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Summary

Specimens of rectus sheath and round ligament of the

uterus were tested in uniaxial tension. Simple elongation,

relaxation, and ultimate strength tests were performed on
16 tissues from three subjects. The stress-strain behavi
is modeled by the equation Te=ﬁ[§“t!]. The data seems to
fit this equation very well. The stress was found to be
independent of strain rate in a range from 0.015/sec. to
0.21/sec. The rectus sheath exhibited significant
anigotropy. The relaxation behavior and ulimate strength
did not appear to be orientation dependent. We could not
observe any dependance of the stress-strain behavior,
relaxation behavior or ultimate strength on age, race, or

é
sex. The ultimate strength varied from 0.1l4 x 10 Pascals

‘
to 2,14 x 10 Pascals,

or



CHAPTER 1
INTROODUCTION

In order to understand the physiologlcal functlion of
an organ or tissues, It 1iIs often necessary to obtain
information about 1ts mechanical propertles. Fecently,
medical research in pelvic relaxation has established the
need for mechanlcal data on the pbehavior of tissues In the

female pelvic support structures (171.

“Pelvic relaxatlon is 4 general term used to describe
all conditions in which the supporting structure In the
female pelvis no longer malntalns the pelvic organs In their
normal position."f11] It iIs wusually found in older women.
Most procedures for surglcal repalir of these conditlons are
based on the theory that there Is a generalized relaxation,
or attenuatlon of the connective tlssues comprising the
pelvic supborts, Surgical repalr is needed when extensive
stretchlng teads to herniation or wWhen 11t dlsrupts the
normal functions of +the pelvic organss General plicatlion
technlques to shorten the "elongated"® pelvlc supports are

commontly used.

While pelvic retlaxation 1Is "among the commonest



complalnts heard dally by all agynecologistse s o
successfui vaginal repair is fthe most dlifficult type of
gynecologlc surgery, and even an experlenced gynecologist
may have fallure rates ranging from 25 to 41 per cent.™[1]

These fallure rates are observed to Increase wlth time.

Research Iin the clinic of Dre As C. Richardson of
Atlanta has led him to conclude that usually, If not always,
pelvic relaxation 1Is the result of an isolated defect or
tear In the pelvic support tissues rather than a generalized
strefching. Between January, 1971 and OQJctoberys 1975, 93
operations were performed in which localized defects were
found and repalrede Their fallure rate was less than 5%.
In additlons three of the four fallures were evident within

six weeks after surgery [17].

In order to analyze the genesis of pelvic
relaxatlons,the followling qQuestions need to be answeredt
(1) Which structures provide support for the
pelvic organs ?
(2) What s the geometric configuration of
these structures ?
(3) What are the 10ads on these structures ?
(4) HWhat are the mechanical properties of the

tissues comprising the pelvic supports ?



(5) What is the hilstology of these tissues 7
A pilot study has been Initlated to study the anatomy of the
pelvic supports and the histology of the tissues invotved.
Preliminary results Indicate that several structures provide
support for the pelvic organs. Histological studies [18]
have shown that endopelvic fascia has a l3arge percentage
(over 50%) of smooth muscles Smooth muscle was found to be
predominant in every structure extending from the uterus to

the pelvic sidenati,

The purpose of thls work was to test speclmens of
endopelvic fascia to obtain Information about the mechanlical
properties of var lous tissues iIin the pelvic support
structure, Tissue samples obtained in longitudinal and
iatitudinal strips were tested In order to observ2 possible
anisotroplic behavior, Samples from various sites were
tested in order to observe any varlation wWwith respect to

location In the structure,



CHAPTER II
METHOD

Apparatus
A revised version of the "Alphatron™i(11] was used to
perform mechanlcal fests on the tlssues. The existing
“"Alphatron"”™ Is a one=dimensional materials testing device
.conslsflng of three componentst! the mechanical system, the

control system and the environmental system.

