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f- INTRODUCTION

Sophistication in the design of instruments has been the theme of the

Space Age. This theme applies aptly to the force platfon.i. Since its con-

ception by Cunningham at Berkeley (Cunningham and Brovm, 1952), refinenient

of the force platform has occupied the thoughts of several designers and

researchers. The most recant design is by llearn (.lOCC).

Cunningham rightly should be called the father of the force platform

even though today's design retains few of the initial design's character-

istics. Some alterations of the original design have been: (1) force de-

tection by measuring beam deflection with a linear variable differential

transformer (LVDT) , (Greene, 1957), instead of directly applying prr-.ur.iiro to

piezoelectric crystals (Lauru, 1957), (2) increasing the upper plate plat-

form area from a triangular to an equilateral hexagon design to preload the

vertical axis in both directions (Barany, 1962), (3) addition of torque

measurement capabilities (Ilearn, 1966), and (4) lead screw adjustment of

LVDT (Ilcarn, 1966). ;

Even though the development of the force platform has had a normal tech-

nical growth and human engineers have utilized this instrument to study the

work situations, there appeared to be a lag in developing and interpreting

the constants of calibration to be used in calculating a force exerted by

the subject. Intuitive reasoning indicates that a basic procedure such as

calibration must be firiiily established before conclusive results can be ob-

tained from the force platform.

The primary purpose of this research was to evaluate the response char-

acteristics of Ream's platform through dynaudc calibration. Comparison

was made between dynamic and static calibration in order to investigate

whether use of static calibration in the past iias valid. Evaluation of dy-

namic calibration was in the form of limits that can safely be imposed upon



the instrument. Ihe evaluation required: .

1, Design of a dynamic calibration device

2, Construction of the calibration device

3, Evaluation of the calibration capability of the device for the

platform



STATZM.-il^IT OF Tllli: I'ROBLS^i

Hudson (1962), at the State UniverGity of Iowa, visualized the subject-

platform system as being elastic, and thus potentially dynariic. 1-Iis reason-

ing stemmed from the fact that the- platform is supported by cantilever beams

which are sprung or elastically stressed. The initial stress is produced

when the weight of the upper plate is placed upon the beams, and more stress

is added later during actual operation when the weight of a subject is added

to the weight of the plate.

Hudson posed tv7o questions as to the authenticity of the dynamic re-

sponses obtained from the structure; (1) To what extent does inertia effect

the performance of the platform? (2) Docs harmonic addition of displacement

of the structure when dynamically loaded affect the operation of the instru-

ment?

Hudson's approach to solution of the two questions was to theoretically

determine the response characteristics of the apparatus by mechanics, and then

use experimental evidence to substantiate his findings. Tne incrtial effects

encountered v;hen working with the platform were almost impossible to determine

theoretically, A theoretical solution was more nearly approached to the

problem of harmonic displacement through the use of vibration mechanics. I'iore

specifically, a solution was obtained by applying the equations of natural

frequency and dynamic amplification to the subject-platform system. Hudson

found, from these equations, that there will be some amplification of displace-

ment at any frequency, but only at 500 cycles per minute v;ill the platfomi at-

tain its natural frequencj''.

Phase two of Hudson's analysis was to substantiate his theoretical

predictions through experimentation. This aspect of his analysis was done

by Ivan Jacobson (1960).



Jacobson used a motor coupled to a variable speed reducer to dynamically

evaluate a platfom similar to the original one constructed by Greene (1957),

The speed reducer \<ras coupled to a slotted U-shaped yoke v.'hich could be ad-

justed to vary the stroke of a reciprocating input shaft. Next, Jacobson

connected a calibrated spring between the input shaft and the force platform.

Then, by varying the adjustment on the yoke and measuring the length of stroke

for each adjustment, Jacobson determined the force input to the platform.

In summarizing his research, Jacobson felt that a frequency of force

application should range between 50 and 100 cycles per minute (GPil) . Errors

in his recording equipment apparently caused doubt about the range from to

50 CPM. In comparing static to dynamic calibration curves, Jacobson reported

that dynamic calibration curves were as much as fifty per cent less than

curves obtained statically with equivalent force applications. For exaiaple,

a static force of 50 pounds would deflect the recording pen 10 millimeters,

whereas a dynamic force application of 50 pounds would only deflect the pen

5 millimeters from a zero position. Jacobson also reported sensing a force

of ,5 pound in the lateral and frontal axes. The vertical axis was able to

sense only a 1 pound force. In the summary, Hudson (1962) cites five main

findings of the experiment. First, as stated by Jacobson, there appears to

be an oversensing of forces at frequencies above 150 Cm. Tais effect was

more pronounced v.'hen the platform was loaded with a 200 pound deadweight.

Hudson's analytical model indicates that oversensing v/ill occur at the higher

frequencies. Secondly, Hudson states that some combination of inertial and

frictional effects is attributed with causing a negative sensing to occur in

force detection. Thirdly, peculiar to the platform design, there was sensing

of forces in the unloaded axes during a period in v;hich the loaded axes were

oversensing a force, .'^ain, as in the second finding, there was no conclusive



reason for this happening. Fourth, static calibration vzas distinctly dif-

ferent from dynamic calibration when findinj^ a calibration constant, Tliis

fact becsne apparent after a plot of force applied (pounds) versus units

sensed was made for static and dynandc calibration. Lastly', the difference

between static and dynamic curves tends to increase as the forces applied

increased. Explanation of this v/ideninj differential follov/ed from the fact

that the force-frequency device v;as an elastic system which adversely affect-

ed the constant obtained from the calibrated spring. Tiiis change in the

spring constant was considered more of an inconvenience than a limitation.

