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Introduction

There is nothing that will take the vagueness out of

one's thoughts as much as reduction of them to writing.

This does not mean that all the haze is gone--it just

infers that the fogginess is somewhat dispersed, as will

become evident when one takes the written version of one'

s

thoughts and attempts to carry them out in the laboratory.

Here the refinement is only partial and almost always re-

quires further improvement. Such improvement comes when

others read the revised version of the procedure and

attempt to follow the written instructions. Precise

description of test methods is a difficult task which re-

quires meticulous care.

All of the foregoing factors apply to any research

procedures used in evaluating materials of any type. How-

ever, today your speaker is just hitting a few highlights

in describing some research technics used in evaluating

dental materials.

Specifications

A specification for a material should characterize it

by physical, chemical and biological tests with minimum

and maximum value limits for the pertinent properties. Thus,

it should be possible to so design the specification that

inferior or unsatisfactory materials would be rejected and

that only suitable materials would comply with the require-

ment of the specifications.

The design of suitable specification tests that are

both reliable and valid is no mean research task. By

reliable it is meant that the tests can be repeated by
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different laboratories with satisfactory agreement in

results. By valid it is meant that the laboratory testing

will predict the behavior of the materials in service.

^

So in order to obtain a high degree of validity it is neces-

sary to design the laboratory test to simulate the conditions

of use as closely as possible and at the same tine have a

very brief test. In other words, the laboratory test should

predict in one hour or one day or in one week what the

clinical behavior will be after several years. It is usually

necessary to characterize materials, especially new materials,

first in the laboratory and then clinically. If there is a

high degree of correlation between the laboratory and the

clinical test results, then the laboratory test does indeed

have a high degree of validity.

Since the laboratory test must be brief it is often

necessary to use abusive testing—made abusive by exaggerating

the severity of normal deteriorating influences of use or by

increasing the frequency of them or both.

Service Tests

If you wish to know how a material will behave in

service, the most direct answer can be obtained by using

it in service and in observing its behavior. This is not

an easy task as good clinical testing requires a proper

and definitive characterization of the material being

tested. This is lacking in so many clinical tests. Even

if one did have the personnel, the facilities and the

finances it is ridiculous to test only by clinical trial

because progress is slow, costly and often indecisive.

Whenever a practitioner is using a material he is

usually giving it a service test consciously or unconsciously.

However, it should be iterated over and over again that since
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much clinical service testing is not controlled and has

little or no discipline in it it has little value. Usually

the trial use of a material is conducted by a large group of

practitioners with little or no centralized control so that

the securing of reliable service statistics is difficult,

if not impossible.

Therefore, prior testing in the laboratory is absolutely

imperative in modern technology as the gap between the raw

materials becomes greater and greater. Hence, the laboratory

testing of materials is becoming more and more important.

Other Tests

In addition to actual testing of the material in a

laboratory one can assemble the material into a structure

or appliance and test it. There are many examples where

such tests are imperative because assembling the material

into a structure will require fabrication procedures that

may vastly change the properties. Some examples are stress

concentration, surface treatment and thermal history.

If the structure or appliance is large it is often

desirable to prepare a smaller model and test it but this

is not really encountered in biomaterials. In fact, in

dental materials it is often necessary to make comparatively

miniature physical test specimens as conventional sizes alter

values for significant properties.

Some rules for the formulation of specifications

( 2 )Charpy, the old master, gave in 1907 some excellent

advice that is as good today as the day he gave it decades

ago:
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(a) Avoid composition requirements and define

the material by performance tests

.

(b) Give a meticulously precise description

for all tests.

(c) Avoid all vagueness that permits or necessitates

any arbitrary decisions on the part of the

personnel during the testing.

(d) Specify the relationship between the precision

of the testing machines and the precision re-

quired in the results of the tests.

(e) State how the data are to be derived and recorded.

It is difficult to go in the wrong direction if one

adheres to these.

Biological Testing

Most of the discussion on physical testing applies

equally well to biological testing. To recapituiate--reduce

the test method to writing, conduct the necessary laboratory

tests, design the tests to simulate actual conditions of use,

develop laboratory screening tests prior to biological test-

ing in order to establish their degree of reliability and

validity

.

One has to use certain axioms in the design of laboratory

screening tests prior to tests employing animals or humans.

One axiom is that the mouth presents a rigorous environment.

This is why dental restorative materials are confined to

porcelain, precious metal alloys, chromium-based alloys,

polymers or composites. The material has to be relatively

inert, that is, it should have a high degree of passivity.
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If it does not it will not stand up when embedded in teeth.

Even more rigorous passivity is required if the material is

embedded in bone or soft tissue. Materials almost invariably

fail as a restorative material if they will not withstand a

watery environment, mild alkalis and organic acids in foods

or resulting from degradation of foods. Hence seme of the

ceramic materials that are being developed should be given

some standard laboratory tests prior to animal experimentation.

