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 PREFACE

The purpose of the.research presented in pﬁis thesis‘is to
investigate an alternative method of obtaining patienf weight for
use in hospitals. Presently used technigues are cumbersome, traumat~
ie to patients, or are too eXpénsive for widespread hoespital use.

. The concepts that promoted this research were provided by Warren
Jewett, of the Engineering Eiperiment Station and Department of
Anesthesiology. Special acknowledgment is given to Richard Harris,
VM. D., for the opportunity provided ﬁe‘to spend time in thé Special
Care Nﬁrse;y of the Heélth Sciences Center Which~providéd insight to

the needs of the neomnatal patient.
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. ABSTRACT

The purpose of this thesis is fo investigate the feasibility
of using the pressure produced inside a water mattress as. a means of
determining appiied Wéight,, This technique would be applied in hospi?
tals where continuous weight moﬁitoring would best benefit neonatés,
dialysis patients; burn victims, or any other bedridden patients whose
weight bélance is critical.

. Existing patient weilghing systems suffer from seﬁergl draw-
_backs; including'léck of ability to continucusly monitbr patient weight
without spending $4000 to $6000, and the popular mechénical scales are
akagfd to use for both the nuﬁse aqd thé patient. |

AnalySislof ﬁhe hydrostatics of a ﬁater mattress feveals pres-
sure is a funétion of-applied force and cﬁntact area. _To'experimentally

,evaluaﬁe the proposed weight measurement system, a tfansducer survey |
was conducted and two pressure transducer systems were.implemented to'
evaluate four mattress designs.

Each subsequent mattress design represented the next step in
the development of an ideal mattress. The final mattress was able to
meet all specifications except sensitivity to location of applied

'Weight and variations in contact area. .Failure to design a mattress
insensitive to these effects resulted in the fecommendedrabandonment

of this welght measuring approach.

ix



CHAPTER 1
INTRODUCTION

Present techniques used in ho$pita15'for obtaining patient
weight information range from cumbersomé mechanical balance scales to
expensive electroﬁic load cell systems. Weight monitoring is of primary
importance for patients whose fluid and nutritional balancé is critical.
Patients in this category include burn victims, neonates and dialysis
patients. No convenient, inexpénsive and‘accurate means of obtéining
patiént weight information is available for hospital use;

For burn victims, fluid balance is very critical due to their
susceptibility to loss of large §olumes.of<fluid;- This fluid lOSS‘iS’
compensated for through intravenous infusion. The abilit& to monitor
weight on a continuous basis would providé the necessary information for
adjusting infusion rates to maintain constant body Weighﬁ. Present
weighing techniques involve movement of the patient with or without his
bed on a mechanical scale, or a very»expensive load cell system is used.
These techniques are not readily acceptable and oftentimes fluid infu-
sion isAadministgred’by guesswork without any weight information.

| Neonates represent another example of the type of patient
that would benefit from an improved weight monitoring system. Most
hospitals presently weigh_theif prematufe bgbies every 24 hours By re-
moving the baby from its controiled incubated environmment, placing fhe
child on a mechanical scale platforﬁ and taking a weight reading. TUn-
fortunately, premature bables are susceptible to coﬁgestive heart failufe

1
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and without a very observant nurse, a 100-200 gram weight increase due
to retention of fluids over a few hours can go unnoticed. The ability
to continuously moﬁitor the weight of these babies Wiﬁhout removing them
from their incubator is a very attractive alternative. Such a weighing
system would elimiﬁate the trauma iﬁvolve& in takingAweight measurements
and would enable nursing personnel to easily identify ﬁeight trendsb
characteristic to congestive heart failﬁre and other diseases.

The type bf weighing system used oﬁ dialysis patients is a
function of the patient'S'disability. Outﬁétient dialysié is performed
while the patienflsits in a chéir and is iﬁfubated fo thé dialysis |
machine. An obtimum weight determination iskmade by a physician for
each patientlﬁrior_to the dialysis proceduré. Nurses and diaiysis tech~-
nicians are ihen responsible‘for dé;ermiﬁing the.patient's initial Weight,
and over a four-hour period they must adjust fhe transmembrane pressure.
and other artificial kidney variables to accomplish thé app;opriate
welight loés° Invariably, the weight of each patient has to be spot-
checked over the four-hour period to assure a reasonable rate of weight
loss. This is accomplished using a stand~up mechanical scale which is
wheeled over to the patient's chair. The patient with blood pump tubing
attached is asked to stand on the scale to verify a nqrmal change in
weight. This is éypically réﬁeated six timéé:over a foﬁf-hoﬁr périéa
for each patient.

Acute dialysis patients are dialiZéd in bed. Hefe Weight.ﬁeé—
surements are taken uéing a large mechanical scale thatblifts the patienﬁ

and his bed up off the floor. 1Initial readings without the patient are
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necessary and more than one persoﬁ is required to operate the scale..
The only othef alternative is to use an electronic system whére a sum-
mation of forces is accomplished by load cells located beneath each ieg
of .the patient's bed to give'weight readings. ‘Although the load cell
system overcomes somé of the patient trauma associated.with movemen#,‘
it is very expensive (i.e., typically $6,000 per bed).

For both outpatient and acute_dialysisipatients, weighing sys—
tems are not meeting the néeds of the patient of the ﬁédical persbnnel
providing care for the patiemnts. Among patient trauma, expense, conve—
nience.of use and lack of éontinuqus Weigh£ information, improvements .
.in hospitalfweighing systems are needed. | | |

. The dréwbacks cited here With_existing weighing systems
prompted the research in this thesis. The approaéh suggested here
involves determining weight by monitoring pressuré;in a special mattress.
Water mattresses are used preéently in some hospitals strictly fofvthe
increased patient comfort and rélief from bed sores. Water mattresses
also offer the potential of controlling patient temperature by varying
. the temperaturé of the water in the mattress. In.addition to weight
information, sensitive pressure monitoring -provides the potential for
determination of heart rate and ;espiration rate through ballistic
pressure variations. To accomplish this by merelyvhavingva patient lie

on a mattress ig truly an exciting concept.



CHAPTER 2
GOALS AND OBJECTIVES '

The cdncepf proposed in this thesis involves measuring the
pressure produced in a deformable water-filled isovolumetric céntainer
(i.e., a water bag) and correlaﬁing the pressure measurements to the
force applied to the container. The goal of thié research-is to invesf
tigate a means of monitoring patient weight on a continuous basis using
water.pressure measurements iﬁ_a closed-mattress. Because. of éroblems
encountered in obtaining weight information during the reséarch stages,
the original goals of this thesis had to be altered. Original_goals
included the deéigﬁg constrqction,vand clinicalvtesting-of a patient
Weighing.system. Thé weighing system was to also include development
of a means of obtaining resﬁiration rate, heart rate, and temperature
controi as part of the overall system. The intention was>to stress the
electrical'engineefing aspects'of the transducer and signal conditibning,
eleétronics in the developmént of this monitoring device. The mattress
design was conceived to be a smail part of the overall investigation.
However, well into the experimental stages, considerable'difficulty‘was
encounﬁered"in the-developmenf of a ﬁattfésé system thai éccomplished.
the desired weight/pfessure response;

The goals and objectives had tO‘be fedefiﬁed such that the
thesis was devoted fo a feasibilify study of obtaining weight informa-
tion using the pressure produced within a deformable water bag.‘

4



CHAPTER 3

PRINCIPLES OF HYDROSTATIC PRESSURE MEASUREMENT

Manometric Measurements

This seetion involves a discussion of the hydrostatic consid-

erations involved in obtaining weight information using water pressure.

According to Pascal's Law, 'pressure (P) exerted at any point upon a

confined liquid is transmitted undiminished in all directions". If an

area (A) is specified in a liquid, the pressure acting on that surface

produces a force (¥), which is a vector of magnitude

(P) in a direction

normal to the surface (A), as shown in Fig. 1. Pressure (P) is defined .

as a force (F) applied over a given area (A) [see equation’(3.l) below] .

lP whA

= F/A === =wh
P = pressure produced as shown in Fig. 1 . .
F = force prodﬁced by weight of the water .
A = area of the column of water . . . . . .
h = height of the column of water . . . .
w = density of water . . . ... . . . . o . .

N

In the case of a water column, a pressure is

weight of the water acting as the force applied over

(3.1)

. )
e
e (@)
C @

. (kg/m3)

generated by the

an area determined

by the container. Notice that according to our definition, the cross

sectional area of the container cancels out of Eq. (3.1) and the only

5



Fig. 1. Hydrostatic Pressure Provided by a Water Column.

With the area (A) defined as shown, the pressure
acting on that surface produces a force (F), which
is a vector of magnitude

(P) in a direction normal
to the surface (A).
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factors determining pressure are the dénsity of the fluid (w) and the
height (h) 6f the water column.v This is why pressure is often expressed
as the héight of a columﬁ of flpid (e.g., mm of mercury or cm of Water),r
| Aipiston'can Ee used to demonstrate tHe lineaf relationship
between force and‘prgssure that can be achieved usiﬁg water pressure
(see Fig. 2).

Here we have an additional e?ternally applied force (F') ianlved .
in the pressure computation. The resulting pressure can be calculated

as given in Eq. (3.2) below.

‘P, P, | - (3.2)
P = Total resultant pressﬁre s e e e s ; . ,'.tkg/mz)
F'= force producedlby weight of the water . . . ;(N)
A = area of the column of water . . . . . . . ,'.(mz)
h = height of the column of water '. .‘. e o o o o{(m)
w=density of fluid . . . + « ¢ ¢ ¢ ¢ &« &« « o o .(kg/m3)‘

The specific density of water multiplied by the fluid is the
pressure caused by the column of water and the second term (F'/A) is
the pressure resulting from the externally'applied'force. In the cal-
culations used here,vwater Qill be considered an incompressible fluid,
thus the column height (h) reméins a constént as does the fesulting
pressure (wh). Defining a given pressure (P) as reference zero is
accomplished by nulling out the pressure due to the column of water.

This allows us to focus our attention on the pressure caused by the



Fig.

2.

water

Piston Pressure System.

