@ https://ntrs.nasa.gov/search.jsp?R=19750004508 2020-03-23T03:07:48+00:00Z

NASA CR-
AP IID
T
A FEASIBILITY STUDY
OF
LIMB VOLUME MEASURING SYSTEMS
by
J.F. LAFFERTY
| “W.M. ‘CARTER
"(NASA~CR-140330) & FEASIBILITY STJ : '
_ IBIL DY OF -
'LIME VOLUME KEASURING SYSTEMS {Kentucky N7Sm 12560
Univ.) 56 p HC $4.25 CSCL 08P
. _ Inclas
\ | 63/52 53843

WENNER-GREN RESEARCH LABORATORY
THE UNIVERSITY CF KENTUCKY

SEPTREER 1974

PERFORMED UNDER CONTRACT NAS 9~12749
FOR THE
NATTONAL AERONAUTICS AND* SPACE ADMINISTRATTCON
LYNDON B. JOHNSON SPACE CENTER



PREFACE |

This study was iriitia@ by the Cardiovascular Laboratory,
NASA Iyndon B. Johnson Space Center, Houston, Texas, under
Contract NAS 9-12749. The work was performed by the Wenner~Gren
Research Laboratory, The University of Kentucky. Dr. G. W. Hoffler
of the Cardiovascular Laboratory, NASA Lyndon B. Johnson Space
Center served as technical monitor.

The authors n_ri.sh to acknowledge the assistance of the Technical |
staff of the Wemner-Gren Reseaxrch Laboratory, particularly J.I. Canpton
and E.T. Dillender for their contribution to this study.

Professor R. Eichhorn, Department of Mechanical Engineering and
Professor F.W. Zeclman,' Department of Physioclogy and Bigphysics, The

. University of Kentucky, served as consultants on the project.



I.

. TABLE OF CONTENTS

INTRODUCTION « & & o o + - &

1T. CURRENT METHCDS CF PLETHYSMOGRAPHY . .
A. Photo-Electric Plethysmographs . .
B. Fluid Displacement Plethysmographs
C. Electrical Plethysmographs . . « .

I1I.

COMPARTISON AND EVALUATTON OF
A. Fluid Displacement . . .
B. Pneumatic. . + « « + « =«
C. Optical . . .. .. ..
1. Moving Tmage . . . .
2. Contourometric « . .
3. Reflective Scamner .
D. ELECTROMECHANICAL . . .

1. LVDT Displacement Transducer

2., Odometric . + » »

APPENDIX A . + ¢« + « « & &

APPE[QDIX B L] L] » . & & » -

POTENTTAL

- » 5 = ®
. s .« a L]
- = & ®» =
. & » =
* * = = =
. & s & =
- L] - » L
*» ® & = .
.
« 2w 5

* & * B2 32 B B 8 & & B s
* s F &+ & * & 9 Q-‘ - - & =
- - - - . - L] L} - L] » - -
* = ® & & & & N 5 = B B ®

PLETHYSMOGRAPHIC

» - - - - - - . - L] - -
+ * ® & 4 4 & . =2 » B = »
- - - [ ] - - . [ ] * L] » - -
* 5§ ¥ 58 & ®W ¢ 4 & 4 3 = x
" & P = * = B & F s B » =
- L] L] L] » - » - » » - L] -
" & & & BT ¥ = = =2 = = .
. ® = E & = ® & 5 ®E s = =
% 4 ¢ 4 & & & & = « & =
LI = = s ® = 2 ®© ®w = ®

Page

et

O b W W

11
15
15
17
17

21
24

31
33
35
44



FIG. NO.
1
2

10

11

LIST OF ILIUSTRATIONS

%
K

Two-Conpartment, Free Surface Plethysmograph

Hermetically Sealed, Liquid Displacement
Plethysmograph

Fluidic Circuit for the Pneumatic Capacitance
Plethysmograph '

Electrical Analog of Pneumatic Capacitor System

Camparison of Theoretical and Experimental Response
of the Pneumatic Plethysmograph

Characteristics of a Cammercial Reflective Scanner
(Sensor Technology, Inc.)

IVDT Plethysmograph
Adapter for INVDT Prche
Early Model of the Odametric Plethysmograph

Odametric Plethysmograph with Cptical Data
Transmission System

Stripchart Record of Odametric Analog Output
Compared to that of Distal Whitney Gauge

Odametric System Illustrating Display-Processing-
Control Unit

PAGE NO.