Perhaps the test for the chemical resistance of containers--

glass as given in the U. S. Pharmacopoeia or a slight modifi-

cation of it would be considered as an initial screening test.

Also consideration should be given to the ASTM Designation

C225-59T Tentative Methods of Test for Resistance of Glass

Containers to Chemical Attack.

There is too much uncontrolled and undisciplined

biological testing of biomaterials as so often the material

that is being tested is not characterized even in the most

elemental way.

Examples of Research on Test Methods

Silicate cement. Solubility is the chief defect of

silicate cement, a life-like restorative material for the

front teeth. Thus, the average life of a silicate cement

restoration is roughly 4/2 years. Therefore, solubility

is one of the pertinent properties and requires research to

design a laboratory test that will evaluate in a short time

the long term behavior of a silicate cement restoration in

the mouth

.

First one must set up a standard test consistency based

upon the powder/liquid ratios in common usage. Of course all

such tests have to use amounts of cement comparable to that



which the dentist uses. Hence the test specimens are small

compared to customary test specimens.

The consistency was determined on a parallel plate
(4)

viscometer (Fig. 1) using the diameter of the slumped

mass as the numerical designation of the consistency. Of

course, no such apparatus was available—one had to be

designed. The diameter of the disk varied according to the

powder/liquid ratio used under standard experimental conditions

which closely followed clinical practice. Curves showing the

relationship between the powder/liquid ratio and the diameter

of the disk, the measure of the consistency, are presented in
(4)Figure 2 for many cements. The consistency selected as

the standard was, as before stated, the average used by

practicing dentists.

After the standard consistency test was designed a test

for solubility naturally followed. What should be the

corroding liquid—water, artificial saliva, natural saliva,

an aqueous solution of one of several organic acids, or of

alkalis? All are present in the mouth. The first chosen

liquid in which silicate specimens were immersed was distilled

water and a test for weight loss was invented using disks
(5)suspended in tared weighing bottles as shown in Figure 3.

Here, in Figure 3 are two tared weighing bottles each contain-

ing two specimen disks in 50 ml of distilled water. After

storing the disks for one hour at a relative humidity of

100 percent at 37 °C they are placed in the empty tared weigh-

ing bottle and weighed and then submerged in the water.

After storage for one week (now for 24 hours) the specimens

were removed, the weighing bottles dried at 149 °C to constant

weight and reweighed. The difference between the final and

initial weight of the bottles was the amount of material lost
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from the cement. Values for six cements were determined

for one week, then the same specimens were transferred to

another tared weighing bottle and immersed in 50 ml of

distilled water for one week and the weight loss was deter-

mined again. This was repeated for 5 weeks and the totals

computed as shown in Table 1. These are selected data from

reference (4)

.

Obviously the cements had a variety of

solubilities but there were no clinical tests made to deter-

mine if these differences would be reflected in the mouth.

Instead, it was reasoned that cements with low water

solubility would be superior. Later, as it will be shown

in the report, clinical tests confirmed this assumption.

Additional long time tests, up to 14 months, on com-

pressive strength were carried out after submerging the

specimens in distilled water, natural saliva and oil

(Table 2) . These data, too, are from reference (4)

.

Generally an increase in strength proceeds from water to

saliva to oil (immersed specimens) . The solutions were

changed each week. From these data it can be concluded that

distilled water is a good immersion liquid because it is

easily standardized and is more corrosive than natural saliva.

This is needed in an accelerated test. Also data to compare

long time with relatively short time test values, as provided

in Table 2, are needed to fix maximum solubility values in a

specification

.

( 6 )Several years later some clinical testing was done,

an example of which is shown in Figure 4. These two restora-

tions were of the same silicate cement, were in the same

environment and were placed by the same operator but were

placed with two different procedures. The two procedures
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were devised at the desk and were based on purely laboratory

findings. There is a great difference in the appearance of

these two restorations which were apparent soon after the

restorations were placed. Restoration A was made from a mix

of cement spatulated for 30 seconds on a cool glass slab.

Immediately after hardening the restoration was coated with

petrolatum and was not dressed down flush with the enamel

until five days later. Restoration B was made from a mix

spatulated for 1 /2 minutes on a warm slab and was finished

immediately after hardening.

The laboratory tests on which the handling procedures

were based showed that a cement mixed on a cool slab had a

higher powder/liquid ratio at a fixed consistency than a

mix made on a warm slab. Thus, the mix made on the coolest

slab had less solubility, was stronger, and shrank less

than the mix made on the warm slab. Also mixing for a long

time adversely affects the solubility and strength according

to laboratory tests. The strength of cement increases

rapidly with time especially in a few days. Hence the finish-

ing should be delayed until the strength is sufficient to

resist the disruption of the hard particles of unused powder

imbedded in the comparatively soft matrix and to prevent the

breakage of the margins during finishing.