An external force (Ff) applied to a

piston creates a pressure which is a
function of height (h) of the water

column and contact area (A).
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externally applied fofce (F'). Figure 3 shows a typical force-pressure
relationship for a piston és a function ofncross sectional area (4).
‘Note that the point of origin is the initiai pressure of a-piston with
zero external force applied, therefore only the pressure of the water'
célumn, which we have defined as zero, remains. The above analysis can
be épplied to the proposed weighing system. If a pat;ent's weight is
used as the external force as depicted in Fig. 4, the pressure in the
piston ecan Be used to determine‘the applied.ekternal force knowing the
crossVSectional'areaAof the piston.

Incorporating a piston system into a practical pétient weighiﬁg
system involves several drawbacks attributed to the platform that would
support the patient. To accommodate patient comfort, a mattress or.éush—
ion Wbuld have to be placed_undef the-patieﬁt.which'Would effectively
dampen out any high frequency motility information such as ballistic
pressure responses from heart and respiration rate. The loss of tempera-
ture control.would also be sacrifiéed for patient comfort. Other prob-
lems with this technique would include mechanical friétion loéses and
stability of the plétform. Similar problems would be encountered if
bellows or‘spring constant devices were used. These problems can be
overcome through the use of a water mattress. Weight_determination
through direct monitoring of the pressure in the mattress is much more
desirable, and the potemtial for monitoring respiration rate, heart

rate, and regulating body temperature is maintained.



Force (F) in Newtons

Fig. 3. Force/Pressure Relationship for a Piston.

Graph of a typical force/pressure relationship for
a piston as a function of cross sectional area

where < Ag.

Fig. 4. Conceptual Diagram of Weighing System.

Illustration of proposed weighing technique.
Child produces a force on the water mattress
which produces a pressure increase reflected

by the manometer.
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Hydrostatics of a Water Bag

Thé hydrostatic pressure found in a water mattreés can be con-
sidered equivaient to that within a spherical water bag. In order to
discuss the hydrostatic principles of a spherical Watef bag, the assump-
tion that we afe working with an isovolumetric container (i.e., the
bag doeén't.stretch) must be made. However, in this case the walls of
the centainer are defofmable, The deformgbility of the walls of the
water bag introduces a-significant modification to the force-pressure
relationship given earlierrfor the piston‘in Eq. (3.2). The cross
sectional arég (A) of thé rigid cylindgf wall in the biston éysteﬁ is
easily defined. However, With the spherical water bag we encounter a
more complicated cross section. In the free standing water bag, the
hydrostatic pressure of the water causes the bottom-of the water bag to
flattenroﬁt forming a contact area Witﬁ the supportiﬁg surface. The
magnitude of this contact area is a function of the size of the water
bag membrane and the amount of water in it.v The preésure in the free-
standing wafer bag is proportional to the height of the water'columnvv
as shown in Fig. 5. As more water ié forced into tﬁe wafer bag, a
smaller bottom contact area and a higher-initial pressure results.

This is rgflec?ed in the relative heights (hl and hz) of thg two Wa?er.
bags.

To use a spheriéal water bag as part of a patient weighing sys-
tem the hydrostatic effects of applying a force to the surface of the
water bag must be de#erﬁined. To do this, it is necessary to start with
a éystem_model depicting the measurement technique proposed here. This

is shown in Fig. 6.



Fig.

5.

Initial Pressure of a Water Bag.

The water mattresses in (a) and (b) demonstrate
that relative initial pressures are depicted by
the height and contact area of the mattress.

Here (b) has a higher initial pressure than the

mattress in (a).

12



Fig.

6.

VAN NS WA A

Model Depicting Forces and Pressures Involved
in Weighing System.

Pressure model depicting the proposed weighing
system with weight F* applied.

13
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With the appllcatlon of force Fl’ a contact area Al is formed
with the mattress surface. Pressure Py is measured here using a manom-

eter through a port in the water bagAlocated a distance Ah, from the tdp

1

of the mattress. The manometer remains in a fixed position relative to
the mattress so that no hydrostatic effects of vertiecal displacement are
encountered.

The relationship between F Al, and F2, A2 is given in Eq. (3.3)

19

below.

F,/A, = Fi/Aj +wh . o (3.3)
Fl,F2 = Forces acting in the direction shown in Fig. 6 (N)
Al’AZ = Contact areas as shown in Fig; 6 (mz)'

g
il

Specific den51ty of .the fluid 1n the mattress of
Fig. 6 (kg/m3) ‘ ‘

h = Height of the mattress of Fig. 6 (m)

This relationship holds due to the continuous properties of water as
was stated earlier‘in Pascal's Law. ' This means that the pressure at the
bottom of the mattress is equal to’the'pressure at the top of the mat-
tress plps the hydrostaﬁic pressure caused by the height of the water
mattress. |

The preséure Py oﬁ the system shown in Fig. 6 is derived iﬂ-

Eq. (3.4) below.

P, = Ty /A +w bhy = Fy/A) ~ w(h-th)) (3.4)

The effect of changes in Fl and_A1 on Py can be determined by applying'.

partial differentiatiomn to-Py as given in Egs. (3.5) through (3.7).

~
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dr, = s 4F 5y d A, (3.5)

/A Y

1 1
_ . . _ 2 . .
= (1/Al) d F1 + (Fl/Al )d Al_ Fgfe)

fap =aP = (1/ F /'2

] g = AR = ( A%)A 1 - (F /A0 A (3.7)
= (1(A1)A F, - [(Fl/Al)(AAl/Al)] : (3.8)

If force F. changes (by an amount AFl), the effects of AF

1 on pressure

1

Py is determined by differentiating Py' The rélationship given in

Eq. (3.7) demonstrates the combined effect of both AF

and AA, on AP . .
1 1 y

If we isolate the two terms by letting AFl.be zero and vérying AAl, the

relationship shown in Fig. 7a results. Furthermore, for the second case,

if we let AAl be zero and vary AF the relationship shown in Fig. 7b

19
results.
Figure 7a demonstrates an exponential relationship betweén the

change in pressure APy and a change in area AA Equation (3.7) is

1
rewritten in the form given in Eq. (3.8), it can be seen that for an
iﬁcremental increase in,érea Al,_theipressure Py will be reduced by an
améunt proportional to the fractional change in area (i.e., AAi/Al)'
Figure 7b demonstrates a linear correlation between pressure P
and force Fl provided contact area Al remains CQnstant. This type:of_

'pressure response is illustrated by the piston as previously discussed.

A direct correlation between pressure and applied force as suggested



Pressure

A pi

Area AA,

(@) With a constant applied force (F*) any change in contact area
A" causes a change in pressure P as illustrated.

Pressure

A Py

Force A F

(o) With a constant contact area A*, changes in force F* cause
a change in pressure P* as shown.

Fig. 7. Graphical Illustration of the Two Components
of Eq. (3.4).

16
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by Fig. 7b to the mattfess would prove'that the propesed weighing tech-
nique is viable. The effect of variations in contact area that the
pafient has with the mattress would prove that the proposed weighing-
technique is viable. The effect of Veriations in contact area that the
patient has with the mattress must be evaluated experimentally. The
significance of this error is discussed later in Sectioms VI and VII of

the text.

~ Materials

. Up to this point ﬁe have assumed our sphere is isovolumetric.
Using real life materials it is impossible to find a‘membrane that has
a modulus of elasticity of zero. This implies thaf fhere is alweys some
wall stretching associated with the chenges in wall stress that_occur
with varietions'in pfessure inside the sphefe..'The effeets-ofrmeﬁbrane
elasticity’cah be demonstrated by observing the cross section qf our
sphere shown in Fig. 8. In Fig. 8a, Qe have.a ﬁeter,bag with initial
Monitoring pressure P

pressure P demonstrates a constant stable

1’ 1
pressure indicating that the foreces in the membrane are equilibrated
and the volume remains unchanged (see Fig. 8c). When en external force
is applied‘as shown in Fig. 8b, we have an immediate increase in pres-
sure to.PmaX..'Thisrincrease in pressure causes an incfeesed tension'”
in the walls of our water bag.' As a result, the walls stretch, in-
creasing the’volume of the bag causing a reduction.in pressure as shown

in Fig. 8c. With time the tension in the wall equilibrates with the

pressure P2.



(@) Water bag with initial (b) Application of force
pressure P*.

to the mattress causes
stretching of the mattress

membrane.
max
Pressure
min
Time
application removal

of force F of force F

(c) Pressure measurements resulting from the application and removal
of force F”* show the elastic effect of the mattress material.

Fig. 8. Illustration of the Effects of Elasticity

of the Mattress Membrane.

18
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For fhe materials used in this study, pressure stabilization
times were found to take several seconds. Because of‘this problem,
pressﬁre readings were taken approxiﬁately 10 secoﬁds after weight was
applied. If was found thét waiting longer time periéds resulted invran—
dom drifting of pfessure readings due to system sensitivity limitations
unrelated to the characteristic exponential decay in pressure caused by
stretch. When the weight was removed, the mattress exhibited a shrink-
ing or recovery as a result of the reduced stréss on the walls of the
~ materials. The material exhibits this hystergsis,gffect cénsistentiy
‘providing the elastic limit of the material is nofjexceed (i.e., Hooke's
Law). The élaétic ;imit is a fﬁnction of the type of material used and
the thickness of the-matérial. For a given mattress, tHeJVoiume éépacity
of the bag determines the maximum filling pressure'or the maximum height
of the water column. Referring to Fig. 8, ifAtoo much preséure is
appiied to the mattress and the elaétic limit exceeded, the‘mattress will
recover to a pressure lower than Pl and remain there with the removal of
‘weight. This indicates a permanent incréase in the initial vélume of
the mattress due to excessive stretching. To avoid the problem of ex-
ceeding the elastic limit of thé mattress, a preliminary pressure study
was conductgd on each mattress to determine whether or not thermaximum
weight fo be used (typically.iOkg) woula exceed the élastic limit;

It was found there are essentially two kinds of drift. The first
has already been discﬁssed (referfed to aé éhoft term drift) and is due
to the stretchinngf the méttréSs, which taﬁes time to stabiliée after

. weight is added or removed from the ﬁattress,' The second form of drift



20

is referred to as long-term drift and encompasses the effects of thermal
expansionAof materials and thermal eleétronicAdrift of thé measurement
system. . The effects of short—term error can be compensated for by taking
preséure measurements ten seconds after the weight is applied or removed
to alléw fbr stabilization. Long-term drifting ultimately determines
the system's maximum achievable degree of resolution. The transducer-
pressure measurement system was designed,for minimum drift and maximum
resolution and will be discussed in Chapter 5.7

In summary, the principles of measurement discussed to this point
describe the forée—pressﬁfe relationship ofrwétef bags.r fﬁe.exéent thét
these principles afféct actual weight measurements is impossible to deter-
mine from a theoretical standpoiﬁt and the feasibility of the‘pfoposéd
weighing system must be evaluated furthér using experimental means.
Before any preliminary tests can be conducfed or mattressesAbebdésigned,
test criterié has to be.deyeloped and a pressﬁre transducer system must

7

be chosen.