10
12
13
16

19
22
23
25

26
29

30



A FEASIBILITY STUDY OF LIMB

VOLUME MEASURING SYSTEMS

I. INTRODUCTION
Cardicovascular deconditioning, as evidenced by diminished ortho-

static tolerance, is the most consistently observed and most profound
of the effects induced by a zerco gravity envirocnment upcon the human
" cardiovascular system. The study and evaluation of cardiovascular
decanditioning by lower body negative pressure (LBNP) experiments
during space flight impose wnique requirements on the limb volume
measuring system (IVMS) used. The IVMS must operate in both earth
gravity and zero gravity in the presence of dirt, saltwater, high
humidity, variable temperature and variable pressure. The size and
operation of the IVMS must be campatible with those of the LENP tank.
Acceptable operatidn of the IVMS permits a maximm error of 0.3% of
the volume change. Methods of measurement which meet the above re-
- quirements must also be evaluated on the basis of:

1. Sensitivity

. 2. Accuracy

3. Interaction with Subject

4. Simplicity of Operation -

5. Size

6. Calibration requirements

7. Range and adjustability

8. Cost

9. Operaticnal availability
The purpose of this feasibility study is to:

1. Evaluate current and potential methods for measuring
limb volume '
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3.

Pérfonn indepth studies of those methods which show
promise of meeting the functional requirements with-
in the operational restrictions of the LENP experi-
ments., ‘

Design, fabricate, test and analyze the IVMS system(s)
which shows the highest probability of success.



II. CURRENT METHODS OF PLETHYSMOGRAPHY

Plethysmography originated in the ndld—seventeehth centufy with
the work of Francis Glisson and Jan Swammerdam [14]. Modern plethys-
.Irography, however, is considered to have originé.tea with the work of
Hewlett and Van Zwaluwenburg [14] which was concerned with blood flow
rates determined from volume changes in animal and human organs.. The
use of _plethysn‘ography to measure blood flow and volume changes in the
extremities of the human body is now cdammon _éractice. Although plethys-
rrographic techniques are used for a variety of applications, this report
is restricted to those techniques applicable to lower limb volume
measurements. These techniques may be divided into three basic types:

photo-electric, fluid displacement and electrical.

A. Photo-Electric Plethysrmcjraphs

The photo-electric plethysmograph detects changes in the trans-
parency and reflectivity of a body region as a function of blood flow
{8, 14). while transparency and reflectivity measurements are made on
smaller appendages, such as ear lobes and fingers, only reflectivity
measurements are applicable to the limbs. |

Present systems contain the light source .and photo detector side-
by side in a small wnit. These are commercially available and are |
designed to be clipped to a small segment (finger tip, etc.) or attached
with elastic straps or adhesives directly over a major artery. While
this technique is less susceptible to muscle movement than others, it

is difficult to extrapolate the discreet measurements to reflect total



volure of the limb. The basic technique rﬁay, however, be used in a

system more applicable to the requirements of a LVMS.

L}

B. Fluid Displacement Plethysmographs

Basically, this technique employs a rigid campartment which encloses
the organ or linb under investigation. The campartment is sealed such
that it becames air—of—water—tight, except for passage to the measuring
or monitoring device. 2an increase in the volume of the limb lor organ
should thus displace an exactly equal volume of water or air (at con-
stant temperature and pressure). The displaced fluid can then be
measured and related directly to the volume change of the organ.

Since fluid displacement plethysmographs measure directly the
volure change and because they are simpler than other types, they are
generally considered the most reliable for quantitative measurements
of changes in limb volume [4]. This type of plethysmograph, however,
does have basi¢ deficiences, the most praminent of which are (1) temp- _
erature change of the mediuns must be taken into account and (2) a fluid
seal must be maintained. If the chamber is sealed to the limb, the seal
must not corpress or stretch the tissue; if the seal is in the form of
a sleeve which encloses the limb, it also-musi_': neither compress the
tissue nor restrain any volume increase in the limb.

| Early versions of the displacement plethysmograph [4, 6, 7, 17]
utilized mechanical means of detecting volume displacement while modern
systems provide improved reliability and oonvenlence through the use of
electrical transducers [2, 10, 15, 19, 23].

The open water plethysmograph [26] shown in Fig. 1 is representa-—
tive of modern displacement systems. This plethysmograph has two

chambers which are carpletely independent. Rubber sleeves are used for
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seallng and skin contact. Volmnelchange is rfeasuréd in the distal chamber
while the proximal chamber is used to pfevent venous mngesﬁm. Venous
pressure is measured with a small catheter inserted into a foreénn vein.
This system gives an accurate pressure-volume c:urve from which local venous |
volume at local venous pressure can be accurately predicted.