Due to the discrepancy between static and dynamic force calibration,

Hudson felt that future users of the platform should use djTiaruic calibration.

If for no other reason than to evaluate the limitations of the force plat-

form, the researcher should utilize dynamic calibration.

The most recent experiment which utilized both static and ajTiamic cal-

ibration as preliminary to actual experimentation was done at Arizona State

University by Adams (1966), Although Adams fails to explain his reasoning

for using either static or dynamic calibration, the mere fact that he uses

both forms attests to the skepticism for using only static calibration.

Adams used static calibration to establish a constant by v/hich a later

force can be determined. In his application, dynaiaic calibration was used

only to determine whether the frequency at which his subjects would be per-

forming approached the natural frequency of the force-detecting unit. Al-

though his method of physically inflicting dynamic forces was somewhat crude,

Adams did see the need of studying the limitations of the platform before use

with dynamic subjects. / . •

Human engineers in the past have utilized static calibration in estab-



lishing a relationship bet\jecn the values obtained fron the platform and the

actual force exerted by the subject. Intuitively, this procedure appears

to be erroneous because the human is not a static object; he is internally

dynamic even v;hen he is motionless. VThen a subject on the platform starts

to move his body to perform a task, he has to exert force to overcome the

inertia and possible frictional effects of the platfon?. plus the vjcight of

his body if force sensing is to occur. If inertia is found to be instrumental

in determining a calibration factor, then static calibration becomes somewhat

unrealistic. Why use static calibration on a device which evaluates a dy-

namic being?

The following hypotheses were formulated:

I, For a given force, dynamic forces will have a lower recorded value

than static forces,

II, The platform transformers will respond linearly to frequencies of

force application from 5 C?M to 300 CPl-I.

Ill, Simulated dead weight loads of 100 and 200 pounds will have a neg-

ligible effect upon the calibration and operation of the platform.

IV, Tties. smallest detectible dynamic force in any spatial axis of the

force sensing system will be .05 pound.



I

' Design

Physiological, mechanical, and electrical concepts were united in pur-

pose for devclopinj:; design criteria, iiach part or system was first studied

separately in order to develop an understanding of the basic system as they

relate to this experiment. This knowledge was then applied to an actual
j

instrument design. •. i- ,•'

Physiolorrical . The first consideration was: Just hov7 many repetitions

or cycles per minute can a human produce without becoming inconsistent? For

example, if a typist can type 120 words per minute with five letters per word,

she would be performing at a rate of 600 work-cycles per minute. 2ach cycle

would correspond with a finger movement to a key, striking the key and re-

turning to a reset position. An upper limit then would be an instrument which

will perform at a rate of at least 600 cycles per minute. A lower limit would

necessarily approach zero since a human can perform at a rate which approjci-

mates zero.

The next consideration was to find an instrument which operated at a

constant speed and could be varied by an external means within this theoreti-

cal range (0 to 600 CPM)

.

The instrument also would have to overcome the inertial effects of a

simulated subject weight (dead weight) of 200 pounds and exert a known force

upon the sensing units (LVOT) of the force platform.

Electrical . As was stated previously, the need was to design an instru-

ment which would apply an intermittent non-variable force on the platform

and accomplish this over a range of frequencies; an electric motor appears

to best fulfill these specifications. With the addition of a rheostat to the

electrical system (DC motor), the motor speed could be varied at will. This
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mo tor-rheostat coiabination would greatly sophisticate force-frequency input

as conpared to the motor-speed reducer-yoke-input shaft-spring systen as used

by Jncobcon. The feasibility of this approach depended on finding a liotor

which would operate at a constant speed, use DC voltag-e, and maintain a high

torque. The DC voltage will be thus constant.

Once a certain speed v;as predetermined by adjustment of the rheostat,

it should not change. With this fact in mind an AC-DC, universal series-

sound i:iotor was selected due to its ability to maintain a constant speed

under load if there is a constant voltage pov^er supply.

Another design which was considered in selecting a motor was that of

using a synchronous motor coupled to a variable frequency povrer supply. Two

major disadvantages were encountered in this appraoch. First, the maximum

speed attainable with a synchronous motor was approxiiiiately 100 GPi'l. This

factor does not meet the hypothetical limits of to 600 CP:-l as determined

in the physiological considerations. Second, although the less than five

per cent error in speed control for synchronous motor would be less than

the five to ten per cent error with a universal motor, the difficulty involved

in building the variable frequency power supply tended to offset this posi-

tive feature.

A stroboscope was selected over a tachometer for CP2': determination be-

cause a stroboscope was readily available for use through the Industrial En-

gineering department and a tachometer would have been quite hard to fix to

the motor shaft for CPH determination.

A stroboscope, through intermittent flashes of light, malces a revolving

body appear stationary. When this stationary effect has been obtained, a



direct CPM reading can be tahen froia a dial indicator on the stroboscope,

l^ius bj'' setting the stroboscope to a preselected CPM and adjusting the rheo-

stat, the speed of the motor can be adapted to the flashes of the stroboscope

and consequently the desired CPM.