The mechanical system is a dlgitally controltied,
closed loop servo systems The power train (Torque Systems,
model MTE=3323=(24HE) is a OC motor which produces |linear
displacement by a lead screw (Beaver Precislon). The motor
is egulpped with conventlonal power suppiy and analog
compensation circultry,. A Fairchiild (F=8) microprocessor
and accesory firmware in conjunction with an optical encoder
in the motor provide digltal control of the input to the
analog compensation «clrcuitftss The Fairchlld microprocessor
is programmed so that when nrovided- wlth parameters
representing acceleratlion, veloclity, and displacment, It
will produce the deslired displacment d with a constant
velocity v The system will start the motion with an

acceleration a untit{ It achleves velocity vy, maintaln v for



a perlod ot time, then stop with a deceleration of a.

The control system 1s a speclal purpose digltal
processlng unit designed to provide an Iinteractive 'lnpuf
mechanlsm for speclfying the parameters to the Fairchild

mlicroprocessora.

A Statham Gold Celi w3as used to measure the force.
Varlous adapters provide the abllity to ﬁary the load range
from 1.1 Newtons to 222 Newtons. It has a resolution of
Nel 8 Newtons and frequency response of 180 Hertz. The
signal from the Gold Cell was amplified by a straln gague
amplifler (valldyne), A Trans=Tek LVYDT (Linear Varlable
Displacement Transducer) was used to measure the
displacement In a one centimeter range, It has 3 resolution
of .01 Cm and a frequency response of 100rf Hertz. The
signal from the LVDT was anplified by a carrier=demodutator
amplifier (vValidyne). The amplified signals were recorded

by an oscitlograoh (Honeywell Vislicorder).

The environmental tank controls the chemicai and
thermal environment of the speclimens. The specimens were

immersed In physiologlical sallne solution at 37 C.



Tissue Acqulsltion

Tissue samples of various connective tlissues of the
pelvic supports were obtained from fresh autopsy materlial.
Samples were approximately DB.4 <cm wide and of varlous
lengths and thicknesses depending on location and
individual, The length and mass of each specimen Is listed
in Table 1. Tissues were taken from the posterlor rectus
sheath from above and below the arcuate line, the anterior
rectus sheathy and the round |lgament of the uteruss. At
each locatlon In the rectus sheath, one longltudinal strip
and one latitudinal strip were cut In order to observe

dependence on orientaion,

Tissues were frozen between 12 and 48 hours of death
and thawed immedlatly before testing.s Studles have shown
that freezing does not slgnificantly affect the mechanlcal
properties ot many blological tissues [14+15921+22+231,
Several authors Investigating the change In mechanlcal
propertles of biologlcal tissues after death have published
conflicting results on how long tlssues can be conslidered
“"fresh"™ [3,6419,24], After thawing, each end of the t|ssue
was sandwilched between two bamboo clamps whilch were tled
securely with surglcal sliks HWire hooks were pltaced through
the bamboo clamps. The top hook was attached to the Gold

Cell adapter and the other hook was attached to the 1{oading



bDare

In the text, tissues are ldentified by an alphnumeric
code indicatlng race, seXs agey and tissue types. TIlssue

types are llsted belowe

1 = Longltudinal posterlor rectus sheath
above the arcuate |ine

2 = Latitudinal posterior rectus sheath
above the arcuate |ine

2 = Longitudinal posterior rectus sheath
below the arcuate line

4 = Latitudinal posterlor ractus sheath
below the arcuate line

5 = Longltudinal anterlor rectus sheath

& = Latitudinal anterlor rectus sheath

7 = Round tigament of the uterus

As an example, CFi61 refe~s to tlssue type 1 from a

Caucaslan female 16 years old.

