7333 43.830a 3.5000 60.000 5.4330 13.060be 3 . 9 6 7 0 43.470 ' 1.8670 . 16.370abcd.2 . 5.7000 21.270 5.1330 37.030d2 1,1000 31.490 1.2670 25,380
bcd2 1.3330 30b310 1,0000 26.460cdl 2.7670 24.600 1,8000 30.930

abcdl. 419330 25.670 . 3.7000 29.230
bd2 .6433 7.977 1 . 9 0 0 0 43.080
adl 2.5330 4.558 ' 2,9670 44.890

acd2 1.4330 17.560 2.6670 2 7 . 6 4 0
dl 1.2670 9.116 1.0000 36.060

ad2 • 1.5670 25.800 2 . 7 6 7 0 1 7 . 8 3 0abc 8.1670 2 4 . 7 7 0 6 . 7 6 7 0 13.730ac 7.4000 7.524 5,2000 27.130
abdl 4.9670 11.090 3 . 7 0 0 0 21,450
bdl 4.2670 9.758 2,0670. 2 1 . 8 2 0ab 3,6000 10.020 4.2000 2 0 , 6 2 0

c ' 3.9670 2 1 0 440 4.8000 8.333-cd2 2*0670 16,990 3.1670 12.760
bcdl 5.8000 9.123 4.1000 15.990
abd2 3.6670 9.57$ 2.7330 12.850
acdl 5,0670 1 4 , 0 0 0 2,1670 7.050



& 
Am

p.
 D

ev
. 

Me
an

 A
mp

li
tu

de
Plgure IO Mean Amplitude and Percent

Amplitude Deviation vs Configuration
Subject #1 

/K \  Subject #2

Decreasing Deviation

Configuration

oa



29
TABLE 3 Configurations in Order of Decreasing 

Frequency Percent Deviation

Configuration Subject #1 . Subject #2
Frequency id Dev, Frequency io Dev.

d2 . IOOcOO 21,790 123.30 46,990abcdl 115,00 27.150 130,00 20.350abc - 103030 11.170 121.70 31.920b, 78,33 13.290 96.67 23.320cdl 120,00 .000 118.30 30.570ac 103,30 11.170 116.70 17.840acdl 115,00 1 1 , 5 0 0 170,00 15.560a 96,6? 11.950 125.00 14.420adl 106o70 2.706 150,00 23.330abcd2 9 0 , 0 0 5.556 106.70 19,520
bcdl 111,70 15.720 91.67 8.332
(I) 113,30 16,700 116.70 4.949dl 123,30 12.390 105,00 4.762bd2 76,67 3.765 86.6? 12.010
ad2 SO, 00 12,500 103.30 2.794bdl- • 78,33 . 3.685 90,00 11.110
cd2 101,70 2^839 103.30 11.170ab . . 135,00 6.415 151.70 6 . 8 6 3abd2 91.67 3.149 98.33 7.767I abdi I 108,30 2.665 118.30 6 . 4 5 4

C 101.70 2.839 100,00 5.000
acd2 103.30 2.794 105.00 4.762

b e  • 74,00 7,151 ' 75.00 ,000.
bcd2 V 75.00 6.66? 70.00 .000
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Figure I 2 Change In First Resonance Peak with 
Angular Position of Response Transducer



peak frequency, location with attribute d (angular pos
ition of the response transducer about the longitudinal 
axis of the forearm), for both test subjects* Note that 
all the first natural, frequencies for subject number two 
are consistently higher than the natural frequencies for 
subject number one* This is most likely due to either 
material or. geometrical differences between the two

V  • ■subjects. Also note that the variation in frequency with 
parameter d is the same for each subject* Both of these 
facts indicate that the tests are valid and repeatable*

In table 5, the mean bandwidth as defined by the 
width of the peak at the half-power points, of the first 
and second resonant frequencies are tabulated* Tabulated 
in table 6 are the mean frequencies and mean amplitudes 
of the second resonant peak. This information is tabula
ted for. the four candidate configurations only* The 
frequency response plots for the four candidate.config
urations appear in Appendix A.
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TABLE 4 Summary of Candidate Configurations

Configuration

. .

Frequency Amplitude
Subject #1 Subjept #2 . Subject #1 Subject #2

Mean $ Dev Ifean % Dev Mean % Dev Mean % Dev

abdl 108,3 2,66 118,3 it 6,45 4,967 11,09 3.70 21.45
ab '135.0 6,41 151,7 6,86 3.600 10,02 4.20 2.06
C 101.7 2,84 100,0 5c00 3.970 21,44 4,80 8.33

abd2 91c 7 3«15 98.3< 7,77 3,670 9,58 2.73 12.85



TABLE 5 Bandwidth Data

Configuration Subject . First Resonance Second Resonance
Mean

Bandwidth
% Deviation . Mean 

Bandwidth■ —  . , v

% Deviation
Z*-'.' - . ....