Mechanical . With the capability of maintaining a constant ruotor speed

already determined, the most practical approach to force creation xjas through

revolving a known weight within the plane of the force platform's transformers.

This was accomplished by affixing a small diameter rod (9/52 inch) to the

shaft of the motor such that its weight was evenly distributed over the sur-

face of the platform. The even distribution v/as achieved by fastening the

rod at its center.

By adding a known weight to one end of the rod and revolving this weight

at a knov/n speed, a specific centripetal force vjas established (Appendix I),

Preliminary to performing this procedure, the instrument was run at a prese-

lected speed without the attached weight. This facilitated elimination of

any extraneous errors due to uneven v;eight distribution or any adverse in-

ertial effects due to the weight of the rod. In surmiary, if the transformers

of the platform are set in a null position while the rod rotated but before

attaching the weight, then, after the weight was added, the transforraers would

reflect only how they are affected by this additional force.

The mechanical system has two equations which have applicability to

this research. (Appendix I) Tliese are:

and.

F = mv2 (1)

T = m(v2/r + g) (2)

where F = the force developed by centripetal motion xmen a v/eight is re-
volved in a plane parallel to the earth's surface, (pounds)
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m = W/g = mass of the body V7hich is revolved, and U = vreigtit of the

revolved body, (pounds)

V = velocity of the revolving body, (radians/second)

r = radial distance fron the center of the driving shaft to the cen-

ter of the weif^ht of the body. (feet)

T = force developed by centripetal motion vrhen -/-eight is revolved

in a plane perpendicular to the earth's surface, (pounds)

g = force of gravity. (32.17 feet/second^)

These equations give an instantaneous value of force for each spatial axis.

The particular equation used depends upon the plane in which the weight is

revolved; if revolved in the horizontal plane (parallel to the earth's sur-

face), the frontal and lateral transformers sense a force, v/nen the weight

is revolved in the vertical plane and parallel to either the lateral or front-

al plane, the vertical and cither the lateral or frontal transformer respond,

depending upon which of the latter two axes is in the plane of rotation. If

revolved in the vertical plana and in a plane bisecting the lateral or fi'ontal

planes, all three transformers will respond.

Equations one and two were used to detemine the specific weights v/hich

would need to be revolved. Since this study was to determine the smallest

and largest forces detectible by the platform, these equations gave a means

of theoretically producing some of the forces to be encountered. Tae. radius

of rotation was preset, as will be explained later, and the frequency range

(velocity) has been predetermined in the physiological system study; so to

find a range of weights which would produce minimum force of ,05 pound and

maximum force of 50 pounds various v/eight values were substituted into equa-

tions (1) and (2) until these limits V7ere satisfied.

Practical considerations . The factors considered critical in the phys-

ical dimensioning of the calibration^ instrument Xv'ere unifonnity in the dis-
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tribution of vjeight over each plane of the platform, and the flexibility

involved in creating responses in only two of three planes (XY, YZ, or XZ)

by simply altering the position of the instrument on the surface of the up-

per plate, .• ;

Two reasons why the size of the instrunent should be kept within the

limits of the upper plate surface area are stated below. Increasing the

radius of swing of the weight will lessen the C?K needed to produce the same

force or to maintain a constant force. Prom equation one it can be seen that

an increase in r will necessitate a decrease in CPM. Therefore by keeping

the radius shorter, there is less need for slow CPI^l. On the other hand,

the lower the CPM, the more closely the average v;orking speed of a human is

approached. Since this research was to develop a range of operating values

and not an average, the last pragmatic approach was rejected. A second con-

sideration was an instrument which could be maneuvered with little physical

exertion; this eliminated an instrument v;hich stood much over t'.ro or three

feet high. ".,,_ .

Due to the need for maneuverability, instrument weight should be low.

Since the motor selected weighed 7 pounds, the frame material needed to be

a sturdy, light material to keep the device under 50 pounds. Aluminum ful-

filled these specifications at low cost.

The frame and inner motor support beam were made of five-eighth's inch

aluminum plate. (Appendix II) Five-eighth's inch was selected because of

its availability, not for its heavy duty characteristics. Three-eighth's

inch aluminuia, if available, woiild be sufficient in strength.

The overall dimensions as shoiim in the drawings of Appendix II were not

set and then strictly adhered to in machining the rough material. Since the

outer dimensions v;ere reauired only to be of equal length, machining v.'as done
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with forethought only to the final square shape. A second criterion in ma-

chining was to reduce the size of the rough sheets such that they would fit

within the confines of the upper plate of the platform.

Again, as noted in the drawings in Appendix II, there arc ti7o sides of

the instrument which contain snail holes. Of the three holes drilled in each

side, the center hole is a positioning hole; vrhereas the two outside holes

are securing holes. All of the 5/3" diameter holes on each side are unthread-

ed.

The primary positioning holes (center holes) on the end and side of the

calibration instrument's frame (Appendix II, drawing 506) mate v/ith center

hole drilled in the upper plate of the platform (Plate I). The hole corre-

sponds vrith the exact center of the platform so all of the revolutions of the

calibration motor will be in a plane v;ith reference to the true center of the

platform and necessarily the overall x/eight of the instrument.