Precondltioning

Data seems to Indicate that biologlical tissues have
no natural configuration to ;hlch they return after
detormation [5+91, This presents a problem when tryling to
deflne a reference length for measuring straln. A  common
practice Is to "precondition™ the tissue by stretching It
repeatedly untll a steady state response Is achleved.
After preconditioning, the specimen was stretched until a
foad could be detecteds Then, the speclmen was shortened

until no 1oad wWas detected, The length was measured and



taken to be the reference length I« The stretch ratio Iis
given as /1, = The tissue Is very "soft" at low straln
levelse This further complicates determining 1io « The
reference 1(ength 1s probably the |east accurate of the

quantlties measured,

Testing Procedure
Three tests were rdn on each specimen? simple

efongation, stress relaxation and ultimate strengthe

In the simple elongation test, the specimen was
ioaded at a constant strain rate to a glven strain level.
three speclmens (CF163,CF1b4,CF167) were ftested at various
straln rates In order to observe the effect of +the strain
rate on sStress-strain curves., Hartfii] found no dependance
on rate. Our results for the first three specimens agreed
with hls so all other tissues were fested at one speed(l,188

cm/sec) .

In the stress relaxaftion test, the specimans were
stretched from the reference length I, to a glven length { at

0«75 cm/sece Force data was recorded for 1000 secondsSe.

The flnal test was the ultimate strength test |In

which the specimen was stretched at £.2038 cms/sec untii the



stress peakeds After this test the tissue was removed from

the apparatus, cut from the clamps, and wWweighed.



CHAPTER III

RESULTS

Observations
Slixteen specimens were ftested, Durlng the flrst
testy, the specimen pulied out of the clampss Since no
comparlisons could be madey, data 1Is not presented for
specimen CF161 or its companion CF1i62. In subeguent tests,
more care was taken In tying the ciamps and they held

securelyes

Simple Elongation
Assuming that the tissue is incompressible and fthe
specimen is prismatic, the Eulerlan stresss T, wWas

calculated as,
T = (F) g ) (A)2V (1)

where F 1ls the measured forcej l, 1S the reference lengthj)is
the stretch ratios V 1Is the volume of the specimenes
Assuming that +the speclmen has a denslty close to that of
water, the volume can be obtained directly from the mass of

the speclimen.

Plots of the stress T versus A. are shown In Flgures



Ais, = AlRs The curves appear +to be exponentiale The
stress-strain curves for the three speclimens tested at
various rates are shown in Figures A1 = A3s. After specimen
CFi163 was tested at strailn rates of C.022/Sec. and
0.043/secesy It wWas accidentally damaged by overstretching.
In Flgure A1, we see that the curves for the tests before
damage are close and the curves for tests after damage are
closes In Flgure A2. and Flgure A3.y wWe see very little
difference In the curves for all four strain rates. These

results agree with those of Hartfiil.

Stress~strain curves for the other sSpecimens are
plotted in Flgures A4, = Al1l. Quantitatively comparing the
stress=-straln curves of two Speclimens, we say that the
speclmen with the higher stress at a4 glven 1is less
compliants In Flgure A4, we see that the round (igament of
the 16 year old female lIs less compliant than that of the 52
year olde In Flgures A5, = Aife«sy we see that for the
posterior rectus sheath above the arcuate Iline and the
anterlor rectus sheath, the {atlitudinal specimens were |ess
complliant than the tongltudinal specimense In the vposterior
ractus sheath below the arcuate 1liney, the longitudinal

specimens were less compliante.



Ralaxation

The reduced relaxation function was calculated as,
G(t) = T(t)/77T(0) (2)

where t=0 was the time at whlch the tissue reached the
desired stretch A; The values of G(t) were plotted versus ¢t
on a3 semllog scale In flgures A21 = A24, All  tissues

apparently contlinued to relax for the full 17 minutes.