The simple and direct measurement provided by the fluid-displacement.
plemysrmgraph has consistently b_een more reliable than that provided by
alternate systems. However, it still has problems of immobility, bulki—
ness and, in the gas systems, the problems of oompressibility and high
thermal expansion of the gas must be considered. In all displacement
plethysmographs, sealing against leakage is a problem. While these
problems exist, care and compromise have allowed extensive application

of this type of system.

C. Electrical Plethysmographs

The most mnly used electrical device is the Whitney gauge- [24].
which measures the circumference of the limb by the change in resistance
of a mercury thread. The mercury is contained in é small bore, thick wall
rubber tube. Electrical contact with the mercury is maintained by tapered
copper pins whicﬁ close the ends of the tube. This assembly provides a
flexible, highly extensible strain gauge which, when used as cne arm éf
a Wheatstone bridge, is very sensitive to small changes in length.

Since bench calibration is not necessarily applicable to the same gauge
mounted on a limb, absolute measurements of l:.mb circumference are question-
able; ho.qever, relative changes can be measured with a high degree of
sensitivity and repeatability. Tumperature campensation is requlred to

obtam maximum repeatability. According to Whlmey th_'LS gauge is as
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. accurate as the air and water plethysmographs. The possible outgassing
of nercuty at .reduced énbient pressure in a ‘closed environment poses a
distinct hazard, however.

A more recent electrical plethysmographic technlque is the electrical
inmpedance method in which low-level current is applied in the radico
frequency range to the bedy ‘segment through eleétrodes placed on either
side or around the segment. Electronic instrumentation of impedance
plethysmography is usually designed to measure changes in the resistive
camponent of impedance occurring‘with volume change f21]. sSuch neasufe—
ments provide a useful thlitative index of volumel changes. Quantitative
.informatiorlz concerning volume changes is based on a knowledge of the
specific resist_ivity, segment length and the measured resistive impedance.
'ihese attenpts, while encouraging, have failed +o establish the quantita-
tive reliability of the technique {4]. Major problems inherent with
electrical impedance plethysmography include inadequate cali_bration., electrode
instability and inconstancy of specific resistivity [9].

A third electrical approach to limb volume measurement is offered by
the electro-capacitance technique which utilizes the variation of capaci-
tance with the orientation of the plates. While several investigators
have repoﬁ:bed various configurations [3, 5, 12, 13, 25] of the capacitance
‘plethysmograph, the system reported by Mannex and Gowen [20] appears to
offer the most reliable operation. This capacitanée transducer consists
- of a circunferential semi~rigid band as one plate of a capacitor separated
from the other plate (the skin) by a layer of polyurethane foam. With
c¢hanges in leg volume, the skin to band distance is altered and the

resultant change in capacitance is detected at the demodulator located on



the band. Appfopriate shielding techniques are utilized to reduce
proximity and fringing effects. The transducer contains a series of
volume calibration plates for relating the output change to leg volume
changes. |

The Mannex-Gowen system avoids some §f the problems‘ of the "standard"
Whitney gauge, however, sensitivity to changes in pressure, tenperature
énd hunidity present operational complications. ﬂ

Of all the current methods of plethysxmgraphy. considered, only the
capacitance gauge is directly applicable to the LENP experiments; hOW’-
ever, the photo—electric, fluid displacement and strain gauge rretﬁods

offer various advantages which warrant their consideration.



III. COMPARISON AND EVALUATION OF
POTENTTAL PLETHYSMOGRAPHIC TECHNIQUES

i Y

The relative change in volume of a body segment can be readily
detected in a great vériety of ways. The requirements of sensitivity
and accuracy, plus the spécia.l requirements of 1LBNP experiments, im—
mediately eliminate many of these techniques fram consideration. The
techniques considered in this report include new concepts as well as
modification of current methods that offer partlcular advantages such
as éimplicity or accuracy. The capacitance gauge is not considered :Ln
this evaluation since it has previously undergone extensive development
and analysis for use with LENP experiemts [20] . The methods considered
may be grouped in four categories as follws:‘

1. Fluid bisplacement
a. Water displacement

2. Pneumatic
a. Pneumatic capacitance (Fluidic)

3. Optical
a. Moving Image
b. Contourametric
c. Reflective Scanner

4. Electromechanical _
: a. Radial Displacement Transducer (IVDT)
b, Odometric {(Rolling contact)

A, Fluid Displacement

The system considered consists of a water-filled closed chamber
{(hermetically sealed) which fits around the limb and is separated from
the limb by a silastic rubber envelope. The charber is in two parts
(Fig. 2) and hingéd to facilitate mounting. Although this concept showed

promise of providing accurate and sensitive measurements under laboratory



Fig. 2 HERMETICALLY SEALED, LIQUID DISPLACEMENT PLETHYSMOGRAPH
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conditions, sealing problems coupled with limited adjustability and

gravity dependent hydraulic forces discouraged further development.