The two securing holes in both the side and end of the instrument's

frame have mating holes in the platform also. Tacsc mating holes lie on the

perimeter of a circle of holes (Plate I). Each hole was drilled at forty-

five degree angle increments along this perimeter. In order to stabilize the

instrument operation as much as possible, the holes lying on the perimeter of

this circle on the upper platform plate were to make the calibration of any

tv;o or all three spatial axes more efficient. For example, if the long side

of the instrument was placed in the plane of the frontal transformer (0°),

the readings would be obtained from the lateral transformer and the vertical

transformer. Readings would be produced by the frontal and vertical trans-

formers if the instrument were placed \-iith the long side in the plane of the

lateral transformer (90°). Consequently, if all three planes were to be

studied, the instrument v/ould most readily accomplish this if it were placed



in this vertical position of the 45° or 1:55° linec;. It follov.-s that the

frontal and lateral transformers could be studied together if the short side

(22.859 inches) of the instruaent were to be secured in any of the sngle po-

sitions mentioned above. This is accomplished because the plane made by the

revolving rod will be parallel to the upper plate of the platform; this makes

all placings of the base of the device equal in the final effect desired.

In studying forces in all three planes an instrument of this design need-

ed only to be placed in one or tv.'o of a possible eight positions. If a range

of force applications for each axis vms to be found, the basic procedure

amoxmted to rotating the weight in a vertical position (plane perpendicular

to the platform surface) in both the 90° and 0° planes. The vertical forces

vfere recorded each time in relation to either the lateral or frontal forces,

depending on vjhich of the latter tv/o transformers was in the plane of swing.

After determination of specific weights to revolve (.10, .25, .50, and

1 pound) to obtain the desired forces, and the overall dimensions limiting

the radius of swing, the final design criterion for a motor selection was

torque. To find a motor capable of overcoming the torque involved, the torque

to be created had to be calculated. The maximum torque to be encountered was

9 inch pounds (radius X weight = 9 inches X 1 pounds). Prom this number a

value of horsepovrer (hp) co\J.d be found by multiplying oj the cycles per sec-

ond. This fi^rure indicated that a l/20 hp motor would be sufficient for

this application. In order to overcome internal motor losses, frictional

losses, inertial losses and the pendulum effect in the vertical plane a motor

must be selected which has sufficient hp to maintain the consteint speed need-

ed; intuitively a safety factor of four was used to adjust the hp needed to

1/5 hp. '
' ,

^

;
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'Then the wcij^ht is spinning in the vertical plane, the effect of gravity

VTill tend to increase or decrease the speed of revolution depending upon the

half-cycle of operation. Although formula 2 has compensated for the effect

of gravity, the errors encountered in maintaining a constant motor speed will

be somewhat greater than when the v^eight is spun in a horizontal plane. The

only way of reducing these errors appreciably is to use an extremely large

hp motor. Cut, for this experiment, the 1/5 hp motor used proved quite suf-

ficient. The only problem forseeable was establishment of constant motor

speed v/ith the stroboscope.

In summary, an instnmient V7as designed which could inflict a measurable

force at intermittent intervals upon the platform's transformers.

This instrument consists of a rheostat controlled, fractional horsepower

AC-DC motor, mounted on a middle brace within a square frame such that a rod

can be revolved directly over the center of the platform, Tnis instrvmient

meets the requirements of even distribution of weight over the platform's

surface.



i

DlilSCiaPTION OF FLAT^ I

Illustration shov/ing the center hole and corresponding circle of holes

in the upper plate of the platform, '*

,
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Experimental Procedure

Step one of the experimental design involved calibrating a t^;o-channel

oscillographic recorder (Texas Instruments, model P2CBH). Actually, cali-

bration was performed upon a carrier amplifier (model number 10 - 198661 - 1)

which is the integral part of the recorder for converting the responses from

the LVDT's into impulses vjhich can be recorded graphically, Plate II illus-

trates the control panel for the carrier amplifier used in calibrating its

internal electronic components.

The first sequence in preparing the amplifier-recorder for force detec-

tion vjas to turn the attenuation dial to OF?. Mext, the position dial was

used to adjust the pen position on the graph to a center position.

After centering the pen on the paper, the attenuation dial was adjusted

to CAL(-t-2cm), The deflection of the pen from the initial location should

be 2 cm while in this attenuation position. If not, the gain dial was used

to manually position the pen at 2 cm from the center.

Following this procedure, the attenuation was returned to the OFF po-

sition—the pen should again be at the center of the recording paper. If

it wasn't—the position dial was adjusted. If it was—the attenuator was

turned to lOK, and the screwdriver-adjustable, G-balance screw was used to

re-center the pen position.

Tlie sequence followed from this point was that of lowering the atten-

uation dial scale factor and adjusting either the G or R balance to zero-

position the pen, until the pen did NOT balance. Tlien by backing up one

attenuation scale factor and adjusting the R or C balance, the oscillograph

was ready for recording.