Ultimate Strength

During the wultlmate strength tests, the stress
appeared to Increase exponentially at first, level offt
erratically, then decrease slowlys The erratic behavior may
have been due to the effects of individual fibers breaking
and the load shilfting to other flbersy or the effect of
local slipping in the claapse At the maximum force, the
tissue appears thinner but no broken flbers were observeds
As the tissue continued to stretchs the stress decreased,
and broken flbers became apparent, The tissue torz apart as
more and more fibers broke. Microscopic examination of
specimens durlng tests may yvyield Ilmportant information about
what happens to components of the specimen as the sftress
approches the yield stresss The ultimate strength for each
specimen Is listed In Table 1. It is not known whether

these sfresses correspond to stresses experienced by the



tlssues In thelr physlologlcal functions

Analysis

Data from mechanical tests on blological tissues is
of |ittle value unless we can find a way to make meaningful
comparisons between speclimens. Much attention has been
directed towards the ultimate strength [241. In ftrying to
understand mechanical aspects of pelvic relaxatlions this
would seem to be of great [mportance. However, Information
which will help us to understrand the mechanical behavior in
the course leading to the wultimate fallure must also be
considered, A mathematical model of the mechanical behavior
provides the ftool to unlfy our experlmental observations,
and to use these results to predict the mechanical behavior
under a varlety of conditions. We wWould llke to have 3
simple model with few constants to evaluate, that will
descrlbe the datae We have observed that the
quasilinear=-viscoelastic model proposed by Fungl8] appears

to meet thils criteriae

The Quasllinear-viscoelastlc Model

The Qquasillnear-viscoelastic model Is based on a
hypothetical "elastlc stress”™ Te (A )y a functlon of the
instantaneous strains, and 3 Ilinear relaxation 1Iaw that
determlnes the current stress T(t) In terms of the hlstory

of the ™"elastic stress"™. The relaxation functions K{As1),
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is defined to be the history of stress response to a

suddeniy applied stretch A Written asy

At)=t+A=1)H (1) (3)
where H(t) 1Is the Heaviside step functilony, leess

C for t<t
H(t)= (4)
i for t>(
The relaxatlion behavior as observed by Hart [11] suggests

that the relaxation function can be written in the form,
KA, =6ttrtéch), (5)

The reduced relaxation functions G(T), Is a normallzed
function of time with the property thaty G(0)=1s Assuming
the superposltlion principle yields an expression for the

stress due to a stretch history ;\ (1)

o
T(TI=TQIA(f)]+.jTe[A(fﬂt]] 0G(T) dT (6)
° 3T

Elastlc Response

The *“elastic response™ T° (M) Is defined to be the
instantaneous stress generated by a suddenly applled stretftch
A« Strict measurement of T°(A) Is Impractical because it
involves loading at an Infinite rate. Increasing the stretftch

ratio from 1 to A In a time interval €, we can obtain the



stress at t=€ 4 T(€)s Fungl8] has shown that, If € dG(x) <<i,
i
then we can use the approximate relation T (A):T(e).

Various equatlons for the form of the function TerA )
for biological tissues have been Investigated., Kenedil12]
and Fungl7]1 have proposed the equation,

A-1D
Te(z\)z@teq( -11] (7)

In a study comparing seven equations used for biologlcai
tissuesy, Rabkin and Hsullbl chose equation (7) as best
fitting thelr data for the stress=strain relation of
pericardiume The equation has also been used tfor rabbit

mesenteryl[4,5]1 and the series element of myocardlumi201].

The secant elastic modulus, DT/D A sWas calculated

a5y

071 TIL = Ti-1
= (8)

DAl Al = Al=-1

Plots of DT/DAe versus T are shown In Figures Ali. = A2n,
A linear regression of the data was done to obtain & and @

to flt the tlnearized equation,



-16—

n
—f
i

T + 98 (a)

Q.
>

The graphs show that there are large errors In 0OT/DAe« In

some cases.@uas 1ess than zeroces This is physically absurds

A nonllnear |east=squares curve fitting method [2]
nas used to determine ¢ *s and @ *s to fit equation (7). The
values of of and@ , and the RM3 errors are llsted Iin Table 2,
The RMS errors ranged from 0+015(NF521) to 0.813(CF167)e.
Theoretlcal curves for these two sets of data are plotted on
Figures A3. and AB. The curves appear to flt wells It Is
interesting to note that for the three specimens that were
tested for dlifferent strain rates 1Is larger for the two
higher rates than for the two lower rates. This may be due
to changes in the tissue lInduced by repeated testss Both
parameters seem to vary more petween specimens in the older
Subjects, The parameter varjies over fthree orders of
magnitudes This Is probably due to its senslitivity to0o the

choice of 1, .