CHAPTER 4
DEFINITION OF MATTRESS DESIGN CRITERIA

The mattresses used here must exhibit the necessary force~
pressure relationship and provide patient comfort and safety to meet
the requirements demanded in a hospital environment. Each mattress

design will be subject to the test criteria listed below.

Test Criteria

1. Patients can naturally be expected to move While,lying in bed.
Patient movement causes shifts in weight distribution over dif—
ferent ﬁpftions of the mattress. For this reason, the pressure-~
>weight characteristics of thé mattressrmust‘exhibituimmunity to
the iocation.of applied Weight; For example, if 4.kgs'is placed
in the geoﬁetric center of the mattress, ideally the same pres-
sure should be produced when.4 kgs is placed in one corner of
the mattress. For this reasén, a maximum allqwableierrqr of 10
percent over 75 percent of the full mattress area was established.

2. To accurately correlate weight applied to a mattress with the

- pressure produced and avoid the complication of .curve fitting
and nonlinear compensation, é linear relatiomship is required.
To measure significant weight_changés ip neonates, a 10 gram
resolﬁtiom is necessary. For neonatal mattresses, a‘lOk gram'
maximum weight will be used. This 10 gram accuracy requirement
demands a linearity specification of £0.1% of full scale.

21
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Limitafions must also be piaced on system drift. Ten seconds
after weight application or removal,rthé p;essure reading taken
should be within 10 grams of the actual weight and not drift
out of this range for a four-hour period. -
Shifting of patient weight on a water mattress can cause an
undesirable rocking effect which jeopardizes patient comfort
and safety (particularly for neqnates)ﬂ Limitations on the
amount of rocking must be specified so as not to exteéd a level
that would cause patient distréssn |
In addition to changes in iocation of applied Weight,vnormal

patient movement and variations in patient size can be expected

. to cause changes in contact area which will occur even when

weight remains the same (i.e., a patient lying on his back versus:

on his side). For this reason, a 10 percent change in contact
area should not cause a pressure variation resulting in a weight

change larger than *10 grams.

Table 1 is-a summary of mattress design criteria.
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Table 1. Summary of Mattress Design Criteria.

Parameter

1. Sensitivity to location

2. Linearity

3. Long—~term drift
4. Rocking

5. Effects of Contact Area

Maximum Allowable Limits -

10% Pressure change over 75% of
mattress total area

+0.1%Z F.8. -

* 10 grams excursion over four-hour
period

"Must be less than that considered

uncomfortable and hazardous.

+10 grams for a 10% change in
contact area '




CHAPTER 5
TRANSDUCER DEVELOPMENT

Development of General
Transducer Specifications

Using a pediatric sizg mattress (i.e., 0.25m2) filled with water
and connected to a monometer, it was féund\that a 10kg weight with a
contact‘area of 0.052m2 (i.e., 80 square inches), produced a 980 N/m'2
(lOcm-HZO) pressure change when applied to the mattress. To resolve
10 grams, a_pressure.resolution of 6.98 N/m2 (O;Olcm HZO).iS hecessary.
Based on a fuil-Scale pressure bf 980 N/mg, this ﬁranslatés to a O.i%
resolution. Linearity? hysteresis and teﬁpgrature sfability should
ideally be é factor of ten betﬁer than 0.1% so thétlthe accumulafive
error would not affect the 0.1% of full-scale resolution.

Frequéncybresponse should 5é sufficient to track.normél changes
in\body weight with time. For weight information a frequenéy response
of DC to 1Hz is required. . | |

Transducer cost will represent a significant fractién of the’
total weighing system cost. To mainfain total system cost below $1,000
(final consumer price), the transducer, including electronic signal, con-
ditioning_and’display,,must be kept below alcommercially‘available price
of $700,"Thebremaininé cost 1is dediéated to the matfress;‘-A‘éumﬁary of

transducer specifications is given in Table 2.

24
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Table 2., Summary of Transducer Specifications.
N i X

Parameter o Specification
Range . - 0 - 980 N/m2
Linearity :  0.01% deviation from a straight

line from zero to full scale

Freqﬁency Response . DC to 1 Hz
Retail Cost : ' ~ Less than $700
Hysteresis , A 7 Less than 0.01% of full scale

Reﬁiew of Avaiiable Measurement Methodologies

Pressufe measurements have been accomplished~by'empio&ing trens—
ducers in many forms. The specifications described here cannot fully
be met by any available pressure measurement system and will require
tradeoffs in the selection. |

Tﬁis section is devoted to giving an overview and evaluation of
available pressure transducer systems for ehe application'described here.
Selection and construction of a transducef system follows in the next
sectiomn.

Ali-pressure measoremenf*systems must staro witﬁ ; psessore force
summing>deyice which converts gas or liquid energy into a physical dis~-
placemeﬁt° Among the pressure sensiog‘devices available are diaphrems,
bellows and bourdon tubes. Force summing devices can be coupled to a

variety of electrical devices for converting mechanical displacement into

an electrical signal. The available methods of transduction used in
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pressure transducers are capacitive, differential transformer, inductive,
forée balance, peizoelectric,'potentiometric, strain gage and vibrating
wire, .The capacitive trgnsducers use a diaphram positioned between two
fixed plates which deflects with pressure, causing a capacitive change
in two circuits. This change in capacitance can themn be used to change
the frequency of am oscillator or null a capacitance bridge. Capacitive
tranéducers can offer up to 0.0S‘pércent accuracy for.pressqre-ranges
69 to 1.38 x lO5 N/m2 (0.0l to 200 psi) wiph a frequencylresponse from
- OHz to 1l0Q0Hz. The major drawbacks to capacitivé sensors include their
susceptability‘to stray capacitance in lead Wirés, extreﬁe temperature
sensitivity which requires a controlled environment and extfeme expense
(i.e., $2,000 and up).

| The linear variable differential transfofmérr(LVDT) is ‘a dis- .~
placement transducer thgt produces an‘electricalloutput_proportional to
the displacement éf a sepéfate movable core. AC excitatiOn is applied
tb the primary and two identical secondaries, symmefriéaily spaced from
the primary; are connected in a series-opposing circuit (see Fig. 9).
Moving-the transformer core varies thé mutual inducténée of each second~-
ary to the primary, which determines the voltage induced from the primary
to each secondary. If the core is centered between the secondary wind-
ings, the véltage induced in each secondary is identical and 180 &egrees
out-of-phase so the net output voltage is zero. .If the cdre is méved
§ff center, the mutual inductance of the priméry with one sécondary Will
increase while the other decreases resulting in avdifférential voltage

appearing across the secondaries. For displacements within the range
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> Secondary #2

3

Primary -

Secondary #1

movable transformer core

Fig. 9. Equivalent Electric Circuit of an LVDT.
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of the LVDT, this voltage is linear. The coustruction of the LVDT is
such that no physicai contact between the core and coil occurs so that
no mechanical deterioration occurs dﬁe to friction. Absence of f:iction
results in infinite résolutibn, excellent stability; and no>hj>rrsteresis°
Temperature effects on zero drift and sensitivity are low enbugh that
they are immeasurable. Frequency response is poor relative to ogher
tranéducers due to the mass of the core, but frequencies up to 10Hz can
be trackgd (depending on the mass of the cdfe). Also, AC excitétioﬁ is
required as is demodulatién for DC voltage readout applications.

The variable reiuqtance/inductive sensors are compriéed of a
pressure displaced diaphram positioned Between two ME" cofes, which
“alters the'inductivg loop between the ;oil on each "E" core (see‘Fig. 10).
The7ratio of‘reluctance of magnetic flux.path{bétween the'two~éailsApro— :
duces output levels as high as 40mV/Vac.. fullAscale pressure ranges can
bé chosen by selecting the proper diaphram‘(i.e., 0.01 - 10,000 psi).
This type of tféﬁsduéer“offers low internal ‘volumetric displacement
(typicaily 0.003 cubic inches), hiéh natural-frequency (up to 1lkHz),
extreme ruggedness and high accuracy (#0.25%). These sensors require
AC excitation and DC to AC to DC electronics. They offer linearity of
0.01% of full scéle and are susceptible to stray magnetic fields.
| Another type of tfanéducer is ﬁhé force balanéé tféﬁsducér,
which employs a capacitive or LVDT sensor within their design. 'A sig-
nal generated by the sensor is amplified and used to éroduce é feedback
restoring forece equal to the force which disﬁlacés the force summing |

element, returning the system to a null condition. The force restoring
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Fig. 10. Cross Section of a Variable Reluctance
Transducer.
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element-typically consists of an electromagnetic coil or servo motor.
Thé magnitude of power required to restore the force balance to null
condition is measured across a series dropping resistor in the feedback
loop. This kind of transducer system offers extreme atcuraty (i.e.,
better than 0.05% fuli scale), high output (O—lOVdc), statit.and low
frequency dynamic pressure measurements 0-5Hz, good stability and wide
pressure range selection. Unfortunately, the force balance nressure
transducer is reserved for use in laboratory instrumentation due to

. ¢ ,

expensé ($3?000), shock andivibtation sensitivity, large size and exten-
sive electronics. | |

Piezoelectric transduceré can be coupléd to a fbrce summing
diaphramnwninh'induces strain»whenvpressure is applied. - Thejéttain
appliedlto nsymmetricalAcrystallinéfmaterials through a pressure sénsing'
diapﬁram'generates'an electric charge. Piezoelettric transducers pro-
vide extremely high frequency response for dynamic pressures (i,e.,
over 100kHz), small size, rugged construction and a self=generating
signal. Unfortunately, piezoelectric materials are very temperature
sénsitive, they provide no static information, so only AC pressure mea-
surements can be determined, a high input impedance amplifier is required
near the sensor and low noise cabling to an'amplifier is required.