Step tv;o of the experimental procedure was begun by placing the cali-

bration instrument upon the platform in the horizontal position (spins weight



parallel to the platfore's surface). The device was then positioned parallel

to the frontal transformer (or lateral) and aligned by eye to the center

hole in the upper plate of the platform. When the ali£painent appeared to be

true, a tapered positioning pin (part number 501 ) was fitted into the fraiiie

of the instrunent, threaded through to the platforia plate, until it achieved

a snug fit in the plate's center hole. Next, the instrviaent was slightly

moved clockv?ise or coixnterclockv/ise, depending upon the orientation of the

outer t'rfo securing holes relative to the holes in the upper plate. Here

20-3/8 bolts are inserted in the holes in the fraoie and secured in the thread-

ed holes in the platforia. These two bolts nust be tightened securely to pre-

vent any adverse vibrations or inertial effects that might arise during oper-

ation. '"'.-., \^

Step three of the experimental procedure involved turning the motor on.

V/hen the CPM wanted was achieved, the recording instruments were re-balanced

to a zero position by using the R and C balance adjustiaents. Before balanc-

ing the instrument electronically, the weight distribution of the instrument

was evened over the surface of the platform by using the weight as shown in

Plate III. Simultaneously a simulated zero-weight position of the pen on the

recorders was attained through the balance dials.

Uniform addition of either 50 or 150 pounds of deadweight to the plat-

form surface, being mindful of a zero strip-chart recording at all times, •was

the fourth step in the procedure. This step renders all apparent extraneous

errors to a non-significant magnitude. In other words everything was set

to zero in preparation for the actual calibration with these simulated weights.

Step five of the procedure entailed the actual addition of the weight to

the rod, after shutting off the motor. Then, after the weight v.'as attached,

the motor CPK was again set to the calibrated value. At this point the re-



DESCRIPTION OF PLATS II

Photograph shows the recording equipment used in this experiment.

Illustration of control panel for the carrier amplifiers is shovm

below the photograph.
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DESGHIPTION OF PLATS III

Photograph showing the counterbalancing; weight being placed such that

it xd-ll equally balance the weight of the motor and center beam. This place-

ment will produce a couple upon the center pivot of the platform.



corder should be recording an almost perfect sinusoidial wave; that is, if

the procedure given above was followed correctly. Interpretation and eva-

luation of these sine vjaves will be described in the Evaluation section of

this METHOD chapter.

An additional procedure to step five occurred v.'hen the equivalent of a

,01 pound weight was to be revolved. In this case both the .10 and ,25 pound

weights were attached to the rod. Their respective distances from the center

of the rod were varied depending upon the incremental weight desired. To

counterbalance the two weights, the ,10 pound weight x^j&s placed at 8,956

inches from center and the ,25 pound x-jeight was placed at 5.656 inches from

center. Then, to get the effect of adding a ,01 pound weight, the .1 pound

weight was moved to 8.906 inches from center.

Step six was used to establish the static calibration constants for

this research. The historical method of fixing a string to the platform

in direct line with one of the transformers, laying the string over a pulley,

and attaching the known weight to the other end of the string was employed.

The above mentioned method was used for the lateral and frontal transformers.

A response was obtained from the vertical transformer by simply placing the

known weight upon the upper plate of the platform.
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M'rmoD .

Construction • .

The drawings of Appendix II are the only nanufacturcd parts needed in

constructing and operating the calibration instrument. Drawings 500 through

504 can be assembled in any order necessary to achieve a final structure

as shoi-m in drawing 506.

After completion of the basic frame assembly, the shaft coupler (draw-

ing 505) was fastened to the motor shaft by means of a ^-20 set screw. The

purpose of the coupler was to provide a means of coupling the shaft of the

motor to the rod to be revolved. The shaft coupler and motor are then mounted

on the middle brace of the frame, Plate IV shows how the instrument will

look after complete assembly.

The 9/32 drill rod will not deflect appreciably when loaded with the maxi-

mum torque apiilied (9 inch-pounds). Tlic rod was made 18 inches long in order

to leave a clearance betv/een the weight fixed to it and the frame of the cali-

bration instrument. Ttie rod was then fastened to the shaft coupler at the rod's

mid-point by means of a ^-20 set screw in the end of the shaft coupler.

The other manufactured parts used in the actual calibration v^ere the

weights as shown in drawings 507 through 511. The two pound weight (which

was not used in the dynamic calibration due to the large forces created) and

the one pound weight were machined from cylindrical steel bars. Before a

final weight for each had been attained within a plus 40 grar.is, two set screws

(4 -20) were positioned such as to be at right angles to each other in the

cylinder wall. Next, a center hole was drilled in these cylindrical v/eights

to facilitate their sliding over the rod mentioned above. The drilling of

the set screw holes and center hole v/ould leave the weight at or above the

desired weight; thus, if necessary, to render the weight as close to the de-



DESCRIPnON OF PLATS IV »

Photograph showing the complete assenbly of the calibration instrument

including the shaft coupler, rod and the one-half pound weight.'

The stroboscope and the battery eliminator (DC power supply with rheo-

stat control of voltage) are shovm in the background.
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sired weif^ht as wanted, the cylinder could then be turned do\'m more in a

lathe. The cylinder-weights were finished machined to plus or minus 5 grams.

The ,50, ,25, and ,10 pound weights were nade from aluminuia and machined in

accordance with the above described procedure,

f
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I>IETHOD

Evaluation

The necessary prerequisite to evaluating graphical data for this report

was an analysis of its content and character. Specifically, an interpreta-

tion of the recordings or responses was followed by an analysis of the per-

formance of the platform.