Niether & nor € alone is sufficent to compare the
compllance of two tissuess Table 4 tists whilch tlssue type
of each palr has a larger value of §1 and € ,and the curve

showing less compllances For tissue types three and four of



the Caucaslan male and the Negro femate, the |ess compliant
specimen of the pair does not have the larger o or @, For the

other speclimenss o and @ correlate directiy with comollance.

History Dependent Response

We observe from the data that the stress=straln
curves are relatively IiIndependent of th strain rates This
allows us to employ a contindous relaxatlon spectrum S(7T)
{81 to write the reduced relaxation function In the form

L) i .
1+ [ strefa

G(t) = = (10)
1 +j° S(¥) d=x

If we choose

S(%y = Cc/r for T,<T<7, (11)

S(t) =0 for T< 4y LT (12)

where C Is a constant, we can wWrite,

1+ CLEL(t/T) = EL(t/2)]

1]

—
WS
W~

G(t)
1 + CIn(G/T)

where

¢
E1(2) =j-;§'— dt (14)



Followlng the calculation scheme of Kol15] and Hart{121, we

calculate the reduced relaxatlon function from the equation

1 = CYX+ Cin(T) = Cin(t)
Bit¥y = (15)
1+ Cin(Z) = CInt(7T)

where Jlapproximately 057721i) Is the fuler constant.

The function G(t) for a solld with a cont lnuous
relaxatlon spectrum S({T) = C/rdecreases nearly lineariy With
In(t) for T, <<t<T, The slopey Sry of the stralght line

aporoximating this portion ot the graph can be written

d6 =-C

d(int) 1= Cin(T)) = Cin(7T)

Thus we have three parameters, ¢, "L, and "L, to fit our
experimental data. A llnear regression of G(t) versus In(t)
was done to obtaln valtues for Sre They are shown in Table

3



Table 1.

Specimen

CF163
CFishL
CF167
CM361
CM3b6¢2
CM363
CM36L
NF521
NF52¢
NF523
NFS24
NF525
NF52€

NF527

lo

{(centimeters)

1.765
1.004
2e574
2ela 81
1.448
1.209

(651

Mass

(grans)

o 4l45
+335
e1b1
e 043
<097
«1563
e151
«078
«061
«151
235

071

AU

1.06

1.12

- 19 =

Tissue Measurements and Ultimate Strength

Ultimate Strength

(xiﬂgpascals)

1467

78
15.5
1243

9.7

3

9.
2l.4

1242

9.1



Table Za

Nonlinear Curve FIt

Specimen

CFi63~-1
-2
-3
-5
CFib4=1
-2
-3
-l
CF167=1
-2
-3
A
CM361
CM362
CM362
CM3I6L
NF521
NF522
NF523
NF524
NF525
NF526

NF527

19.3
270
37e3
5544
43,1
35,0
1346
16.0

23e7

(xlﬁr

f

Pascals)
0.511
Ce564L
782
12.5
« 0526
« G257
«162
«1293
£e39
8697
12.8
12.5
« 31
ell7
128
o712
529
9545
135
3506
o460
6495

3416

RMS Error

«216
153
els2C
472

312
«179
« 386
e 491
+ 016
022
« (78
« 060
« 642
«130
«280

«139

- 2() =

Results for Simple Elongatlion



Table 3. Siope of Relaxation

Speclmen Sr

CF163
CF164
CFi67
CM361
CHM362
CM363
CM3b64
NFE21
NF522
NF523
NF524
NF525
NF526

NFE27

=0.024%
=0.025
=0s027
=-D0.030
-0.027
«0.032
=0.051
-0.029
=0e048
=0+036
=0.026
=0e040
~0+036

