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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 dynamlc
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 conflguratlon of arm
position and transducer location offered the most
repeatable results, a papametric study was undertaken,
_Four parameters were investigated; they were: 1) 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
L) rotational position of the forearm.

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

It was concluded that four of the conflguratlons 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 resomance observed, occurring
near 250 Hz., is the first bending mode of the ulna.




INTRODUCTION

Prev1ous works have dealt w1th dynamic riesponse to
human blologlcal systemso, Dr. Jurist (1) attempted
to correlate several,physical factors of test subjects
forearms with the deterﬁined resonant frequeﬁcy, and the
ulna length; The inveetigator found in a etudy’of children
that the product of resonant frequency and ulna leﬁgth
was signifieantly correlated with height, weight, upper
arm circumference, and bone minerai content, He also
concluded that the resonant frequency was hot_eighifican- |
- tly COrreiated with ulha.length for boys of age 6-~1ll years.

Re. MatZ'(Z)'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 dlameter, fleshiness, and muscle develop-
ment were significantly correlated with resonant frequency.
Dr. E. R. Garner modeled the forearm mathematically and
solved for macroscopic material proPerties;aeing digital
- computation techniques.(4). -

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 wae

undertaken to demonstrate the repeatability of results
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obtained with the equipment for”differenp tfans@ucer

configurations, This study entailed four parameters:

1)

2)
- . .were investigated: a position with the right fore-

3)

L)

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 1,

Rotational position of the ferearm. Two pesitions
arm rotated fully counter-cleockwise (viewing from

the hand toward the elbow). This is called the
AP position. The sec¢énd position was with the-

‘right forearm rotated 90 degrees clockwise from

the AP positien. See figure 2.

Force with which the response transducer was
held against the forearm. Two values were
investigateds:;a relativly 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.

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 permutatiohs-(three parameters have two positions,

one parameter has three posiiions). Each permutation was

given six trials; three trials on each of two volunteer

subjects. Thus a total of 1y experiments were conductede.
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Figure 1 Schematic of Attribute b

a not
present

Figure 2 Schematic of Attribute a




Cross-sectional view of forearm

Figure 3 Schematic of Attribute d
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The resulting data was reduced using statistical techw. .. . .

‘niques.




CHAPTER 1
THE FREQUENCY PRESPONSE PLOT OF THE HUMAN FOREARM

The'prupose'of this study is to develeop equipment
to obtaln a frequency response plot of the human forearm,

The frequency response plot is an 1nd1catlon of the dyn-‘

- amic response of a systemo

‘The dynamic response of any mechanical system can
be illustrated using a frequency response plot. As an
eXample,‘consider ﬂhe simple beam pinned at eaéh'end
_snown in,figure s . Analysis of the system demohstrates
“that such;:a beem.hes.an infinite number of natural
frequencieg;associated with each of the natural freg-
‘uencieSEis a particular“mode shapes The natural freq-
uenciesvof.suchs'e beam can be found experimentally by.
exciting the beem at or near one of the natural freqa
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 of the
.displacement at a particular non-nodal point will increase.
An accelerometer can be used t0 measure response accélera-
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




Figure 4 Pinned End Beam

Response Amplitude

Natural Frequencies

Frequency

Figure 5 Example of a Frequency Response Plot
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is important because of the nodes that may be associated
with a particuiar natural frequency. 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 sysﬁem. It is expected that the forearm will 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 sénsitive respénse_equipment
is required. Further, the major structural elements
of the fqréarm are the bones, and the bones are insulated
from the instrumentation by the soft tissue of the flesho
Ideally,.ﬁhe:response accelerometer should be attached
directly to the bone. Since this is physically difficult,‘
as an altéfﬁative, the transducer can be préessed against
the skinnsﬁrface at a point where the skin and flesh
are thin; thus allowing the transducer tﬁvbé in close
proximity to the bone. Even a small layer of skin and
flesh will attenuate the transducer displaﬁeﬁént at the
skin surféce. The location-pf thé response accelerometer

is important; when the‘response.accelerométer is located




Note that the transducer does
not move longitudinally.,

Figure 6 Schematic of Pinned End Beam Resonating in
Second Bending Mode with Accelerometer Located
at.a &odal Point