The data to be interpreted for this research appears in the forii of a

sinusoidal vmve on the strip-chart recording paper (Plate V, part (a)). One

cycle of a sine wave is equivalent to one revolution of the weight of the

calibration instruaent. The reason for having a sine wave was due to the

position of the vreight in revolution relative to the transformer being actu-

ated. When the rod with attached weight v.'as parallel to the core of the re-

sponding transformer and directly above it, the recording pen v/as at the aaxi-

mum amplitude point in the positive half-cycle of a sine wave. Conversely,

when the weight v/as directly opposite and parallel to the same transformer,

the pen was at a maximum amplitude in the negative half-cycle of a sine v^ave.

A sine wave recording was obtained with each combination of ei:perimental

conditions. The variables in mention are the revolved weight, simulated

deadweight, CPK, and axis (lateral, frontal, vertical) used.

Initially, the responses recorded on the oscillographic recorder were

studied for a sinusoidal waveform (Plate v) , and then the maximum aiuplitude

of these sine waves was measured. If the recordings were in a non-sii;usoidal

pattern, such as shown on the second chart of Plate V, the trantiformers were

investigated as to possible malfunctions such as si-icking, bad wire connec-

tions, and misalignment of ball-end cores. Conversely, finding a sine wave

was indicative of the expected response and was followed by graphical re-

cording of the strip chart value (ma-deflection).
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DESCRIPTION OF PLATi; V

(a) Top illustration shows the sinusoidal response obtained when the

platform was responding correctly.

(b) Bottom illustration shows improper functioning of the platform.



PLATE V

(a)
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(b)
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i . .

Interpretation of the strip chart recording for static calibration was

similar to interpretation of the dyn?jnic responses, only that once the re-

cording pen had deflected it would not vary, lliis deflected value was then

recorded as the static calibration constant for the particular force applied.

Accumulation of these two tjmes (dynamic and static) of graphical data

is illustrated in Appendix IV. Actual interpretation of these graphs follows

in the RESULTS section of this report.
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RESULTS

The four criteria established as indicators of the response character-

istics of Beam's platform were: (l) effect of added nass to the platform,

(2) force-frequency response range, (5) dynamic calibration as opposed

to static calibration, and (4) minimum force detectible.

For static calibration, the effect of 0, 50, 100 and I50 pounds of dead-

weight on the three axes was investigated; see Figures 1 to 4 for the lateral

axis, 6 to 9 for the frontal axis and 11 to 14 for the vertical axis. The

four graphs are plotted on Figures 5, 10, and 15. After a run with each dead-

weight the carrier amplifier was rebalanced for the nev/ run. The force val-

ues within a run were quite consistent; the differences in slopes of the lines

are attributed to differences in balancing sensitivity rather than an effect

of deadweight.

V/hen comparing static to dynamic calibration, it was found that specific

statements relating the two methods must necessarily be restricted to each

axis separately. For the lateral axis it was found that static was no dif-

ferent than dynamic when inflicting forces (Graphs 5 versus 1?). The front-

al axis did show a slight discrepancy in the two methods vath output being

recorded slightly higher for a given dynamic input than the static forces

(Graphs 10 versus I9) . The largest discrepancy occurred in the vertical

axis where the dynamic forces indicated twice the output from the transform-

er for a given input than the static force (Graphs 15 and 2l). Graph 23

combines Graphs 17, 19, and 21; Graph 24 combines 18, 20, and 22. The data

for all three axes were averaged and compared (See Graph 25). A general

statement to be drawn from this graph would be that dynamic forces have a

slightly higher degTee of sensitivity associated with them.

The platform will respond to an experimentally determined minimum CPH
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of 30. For reasons of safety the liiaxiauj^i output became 540 CPi'i. In neither

of these cases was the actual limits of the platform approached. By manual-

ly inflicting a tiiaed force, it vras found that the actual lov/er liait does

approach zero. The upper liait was restricted for fear of damage to the

instrument.

When considering the smallest detectible force each transformer iiust

be considered separately. The minimum detectible force in the lateral plane

was on the order of ,02 pounds (Graph 18). The frontal axis indicates a

somevrhat similar minimum response of .025 pounds (Graph 20) . The vertical

transformer will respond to forces of .01 pounds; thus it is the most sen-

sitive.
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.. . .
Discussion

Each of four hypotheses formiilated for this research was either in-

validated or numerically underestimated. In three of the cases there v;as

a marked difference betv.^een predicted and actual results. This fact was

not necessarily an incorrect experimental design, but a lack of forcsignt

on the part of the experimenter of the degree of sophistication of design of

the Heam platform. • '

Static and Dynamic Calibration

The difference between static and dynamic calibration as found by other

researchers in the past was small for two of the three a:ces for this experi-

ment (no difference for the lateral axis and static approximately 10 per cent

less sensitive for the frontal axis). For the vertical axis, static cali-

bration gave only 50 per cent of tiie output as dynamic calibration. This

conflicts with Jacobson' s results vrhere static calibration was more responsive

than dynamic.