Potentiometric‘transducets can typically provideLptessure mea-—
surementé By bonding the wiper of the patentiometer to the force summing .
device as shown in Fig. 11. Theipntentiometer écts,as avvnltaéé ratio
dévicé where either AC or DC excitation can be used. Potentiometric

transducers can provide high output without amplifiers and depending on
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excitation

Pressure
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Linkage

Fig. 11. Potentiometrie Transducer.

Changes in pressure causes a change
in output voltage through movement
of the potentiometer wiper.
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the-potentiometer, special shaped output curve; are available. Unfor-
tunately, potentiometers only offer limited life, courserresolutioﬁ
(i.e., 1%), and large hysteresis, due to the excessive mechanical fric-
tion associated with their mechaniém. Also only low‘frequency respbnse
is possible due to the mass and friction of the wiper arm (i.e., 0-50Hz)
and large volume changes are required in the pressure sensors to provide
the necessary wiper excursion.

Transducers utilizing vibrating Wire‘and tubes use a force sum-
ming diaphram to change the tension of a fine wire or cylindrically con-
figurede-iement° A magnetic field is used fo excite ﬁhe Qire or cylinder
so that it resonates. As pressure-changeé, so does the tension on the
wire or cylinder and the reéonant frequency changes. Frequency devia-
tion is electronically measured and is proportional to pressure. This
transducfion process can provide extreme accuracy (i.e., 0.02%) and good
frequency response (i.e., as much as 100Hz). However, tﬁe’system is
very sensitive to temberature, sho;k and vibration, and provides a very
nonlinear putput.

Three kinds of resistive strain gages are availaﬁle, the un-
bonded metallic filament strain.gage, the bonded metallic foil gage,
and the bonded piezoresistivé (or semi-conductor) strain gage. -Resis-
tance changés>in metéllic gages result from dimensional changes that
.occur ﬁith strain, whereas sémiCOnductor gages change resisténce because
their resistivity changes with strain, _Unbonded stréin gages‘are madé
of one dr more filaments of‘resistive wire stretched between supporting

insulators. The displacement. of the sensing element causes a change in



33
length which results in a change in resistance. Unbonded strain gages
provide low level outputs (i.e., typically 4mV/Vin for commercially
aﬁailable pressure units), and can offer reasonably high accuracy
(0.1%) for ranges 1.45 x 10_3N/m2 to 1.45N/m2 (10 to 10,000 bsi). Foil
strain gages consist ofra'foilef resistance alloy Bonded to an epoxy
film. The backing film is an adhesive bonded to an elastic member to
~ sense the strain of member due to applied stress. Fdil gages typically
exhibit gage factors of 2 and‘provide a low level output (i.e., 2mV/Vin).

Semiconductor strain gages are constructed of a thin filament,
either p or n doped silicon which is provided with ohﬁic con£écts and
bonded to an epoxy backing film;, Bonding is -achieved the saﬁé as was
described for foil'strain gages. Semiconductof'strain gages pfovide‘
gagé factors rangingAfroﬁVSO:to ISQ_depending_on the impurity;qon;en; of
the doped silicon;  As a whole, strain gages have excellent dynamic re-
sponse (over 1lkHz frequency response), long life, low hysteresis and
gooa repeatability. Strain gages geﬁerally do not providé godd linearity
(i.e., 1% typically) andrtend‘to exhibit high temperature sensitivity
and require compensatioﬁ (i.e., 0.01%/°F after compensation is achiev-
able).

A summary of specifications for the commercially available pres-

sure measurement systems discussed here is presented in Table 3.



Table 3. Comparison of Transducer Types.

Transducer Type

Capacitive
LVDT
Force_Balance
,Piezoelectric
Potentiometer

Uﬁbonded Metallic
Strain Gage

Bonded Metallic Foil
Strain Gage- o

Semiconductor Strain
Gage

Variable Reluctance

Vibrating Wire and
Tube '

Full Scale Pressure®

Typical Output*

Accuracy Range (N/mE),
0.05% 70-1. 4x10%
0.57 2x109-7x107
0.05% 7.0x103-3.5x10’
1.0% 7.0x10%-7x10’
1.0% 3.5x10%-7x10"
3 7

0.25% 3.5x10°x7x10’
0.5% 3.5%10%-7x10"
0.25% 3.5x10%7x10”
0.25% 7x101¢7x107
0.02% 7x10°-7x10°

Freq. Response (Hz) Levels
0-100 >5V
0-100 >5V
0-5 >5V
'1-100 v
0~50 5V

- 0-2k 4mV/Vin
O—lk 2mV/Vin
0-1k 20mV/Vin
0-1k 20mv/Vin
0-100 5V

*Typical values for éommercially available pressure‘transducers.

A%
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Seleéted Pressure Transducer Systems

Reviewing the specifications for the pressuré measurement sys-
‘tem discussed earlier, the most important specifications are full scale
pressure range [i.e.,‘980u6 N/m2 (10cm H20)] and accuracy (0.1%). Exam-—
ining range first (using Table 3), only three comﬁercially available
transducer systems have full scale ranges as low as 980 N/mz. These
‘include capacitive, pilezoelectric and varigble reluctance transducers.
The capacitive transducer requires a controlled ﬁemperature environment
" which is not a realistic constraint in a hospital environment. In addi-
tion, the cost for capacitive £ransdﬁcers is in excess of $2,600,‘Whichv
eliminates its ppssible apﬁlication in a low—cosf patient.weighing sys—
"tem. The piezoelecﬁric-transducer offers only l%:accuracy Which is a
factor of ten lower than that specifiéd, and an additiﬁnai problem that
eliminates the piezoelectricrtransducer from consideration‘is its inabil-
ity to reflect static levels of pressure. Coﬁsidering the slow changes
that take place with body weight, a iow frequency cutoff of in, as
demonst;ated by piezoele;tric transducers, will not reflect body weight.
Variable reluctance trénsducefs provide a good comproﬁise between piezo—'
electric and capacitive transducers. Accuracy is slightly lower than
specified (0.25% vs. 0.1%)_and frequency response covers DC as ?gquired.
Thésé transducérs require a carrier/demodulatorramplifier which typically
provides a 10Volt DC output for full séale pressure. No other off-the-
Shélf transducer systems cover the lower pressﬁrerrange 0f7980.6N/m2 so
'the poséibility of constructing a custom tfansducer system was investi-

gated.

o~
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Reviewing‘Table<3 for possible candidate transduéer systems
indicates two that will prdvide better than specified acgurgciés, they
are theAFérce—Balance and Vibrating wire and tuEe systems. -As'bne might
expect, the coét of construction énd envirommental constraints make their
use unpractical. The next most likelyVcandiaates,.judging from accura-
ciesy are the strain gage and LVDT transducers. Strain'gages initially
looked attractive with the slightly higher accuracy but constructional
complications associated with bonding, thermal compensation requirements,
"low output levels and non-linearity caused thé decision td go iﬁ favof
of constructing an LVDT pregsure‘measureméntVéysteﬁ. |

The accuracy of an LVDT pressure Lransducér systemyis ﬁfimarily
éependent'on selection of a good force summing-device tq_céﬁ&ert.breé—':
sure into displacement, Available force summingudeviées aré,bogrdon' 
tubes; metal bellows, convoluted diaphragms and pressﬁre capsules.
Bourdon tubes are available in four configuratiéns (C-tube, spiral,
helical, and twisted) and are primarily used fof high pressﬁre
(1;0345X105N/m2, 15psi) applications. For low range pressure measure-
ments, bellows, diaphrams and capsules are used. The basic differenﬁe
between these devices is fhe spring'constaﬁt values available (i.e.,
relative deflection for a given force). For the very low pressures of
intefest, belléﬁé offer thevlargest defleétién for a given"preséu¥enaﬁd
elemenﬁ size. Selecting the metal used to construct the beliows deter-
mines the bellow's thermal coefficient of elastic modulus. '$hermally
induced'changes in modulus of the material cén produce écale factor

changes (m deflection/N/ﬁz) in the outpuf. Because of the mechanical
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imperfections.inherent in bellows,#ypical linearity is 0.5%Z of full
scale and hysteresis is less than 0.1% of fuli scale. A slight trade-
off in accuracy had to be made because of the 0.57 typical linearity
within the deflection range. This specificaﬁiog plays a major role
in determining the system's overall accuracy. In order to choose the
correct spring constant and area for the bellows needed here, an LVDT
with an appropriate linear range must be selected concurrently.

The basicrLVDT-bellows configuration is shown in Fig. 12. As
mentioned previously, the LVDT is a mutuél inductance elemeﬁt~tha§ pro-
'duéés én eléctriéal output proportiénél'to the displaceﬂent.of a sepérate
mbvable core (see Fig. 13).

Two identical secondaries, symmetrically éﬁéced from the pri-

- mary, .are connected iﬁ.a‘series—épposiqg circuit. - Nominal_iinear Ais4 gg
‘placements range from less thén +0.05" to i0.25":and.lihearity of betfer
than 0.05% full scale are typical. Resolution of an.LVDI'based on its
principle of magnetic cqupling (i,é.,;no friction) is effecti&ely infi;
nite. In practice ﬁhe limitation on sysfem resolution is dependent on
the electronic equibm@nt used to sense the LVDT output. Better than
microinch resolution is not uncommon. LVDT's, being ﬁransformers, work
using AC excitation and output voltages. Accurate AC voltage levels are
bften inconvenient té pro&ide and measﬁre; ‘Because tﬁis is true, DC-
LVDT's are a%ailable that offer the convenience of DC excitation and
output yoltages. A micfocircuit carrier generator, passive demodulator
and DC amplifier was developed and incorporated commercially in thé

LVDT hoﬁsing to overcome this problem. With the additional electromnics,
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Movable stage

LVDT

Bellows

Fig. 12. LVDT Transducer Design.

This LVDT transducer design involves a
force summing bellows which is coupled
to the movable core within the LVDT.

The micrometer is used to move the stage
for adjusting zero offset.

Secondary Coil #1

Primary Coil

;; Secondary Coil #2
f

m \7Z2z7z77m m

Movable Core

Fig. 13. Cross Section of an LVDT.

This cross section of an LVDT illustrates
the coil configuration used in an LVDT.