10
at or near. a nodal point of the mode being excited' there.
will be llttle or no response for the assoclated natural
frequencyo ‘Also, since the forearm is a three—dimenslonal
:system, the plane of v1brapion is not known. ‘For ident-
ificationfof.the plane of vibration it is‘neoessary to
position ihe response accelerometer at seversl locations
on the forearmo c |
The evaluatlon of the" system for determlnlng the
dynamic response of the human forearm to a slnusoidal
forcing functlon is accompllshed w1th a parameter studyo
The four: paramevers that were varied ares.
1l Longltudlnal posltlon of the response transducero:
2) Rotational-~position of the forearm,
3) - Force with which the response transducer was held.
‘against .the forearm,

4)‘*Rotatlonal position of the response transducer
about the longitudinal axis of theforearm.




. * CHAPTER 2
EQUIPMENT DEVELOPMENT °

Develooment‘of equipment was accomplished in several
phases. :They were: 1) the electronics to provide the
necessary s1gnal to the input transducer 2) the electron~
ics to detect the s1gnal from the response transducer and . .
record the results, 3) the design of the 1nput and output
transducers, and L) the des1gn of a flxture to’ position
the human forearm and-transducerso ‘The system 1s.shown,
schematlcally in figure 7. v’i

Some ‘basic decisions. on transducer des1gn were req-
uired as a'flrst step. There are several highly sensitive
'piezo-electric accelerometers avallable on_the commercial
market. 'An accelerometer manufactured by MB Electronics
was selected for a response. transducer. For analysis of
the data, 1t is des1rable to have the 1nput system exert a
force on the arm that varled 31nusoidally such that the
amplltude of acceleration was constant for the frequency
range of- 50-1000 HZo In order to obtaln an appropriate
1nput system, a control system was de51gned and assembledo
The detalls of” the control system appear in Appendlx Bo
The 1nput system was, thus,. composed of an accelerometer _

and a control clrcuit w1th the function. generator, power.




RMS Charge
Voltmeter Amplifier
Control
Accelerometer
Function Control Power
Generator - Circuit Amplifier
/
/
/
j—
Shaker
Response ///*”—“~\*
; Accelerometer 4 Arm
X-Y
Plotter RMS Charge
Voltmeter Amplifier -
Figure 7 Schematic of Equipment

cl




13

amplifier, and electromagnetic vibrator:. It is noted that
except for the 1nterface between the control circuit and
-the other dev1ces, development of the components was
- done independently. |

' The development of the electronics for producing the
.input signal was accompiished’using commercial equipment.
A Hewlett-Packard“function generator'was used for_producing
the input-signal, for sweeping the signal orer the desired
.range of freQuencies, and for controlling the sweep rate,

An X- Y plptter9 also manufactured by Hewlett-Packard

was used to construct a graph of input: frequency versus
output response amplitude, the frequency response plot,
The s1gnal produced by the Hewlett- Packard function gen-~
erator was transmltted to the ampllfler through the control
circuit, The power ampllfler served to convert the voltage
signal to a-power signal'which was then used to drive the'
input transducer. A piezo-electric accélerometer was used
to detect the acceleration amplitude of the mechanical.
signal at the interface between the input transducer and
~ the skin surfaces .The signal from the dontrol accelerOr,u
meter was then-amplified thnough'a calibrated:charge amp- |

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




. 1L |
The RMS voltmeter also provided a D.Co voltage which was

proportional.to the RMS value of the signal provided by

the coptroliaCCelerometer to the charge amplifier. This
proportioﬁal DoCo signal was used in the specially designed
control 01rcu1t to control the feedback loop of the oper- |
atlopal ampllfler° The operatlonal ampllfler was. located
between the.fﬁnction generator and the power amp.l,ii‘ier°
Thus, the signal to the,power amplifier‘was controlled,