Past platforms have been adversely effected by resonance (Greene's plat-

form as modified by Jacobson) when operating at frequencies of 150 CPM or

more. This fact along with the apparent effect of inertia have been major

reasons for not attaining similar responses for equivalent dynamic and static

force applications. Graph 15 versus Graph 21 and 22 indicates that the meth-

od of vertically inflicting force might have been in error due to the inabili-

ty of this curve to pass through 2,ero. A .5 pound static force inflicted

gave an output of approximately .8 mm; when a .25 pound weight vfas used an

output of 4.5 aim was recorded for a .5 pound input. When two almost balanced

weights were used to inflict a. .01 pound weight an output of 1.7 was record-

ed for a .5 pound input. Thus the unexpected value for dynamic vertical

calibration may be caused by an inherent flaw in the calibration tecxmique
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rather than the platform design,

A generalization to be dravm froa the exper-iaent would be that dynaaic

calibration was only slightly aore sensitive than static calibration and

in normal operation static calibration vjould be sufficient.

' Frequency Range

Although the range of frequency input for this research was restricted

to an experimental range, these limitations v/ere exceeded in order to obtain

the frequency response limits of the platform. The lov.'er limit of the fre-

quency was restricted by the low speed of the motor. This minimum vras on

the order of 30 CPM. Conversely, the upper limit of 540 CPM was restrict-

ed by the experimenter for fear of damage to the instrument (platform). This

upper limit, although not a maximum of the platform, must be considered as

a practical maximum of the calibration instriiment due to the forces involved

at these higher CPM's.

Effect of Added Mass

The design of this experiment was modified for this phase of the research.

Due to the sensitivity involved v/hen working v:ith Hearn's platform, the dead-

weight conditions were altered from the initial 0, 100, and 200 pound condi-

tions to 0, 50, 100, and 150 pounds.

Since the plots of all the data obtained were linear, the addition of

deadweight was considered to have no effect upon the sensitivity of the plat-

form. If there had not been a linear relationship for each set of aata,

then it would have been concluded that the platform was functioning improper-

ly, thus rendering much of the data invalid. Intuition indicates that added

mass would cause added inertia which in turn would cause a decrease in the
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responses obtained. The linear relationship indicates proper functioning

for the platform; thus, the deadweight conditions do not effect the function-

ing of the platform.

Minimum Force Sensitivity

Researchers in the past have cited the sensitivity in measuring a heart-

beat as a criterion for minimal platform response. This standard may well

have been a good measure in the past, but with the present platform the heart-

beat becomes a quite large force to contend with in data analysis. The

actual force value for a human heartbeat was approximately ,5 pound in the

frontal axis. If this value is then compared to the minimum response ob-

tained upon the present platform of ,01 pound, the past standard becomes a

large force. The above mentioned minimum force of ,01 pound was obtained in

the vertical plane only. The minimum for the other two axes was ,02 and

,025 pounds.

The reason for not attempting to induce a smaller force in any of the

axes was due to the human error involved in counterbalancing the ,1 and .25

pound weights on the rod such that the difference in their masses when re-

volved would produce an incremental force upon the platform. The adjustment

of the difference in the moment arms of the weights on the rod to obtain the

,01 pound force was measured with a vernier calipers. With this amount of

accuracy needed, there was little room left for a finer adjustment.

Other Considerations and Effects

Another aspect was the experimental determination of the resonant fre-

quency of the platform. The resonance value was established by tapping the
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side of the upper plate lightly with a small haamer and coxinting the number

of oscillations obtained per xmit time on the strip chart recorder. Reso-

nance for the frontal (X-axis) exists at 5500CPi4, whereas resonance for the

lateral axis (Y-axis) was soiaev/hat less at 5250 CPii. A distinct resonant

frequency could not be attained froa the vertical transformer.

With aany of the forementioned characterisites of the platfora as cri-

teria for future research, recocuaendations for designing a d^Tiaaic calibra-

tion instriiinent with a sensitivity which more closely approaches the sensi-

tivity of the present platform follows: (l) a low voltage motor should be

selected which varies from less than one C?M to more than 500 CPI-i; the slow-

er speeds are the most important; (2) a variable-frequency constant volt-

age power supply should be designed to give close control over the voltage

input to the motor; it should have graduated settings for specific CPI-i' s de-

sired; and, (3) a means of precisely determining (.001 inch) the distance

from the center of the motor shaft to the center of inertia of the revolved

weight should be used.

Since a future is forecast for using the force platfora in studying mi-

nute physiological differences in individuals, a means of precision calibra-

tion must be established.
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Hearn's platform was found sufficiently sensitive to measure a .01 pound

force in the vertical plane while the lateral and frontal axes were able to

detect forces of .02 and .025 pounds, respectively. When a deadvjeight of

50, 100, or 150 pounds was added to the platform the sensitivity vras not

appreciably affected. ,
-. \:

Operational frequencies for the platform span a range beyond the physical

capacities of a huaan. Calibration problems encountered at low speeds caused

30 CPI'I to be the lower limit of frequency input to the platform; the platform

was satisfactory down to that speed. The practical iaaxiauiii of the calibration

instrument for force infliction was attained at 540 C?a. The resonance or

natural frequency was found to be 5500 and 3250 CPI-I for the frontal and la-

teral axes, respectively. Resonance coiild not be experimentally' determined

for the vertical axis, but it v;as felt that this value would be quite high,

No difference was found between static and dynamic calibration for the

frontal and lateral axes. Apparent errors in the vertical method of dynamic-

ally inflicting force caused this axis to show a difference between static

and dynamic of 50 per cent; the error is considered to reside in the cali-

bration technique not the platform. The negligible difference between st-

tic and dynamic force infliction for the lateral and frontal axes attests to

the precision of the sensing units and design of the platform.