ab I 85 .6? 20 .56 246.00 5 ,4 7
2 n o  »00 1 1 .8 8 263 .67 3 .6 8

abdl I 10 5 ,0 0 7 .1 9 ■ 217 .00 3 .3 2
2 83 .33 1 5 ,00 161.33 2158

abd2 I 5 1 .3 3 23.80. 
8 .9 5  I

264.OO 6 .4 6
2 5 7 .33 I8 6 .6 7 5 7 .4 9

C I 6 5 .33 e 60 89.33 2 0 .71
2 6 9 .0 0 20 .29 44 .33 1 5 .5 5



TABLE 6 Second Resonance Data

Configuration Subject . Frequency Amplitude -
' Mean % Deviation Mean % Deviation

ab I. 423 ..1.37 .95 18.98
2 403 2.87 1.13 13.48

abdl I 350 14.28 1.50 0.00
2 393 1.47 . .72 4 0 20

abd2 I 407 1.42 .72 13.25
2 377 .77 .50 20.00

C I 243 4.75 1.72 21.02
2 2$8 .02 3.40 11.76



CHAPTER 5
DISCUSSION OF RESULTS

The tables 2 and 3 and figures IO and 11 show the 
four candidate configurations which have a lower percent 
deviation in both frequency and peak amplitude than the 
other twenty configurations» Moreover, all four candidate 
configuratibns have prominent second resonance peaks0 The 
data tabulated for the four candidate configurations is:
I) the mean frequency of the first resonance, 2) the mean 
amplitude for the first resonance, 3) the mean bandwidth 
for the first resonance, 4) the mean frequency for the 
second resonance, 5) the mean amplitude for the second 
resonance, and 6) the mean bandwidth for the second 
resonance,.

Note that for both the first and second resonant freq
uencies and. for both subjects, configuration ab yields 
the highest frequency when compared to positions abdl and 
abd2. This tends to support theory, since the forearm 
should be stiffest in the ab plane. This shift in natural 
frequency as the transducer is moved to the three different 
positions about the longitudinal axis of the forearm can 
be more easily understood if the arm is thought of as a 
pinned end beam of elliptical cross section. The first
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bending mode along the major axis of the ellipse is,,at a 
higher natural frequency than the natural frequency of the 
first bending mode along the minor axis of the ellipse. 
Planes in between the minor and major axis would have first 
natural.frequencies between the high and low values of the 
major and minor axis. Similarly, the forearm is stiffer 
along one plane and thus values of natural frequency in 
planes not in the major plane will be lower, .

Also of interest is a comparison of previous methods 
employed to obtain the frequency response plot, R, Matz 
employed elastic straps to hold the transducers.to the 
arm. This method, in theory, attached a small mass (the 
transducer) to the forearm. In practice, however, the 
repeatability of this equipment was limited due to diff
iculty in locating the transducer at the same point each 
time and because of the difficulting in repeating the 
strap tensions each time. There was another drawback, 
however,that was not apparent at the time.. That is the 
fact that the first natural frequency which has been used 
extensivly in this study was attenuated by the straps of 
the method of R. Matz« This was shown by putting a strap 
OtLthe test subjects forearm, as with the Matz method, but 
then running the test using the apparatus developed for



this study. When this was done, the first"natural freq-
' ■ . - • * *' * \ ■ ,1 1 ■

uency ras attenuated by a factor of at least ten. These 1

first resonance peaks have been neglected in previous 

■works as unimportant, but these results show that the first 

resonant peak may be as important as the second resonant 
peak.

It was also noted'that the secondary or second 

resonant peak was higher in peak amplitude when using 

the strap apparatus. A .possible explanation for this is the 

damping due to friction in the present system of trans

ducers. The damping forces would be greater at the 

higher frequencies since damping forces are proportional 

to velocity. If minimizing that friction showed an inr - 

crease in the amplitude of the second resonant peak, then 

friction would be demonstrated to be a factor. Note that 

with the transducers used, no attempt was made to control 

or measure the damping forces, ■ The damping forces may 

have been variable, since they are a function of the 

friction of the slider mechanism, which could change 

appreciably with wear.

It is also hypothesized that the first natural 

frequency noted in this study is a rigid body mode of 

the ulna, while.fhe second natural frequency is the first



bending mode of the ulnap' This is supported by the fact 
that the second natural frequency cannot be detected at 
the elbow (a nodal point for the first bending mode), but 
can easily be detected a.t the midpoint (the point of 
maximum deflection for the first bending mode). The 
first natural frequency can be easily detected at nearly 
every longitudinal position, indicating a rigid body 
motion.

Another Interesting point, and one that should be 
taken into consideration in futre work is muscle develop
ment depending on whether, the test subject is left handed 
or right handed. The two test subject were opposite; 
subject number one was left handed and subject number 
two was right handed. It was- noted that the left handed 
individual had significantly less muscle development in 
his right forearm, making it considerably easier to put 
the response transducer in close proximity to the ulna 
than on the right handed subject whose muscle development 
caused the flesh to be quite thick between the transducer 
and the ulna in manyopf the configurations. .This resulted 
in significantly more consistent data from subject number 
one, the left handed subject. It is therefore suggested
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that future"experimental work be conducted on the left arm 

of right handed subjects and bn the right arm of left 
handed subjects.