The movable core determines mutual coupling
from the primary to the two secondaries.
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input voltages must be chosen to give good temperature stability and _
reasonable output lévels, OQutput impedance considerations must also
be considered to.a§oid loading the DC amplifier and degrading linear
performance. Hospifal eﬁVironments should not preéént any extreme
environmental conditiéns,.regarding temperature and humidity, and no

extreme magnetic field environments should be encountered.-

LVDT TransducerbDesign

A DC-LVDT model 100HR was obtained courtesy of Schaevitz Engi-
neering, Camden, Neﬁ»Jersey. Specifications»inclﬁded 10.1" full scale
displacement capabilify of the LVDT, it was neceésarf to calculate‘the
spring constant'and area‘of the'desired bellows. Using 930.6N/m2 |

' 4 2

(10cmH,0) as full scale, it was determined that for a 2.58 x 10 'm

(Ouéinz)rcross sectional ‘area bellows, the required spring constant to

cause a 2.54 x lO—Bm (Q.l") deflection is determined below:
Given: Full Scale Pressure = 980.6N/m2
= 2.58 x 10™“m?

Bellows cross sectional area
Full'Scéle LVDT displace@ent = 2.54 x lO—Bm
Max Force: Full Scale Pressure x Bellows Cross Sectional Area

(980.6N/m%) x (2.58 x 10 ‘m%)

2.53 x 107N

Ideal Spring
Constant:

Maximum Force/Maximum Displacement

2.53 x 10 N/2.54 x 10 °m

99.6IN/m
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After several attemp;s ﬁailed of finding a bellows locally that would
.meét these‘reqﬁiféﬁenﬁs; MEtalABéllows Corporation donated a bellows
specified with a 2.58 xvlo_4m2>cross seétional area and 350N/m spring
.constant. "With this bellows, full séalé displacementris specifiea as.
2.53 x lO—lN/350N/m = 7,25 x 10-4’(or 0.74 mm); ﬁsing a quick calcula-
tion, one can determine tﬁe displacement of the bellows caused by a ten
gram change in weight. To do this, recall that 10kgs produces an approxi-
mate pressuré change of 98056N/m2.- Assuming linearity, 10 gréms will
produce a 0.9806N/m2>(0.01cmH20) pressure change. The equivalent force
and‘displacement is calculated bélow:_ |

10 grams will produce a O.9806N/m2 pressure change

Given =
'Belipwsvcroés sectional area = 2.58 x ld4m2
Bellows spring constant = 350.7N/m"
Force = (?reésure)'x (Bellows cross sectiénal arga)
S (9.806 x 10" N/m?) (2.58 x 10”%n?)
= 2.53 x 107
Displacement =

Force/Bellowsspringconstant
= 2.53 x 107*N/350.7N/m

= 7.2 x 10 'n

= 0.72 um
The ability of an LVDT to measure a displacement this small is possible
due to its infinite resolution capability. Using 21.26V/cm (or 54 Volt/

inch) as the LVDT sensitivity, the voltage change for a 10 gram change

in weight can be calculated.



41
‘Given: LVDT Sensitivity = 21.26V/cm = 2126V/m

Bellows displacement for a 10 gram force = 7.2 x lO_7m

i}

(LVDT sensitivity) x
(Bellows .displacement
for a 10 gram force)

Voitage change for a 10 gram force

(2126V/m) (7.2 x 10" 'm)

3

1.54 x 10 °V = 1.54mV - -

This voltagé change cén be measured with reasonable ease using a good
digital voltmeter. Considering fhe resolution capébility of therLVDT
(i.e., typically 2.54 X lO—Sm), it can be'ekpectedrthat the ﬁajorrsource -
of error in the system Will result from the nonlinearity énd hysteresis

of the bellows. A theoretical‘accuracy.éf O.S%rof full scale can there;r

fore be anticipated.

Transducer Construction

The transducer system was built on a 12" long x 8%'" wide x %"

thick aluminum base (see Fig. 14). Two guides were used to allow move~
ment of a smaller base on which the LVDT was mounted using a clamp. A
spring was used to hold the LVDT base against a micromeﬁer Whiéh'proyided_’
a zeroing mechanism. Two brass rods were threaded info each end of the
LVDT core and supported by two knife edged teflon rings to_ﬁinimi;e the
friction aééociated with movement of the core witﬂin the LﬁDT. A plat—r
form on the end of one of the brass rods was provided to rest on the
béllows surface. The bellows was glued to an aluminum tube.and mounted

.on an aluminum support. The other end of the aluminum tube was threaded

with %" standard pipe thread used for the water mattress connection.
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Bellows

LVDT

Movable Stage

Constructed LVDT Transducer.

Diagram of the LVDT/Bellows Pressure Transducer.
Deflection of the bellows causes movement of the

LVDT core.
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A Tektronix PS503A power sup?ly wés used to provide the 24V DC
required by the LVDT for operation and a DM501 4% digit digital multi-
meter.was‘used to monitor LVDT outputs. Specifiéations for each are
listed in Table 4. |

A study was conducted to accurately determine characteristics of
the transducer system. The bellows was examined first° Pertinent meér
sured data is listed in Table 5.

The spring constant of the bellOWS'Qas determined by staﬁding
the transducer system vertically and‘measuring the defle;tion of the
bellows with added weight. Defiection wasrmeasured using the.LVDT
(this test was actually conducted after the LVDT seﬁsitivity'ﬁas mea-
sured). A 10 gram Weight_was appliedrto the bellows four times and an
average deflection was measured. ‘

A test for linearity was also conductedAby using a Water nanom—
eter connected to the same_ﬁater circuit as the pressure traﬁsducer as
shown in Fig. 15._ Three different initial préssures were used by vary-
ing the émount of water in the circuit and weights Qere.appliéd to the
tubing to increase the pressure in the system. Thé fesultsbare shoﬁn.
in Fig. 16. Notice that for the two smaller initial preséures, a linear
~bellows deflection for increased pressure‘followgd‘nicely, .The highest
initial pressure (3.82 x 103N/m2 or 39cmH20) exceeded‘the linear range :
of the bellows to fhe point where it was cauéing a highér noﬁlinear spring
constant td result; During actuél preésure méasufemeﬁfs,’if was néces—
sary to keep the system'pressure less thén 3.43 # 103N)ﬁ2 (or 35cmH20)

.to stay within the bellows linear displacement range of 6.35 x 10_3m.
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Table 4.. Performance Specifications for DC Excitation Voltage
and DC Voltmeter Used for the LVDT Transducer.

Characteristics

Outputs

Minimum Resolution -
Load Regulation
Line Regulation
'Ripple-and»ﬁoisev

Stability

Characteristics

Ranges
Accuracy

Common Mode Rejection

Normal Mode Rejection

'Input Resistance

PS 503A Dual Power Supply

“Performance

0 to at least 40 DC across the plus and
minus terminals

50mV

Within lmV

Within 5mV for a iiOZ line voltage chérge
‘ImV peak-to-peak or less |

0.1%Z +5mV of drift in 8 hours

-

DM 501 Digital Multimeter

- Performance
2V, 20V, 2oov; i,OOOV
+0.1% of'réading +2 counts

>100db at DC, 80db at 60Hz with 1kQ
imbalance

230db at 60Hz increasing 20db per decade

10MQ




45

Table 5. Experimental Values Found for Bellows Parameters.

OQuter Diameter

2.2 x 10 %m

Cross Sectional Area

3.8 x 10 tm?

(0.4 sq. inches)

Spring Constant

553 gram/dinch
1.22 1bs/inch

21.8kg/meter
213.4 Newtons/meter




15.

Experimental Setup Used for Bellows
Linearity Study.
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Displacement
(inches)

Fig.

l6.

x ~ initial pressure of 27cmH2
A - initial pressure of 12cmH2
t

- initial pressure of 39cmH2i

Pressure (cmH”O)

Effect of Initial Pressure on Linearity
of Bellows.
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For higher pressures, the;height‘of the bellows could be_adjusted-with
respect to the mattress or preséure_sourge to stay within a linear
pressure range.

It beéame difficult to measufe an exact linearity specification
for the bellows due to the human error invelved in reading the water
manometer pressure. Perfect linearity is based on fhe 213.4N/m deflec-
tion (given in Table 5), and Table_6 indicates fhe correlation of the
manometer pressure readings to the effectivé pressure indicated by-the
bellows. These correlations are quite good when one considers the
accumulative huﬁanrerrbr involvea in measuremeﬁt. For examplé, the-
average human can e#péct to resolve a manometer reading to within .two
mmH, 0 (based on meniscps error_ggd consistency).l Thisvalready introf
"duces a 5-10 percent correlation error._ The reflected bellow pressurés>
also represent an accumuiation of some measurement errors iﬁ the diam~
eter and spring constant measuréments. The conclusion must be that the
“correlation of these pressure valves is good within hﬁman resolution,
however, measufement accuracy ié not sufficient to determine‘thevtrue
linearity of the bellows. It became necessary.to use the manufacturer's
specification of linéarity, namely 0.5% of a straight line, over the
full linear displacement range.
| To furthéfrevaluate the performanée of tﬁe transducer, a sen-~
sitivity and stability test was conducted for the LVDT using thé Tek~
tronic equipment. The zerping micrometer was uéed to accomﬁlish a known
core displacemeﬁt. Several individual.6.35 X 10H4m (or 0.025 inch)

movements.were pfoducéd with the 2.54 x 103V/m (or 45.064 Volts/inch)



Table 6. Correlation of Manometer Pressure Readings to the
Effective Pressure Indicated by the Bellows.
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Manometer Pressure
Reading (cm HZO)

Transduced Bellows
Pressure (cm HZQ)

Percent Error

2.19

2.80

3.97

4.13

4.3

4,85

2.0986
2.5468
3.7402
3;9603
4.,0022

4.5116

C 4,17
9.0
5.8 .
5.6
6.9V

7.0
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sensitivity using a 24V DC transducer excitation as recommended by the
manufacturer.