t

B. Pneumatic
1. Pneumatic Capacitance

In this method the limb is surrounded by a rigid enclosure. The
annular gap {(chamber} bounded by the limb and the rigid enclosure can
be used as a tunable capacitor in a fluidic oscillator circuit. The
volume of the annular gap, which will change directly with the leg
volm, can be related to the frequency of oscillation of a properly |
contrived fluidic circuit. This system, illustrated schematically
in Fig. 3, consists of a Schmitt trigger, an OR/NOR gate and the
pneunatic capacitor. |

When air flows from supply pressﬁre Py the output of the Schmitt
Trigger which leads to the input of the OR/NOR gate is active. fThis
causes the output of the OR/NOR gate to switch to the right which al-~
lows the capacitor to charge. When the pressure PS of the capacitor
exceeds the bias pressure of the Schmitt Trigger, the output of the
Schmitt Trigger switches. Consequently, the output of the OR/NOR gate
switches, allowing the capacitor to discharge. When the capacitor
pressure drops below the bias pressure, the outputs switch back. Thus,
-the system oscillates and its frequency depends on the volume of the
capacitor. As the capacitance decreases (increasing volume of linb) the
time constant decreases resulting in a rfa‘ster rige time and consequently
a higher frequency. |

. The analysis of the system operation is based on the electrical analog

of Fig. 4. The equations describing the charging and. discharging are
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. P
CP +P==R2 e
R, * R, c c} R+ 5 (1)
and
R . '
g B _
Rd+R2 CPC+PC'"O (2)

respectively. The pressure is gauge pressure so that the initial
conditions for (1) and {2) are Pc {0) = 0 and Pc (0) = R'ZPe/ {Rz +_Rc)
respectively.

The respective time constants are:

Rc R2 C

for charging

T EE —

¢ R, + R2

o Ry R, C ' - | (3)
d Rc + R2 for discharging :

Assuming that the switching threshold pressures for the Schfnitt

trigger are Ptl and Pio the period of oscillation T is given.by

_ P\ B '
T = To in o .(Fi‘;?_) (4)
. tl '
‘ where
Ry Pe - (R2 + Rc) Py
[+
: R, Pe- (R2+Rc) Pio
6 Ry Ry + R)
Rc_ (R2 + RC)

Since a, g and Pt2/Ptl are constant, it can be seen that the-period

T is linearly related to Tt using eq. {3)
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T.C=T.V

c :
where vy = i Y T ) . - (5)

Y . In a.@_t&)ﬁg.v (6)

?%7

tl

The theoretical frequency, found from 1/T, is compared in Fig._ 5 ‘
to tﬁe experimental resulfs of a typical test. While the experimental
data are highly consistent, the sensitivi.ty of the device is far below
that predicted by theory. The sensitivity decreases with increasing
- volume of the chamber which definitely rules out the use of the LENP
tank as the capacitor charmber. |
" Further modifications of the fluidic circuit provided no significant
increase in the system sensitivity to volume changes. While this system
was shown to work in principal, it does not meet the requirements of the
LENP experiments nor that of general IVMS applications.

C. Optical Systems

1. Moving Image
In this method a light beam inpinges upon the leg and the reflected
beam is :i_nterc_epted' by a photosensitive pickup. With the position of
the Light source and sensor fixed, the point at which the reflected beam
strikes the sensor will vary in proportion to movement of the leg surface.
If the output of the sensor varies with positicn of the reflected beam,

this output can be used as a measure of movement of the leg surface.
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The sensor can be made sensitive to position of the reflected beam by
use of a transmission grating, a grid or by using an array of miniature
photo diodes.

If a well-defined beam of light is used, this technique gives very .
good results. Using a laser beam (2 MW laser) as the light source and a
television camera as the sensor, the motion of the reflected beam was mon—
itored on a television receiver. With é rectanqular grid superimposed on
the screen of the receiver, the system was easily calibrated in terms of
disf:lace'trent of a test surféce. Tests with a disé rotated off-cenil:er.
showed the system to be both sensitive and accurate. |

A practical system using the moving image technique requires a
rotating system or multiple source-receiver uﬁits; in either case, size
restrictions pose a substantial desigﬁ proﬁlem. Further developrent of
this approach was therefore postponed until other optical techniques could
be evaluated.