As before stated all good and bad procedures are deduc-

tions from data derived from laboratory tests which are

conventional, artificial and of short duration. Consider

for instance the test for solubility which was just
(5) • • •

described. Here disk-shaped specimens were immersed m
distilled water for 24 hours, which is radically different

from service test conditions in the mouth for several years.
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Likewise, the laboraotry test for strength is a static test

in compression as several minutes are used in crushing the

specimen. On the other hand, in the mouth the silicate

cement restoration is subjected to a quickly applied and

released load during mastication. Nevertheless a correlation

between research findings and clinical practice has been
( 6 )demonstrated.

Another demonstration is shown in Figure 5 v/here two

restorations side by side show about the same condition

after h/2 years of service. The restoration in the larger

tooth (the central incisor) was made from a cement having

a water solubility of 0.5% and the restoration in the smaller

tooth, the lateral incisor on the right, was made from a

cement having a water solubility of 1.1%. Figure 6 shows

the same restorations after 4 years and 8 months without any

apparent difference. This same patient, however, had

restorations made of a cement with very high water solubility

(3 to 5%) . The condition of restorations made with such a

cement is shown in Figure 7 and portrays again a considerable

degree of correlation between laboratory and clinical findings.

Color stability of dental resins

Hard rubber dominated the organic denture base field

from the 1850's to the late 1930's when acrylic resins were

first used. Since then, nothing has displaced acrylic resin

because nothing has been developed with better properties.

In the late 1860
' s celluloid was invented and found its

way into denture bases. Then came phenol-formaldehyde den-

tures in 1924, the vinyls in 1932 and finally the acrylic

resins in the 1930' s.



-10 -

One always learns as much or more from failures than from

successes. Consider the old celluloid material in Figure
(7) .

8. Notice the shrinkage and discoloration. This also

occurred in the mouth. Figures 9 and 10 are two phenol-

formaldehyde dentures, Luxene 37 and Aldenol . The Luxene 37

turned orange in the mouth and the Aldenol turned black and

they both shrank.

What was needed was an abusive laboratory test that

would simulate such discoloration quickly. The old color

stability test for plastics of the American Society for

Testing Materials, as illustrated in Figure 11, was adopted.

This test has had a 100% clinical correlation for thirty

years. Every denture base polymer that discolored in service

in the mouth after many months or years of use likewise

discolored about an equal amount in this test for color

stability in 24 hours, and vice-versa every denture base

polymer that did not discolor in service in the mouth after

years of service did not discolor under this sun lamp.

When the cold-curing, sometimes called the self-curing

acrylic polymers, were introduced they were tested under

this sun lamp and discolored. They likewise discolored in

service as can be seen in Figure 12 where the self-curing

polymer was used as a repair material on a denture, the main

base of which did not discolor in the mouth or during the

laboratory testing. Later the self-curing denture base

polymers were formulated that did not discolor under the

test in the laboratory or in service.

Strength of denture base resins

As previously stated^, in the late 1930's the acrylic

resins made all of the other organic denture base materials

obsolete so it was necessary to characterize the denture

base acrylic polymers and formulate a standard for them.



-11 -

Here we shall treat only one aspect--strength. What

type of strength should be used—compressive, shear, tensile,

transverse, impact, fatigue, etc. The transverse test was

selected because it probably simulates best the actual loading

conditions in the mouth.

The specimen size and apparatus used in determining

properties in transverse bending is shown in Figure 13.

Notice that the tolerance on the dimensions of the specimen

is fairly close on the thickness and on the width. The data

obtained from such testing is shown graphically in Figure 14.

The values for the transverse deflection in the original

specification were based on such data because the acrylic

resins in use in 1940 were certainly reasonably satisfactory

in service. The data in Figure 14 are much later 1965,

including other kinds of polymers which are or were used as

denture bases. These data show definite differences in

stiffness and strength. Naturally there is an inclination

to select an organic denture base on the basis of high

strength and low deflection values. However, clinical

experience has shown that polymers with low strength and

large deflection, like the self-curing acrylic resins, may

hold up better in service than bases with high strength and
( 11 )low deflection. This presents a good example of how

physical data on symmetrical specimens may be misleading

when applied to a fabricated appliance. In this instance

the denture is the fabricated appliance. It is composed of

the base polymer and porcelain or polymer teeth. The

porcelain and the denture base do not adhere and their

thermal expansivity is vastly different. Methods of processing

also affect the polymers. These considerations really make

it necessary to do some physical testing on the denture and

make it imperative to do clinical testing with dentures also.
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But one cannot do all of this testing immediately.