Stability was measured by'holding the'cofe of the LVDT iﬁra
fixed position over a 24—hoﬁr period and obsefving voltage fluctuations.
For the purpose of this test, the Tektronix*powef supply and DVM were
allowed to warm up for the manufacturer's suggested warm—-up time of 20
minutes! The 24V DC excitation was adjusted and connected to~the LVDT.
The DVM was connected to-the LVDT and set on a 2 Volt full sgale.setting.
The micrometer was used to adjust the transducer'é output to as close
to zero as poséible (thelLVDT'é resolution exceeds éne's ability fo
adjust the micrometer, *ImV was the besgt that couldvbe achieved). Imv

7m or 0.564 um. The result of a 24-hour sta-

corresponds to 5.64 x 10
bility study is showﬁ in Fig. 17. This studyAindicates a worst case
system drift of>2.lmV and ~1.2mV ffom the initial voltage. From the
theoretical voltage to weight conversion calculatiéns discussed pre-
Viously,-these drifts would correspond to a +16.4g and a —6.6grweight
change using a 0.12825mV/g sensitivity. A requirement to rezero the
transducer system more often than once every 24 hours would feduce this
error, however, this error indicates that if we assume perfect bellows
performance, avreéolving powef.of-approximately 10-15 grams can be
,échieved. CombiﬁinéAthis error wigh the error infréauced By tﬂe iinear—
ity of the bellows, a worst case error of 65 grams is accomplished or
0.65% of full séale. For the purpose of developing a prototype system,

this was decided to be adequate for preliminary measurements. However,

concurrent with the research conducted with this transducerrsyStem,



51

(millivolts
(grains)
7.8g
Oog 0
7. 8g
-15. 6g

4 8 12 16 20 24

Time (hours)

Fig. 17. Transducer Stability Study.

Transducer stability conducted over a 24-hour
period. Units of drift are given in both
voltage (volts) and weight (grams).
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a second transducer system was being investigated. A summary of ﬁhé
total transducer system performance specifications are -listed in Table 7.

Further experimentation Withhthe transducer revealed an addi-
tional source of érror due to friction associated with the movement of
the:LVDT core and bellows. In o?der to compénsafe for this friction,
the tranéducer assembly was used in a vertical position and a small
vibrating motor was aftached to the tramsducer plétform to overcéme the
effects of static friction forces. The combination of repositioning .
and vibrating the platform was found to reduce_frictional errors so that
resolving weights smaller than 10 grams was possible;;.The Summea totai
effect of all erfors was not considered to change due to friction and

an estimated accuracy of 0.5% for typical measurements was maintained.

 Selection of a Second Transducer

Aé mentioned inrthe Selected Pressure Transducer System Section
of this thesis, variable reluctance transducers‘were méntioned as a
desirable candidate. ConsultingATable 1 revealé a 0.257% achievable
accuracy with full scale ranges from 68.94N/m2 to 6.894 X lO7N/mg rea-
sonable temperature effects (i.e., 0.02%/°F), output levels at 40mV/Vin
and DC frequency response. An additional feature is the commercial
availability and differential configuration.  Variable reluctance trans-
ducers cost épproximately $6b0 including everything except a DVM for
output measurements. A survey of avaiiable variable reluctance trans-—
ducers resulted in ghoosing a Validyne DP103 differential pressure trans-
ducer withva i980.6N/m2 full scale (+10cm Héo) p?éssure range. VThis

transducer is a diaphram type magnetic reluctance transducer and is shown
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Table 7. Summary of LVDT/Bellows Transducer System Specifications. .

Specification Performance Assumptions
Pressure Range O—lA.ScmHZO Based on 0.1" linear
range of LVDT
Sensitivity - 310mV/cmH20 Using 24Vde LVDT
excitation voltage
Linearity 0.5-1.0% of full Worst case based on
scale combined manufacturer's
specifications o
Drift . 0.125% £full . Worst case for bellows
scale and LVDT for a 65°F to

80°F temperature range ..

in siﬁplified form’in Fig. 10. vTransducer pperation is based on a
diaphram of magnetically permeable material, sﬁpported between two
symmetrical assemblies which com@letes a magnetic circuit with each

"E" core. Diaphram deflection with application Qf'préssure increases
‘the gap in the magnetic flux path of one core and decrééées the gap
symmetrically in the other. The magnetic reluctance varies with the
gap, determining an inductance ratio. This inductance ratio is mea-
sured in an AC bridge circuit in which an output voltage proportional
to pressure is obﬁained.» Demodulation following the’suppressed carrier
bridge output is required for a DC’signal. >A Validyne CD15 Carrier
Demodulator was required to produce the 15kHz sine ﬁave excitation and
resulting output demodulation.. The.DC output isZObtained from an active
filter circﬁit and gives a uniform response fromrsteaay staté tb 1kHz.

Other manufacturer specifications are listed in Table 8.
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Table 8. Validyne CD15 Sine Wave Carrier Demodulator

Specifications.

Parameter
Input Sensitiviéy
' Transducer Excitation
Output Voltage
Output Impedance

Frequency Response

Specification

15mV/V excitation
S5Vrms, 5kHz sine wave

+10Vde @ 10ma -for *10cmH,0 input

2

10 ohms nominal

DC to 1lkHz

The wvariable reluctance transducer was reserved for use with

the final mattress design due to its differential pressure configura-

tioﬁ, The LVDT transducer was used for all other pressure measurements

taken in this study.



CHAPTER 6
MATTRESS DEVELOPMENT

The design specifications froﬁ Chapter 4, Definition of Mat-

tress Design criteria is listed here again for reference in Table 9.
~ In order to determine the'feasibility of developing a mattress

that would meet these functional specifications; some preliminary tests
were conducted to provide insight on the effects of mattress design
criteria. To‘do this, two readily évailable méﬁtfess deéigﬁs were:
tested. Small pediatric size mattresses wefe chésen initiélly for
ease in handling. . |

The first mattress tested, Maftresé.l,'was obtained by. cutting
off the head sﬁpport pillow of a swimming pool air mattress. Construc-
tion was of two canvas reinforced rubber sheets,‘approximately O.2m2,
heat sealed together. The mattress was filled with water that had been
boiled and cooled in a sealed container to aid in evacuation of as much
aif as possible from the water. Alr bubbles were manipﬁlated out of
the mattress and pressure tubing was used to connect the LVDT bellows
transducer andvmattress filling tube. The same transducer mattress
tonfiguration w;s used for>preliﬁinar§~tests.df ﬁ;ttresses’l and IT.
A diagram is shown in Fig. 18. | |

Mattfess I was first subjected to a fressure/weight study to
reveal the pressure characteristics of the mattress, The test procedure
involved zeroing the transducer using the micrometer adjustment and

55
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Table 9. Mattress Design Criteria.

Mattress Design Criteria ) Maximuﬁ,Allowable Error
1. Sensitivity to location of } 10% preséure &ariation over
applied weight ' 75% qf total mattress area
2. Linearity +0.1% of full scale pressure
3. Drift | - +10 grams éfter ten seconds

of setting and remain for at
least four hours.

4, Sensitivity to effects ‘ +10 grams for a 10% change in
of contact area with contact area
5. Rocking Must be low enough so as not

to cause patient discomfort




Fig.

18.

Mattress

Diagram of Mattress-transducer System.
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applying weights one at a time to a 5.2 x lO_zm2 bése which were placed ~
oﬁ the center of the mattress surface. The 5.2 x lO—zm2 inch‘base was
ﬁsed to simulate the'body surface area of a fypical infagt (based on
the body surface area equatiqn). With each applied weight, a reading
was taken on the DVM. The reéults of this study are sﬂéwn in the graph
of Fig. 19. This graph demonstrates a reasonably linear weight measure-
ment with an average éensitivity of 1l46uVolts/gram. During the course
of the study, voltage readings were found to decay Witﬁ time after the
application of each Weigﬁt. If readings were not takeﬁ at cqngistent
time intervals after each weight was aﬁplied1(i;e., 10 seconds), the
readings would have varied significantly. To detérmine the extent of
this error, a hysteresis study was conducted by measuring the range of
readings resuiting from the addition of a 4kg ﬁeight over a fivé—minute
time period. The results are shown in Fig. 20 and indicate thét as
much as a 3001gram weight change was falsely indicated. Observation of
the exponential changerin-weight'readings lead té the éonclusionnthat
the -error is due to stretching of‘the méttress; This stretching is
reflected in the slight nonlinearity of the ﬁressure—weight cufve of
Fig. 19. This potential source of error was discussed earlier and based
on the required resolution of 10 grams, this stretching error is unac-
cepﬁabie. Theronly way  to minimize this error is to choose a'maftress
material that offers a low modulus of elasticity (i.e., ieés sfretch).

The second mattress, Mattress Ii, wés céﬁstruéted of two
2.3 x 107%, (0.009 dinches), thick polycarbonate sheets sealed together

at the edges using methylene chloride applied with a syringe. A hole
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Fig. 19. Pressure/Weight Curve for Mattress I.
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Effects of Stretch on Mattress 1I.

Application and removal of a 4kg weight to
Mattress I illustrates the error due to
stretching. This error is as high as *300 grams.
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wasbcut in’onerof the sheets to allow for a filling tube which was also
connected using methylene chloride. A pressure/weight study was con-
ducted using the same test procedure as described for Mattress I.
Results are shown in Fig,‘21. Sensitivity for this mattress was cal-
culated‘to be 250uV/éram.v In comparison to Mattress I, Mattress II
exhibits a higher sensitivity due to the smaller mattress area (i.e.,
V0.0645m2 for Mattress II vs. O.2m2 tor Mattress 1). Because of-a higher
modulus of elasticity, the polycarbonate mattress exhibited a better
linear pressure/welght response compared to Mattress I.

The second test performed on Mattress II determlned the repeat—
’ ablllty of the system response to the appllcatlon of a 4kg weight.
In this test the system was zeroed using the ttansducer micrometer
adjustment end then e 4ké weight reading was taken usinghthe 5.2 é:lo;zmz
- base. 'The.system‘was rezeroediafter.each removal of the 4kg weight, and
this was repeated six times. The tesults are given in Table 10. The
mean reading was 0.9584V with a standard deviation of 0.0085V. The maki—
mum oeviation from the mean includes +0.01V and —O;OllAV. Using the
system sensitivity, this acc0unts for an error in weight of +40 grams
and -46 grams, which is outside the *10 gram requirement.

System drlft was then measured by applylng a 4kg welght to the
mattress surface and taklng voltage measurements over a one~hour perlod
Resulting voltage measurements reflect total system drift (i.e., mattress
stretch, pressure drift, mechanical bellows drift, electronic LVDT,
power supply apd DVM drift). Results are shown in the graph of Fig. 22.
Results indicate a worst case drift error of 6.8 grams for a one~hour

period, which is within the 10 gram specification.
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Table 10. Results of Repeatablllty Studies Conducted
on Mattress II.