2. Contourametric

The use of Moire' patterns or projected grids are known to provide
sensitive measures of relative motion or size [1, 18, 22]., Use of this
technique requires the camparison of photographs to quantify the varia—
tions in size, shape or position. Automatic data acquisition can
conceivably be accomplished with opticgl scanners or a grid of sensitive
photodiodes; however, the complexity of such systems and anticipated expense
of development has restricted this approach to conceptual considerations.

3. Reflective Scanner |
The reflective scamer is a modification of the photoelectric tech-

nique in that it consists of a light source (light emitting dicde, LED)
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and a lphotosensitive receiver (photottansistor) mounted side by side.
Light reflected from a test surface is sensed by the phototransistor
whose output is then a very sensitive function of the distance from the
test surface. A typical ‘device of this type and a plot of the photo— |
transistor output as a function of distance from a test surface is
illustrated in Fig. 6. The most appropriate light source for plethys-
mographic applications appears to be a near-infrared (1.0 u). LED since,
at this wavelength, skin reflectance (about 50%) is not strongly de- .-
- pendent on either ethnic origin or degree of tan [16]. |

This type of transducer offers two mehtods of monitoring small motions

of a sui:face;

Mode 1. The direct output of the phototransister is calibrated
as a function of distance fram the test surface i.e., the
scanner remains in a fixed radial location and the output
varies with motion of the surface.

Mode 2. The scanner is maintained at a fixéd distance from the sur-
face by using a feedback loop to vary the scanner's
radial position to raintain a constant output. The
scanner's motion, monitored by a displacement transducer,
will be directly proportioned to the motion of the test
surface. i

The latter mode of operation is particularly attractive since it

‘should be independent of the surface reflectance and the wnit could be
made selfcalibrating and self-adjusting without physical contact with

the limb.
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A chord length across a geheral cross section can be measured by
carbining the éutput of two transducers which are located on opposite
sides of the section. In the case of the second mode of operation in
which each scanner mmta:.ns a constant distance from the surface, the
chord length @ is given simply by

d;'s - (Xl +X2}
where S is the distance between the transducers and X is the distance |
from the test surface to the transducer. The distance X is essentially
constant for é particular transducez; and S is obtamed by suitably sun-
ming the 6u’;puts of the two displacement transducers.

The reflective scanner technique was evaluated by using the direct
output (Mode 1) and the calibration curve of Fig. 6 to obtain the diameter
of a circular disc. The disc was rotated off-center with the two scanners
- mounted opposite each other on a line through the center of rotation. With
measurements taken every 10 degrees of rotation, the percentage error
ranged from 0.012% to 1.2% based On Cross sectional area.*

Improved results should be obtained from coaxial rscanners in which
the infrared light is emitted from a cylindrical source surrounding the
phototransistor. The second mode of operation remains to be evaluated and
will recuire suitable feedback civcuits and drive units for practical

operation.

. *The validity of deducing the cross sectional area of a non-circular
cylinder from the measurement of circumference or from the measurement
of a finite number of radii is examined in Appendix A.
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b". Electromechanical

l. IVDT Displacement Transducer

The linear variable differential transformer (IVDT) provides_ a
sensitive measure of displacément of a local area. The integrated
output of several IVDI's can be used to provide an accurate measure
of the motion of an area of arbitrary size and shape. This technique
applied to plethysmography was evaluated by arrang:_i.ng a seriés of the
transducers in a circular gecmetry as illustrated in Fig. 7. The
transducers used have a stroke of 0.200 inches .a.nd an adapter was re-
.quired to provide the adjustability necessary to accomodate a variety
of limb sizes. The adapter, illustrated in Fig. 8, is designed to slide
in and out of a fixed frame and is held in position by an "O" ring fric-
tion seal. A probe is attached to the armature of the IVID as shown and
is lightly loaded by a spring. The IVTD's are all connected in series
in such a way that the cambined output is -22 to +22 volts d. ¢. over the
maximun stroke range. The voltages are thus summed algebraically and
result in a measurement of the average displacement of limb surface.

In operation, the limb is inserted in the frame and the adapters
are pressed inward until the tip touches the limb. When they are released,
the return spring retracts the adapter 0.20 in. leaving the sensor in con;-
tact with the limb at its outer stroke position.

Tests of this assenbly verified the sensitivii;y to be very good
(better than 0.0004 inches displacement); however, accuracy suffered from
variable indentation of the skin under the probé tips thus indicating

questionable applicability of this concept to plethysmography.
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2. 6dcmetric (rolling contact)

_ C;::nsideration of the problems assoc:.ated with the IVDT unit led
to the concept of rolling contact to measure limb circumference. This
device utilizes a small disc or wheel that is revolved continucusly
around the limb. The wheel is mounted on a counter balanced arm which is
spring loaded to keep the wheel in contact with the limb. The early
versions of the odaretric unit measured the limb circmnferen_ce by mag-
netic tape which was driven by the wheel. Timing marks on the tape
were sensed by a magnetic pickup mounted on the arm. Improved sensi-~-
tivity and repeatability was 6btai.ned by replacing the tape system with
an incremental shaft encoder mounted directly on the wheel.