The circﬁitry for reading and recordihg the response
signal was:aSSembled from commercially avadlable equit-
ment, A calibrated charge-amplifier was necessary to_ |
amplify the signal from thegresponse transducer, a piezo=- .
electrict accelerometero This ampllfled signal was then ‘
transmitted’ to another RMS voltmeter which detected ‘the
signal and prov1ded an analogous D.C. output voltage, This
voltage is_proportional to the response signalg and is
used to driye'the Y-axis of the X-Y plotter;s

The problem of fixture.design!_and inodtftransducer -
design still remained. The transducers and flxture were
1nterrelated since the flxxure had to locate the arm
and transducers in pos1tlons that could be repeated at

~a later date° The fixture is shown in flgure 8, and

a detall draw1ng of the flxture appears in Appendlx C, After’




Figure 9 Positioning Fixture

ftr e ety
EEBA RN

&3

Figure 10 Response Transducer
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several eXperiments with low poWered loudspeakers for use .
as an input device; it was concluded that the loudspeakers .
were 00 Qelicate and inconsistent for use as an input
device. Aisd, the small loudspeakers could not produce
the power necessary at the lower frequencies, -The low .
powered loudspeakers were not suitable as input devices,
Experimentel enalySis of a small MB Electronics eleetro-
magnebic vibrator indicated that this device-would be
satisfactory as a component of the input transducer.
Attached to'thelhead 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. an 
the slider is the control accelerometer. The slider
pressed the ‘accelerometer against the skin:surfaceiof the
forearm under the force of the compression'springo

Thus"the static force on the forearmaras trénsmitted
throth the spr:u.n(;,° The natural frequency of the slider
sprlng system is conslderably lower than the frequency
range under con51deratlono The sprlng is a-long spring
with a small sprlnp constant, such that when it is com=.
pressed to the length used in the transducer, it producesf

. a nearly constant»force over a dlsplacement of_about
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+% inch. ThlS vas done so that the small movements .of the

-forearm, Whlch were expected, would not 31gn1f1cantly
affect the foroe with Whlch the transducer was pressed
agalnst the forearmo- '

" The response transducer is somewhat S1mllar to the
'.1nput transducern A simllar sllder-sprlng mechanlsm was
" used, but the rod was mounted to .a base whlch was adJust-
able so that the response could be taken at various posi-
tions. Thls.adgustment was accompllshed by rotatlng
the transducer parallel to the 1onéitudinal axis of the

forearm. Also, there were fine adjustments-available

to insure that the response transducer was located properly

in the des1red locatlono .

The rlght forearm was held in the flxture with the
forearm 1n a verticle position and the upper arm horl-
zontal formang a right angle at the elbow. The . upper
arm rested in an adjustable cradle. The wrist and hand
were pos1tloned by an adJustable plate which the ‘hand
'rested agalnstn In order to have the’ forearm as free as -
poss1ble from external constraints, the po;nts .of contact
between the positioning fixture and ‘the arm were not in

-the vzclnlty of the forearm'being studledo




CHAPTER 3

PARAMETRIC EVALUATION OF IRANSDUCER'LOCATION’Z’:““"

It has been previously,noﬁed‘that tféné@qggr location
is an important aspect of experiméntally aetermining tﬁ@
dynamic response of the human forearm. Several'factors |
affeci the ability of the response_tranSducer to detect
hatural frequgnciés of the forearm system, Primarily,
the lbcétion of the respbnée transduéer on the fbrearm
is.criticai. It must be locatea at a point on the fore-
arm.which is not é'nodal_point° Also, as Has béén pre~
| viously noted, the reéponse amplitudés are a'quCtibn of
the angular position of. the response accelefometef
relative to the longitudinal axis of the forearm., An-
other problem which has alreadj been mentioned is the
fact that ﬁhe transducer cannét Ee attached directiy to
the bone, Since iﬁicannot be directly attached to the
bone, it i§ neceésary to find a location which puts the
response trénéducer in close prpiimity to the bone. The
préssure between the transducer and the skin is an
important parameter. If this force is very large, the
-transducer may be uncomfortable. for the test subjeét; also
a large force applied to the system at a point will affectg