Sample Zero : .f' 4kg .. . Total®

Number ~ Reading (V) .- - = Reading (V) ‘Change (V)
1 0.0003 T 0.9719 0.9716
2 0.0016 ' 0.9636 b.9620
3 0.0022 ~0.9591 0.9569
4 © 0.0000 .. 0.9602 A,i  0.9602
5 0.0036 o 0.9720 0.9684
6 0.0039 : 0.9539 10.9500
7 0.0024 0.9415 0.9491
8 0.0019 . 0.9489  0.9470 -
9 0.0062  0.9663 0.9601

*Avg. Voltage Change = 0.9584
Standard deviation = 0.0085 or 35 grams
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>T§ determinéufhe resolving power of the weighing system a study
was conducted to determing thé voltage changes produced B& small changes
in weight. To more accurately simulate weight chaﬁges of a baby, the
system was loaded with a 4kg weight before small Weighté Were'addedAand
éubtracted. Ten weights rénging from 100g down to 10g increments were
first added and then removed from the surface of the méttress in random
order. This process was performed twice with the largest‘error corre-

sponding to an erroneous weight reading of 30 grams.

Preliminary Indications

Based on the preliminary tests conducted on both mattresses the
importance of mattress material selection is demoﬁs£rated through drift
and resolution tesﬁs. The two'pillow type mattregses both suffered some
confiéurationai pféﬁiems includiﬁg serious réckiﬁg éroblems which inia
clinical setting would threaten the patient's comforf and safety. "Both
of theée pillow mattresses did not lend themsei?es to.evaluation of sen-
sitivity to the location of applied weight or contact area of applied
weight due to their instability. Results of the tests conducted did
reveal significant indications regarding the effects of‘stretch, resolu—~
tibn, linearity, and stability.

| Mattress I_demqnstrated'aé much as a 300 gram weight error due
to the effects of stretch in the mattress matérial. Because of this
unaccéptable error, the_final mattress must be‘constructed of a material
that offers a very low modulus of elasticity>to minimize the error due
to stretch. Mattress II, made of a more stiff material (i.e., polycar-

bonate vs. canvas reinforced rubber) was much less susceptible to the
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effects of stretch (refer to Fig. 22). However, one is limited regard-
ing the extent of rigidity that the mattress matefial cén provide because
deformability of the material is just as importagt so that the mattress
material does not provide structual support that causes a loss of pres-
sure as a result of the applied weight. The polfcafbonéte mattress-
exhibited a worst case stretch~drift weight of 7 grams which isAwithin
the mattress“desigﬁ criteria of 10 grams. . The resolﬁtién of the poly-
carbonate mattress exhibited a worst case variation Qf730 grams. - Lt was
speculated that the polycarbonate did not offer sufﬁiéient deformability
to accomplish thé>resolving power of *10 graﬁs aﬁd thét a thinnef'poly—
carbonate material miéht provide a better ttadeoff. .Problems with the
rigidity of the polycarbonate mattress were fﬁrthef demonstfate& after
one month when in-the areas where kinks.developedg leaks formed,iﬁ the
polycarbonate. | »

In summary; thé deéign features of the final mattress have to
o&ercbme the problem of rocking, exhibited by both Mattress I and II.
The mattress ﬁaterial will have to exhibit a modulus of élasticity lower
than Mattress I to overcome the drifting problems due to stretch.
Linearity'and resolution will have to be improved td accomplish the
0.1%7 and %10 grams specified by reconfiguring the‘mattreés and’proper,
choice of méttresé material. rDetermining sensitivity to tﬁe lécation
of the applied weight was not possible with Mattress I and II due to-
the instability of the pillow configuration, and ﬁill have-to be teéted

in the next mattress.



CHAPTER 7
FINAL RESULTS

Two mattresses were constructed in an‘attempt to overcome the
shortcomings of Mattresses I and II. The first mattfess, Mattress III,
was made of 6.35 x 10 °m (%“) plexiglas and a 2.3 x lQ—4m.polycarbonate
sheet. The base and sides were made of plexiglas - and were milled to
size 63.5cm x 33.02cm x 5.03cm (25 inch x 13 inch x 2 inch);, see Fig. 23.
Methyl metﬁacrylate was used to seal the joints and make them water
tight. A single 63.5cm x 33.0cm sheet of polycarbonate was sealed over
the top using methyl methacrylate. A hole was tapped in oné of the
sides to.acc§pt a ¥%.inch standard pipe thread for~conneétiqn to the
bellows~LVDT transducer.

The plexiglas portion of the mattress was used to provide a
more rigid foundation to minimize the effects of stretch and rocking.
With this mattress configuration, it is possible to determine the effects
of contact area and sensitivity to location of the applied weight.

The same filling process as described for previous mattresses
was used for this mattress to evacuate as much air as'possiblg. The
water was boiled, séaléd, cooled and emptied into the mattress'through
filteripaper to eliminate debris. Very rigid polyéthylene tubing was
used to inter—connecﬁlﬁhe mattress and transduéer: " The fifst test con-
ducted determined the mattress' sensitivity to the contact area of the
applied weight.
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Illustration of Mattress III.

Top covering is polycarbonate sheet with bottom
and sides made of plexiglas. Connection to
transducer pressure measurement system is through
the V' pipe fitting tapped in one of the plexi-
glas ends as shown.
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Effects of Contact Area

To determine the effect of changes in contacﬁ_area for equal
applied weights, three boards with different areas were cut. To simu-
late an infant's contact area an 81 inch square inch wood base was con-
structed. The second base represented a 10% reduction in area at 72.9
square inches and the third base was 29‘square inches (i.e., approxi-
mately a 607% reduction in area). With each test, one of the bases was
placed in the center of the mattress and thé transducer was zeroed. A
weight of 906.7 grams was then placed on the base and a voltage reading
was taken. Any variation in readings would be due to changes in the
contact area. The contact area test was repeated three times for each
base and Table 11 reflects average values.

Using the voltage change for‘the 81 square inch base as ﬁhe
control value, we find a sensitivity of‘l76uV/g. Thé pressure increase
induced by the 107 réduction in contact area reflects a 15 gram inéréase
in weight. This error is 5 grams higher than the maximum allowable
+ grams. The 29 square inch base reflects a 64% reduction in contact

area. Here the erroneous pressure increase amounts to an unacceptable

146 grams.

Sensitivity to Location of the Applied Weight

A 906.7 gram weight was placed on an 81 square inch base and
moved to five locations on the mattress surface. For test purposes the
mattress surface was measured down to the central -75% of the total mat-

tress area. Weights were then'applied to the corners of this 75%
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Table 11. Effects of Contact Area on Weight Readings
for Mattress III.

: Average Voltage Equivalent
Base Area _ Change (Volts 4 Weight_Error
29 sq. in. . : 0.185 146 grams
73 sq. in. . 0.162 ' 15 grams
81 sq. in. | o 0.159 0 "Control™:

*Test weight = 906.7 grams

effective area and to the center. Variation in readings from one loca-
tion to the next illuétrété a fault in the mattress’ ébiiity to trans-
late applied Weight to -a pressure independent of the location of applied
weight. The resultsrof-each‘ofbthe five readings are given in Table 12.

The center weight reading was used as a control and weight
errors for the four corner readings are indicated in Table 12. The-
average weight error for the four corner readings amounted to 214 grams
or a 247 reduction in measured weight. This is unacceptable when con-
sidering the specified 107% maximum allowable change in weight-under
these circumstances.

Results of other tests include good linearity in pressure/weight
response when contact area and location reﬁain cgnstant. As shown in
the two previous_tests,ra élope of 5.68kg/Volt results when applying
weight to an 81 square.inch base located on the geometric center of the
mattress. Worst case deviation off of a straight line contributed a

maximum error of less than 20 grams. For a 4kg test, this amounts to
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Table 12. Effect of Location of Applied Weight
on Weight Readings.

Center Corner 1 Corner 2  Corner 3 . Corner 4
Voltage'
Change 0.156 0.107 ~ 0.120 0.124 0.122
(Volts)
Reflected " -
Weight "0 "Control" 278.3 204.5 181.8 193.1
Error )
(grams)

*Test weight = 906.7g

a 0.5% linearity. Drift was measured to be no more thaﬁ that of the

transducer alone (i.e., 10 grams measured ovér a four-hour period).
Patient comfort for this mattress was improved due to the stabil-

ity of the plexiglés foundation. The plexigias iﬁcreased theraamﬁingA-

of any net water motion so that rocking was minimized.

~ Discussion

The results of tests conducted on Mattress III indicate some
solutions to old problems and introduction of some new ones; Linearity,
drift and rocking all indicate a good choice of mattress materials an&
configuration. Greatly reduced rocking problem is perhaps the most sig-
nificant imprerment and bofh iinearity and driff factérs-Were impfb&e&.
This configuration of mattress allowed thé_study of two untested cri-
teria, namely the effect of contact area and sensitivity to locatidn:of_'
the applied weight. -ThelfeSults of these tests indiéate unacceptable

results according to our original specifications repeated in Table 13.
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Table 13. Design Criteria Not Met by Mattress III.

Test Design © Measured Value
Criteria -’ Specification s for Mattress III
Sensitivity to 10% maximum allowable 247 variation over
location of change in reading over 75% effective area
75% effective mattress
area
Sensitivity to 10% change in contact 107% change in contact
changes in contact area should not change area resulted in a
area " weight reading more . 1.6% error

than 0.10%

The sensitivify to locétion of‘the applied weight was observed
to be due to the support offered by the plexiglas sides of the ﬁattfess,
Maximum sensitiVity waé»féalized in the geometric.center and motion
towards the sides_caused a redugtion in sensitivity. The boundaries of
the 75% effective area' caused a 247% :eductidn in sensitivity compared
‘to the center. This can be demonstrated by obsefving the vertical forces
involved with a weight placed in the center (as shown in Fig. 24a) vs.
a weight placed towards the side (as im Fig. 24b). This error can only
be corrected by eliminating the side supports and designing a different
configuration.

Contact area was also féund té causé‘a siéﬁificanf error. -For
a given weight, a 10%Z reduction in contact area resulted in a 1.6%
increase in pressure. For an average size baby (i.e., 4kg), this amounts

to an error of 64 grams which is unacceptable.
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Illustration of the mild
vertical force components
experienced by the plexi-
glas sides when a weight
is placed in the geometric
center of the mattress.
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weight

Illustration of the more
severe vertical force com-
ponents experienced by the
plexiglas sides when a weight
is placed towards one side.