The wheel-encoder assembly is mounted on a rotating drum surround-
ing the limb. The photograph of Fig. 9 illustrates the first bench model
of this system. The power input and data output were through slip rings
mounted on the rotating drum. Tests of this assembly indicated the need
for a larger rotating drum (to accomodate a greater variety of leg sizes)
and an alternate means of data transrnission to avoid electrical noise
generated by the slip rings. With the drum rotating at the rate of 12
rpm the error per revolution was on the order of + 0.05 am vhen the slip
rings were in good condition. |

Redesign of the odametric unit increased the inside diameter of the
rotating ring from six inches to 8.5 inches and increased the sampling
rate {rpm) to 30/min. An cptical coupling technique was developed to
avoid slip ring noise 1n the data cﬁa:rmelS: improved slip rings were made
to provide power.input to the rotating elements.

The principle of operation of the redesigned unit is basically the

same as that of the original model. With reference to the elements shown



Fig. 9 EARLY MODEL OF THE ODOMETRIC PLETHYSMOGRAPH
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in Flg 10, the shaft encoder creates 1000 equally spaced, rectangular
pulses per shaft revoluta.on as the unit lS rotated about the limb to be
measured Transistions (leadmg and trailing edges) are counted by a
four digit BCD counter such that pulses occur 2000 times per shaft re-
volution. Encoder transistions are counted through one revolution about
the lirmb. The count is terminated and transferred as a 16 bhit word to an
 optical register on the outer edge of the rotating device. The counter is
cleared to zero as this transfer occurs. A rotating optical intgrrupte;:
is triggered by a stationary member at the same point in each revolution
about the limb. This signal is used to terminate the count, transfer

thé 16 kit word and reset the counter to zero for the beginning of a new
sample. ‘

Fach data word is stored in the optical register for one revolution
while a new word is being generated in the BCD counter. It is during this
storage revolutioﬁ that the data word is optically scanned and transmitted
to stationary electronics for display land processing.

The scanning process is synchronized by a signal generated in sta-
tionary optical interrupter which is triggered by holes located above each
LED in the optical register. As the optical register rotates through a
_ sensor block the data word is loaded (least significant bit first) into

a 16 bit shift register. After all sixteen bits have been loaded the
word is transferred to a latch for storage and display in a 4 digit BCD
register. During this storage cycle the data word is processed by a
'multiplying (3 BCD dié;it) digital-to-analog converter. The last three
least significant digits are processéd into an analog signal for strip
chart recording. Conversion of count to centimeters circunference is an

additional function of the multiplying D/A converter. Conversion requires
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only 1.5 usec and occurs once each time a new Word_is generated and
transmitted to the four digit BCD register.

The analog signal lags that of a reference Whitney gauge by approxi-
mately 4 sec or two revolutions of the rotating ring (one revolution for
counting and cne for data transfer to the stétionary display-processing
unit). o

Tests of the new unit (using a metal cylinder) showed the error per
sanple was reduced to + one count, or, + 0.00886 cm/sample. Baseline data.
on a human limb (at 30 rpm) indicated a maximum variation of t 2 cotmt-S/saIrple
(+ 0.018 cm/sample) . Typical analog output of the unit is shown on the
strip chart record of Fig. 11 where it is campared to the output of a
Whitney gauge which was placed just distal to the odometric unit.

The camplete system, consisting of the odometric unit, signal display-
processing wnit and control unit, is shown in Fig. 12. The circuit diagrams,
with associated wiring coordinates, for the system is contained in Ap—

pendix B.
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IV. SUMMARY

Bvaluation of the various techniques by which linb volume can
be measured indicates that the odametric (electramechanical) method
and the reflective scammer {(optical) have a high probability of
‘nEeting the specifications of the LENP experiments. Both of these
methods provide segmental measurements from which the cfoss secticnal
area of the limb can be determined (See Appendix A).

The odometric unit has been shown to provide accurate measurements
and has the advantage that thé circumferential measurements are absolute.
The rolling contact has minimal phyéiological interference and, if the
skin does not stretch under the indentation , this contact does not affect
the physical measurement. This unit supplies both digital and analog
output and does not require repeated calibration. This concept has the
disadvantages that 1) relative motion of the linb is sensed by the en-
coder asserbly and 2) the data is sampled at 2 second intervals rather
than continucusly. A faster sampling rate results in a tendency for the
wheel to bounce which induces extraneous counts. These drawbacks are
balanced by the accuracy of the unit, its insensitivity to variations of
envirommental conditions and its simplicity of operation.