=042

Ar

1.29

1.26
1013

1.21

=C+353
=C.997
=4+ 936
=04659
=0.997
=0.«995
~0.894
-1.873
=0.865
=0.870
-N.871
=877
=0+887

=0,896

- 21
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Table 4, Correlation of =< and @ wlth Stress=Strain Curves

Tissue Palrs Tlssue with Tissue wlth Tissue wWith

farger = largerg fess compliance
CF16344 3 3 3
CM363,4& i X 3
NF523.4 3 4 3
CM361,2 - . e
NF521,2 2 2 2

NF525,46 <) 6 6
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CHAPTER IV

CONCLUSIONS

We have tested 16 speclmens from various {ocatlons In
the connectlve tissues of ¢fthe pelvic support stfructure,
The three subjects were of different ages, races, and sexes.
Two polnts should be notedt (1) due to the difficulty in
obtaining specimens, we have not done enough tests for our
results to be statistlically slgnificants and (2) there are
many varlables not controlled In our experiments, However,
certain trends do appear and we draw conclusions based on

these trends.

The proposed mathematical model is 1ntended to
provide a vehicle to describe our observations from various
to testse It should enable us predict mechanical behavior
in a wvarlety of circumstances utillzing data from a few

observationse

Simpie elongation tests show that for rectus sheath
and round ligament of the uterus. the stress increases
exponentially wilth stralne Equation (7) appears to fit our
experimental data welly when the nonilnear curve flt method

[2] Is usede Both o« and ¢ are needed for comparlng the



compliance of two specimenss

The stress was Independent of strain rate In a range
from 0e015/Sece t0 Ca21/sece This suggests the use of the
continuous relaxatlion spectrum st T ) in the

qQuasllilnear=viscoelastlc model.

The rectus sheath exhlbits significant anlsotropy at
various focatlionss The nature of the anisotropy varies from
location to locatlone This will require that a 3«0 model of
the pelvic supports Incorporate a map of the mechanlcal
behavlor at each polnt In the structure, Correlation of
histological data with mechanical data may help fto clarify

the source of the anisotropy [1i0+241].

Relaxation results showed that the reduced relaxatlon
function dld appear to decrease |Ilnearly wWith lntr},
although the fit to a straight 1lne was not very good In a
number of tests. We could not observe any gross differences
in retaxatlon behavior with respect to age, races sex, or

orlentations.

The wultimate strengty results showed a great deal of
scatter, We could not observe any dependance on 3ges race,

sex or orientations Since the ultimate strength tests were
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always the last to be performedy, the results should be
viewed In the 1ight of possibte damage due to previous
testss The stresses experlenced by these tissues [n the
body are not known therefores we do not know If the measured

strength Is Indicatlve of the strength In vivo.

We observed a decrease in uniformity of mechanical
behavior of specimens wlth age of the sSubject, This was
evident In simple elongation, relaxation, and ultimate
strength tests, If this trend is not an artlfact due to the
larger number of specimens for the older subjects, It would

seem to indicate that as tlssues agey variations In
mechanlcal properties within fhe structures Increase.
These varliations may lead to local stress concentrations or
local weakening of the structure, Increasing the chance of a

tocal fallure.

By removing the tissues from the body for testing, we
subject them to many mechanical, chemical, osSmotic and
metabollc changese. It is unreasonable fto expect to be able
to extrapolate quantitatively from our guantitlve results
for In vitro tests to the In vivo situation. However, it Is
plausible to assume that the In vivo and in vitro behavior
will at {east be qualltatively simllars In this sense, we

shouid be able to use iIn vitro observations to qualltatively



compare the In vivo behavior of two tissues.
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