Need was seen for the development of more sophisticate... calibration equip-

ment to compensate for the precision designed into the present platform.

Future designers of dynamic calibration instr\iments are urged to construct

a variable frequency pov:er supply suitable for lov; speed applications. A

low speed, low voltage motor must be selected for wider, more constant fre-

quency ranges. This development, it is hoped, will improve future use of the

platform in studying the physical exertions of the human.
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The illustration below is a diagram of the calibration instrument's rod
of radius r with affixed weight W being revolved in a vertical circle. It
must be remembered that while revolving a weight in this vertical position
its speed will increase on the dovmward s^^ang and decrease on the upward
swing.

W cos e

The two forces acting upon this vieight are the tension in the rod T,

and the weight of the body W = mg. If the weight is resolved into its normal

and tangential components as shown in the above illustration, a summation of

forces in the X and Y directions will yield resultant normal and tangential

forces of T - W cos &, and W sin & respectively. Then by applying Newton's

second law, F = ma, to find the normal acceleration a(N) as follows:

a(N) = F(N) = T - W cos 9 = v^ (radial acceleration)
... m m r

and, solving this equation for T, where U = mg,

T = m(v2/r + g cos e)

a force for calibration can be determined; if it is considered that the naxi-

mxim force attainable on the vertical transformer will occur when the weight

is at the lowest point of its path. At this point of concern, d = 0, sin &

= 0, cos d = 1, Also, the tangential force v;ill equal zero; reducing the

tangential acceleration to zero likewise. Tlius the magnitude of the tension
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in the rod and consequently the force applied to the vertical transformer at

this point will be:

T = m(vVr + g)

For solution of the force in the horizontal plane the effect of gravity

can be sinply ignored because gravity is Gveryv7here equal upon the weight

during each cycle of operation. With this fact in mind, the above equation

for vertical motion resolves to:

T - mg = F = mvVr

which is the instantaneous force (normal force value at any time on a body

being revolved in a horizontal plane).
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CALCULATKD VALUES 0? FORG

FOR HORIZONT^^L HOTATION

.,1

;^'

CPM

50

100

150

200

250

(Pounds)
WEIGHT

1

100

1

10

1

4
1

2

1

.0064 .0639 .1597 .3194 .6387

,0256 .2555 .6387 1.2780 2.5550

.0575 .5749 1.4372 2.0744 5.7490

,1022 1.0220 2,5550 5.1100 10.2200

.1597 1.5970 3.9922 7.9844 15.9690

1 These values were calculated by using the centripetal force equation.
(F = 4n^£^Wr )

g

2 Vertical forces are equal to the calculated horizontal force plus the
weight revolved.
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DYKAl-ilG CiXIJ5ilATICN ClIuVES

AXIS: Lateral D.-i.'JjWKIGllT: • 50,100,150
(.25 pound revolved v.'cicrnt)
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DYlxVil'ilG C^iLIBRATIOl-J CUilYSS

.^'aS: Lateral D^AD',J3IG:":T: '50,100,150

(.01 pound weight-revolved)
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AXIS: Frontal Di.':AD'7::iC:iT: 50,100.150
(.25 pound revolved x-yeight)
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AXIS: Frontal D::AD'.;ilLGHT: 50,100,150
(.01 pound revolved v/eight)
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AXIS: Vertical D"JADWJ;iGHT: '50, 100, 150

(.25 pound revolved v/cight)
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DY^ul^ilC CALlBPvATIOM CURVIiS

AJCIS: Vertical d:;;AD:7::1GIIT: 50,100,150
(.01 pound revolved weight)
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DYlWilC CALIBIi:^.TION CURVi;S

AXIS: All DiiiVDVJSIGlIT: 50,100,150

{,25 pound revolved weight)
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ABSTRACT

The performance characteristics of Hcarn's force platform were investi-

gated.

A dynamic calibration instrument which consisted of a rheostat control-

led, AC-DC motor, which revolved a knovm weight about its shaft was designed

and constructed.

This instrument developed a centripetal force which was recorded as a

sine wave on a strip chart recorder. By measuring the amplitude of this

sine wave and calculating the corresponding centripetal force, an input-

output curve could be recorded. Analysis of these graphs gave the follow-

ing results:

(1) The sensitivity of the present platform was determined to be ,01

pound force in the vertical axis and ,02 and ,025 in the lateral

and frontal axes, respectively, A heartbeat was recorded as a

,5 pound force in the frontal axis,

(2) Calibration was found to be unaffected by loading the platform

with a deadweight of 0, 50, 100, or 150 pounds,

(3) The operating frequency of the platform was tested between 30

and 540 CPM; it was satisfactory within this range, A natural

frequency (maximum) was determined to be 5500 CPM,

(4) The platform will respond similarly to either dynamic or static

forces. These responses approach equality when induced under

similar experimental conditions,

(5) The dynamic calibration technique for the vertical axis is not

valid.