The reflective scanner technique has not been developed to the point
of providing a working plethysrrogréph, however, _feasibility studies using
painted surfaces have given encouraging results. The only major drawback
to the use of 'reflectivé scanners ié that each unit monitors the motion

of a small area on the surface. This is a drawback only with respect to
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the carplexity 'and cost of using multiple units. The effect of varying
orientation of the surface is expected to be ml_m.m:.zed with the use of |
the coaxial units; hmvéver, this is yet to be evaluated. |

Thé advantages of a simple optical system which 1) produ.ces no
physiological interference, 2) is selfadjustﬁng and 3) is insensitive to
small movements of the limb (other than volume change} are sufficiently

attractive to justify continued study and development of this concept.
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APPENDIX A

Evaluation of Method of Cbtaining Cross Secticnal Area of
Non-Symuetrical Areas from Measurement of Circumference or

fram a Finite Number of Radii.

35.
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CROSS SECTIONAL AREA

RADIAL MEASUREMENTS

Some of ?he schemesrfor determining volume which have been developed
for this work-involve the meésurement of a finite number of radii of an
area of nearly circular crﬁss section. 1In the application of these
methods, it is important to know how many such radii must be measured and
to what accuracy éach measurement must be made in order to achieve a given
accuraéy in the final result.

Consider a closed cross-section of area A. Let an estimate of the

area be denoted by Ae. Then the error associated with the estimate will be

A A (A-1)

Let n radii be measured from the edge of the area to a fixed interior
pointfﬁff{hé_§¥désiseéfidﬁ: For simplicity, we assume the radii are equally
spaced at the angle 2n/n. One estimate of the area (more complicated form-

ulas can be used) is given by

n

5; riz ' {A-2)
i& :

Let us now define

[
I
ga

A =% o | : (A-3)
n

so that
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n | : o :
A =§j A o o ' o (a-4)

If the basic measure is the radius, then the error associated with A, is
. i

4’5ri
SA, =4 2 T (A-5)
1
and that with Ae is
n
= 5A -
i=]
Now, if a representative error in r.  is taken to be a constant
5r |
g = '-"—"'-:I: ) ‘ (A-?)
r . r

and the assumption is made that each radius measurement is independent of

each other radius measurement, we have from equations A-6 and A-7,

4]
ﬁAe = 2%2 'Ai = 2¢ A
i=1 r e

or by comparison with equation A-1,

A CTx ‘ (A-8)
so that the error in an area determination can be-as bad as twice the error
in a single radius measurement.

The above analysis yields the so-called maximum iﬁdeterminate error.
Such an analysis does not give a realistic esfimate of the error, however,
since ;t assumes that all of the errors in Ai would be equal to the max-

imum value and all could be in the same direction. A better approach
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is to assume that the errors in A. are normally distributed, so that
1
instead of equation A-6 we have,

1

i=1
Again, if we use equation A-5 and take equation A-7 as a representative

constant error in the radius measurement, we have

1

. n -— '
oA = 2e_ [ 4=1 [Ai:lz ] 2. (A-10)

or, using equations A-1, A-2, and A-3

2l
. [Tz;l(ri) ]

6 =2 ————— ' (A-11)
r

i (ri}2

i=1
The important features of this result can be deduced by assuming that

the object whose area is being measured is a circle of radius r. Then

& 4 2 2

}Z r =nr and §: r =nr
1 1

i=1 i=1

) .
=i _ (A-12)
vl
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Althougﬁ the érror is‘gréater than this if the area is non-circular,
the reciprocal dependence on /n will be unchanged.' As an example, suppose
the mean_raﬁiﬁs of the cross-section whose area is to be found is 50 mm,
that a measurement system capable of determining the radius to 1 mm is
available and that 25 independent radius measurements are made. Then

e_ = 0.02 and ¢, = 0.008.
r _ A
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Determination of Cross-Sectional Area
from Circumference Measurements

Consider an expanding pblygon composed of several sided as
shown in Figure A-1.
Let p = perimeter of the inside boundary

A = area enclosed within the inside boundary
“AA = area added, or area between inside and outside boundaries
ar = distance between inside and outside boundaries

 Further, let ap = increase in perimeter between inside and oufside
boundaries, The assumption must be made at this point that there
will be a circular contour of the boundary at the corners, also
shown in Figure A-1. Now, if ail these areas at the corners are
brought together, they will form a circie, as shown, the radius
of which will be ar and the perimeter, ap.