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. #&nother independent
parameter is concerned with'the static force between the
response transducer and the skin surface. The final ind-
pendent parameter is concerned with the p031tlon of the
forearm. '

The flrst 1ndependent 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 moeves 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-
ducers. 'Ip Was desired to test the sensitivity of the
frequency response plot to the rotatlon 6f the forearm.
Therefore, two positions were chosen. for this independent
parameter; Viewing the right forearm from the hand
towerds'tne elbow along the iongitudinal axis, the hand is
rotated‘fuily counter-clockwiseo- This describes the AP
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‘position and is.the first'pesitiona Rotating the hand and

wrist 90 degrees clOckwise from the AP position déSéripég

LR
I

. the secbnd_pesitiono
The second independent pafameter is location of the
response transducer along the longiﬁudinal axis of the |
forearm as shewn iﬁ figure l. This parameter was varied
- in an atteﬁpt to-avoid locating the‘resboﬁee transdueer_
at a nodal point fof the modes which ere being excited.
The respenee tfansducer always meésure'accéleratien in
the horizontal plane, but can be moved Vertieaily to
various poinﬁs on the 1ohgitudinal axis of the forearm,
Two positions on the’iengitﬁdinal axis were-chosen asutest
pointsQ.'One position was just'ébove the elbow ‘on the
_ olecrenon'process, The other is a point midway:betﬁeen
‘the olecranon procees and the styloid process. |
The third independent ﬁarameter which was considered
is the force with which the response transducer was held
- against the forearm, A small force may not cause the
-reeponse transducer to be in‘clOSe enough proximity with
the bone. A large fefce may be‘painful for the test sub-
ject and may affectithe response of the system-te”a large

degrees, Two'forces; which were provided by coil springs,
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were tried: a relativly light 2.5 pound force, and a
relativly strong 5.0 potind force. ‘ |

The.fourth independént'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 p051tion about the
longitudlnal axis of the forearm affects the relative
p051tion of the bones to the skin surface, 50 one p031tlon*
may allow the response transducer to be in closer prox-
imity to.the bone. The tnree positions that were tried |
are: l) alighed witn the input transducer, 2) 30 degrees
clockwise from,alignment with the input transducer, and |
3) 30 degrees counter-clockwise from alignment with tne
input transducers |

Since .each of the four aforementioned parameters could
nave'been Varied‘independently, a conventional statistical
code was used to. describe the state of each parametero 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 parametere The absence of'a letterlindicates the

other state of the given parametero' 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 dzlindicates dnother state, while the absence of dl
and dz indicates the third state. This code is summarized
in Table.l.

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 trensducer was always measuring
vibration in & horizontal plane, and the fore-
arm was always held in a vertlcle position,

2) ‘The 1nput ‘vibration was allgned horlzontally
‘and in the same verticle plane that is des~-
cribed by the upper arm. The input force
“was applled at the sty101d processo

- 3) ‘The input signal was malntalned at a constant
~.~FTorce at the skin surface.

In this study,‘only‘two dependent parameters were
.coneidered. They werezll)athe freQuehcy 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 configuras..
tions to be.selected as condidate configurationso Can-
didate configuration is a terﬁ used in this paper to denote

. a partieular combination of. the four independent parameters




TABLE 1  Summary of Parameter Code
Independent Parameter {Symbol | Presence “State.
Not ,Rotated full counter-
Present clockwise
Rotation of forearm a - .
C Present Rotated 90° clock-wise
: " from above position
: : . Not ZLocated at elecranon process
Longitudinal position b . Present :
of response transducer ~ S «ulocated mid-way between
- “Present . | ‘ole¢ranon process and
) B ;;stylold process
' : . Nét n;ifRelatlvely llght force .
Force on response c . Present' } (2; 5 1bs)
transducer ' . ‘
- Present Relatlvely strong force
(5 O lbo)
Not | Aligned with input
Present - ,transducer L
Angular position of d . -30° counter-clockw1se_from
response transducer dl alignment with input
: { transducer
d2 '30 cleckw1se from allgn—

ment with 1nput transducer

¢3
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which ylelds consistent results for the two depe

parameters.