Illustration of Vertical Forces Involved in

Supporting the Applied Weight by the Plexiglas

Walls.
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Mattress IV

In a final attempt to overcome the errofs invweight measuremgnt
found in the first three mattresses, a drastig reconfiguration was ﬁecesf
sary in design. Since Mattress III was successful in'overcoming problems
with stretch, drift, and rocking, the rémaining problems included sen-
sitivity to the location of applied weight and sensitivity to variation
in éontact area. |

‘Analyzing the problem of sensitivity to locétion of applied
-weight and relating it to the éonfiguration of Mattress III,‘suggests
the need for a uniform water surface where né side suppérts or varia-
tion in eurvature of the'mattress material occur (variations in radius
of curvature reflect changes in tenéion).‘

Sensitivity to changes in contact area by Mattress III also sug-
gests the need for a uniform surface with no rigid.supports. It indi-
cates the need for a configuratioﬁ that provides maximum volume and mini-
ﬁﬁm area so that any applied forée will be translated intO‘pressﬁre.

The tendehcy,for previous mattresses to téke the shape of a sphere was
observed with application of weights with sﬁall conpact areas. Starting
with a spherical configuration would giVé the water no room to be dis-
placed and should result in a direct pressure translation independept of
coﬁtact area. Obviously a single sphere would produce tremendous rdcﬁ—'

ing problems so Mattress IV was constructed of several small tubes. The

" plexi-

mattress was 25" x 13" x 1.5" in dimension and was made using %
glas. Three-fourths inch square brass stock was used to mount 16 brass

sleeves 11/16" in diameter (see Fig. 25). Sweat soldering techniques

were used to seal brass end pieces and attach the brass sleeves to the
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square brass stock as shown to form two mnnifolds; "0" rings were
fitted to the brass sleeves after a groove was cut in each sleeve to
improve the integrity of the wafer-tight seal.

The tubing used with fhis mattress determined the succesn of
its pressuré/weight characteristics. Tubing characteristics had to
include the following:

l. provide a minimumvanounn of stretch,
2. provide a maximum amount of elasticity (offer.norsupport

to the applied weight),

3. provide a unifnrm consiétent surface thrnughout its length,

4. provide no irritation to the patient's skin.

After testing sevgrél kinds of tubing (inclnding pn}ycarbonate, poly-
ethel&ne,>reinforcenkfubber, vinyl, and Teflbn),:Teflon tnbing was
found to best meet these criteria. Samples of several thicknesses
ranging from 0.001" to O;Ol" were tested and tubing With 0.004" thick-
ness and 5/8" 0.D. Korves TFE tubing provided by Chemnlast, Inc., Wayne,
New Jersey, was chosen as providing optimal characteristics. Tubing
was purchased from Chemplast Corporation. Because tne chnsen material
was teflon, construcnion of the brass sleeves and "0" rings was criti-
-cal for obtaining nAwater—tightiseal. Fortunately; it was possible:to
shrink the diameter of the Teflon tubing by npplying heat using a heat
gun (typé used for shrink tubing).

The techniqne>used to connect the tubiné to the brass manifolds
involved holding the Teflon over the 3/4" long sleeves and by applying

heat it was possible to shrink the tubing tightly over the "0" rings
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and brass sleeve. This was done for bothreﬁds of all 16 tubes. The
actual effective mattress area is 22" x 13" ‘due to the manifolds.

One tube was separate from the others so that it could be used
as a reféren&e pressure tube (see Fig. 25). . This tube allowed the use
of a differential pressure transducer. One part of the differential
pressure transducer was connected to the main mattress pressure system
and the other part was connected to the independent pressure tube.

This allowed for temperature compensation through the controlled use of
a stopcock connected between the two pressure systems.

The sensitivity of the Teflon mattress ﬁas found to be 1.25"
'HZO/kg using an 81 square inch contact area. In order to determine the
effects of changes in contact area, a édnstant weight was applied using
several bases with different areas.: For‘ea§h~basé, pressure changés*A
ﬁere recorded. The graph of Fig. 26 shows that the pressure in the
ﬁattress is dramatically effected by the changes iq contact area and
is not linearly pfoportional to the applied force. The errors intro-
duced for contact areasvranging from six square inches to 140 square
inches as shown in Fig. 26, range from +11.75kg tor—l.lSkg. Although
it is.yery unlikely, a patient would change his éontactkarea with the
mattress this severely by turning on his side or back. It is reason-
able.to expect.the patient to prbp.himself up on hié elbows or hands
which wéuld‘Certainly result in dramatic contact area variations.

If 81 éduare inches is used és the iﬁitial.éontéct area (tyﬁi—

cal for a small baby), with 1.25 square inches/kg sensitivity, a 10%
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change in contact area results in an error of 9% in weight reading.
This figure far exceeds the 0.25% requiréd specificatioﬁs.

Sensitivity to location of applied weight was tested By dividing
the total efféctive.mattress area inté 18 sections (see Fig. 27). A |
weight with a 7 square inch base was applied to eaéh of the 18 positions
and voltage réadings were tﬁken for each position. The mean voltage for
the 18 readings was 4.562 Volts and standard deviation was calculated
to be +0.22 Volts (or 4.8%). Because of the absence of walls in Mat—.
tress 1V, the'speCificatipn for sensitivity to location of applied weight
wés defined such that iess than.a 10% error over the fﬁll Widﬁh‘ana 90%-‘
of the effective length was required. Data reveals that as ﬁuch as a
él% errvor due to location‘within thése specifications was obserﬁea,
Qﬁichfis unaéceptable.

It was observed that this error was a direct result of a failure
on the part of the Teflon tubing to meet characteristic Number 3 (see
page 75). The Teflon tubing is manufactu?ed through a proéess of melt
extrusion where oniy loose -diameter tolerances are possible. Any given
tube was found to vary in diameter as much as 0.125 inches over its

length. This variation in diameter resulted in variations in pressure

readings as a function of position due to variations in contact area

from one position té the next.
The failure of Mattress IV to meet design criteria can be iso-
lated to two items:
1. Variations in the diameter.of'Teflon tubing caused in inconsis-

tent surface which provided different contact areas for the
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Fig. 27. Determining Sensitivity to Location of
Contact Area.

Eighteen locations as indicated above were used

to apply a weight and test the mattresses' ability
to provide pressure responses independent of the
location of applied weight.
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same appliedeeight. This resulted in variations in output
as a function of positioﬁ of applied weight,
© 2. The tubular mattress configuration fgiled to overcome the con-
tact area problem. The Teflgn tubing, despite its maximum |
volume/minimum area design, did not offer the necessary preséure/

weight response needed for the weight measurements required here.
\

Both of these errors are due to incoﬁsistant contact areas
_beﬁween the épplied weight and the mattresé surface. This phenomenon
was discuséed‘earliér in Chapter 3 where a change.in pressure (AP) was
mathematically described as a function of applied force (F), and con-

tact area (A). This equation is repeated here for further discussion.

AP = .(l/Al) AF —c((F/A?) AA)"

It was also mentioned that with force held constant this relationship

could be reduced to:

AP = —(F/Az) AA
O
2
AP/AA = <=FE/A

The efficiency of this relationship can be examinedrby correlating the
expérimental data of Fig. 26 with theoretical Values extracted from this
‘equation. The results are shown in Fig. 28. Experimental values were
obtained by detérmining.the'slope 6f straight linés drawn between the
experimentél values obtainéd in Fig. 26. Scaled values wefe deterﬁined

by calculating>a constant for F equal to 229.85 (this number was
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arbitrarily used to scale the theorefical l/A2 curve to match the. experi-
men£al value'of AP/AA at an area eqdal to 45 square'inches).

Examination of the two curves demonstrated a good fit for areas
above 62 square inches and a poor fit for the one value taken at an area
equal to 14 square inches. This expefimental value was réjected due to
béttoming out of the weight that was applied to the mattress which drama-
tically reduced the resulting pressure. This correlation illustrates.:
the reason for the failure of water mattresses to faithfully produce a

linear relationship between the pressure produced by an applied force.



CHAPTER 8
CONCLUSIONS

The concept of using a water mattress to acéomplish measurement
of patient weight and simultaneously provide potential body temperature
regulation, heart rate and réspiratqry rate information alqng with iﬁ—
proved patient comfort is truly an attradtiVe oné. The évolution through-
out this thesis of an effective and practical patient weighing syétem
resuited in a araséic change in theAarééé of anticipated research empha-
sis. It was originally intended that the applied engineering skills
would-focus on éignal conditioning and the application-of eiectronic
design. ~Failure to identify the_hydrostagic complicatidps associated
with mattress design resulted in majorrmOQification of the research
emphasis.

The purpose of this thesis was redefined to invelve the design
of a mattress which would provide a pressure/weight response conducive
to the development of a patiént weighihg system. After the-design and
construction of four mattresses, the conclusion of this thésis is that
a patient weighing system meeting specified design critefia cannot be
accomplished withré deformable water maftfeéé. Mattreé; iV repfésents
the culmination of acquired knowledge in mattress design. Problems
left,unresolveﬁ by Mattress 1V included:failure to meet'specifiCations
for sensitivity to variations in confact area and location of applied
weight. To accomplish immunity.to variatioﬁs in location of'aﬁplied
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weight, it would be necessary té obtain teflon tubing of a consistent '
diameter. 'Improvements in the manufacturing pfocess of the tubihg would
have to take place to solve this problem.

A solution to the effect of variétions in contact area was never
resolved,> The tubular méttress designlwas an attempt to overcéme this
problem through providing a maximum volume/minimum area mattress. De-
spite these attempts, the fact remains that fhe'hydrqstatic pressure
produced in a water maftresé is proportional to the applied pressure
(as was discussedrwith Fig. 26) and cannot be directly correla£ed to

applied force unless contact area is maintained constant.



Units

Length

Force

Time

Voltage

Resistance

_ Pressure

Temp erature

. Frequency

APPENDIX A

TABLE OF UNITS AND ABBREVIATIONS

Abbreviation
‘m . meter
em centimeter
mm ' ' millimeter
ym " micrometer

g . gram

kg '  kilogram
N " Newton
) o second
min minute
hr hour
Vv Volt
mV . millivolt
uv microvolt

Q .ohm.

2 -
N/m Newton per meter squared
mmHg - millimeters of mercury

cmHZO - . centimeters of water
°c '~ degree centigrade
. Hz .. Hertz
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