This circle will now give the relationship between Ap and
A that is required.

- 2
AA = p Ar +  whr (A-13)
But, ap = 27 Ar
Hence, | 2 -
ao=p gRe AR | (A-14)
&'
M= ap (5442 | (A-15)

AA

wp (FRR ) e

If ap is small compared to 2p, then

M= ap B (A-17)
It further is noted that if the number of sides of the polygon is
increased indefinitely, then the polygon approaches a closed curve,
and the same relationship still ho1ds;
For a circle

A=I g2 (A-18)

T
.|

where d = diameter of the circle
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Also, p=nd
Hence, pg = 7 dz
and_ 2 , _ : _
) d2 = P_z_ g ' ) (A-]g)
™ 2 2 . '
. - IF_ .E._ = % -~
A 7 2 E; | (A-20)
dA A-
@ g (a-21)
and
dA = 2 p (A-22)

Thus, the formula developed for the expanding polygon or irregularily
shaped curve is the same as that for a circle as ap approaches zero.
‘This means that for an irregularily closed curve the change in area
would be the same as that for a circle whose circumference is equal
to the perimeter of the closed curve, for incremental changes of
perimeter.
Now, if the timing marks, either magnetic or optical, are
recorded against time, and if the time for each compiete circum-
- ference of the limb is noted on this same record, then there will
be sufficient information is make a plot of cross-sectional area
vs. time.
It should be pointed out that only two assumptions were made
in this derivation:
1) - That the change in perimeter is small in comparison to
twice the original perimeter, and -
2} - That there is a uniform change between the inside and outside
boundaries, or, in other words, Ar remains constant.
The first of these assumptions seem valid since the change
of the 1imb perimeter will be very small compared with twice the
original perimeter. The second, however, will require some evalua-
tion, since it is not certain that the limb will increase uniformly.
To evaluate the effect of non-circular shapes which increase
non-uniformily a mathematical model waé constructed using an ellipse
as a basis. The major and minor axes of this ellipse were 5.0 inches



and 4,0 inches, selected to approximate a typical 1imb cross-section.

A program was written to evaluate the area and perimeter. Then
the majdr axis was incremented by 0,010 inches in 10 steps while
at the same time the minor axis was incremented only 0.9 of the
major axis, or 0.009 inches. Calculations were made to evaluate
the area by the method illustrated in Figure A-1, and by the theore-
tical method. The results showed a percent error of only 0.057%
percent, which indicates that even though the change in a radial
direction might not be completely uniform, the error is still

quite within an acceptable range. For a uniform increase the
| error was less than 0,009 percent. Experimental work will be need-
ed to verify these results.
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APPENDIX B

Circuit Diagram and Wiring Coordinates
' for the

Cptically Isclated Odmfetric Plethysmograph
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GROUND MAP

1,8
2,7
4,7
5,7°
6,10
7,10
8,10
9,10
10,12
11,12
12,12
13,12
14,7
15,7
16,7

cc

1,16 -

2,14
4,14
5,14
6,5
7,5
8,5
9,5
10,5
11,5
12,5
13,5
14,14
15,14
16,14
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1,1;1,10
1,1:2,3
1,4;0.3:
1,4;2,5
1,7:3,4
1,9:GND
1,10;1,1
'1,1232,4
©1,15;3,5

2,2;ENC
2,3;1,1
2,3;1,10
2,4;1,12
2,5;1,4
2,6;6,14

3,3;4,5
3,431,7
3,5;1,15
3,10;3,11
3,11;‘]cc
3,12;GND

4,5;3,3
4,9;V
ce

5,3;16,12

5,3;10,4 -
5,3;10,13
5,6;9,2
5,9;V

cc
5,10;C.S.
5,11;C.8.

6,1;6,12
6,2;7,2
6,8;13,6

' 6,6;GND
6,9;13,3

6,11;13,7
6,11;7,14
6,12;13,2
6,14;2,6

7,1;7,12
7,2;6,2

’ 7:2;8_',2

7,6;GND
7,8;12,6
7,9:12,3
7,11,;12,7

7,1138,14

7,12:12,2
7,1436,11
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8,1;8,12
8,2;7,2

8,2:;9,2
S,ﬁ;GND
8,8;11,6
8,9;11,3
8,11;11,7
8,12;8,1
8,12;11,2
8,14;7,11:

9,13;9,12
9,2:8,2
9,2:5,6
9,6;GND
9,8;10,6
9,9;10,3
9,11;10,7
9,12;10,2
9,14;8,11