CHAPTER 6
CONCLUSIONS ■

IN conclusion, this study has shown that it is pos

sible to develop an instrument for measuring the dynamic 

response of a human biological system. The equipment . 
developed here determines the frequency response of the 

human forearm to a sinusoidal forcing function.

In addition, four configurations have been determined 

that provide reliable data. These four candidate config

urations were determined by using statistical methods to 

determine the standard percent deviation in the frequency 

and amplitude of the first natural frequency, then choosing 

those configurations with the smallest percent deviation.

It was determined that elastic straps being pre

viously used to attach the transducers to the arm attenuate 

the first natural frequency.

It was hypothecized that the first natural frequency 

in this study is a rigid body mode of the ulna, while 

the second natural frequency is the first bending mode of 

the ulna.

It is also suggested that due to muscle development, 

right handed subjects be tested on the left arm and left 

handed subjects be tested on the right arm.
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APPENDIX A •

Presented in Appendix A are the frequency response 

plots for each experiment conducted at each of the . 

candidate configurations..
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Figure 13
Trial #1 ----
Trial # 2 ----
Trial #3 ---

Subject #1 
Configuration ab

Frequency (Hertz)



Figure 14
Trial #1 ---
Trial #2 ---
Trial #3 ---
Subject #2 
Configuration ab

300 400
Frequency (Hertz)
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Figure 15
Trial #1
Trial #2 -
Trial #3

Subject #1 
Configuration abdl

Frequency (Hertz)



Figure 16

Trial #1 -------
Trial #2 -------
Trial $3 --------
Subject #2 
Configuration abdl

Frequency (Hertz)
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Figure 17I
Trial #1 ---
Trial #2 ---
Trial #3 ---

Subject #1 
Configuration abd2

Frequency (Hertz)



Figure Ifl Trial #1 ----
Trial #2 ----
Trial //3----

Subject #2 
Configuration abd2

Frequency (Hertz)
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Figure 19
Trial #1 ----
Trial #2 ---
Trial #3 ---
Subject #1 
Configuration c

Frequency (Hertz)



Figure 20

Trial #1 ----
Trial #2 ----
Trial #3 ----
Subject #2 
Configuration c

Frequency (Hertz)



APPENDIX B
FEEDBACK CONTROL CIRCUIT

The feedback control circuit was used to control the 
amplitude of the sinusoidal signal which excited the 
electro-magnetic vibrator® A control accelerometer at 
the skin surface was used to obtain a feedback signal, 
thus acceleration at the skin surface was held constant®

The circuit uses an operational amplifier to vary the 
amplitude of the sinusoidal signal received from the 
function generator® A, photo-resistor is used in the feed
back loop of the operational amplifier to control the 
gain of the operational amplifier? as shown.i n ■figure 
21» The photo resistor is a photo cell which changes 
resistance as the light striking it changes5 molded into 
the photo resistor is a small incandescent light bulb® 
Thus the resistance of the photo resistor is a function 
of the voltage applied to the light bulb® Note that the 
resistor is electronically isolated from- the light bulb, 
thus simplifying the associated electronic circuitry®

The system, consisting of the control circuit, 
power amplifier, shaker, and control accelerometer, was 
analyzed using techniques of linear control systems (3b
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The system is analyzed as follows:

The input system can be represented as

Function
Generator

Power Amp 
and Shaker

x=acceleration at skin surface 
d=disturbing function 

C^=Iinear constant of Power amp and shaker 
C2=Hnear constant of Charge amp 
ej=input voltage to control circuit 
e2=output voltage of control circuit 
Zj=Input impedance to op amp 
Z2=feedback impedance to op amp

The gain of the operational amplifier is

Cain=e2/ei=Z2/Zj
Impedance Z2 is found by linearizing the 
characteristics of the photo resistor to be:

Therefore, the acceleration amplitude, x, can 
be written:

x=Cie2+d
From the equation for the gain, e2 is: 

e2= (^2/Zq)ej
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Nox/, x can be expressed as:

X=Ci(Z2/Zi)ei+d
Using the expression for Z2 in the x equation, 

x=(ciei/zi)(Z0-C2X )+d
And by rearranging this equation, a trans
cendental equation is derived:

x= (Cie1/ Z1 M  C1C2B1/ Z1 )x+d

The associated block diagram for this equation

Making the equation a non-transcendental equation 
yields the transfer function for the input 
system:

X=(C1e1ZZ-LtC1C261)Z0 + (Z1/Z1+C1C2e1)d
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APPENDIX C

DIMENSIONAL DRAWING OF THE ARM POSITIONING FIXTURE
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