)
ndent
.




CHAPTER
DISQUSSION OF DATA REDUCTION

The data was reduced by averaglng values for the
lowest natural frequenc1es and for the amplltude of the
response assoc1ated ‘with the lowest frequency for the

three trlals at each of the twenty-four conflguratlons for

each of the two test_subJects. This computatlon yielded.:

a mean frequency and a.mean amplitude for'the.first
resonant peak for each of the twenty—four conflguratlons‘
on each of the two test subJects. ‘

In order to have an 1ndlcatlon of how repeatable the

data taken at each conflguratlon was, the percent standard .

deviation at each confipuration was caloulated for both the

amplitude and frequency of the first resonant peak. The
following formulae were nsed to.calculate the percent

‘standard deviation of the frequency and amplitude.(s)o

. ‘ . 2 .
%DEV"‘ EgX:ﬁ 2 ',10020 -
where ;

T=mean value= JQ%;

=experimentally obtained values
=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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arrangedoin orderiof decreasing percent_deviations, asf
presentedhin'tables 2 and 3. The deoreasing'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.presentedigraphically in
figures 10 and 11, | “ _ |

There are four positions’ which have frequency devia-
tions of less than 8% and amplitude deviations of less
“than 22% These were considered candidate configuratlons
and are presented in table ko )

By v1rtue of the high percent deviations for freq~
uency or amplitude of the other twenty conf1gurations,~
which 1ndicates a lack of consistency at ‘each of these
‘conflgurations,,these twenty configurations were rejected '
for consideration as candidate confignrationso The four |
candidate” conflguratlons are ab, abdl abd2 and Co

It 1sl1nterest1ng 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-

'urationsishow a definite secondary’peak(see appendix)

' which is not the case for many of the other configurationso

Figure 12 shows the variation of the first resonance
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TABLE 2  Configurations in Order-of Decreasing
: R Amplitude Percent Deviation

‘Configuration Subject #1 Subject #2
Amplitude | % Dev. | Amplitude | % Dev,
(1) 2,3670 - 56,750 - 2,1000 " 426320
b - 2.3000 49,380 07333 43,830
a 3.5000 60,000 504330 13,060
be . 3.9670 | 43.470 | 1.8670 | 16.370
abcd? . 5,7000 21,270 5,1330 37.030
d2 -1 1,1000 31.490 1,2670 25,380
bed2 1.3330 30,310 . | 1,0000 - 26,460
Cdl 2 o 7670 2l+o 600 . l o 8000 ’ 30 ° 930
abedl. 1 L4e9330 25,670 .1 3.,7000 29,230
bd2 .6433 7,977 1 1.,9000 43,080
adl = | 2+5330 - ho558 | 2,9670 Lty o890 |
aCd2 - lo’+330 "170 560 2¢ 6670 270 614.0
a1l 1.2670 9,116 1,0000 36,060
ad2 .. E 1,5670 25,800 207670 17.830
abc . 8 01670 2‘40 770 6 ° 7670 13 ° 730
ac 701.]—000 7o 521+ 592000 27:: 130
abdl . T 4.9670 11,090 | 3.7000 21,450
‘bdl L2670 9,758 2.0670 . 21,820
ab 3.6000 10,020 Iy » 2000 20,620
C ) 309670 2191-{‘14,0 1+o 8000 : 80333 ’
ed? 2,0670 16,990 3,1670 | 12,760
bedl - 5.8000 9,123 L1000 15,990
abd2 - 3,6670 290578 | 2.7330 12,850
acdl - 50,0670 | 1L,000 } 2,1670 7.050 .}
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TABLE 3 Configurations in Order of DécreaSing
Frequency Percent Deviation

Configuration Subject #1 . Subject #2
Frequency | % Dev, Frequency % Dev.
dz2 . 100,00 21,790 © 123,30 16,990
abedl 115,00 27,150 130,00 20,350
abe. 103,30 11,170 . 121,70 31,920 |
b. 78,33 13,290 |- 96,67 23,320
cdl 120,00 ¢ 000 118,30 30,570
ac 103,30 11,170 116,70 17,840
acdl 115,00 11,500 170,00 15,560
a 96,67 11.950 125,00 140420
adl 106,70 2,706 150,00 230330
abed? 90,00 50556 106,70 19,520
becdl 111,70 15,720 91,67 80332
(l) 113030 16°7OO 116070 ' 1+o91+9
-dl 123,30 12,390 105,00 Lo762
bd2 76,67 3.765 86,67 12,010
ad2 80,00 12,500 103.30 2. 794
bdl. 78,33 3,685 90,00 11,110
cd? 101070 26 839 103 030 110170
ab 135000 014-15 ‘ 151070 60863
abdz2 . 91,67 3.149 © 98,33 7767
abdl 108,30 2,665 118,30 6ol5l
C lOlo 70 20 839 lOOo 00 5 oOOO
acd2 103.30 2,794 105,00 L0762
bC'- 71&-000 70151 ‘ 75000 'oOOO.
bed2 - 75 .00 6 0 667 70\0 00 o 000
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peak frequency location with attribute d (angular pos~
1t10n of the response transducer about the longitudinal
'ax1s of the forearm), for both test subJects. Note that
all the flrst natural. frequen01es for subJect number two
are cons1stently hlgher than the natural- frequen01es for
subgect number one., This is most likely due to either
materialfprlgeometrical differenceS'netween the twe
subjegts;fAléghnote,that the variation in frequency with
parametef:d.is the same for_each subject. Both of these
facts indicate that the ﬁests are'valid‘and repeatableo
In table 5, the mean bandw1dth as defined by the

width of the peak at the half-power p01nts, of the first
and second_resonant frequencies are tabulatedoi Tabulated f
in table 6 are the mean frequencies and nean‘amplitudes
of the;secend resonant peak, This information is tabula-
ted for the four candidate configurations only. The
frequency response plots for the four candldate config-

" urations appear in Appendix A. -




© TABLE 4 Summary of Candidate

Configurations
_ | nygqueﬂéy" s fjAﬁpiitude. o
Coﬁfiguration Subject #1 Subjépt-#z . Subject #L Subject #2
Mean | % Dev | Mean l!% Dev Mean | % Dev | Mean | % Dev
abdl 108.3 | 2066) 118,35 6,45 | 4o967| 11,09 | 3:70 | 21.45
ab 135.0| 6.b1} 151.7| 6.86 | 3.600| 10,02 | 4.20 | 2.06
c 101.7| 2.8 100,0| 5.00 | 3.970| 2L.4k | 4,80 | 8,33
abd2 | 9L.7| 3.15] 98.39 7.77 [ 3.670| 9.58|2.73|12.85

€€

y——r




TABLE 5 Bandwidth Data.

Configuration Sub ject | . First Resonance Second Resonance

Mean % Deviation | . Mean % Deviation
- ;} Bandwidth 3 ‘ | Bandwidthy . -

ab 1 85.67 | 20.56 | 246,00 5:4,7

2 110,00 11.88 263.67 3.68

abdl 1 i 105.00 7,19 . 217.00 . 3.32

2 83.33 © 15,00 161.33 2358

abd2 1 51.33 23.80. | 264.00 6046

pd 57.33 8,95 7| 186.67 | 37.49

c 1 65.33 Lk« 60 89.33 20.71

2 69.00 20,29 hle33 15.55

g




TABLE 6 Second Resohance Data

Subject .

- Amplitide .

Configuration Frequency -

‘Mean ,%'Deviation ' Mean |% Deviation

ab 1 1,23 “1.37 .95 18.98

2 103 2,87 1.13 13,48

abdl 1 350 14028 1,50 10,00

2 393 147 72 Lo 20

abdz 1 1,07 142 | o72] - 13.25

2 377 .77 . | 50 20,00

c 1 243 Lo75 1.72 21,02

2 258 .02 3.40 11.76

99




CHAPTER ‘5
DISCUSSION OF RESULTS '

Theltébles 2 and 3 and figurés 10 aﬁd 11 show the
four candidéte configurations which have a lower percent
deviation in both frequency and peak émblitﬁde than the
other twénty'configurations, Moreover, all four candidate
configurations have prominent second resohanée peaks. The
data tabulated for the four candidate cdnfigurations-is:
1) the mean:frequency of the first resonanéé, 2) the mean
amplitude for the first resonance, 3) the ﬁéan 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
resonancé;f |
| Note that for both the,first'and second resonant fregs
uencies ahd1£or both sub jects, configuration:ab yields
the highest' frequency when compared to_pdéiﬁions abdl and
abd2, _Tbis tends to support théoryg sincecthé forearm
should be stiffest in the ab plane., This shift in natural
frequencyvés'the transducer is moved to the three different
positions'aboﬁt the longitudinal axis of the forearm can
be more eaSily’understood if the arm is thoﬁght of as a

pinned end beam of elliptical cross sectipﬁo The first
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bending mode along the'major'axis of the ellipse is at a
hlgher natural frequency than the natural frequency of the
first bendlng mode along the minor axis of the elllpseo
Planes in between the mlnor and,magor axis would have first
natural frequenc1es between the high and low values of the
major and mlnor axlso' Slmllarly, the forearm is stlffer '
: along one plane and thus values of" natural frequency in
planes not in the maJor plane will be lower.

Also of 1nterest is a comparlson of prev1ous methods
' employed to obtain the frequency response plot° R. Matz
employed elastlc straps to hold the transducers to the -
arm. This method,~;n theory, attached a small mass (the‘
~transducer) to.the‘forearm. In practice, however, the
repeatability of this equipment was limited due'to diffé
iculty in locating the transducer at the same point each
time and.because of the difficulting in repeating the
strap tensions each timeou Theré was another drawback,
howeyer,_that was not apparent at the time. That is the
fact that the first natural frequency whioh'has been used
ektenSivly'in this study was attenuated by the straps of
the method_of R..Matzo :This was shown'by putting a strap
ofi. the test subjects forearm, as with the Matz method, but

" then running the_test using the apparatus developed for
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this study. When this was done, the first natural freg-
uency as attenuated_by a factor of at least tena‘ Thesex
first resonance peaks have been neglected in previous
works as uﬁimportaht, but theSe;resulﬁs 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 amplltude when u31ng
" 'the strap apparatus, A possible explanation for this is the
damping due fo friction'in the present system of trans-
ducers. The damping forces would be greater at the
hlgher frequen01es 81nce damplng Torces are proportlonal
to velocity. If mlnlmlzlng that friction showed an in-
crease in'the amplitude of the second resonant peak, then-
friction would be demdnstrated-tolbe a factor. Note that
with the transducers used, no attempt was made to control
or measure fhe damping ‘forces. - The damping forces may
have been variable, since they are a function ef the
friction of the slider mechanism; which could change
appreciably with wear°
| It is also hypothesized_that the firsﬁ natural
frequency noted in tﬁie study is a rigid ﬁody mode of

the ulna, while the SecendAnatural frequency is the first
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bending mode of the ulna, This is supported by the fact

that the second naturai frequenéy cannot be detected at
the elbow (a nodal point fdr the first bending mode), but
can easily be detected at the midpoint (the point of

maximum deflection for the‘first bending modejo The

first natural frequency can bé easily detected at nearly
every longitydinal~pOSitioh, indicating a rigid body
motion, ' "

Anpther'iﬁtenestiﬁg point, and one that should be
taken into consideration iﬁ futre ﬁork is muscle &evelop-
ment depending on wheﬁher.the test subject is left.hanaed'
or right handedo The fwo test subject were opposite; |
subject number one was left handed and subjec£ 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 flésh_to'be quite thick betweén the transducer

and the ulna in manyabf the"con_figurations° . This resulted

in significantly more consistent data from subject number

oné,’the left handed sﬁbjéctb.'lt is therefore suggested
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that future cxperlmenbal work be conducted on the left arm

P

of right handed subjects and on the rlght arm of left_l

handed subJects.




CHAPTER 6

CONCLUSIONS -

Ih conclusion, this study has shown that it is pos~
sible ﬁo develop an instruﬁehtxfbr measuring the dynamic
response of a huméﬁ'biologiqal éystem. The equipment
developed here deté%mines the‘fréquency response of the
human foreafm to:a sinusoidal forcing functidno

In.addition,:fpurconfigufations have been determined
that proﬁidé reliable data. These four candidate config-

. uratidns‘ﬁere determined by uéing statistical methods to
determine ﬁhe standard percent deviation in the frequency

' ahd.amplitude of the first néturéi frequency, then choosing
those configurations with the smallest percent deviation.

It was determined that elastic straps béing.pre;
viously used to attach the transduéers to the arm attenuate
the first natural frequency. |

Tt wasﬁhypothecizea that the first natural frequency
in this study is a rigid body mode of the ulna, while
the second natural freqﬁency is the first bending mode of
the ulna; | _
| It ié also suggestéd that due to muscle dévelopment,
right.handéd éubjects be tested on the lefﬁ arm and left

'handed'éubjects be tested oh the right arm.
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APPENDIX A
Presehted in Appendix A are the frequency resﬁbnée
 plots for each expériment conducted at each of the .

- candidate configuratiohs. .
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APPENDIX B
- FEEDBACK CONTROL CIRCUIT

The feedback control circuit was used to control the
amplitude of the Sinuseidel signal'which excited the .
~electro¥magnetic vibrétdr. A control accelerometer at
‘the skin eurface_was used to obtain a feedback signal,
thus acceleration at the skin surface'was held eonstanto

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 ehown_inrfigure '
21, The pheto resistof is a phbte cell whieh‘changes
reeistance as the light striking it ehangesﬁ molded into
the photo.resiStdr is a small incandescent light bulb,
Thus the resistance of the phofo resistor is a fﬁnctien
of the voltage applied to.ﬁhe light bulb, Note that the
resistor is electronieally isolated from the light bulb,
thus simplifying the associated electronic circuitry.

The system, consisting of the control circuit.
power ampllfler, shaker, and control accelerometer, was

analyzed using techniques of linear control systems (3).

AN
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The system is analyzed as follows:

The input system can be represented as

fFunction ; :ﬁ;\\\x [Power Amp '1
FGenerator o1 Z1 LffB//, - andCShaker !
L 1
Zg AmpliTier
Co

x=acceleration at skin surface
d=disturbing function
Cy=linear constant of Power amp and shaker
Cs=linear constant of Charge amp
e-=input voltage to control circuit
e,=output voltage of control circuit
Z7=input impedance to op amp
Zo=feedback impedance to op amp

The gain of the operational amplifier is
Gain=ep/e1=Z,/Z,

Impedance Z, is found by linearizing the
characteris%ics of the photo resistor to be:

ZZ=ZO-02X

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

X=Cle 2"'d
From the equation for the gain, e, is:

82=( Zz/Zl )el
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Now, x can be expressed as:
x=Cl(Z2/Zl)el+d
Using the expression for Z, in the x equation,
x=(Clel/Zl)(Zo-C2x)+d

And by rearranging this equation, a trans-
cendental equation is derived:

X=(Clel/zl)'(Clczel/zl)X+d

The associated block diagram for this equation
183
y d

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

x=(Cye1/21+C1C e1)Z, + (Z1/Z7+C1Cpeq )d
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~ APPENDIX C
DIMENSIONAL DRAWING OF THE ARM POSITIONING FIXTURE
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