Adequate testing of dentures in the mouth takes several

years. So at first one must resort to a physical and

chemical characterization of the available materials,

select what properties are pertinent to their use in the

mouth and make some arbitrary decisions on limiting values

for the selected pertinent physical properties. Then as

more extant knowledge becomes available and as new materials

are developed or the old ones improved the specification or

standard should be revised. All of the foregoing holds

principally when one is attempting to formulate a standard

for materials that have been in clinical use for some time.

There are available some good impressions of the clinical

behavior of the materials—dental amalgam being a good

example

.

Much of the foregoing holds true when a new material

is introduced as happened in the case of the acrylic resins.

A common mistake is to use unreservedly test methods

developed for one material in the evaluation of another

material. Many examples exist where this has been done.

One will be cited. When epoxy resins were introduced as

denture base materials they were evaluated by the same test

procedures which had been developed for the acrylic resins.

Sometimes this was acceptable. In other instances it was not.

In the test for water absorption on acrylic resin denture base

materials, the thin specimens (0.5 ± 0.1 mm thick) came into

equilibrium with water in about 24 hours. Both the acrylic

and the epoxy denture base resins had about 1.6% gain in

weight in hours. If the test was continued for 65 days

there was little or no increase in the absorption of water
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by the acrylic resin denture base materials but the epoxy

resin denture base material had absorbed about 4% by weight

of water in sixty-five days as shown in Table 3.
(10 ^

Water absorption is usually accompanied by expansion
( 12 )

of the resin. This did occur in dentures m the mouth.

This expansion was determined on dentures fitted with

stainless steel pins (Figure 15) on which reference lines

were ruled. The linear changes in dimension were measured

on a toolmaker's microscope (Figure 16) . With such a pro-

cedure the data on the graph (Figure 17) were obtained.

It would appear from this dimensional history that from the

time the dentures were wax models in the flask until they

had been used for seven years, that the epoxy resin dentures

gradually expanded. Dentures made of hard rubber continuously

shrank and warped to a much greater extent than did the epoxy

dentures. Warpage was measured by determining the difference

between the percentage of linear change on the molar-to-molar

and on the flange-to-flange distances.

These linear changes on the dentures occurred gradually.

Neither the patients or the researchers, dentists in this

instance, could detect the changes clinically. This is just

another way of saying that the tissues followed the changes

so there was little or no difference in serviceability.

Summary

Research is always needed in designing tests for

characterizing biomaterials. These tests should simulate

conditions of use as much as is practicable, must often

be conducted when the material is subject to exaggerated

service conditions, that is, be abusive, and must have satis-

factory reliability and validity.
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The formulation of standards or specifications for

new materials is usually more difficult than the preparation

of such standards for materials that have been used for

several years largely because of the uncertainty about the

biocompatibility of the new material and its service

performance over an extended time.

Sources of information

Those interested in learning of the sources of extant

information in biomaterials in general but with special

reference to dental materials may find references 13 to 20

helpful

.



-15-

Table 1

Solubility and Disintegration of Silicate Cements
in Distilled water

(percentage loss in weight)

Time in rater at 37 °C in weeks

CEMENT 1 2 3 4 5 Total
% % % % % Loss

A 3.0 0.6 0.4 0.4 0.3 4.7

B 0.6 0.2 0.1 0.1 0.1 1.1

C 2.4 0.3 0.2 o « K) 0.1 3.2

D +iCO
•

CM 0.5 0.3 0.3 0.2 4.1

E 1.3 0.4 0.3 0.3 0.2 2.5

± Other values on different batches ranged
from 1.5 to 0.9%.

These data or Solubility and Disintegration of
Silicate Cements in Distilled Water are from
Reference (4) .



Effects of Different Immersion Media on the , >

Compressive Strength of Silicate Cement with Time '

I m m e r s ion M e d i a

Distilled
Water Saliva Oil

A g e of £ p e c i mens

CEMENT
1

week
6

months
14

months
6

months
14

months
6

months
14

months

A * 19, 500 25,000 23,000 26,000 23, 500 30,000 34,000

B 19, 500 22,500 24, 000 24,000 24,500 29,000 28, 500

C 19, 000 20,500 19, 500 23,000 22,000 29,500 32,000

D 21,500 21,000 19, 500 24,000 25,000 23, 500 24, 500

E 19,500 23, 500 19, 500 27,000 21,000 29, 000 33,000



Water sorption at 37 °C
( 10 )

Sorption

Material
24 hours 65 days Difference

Self-curing acrylic resin
Acralite 88

%
1.60

%
1.68

%
0.08

Heat curing acrylic resin
Duraflow 1.54 1.60 0.06

Epoxy denture base resin
Epoxolon 1.57 3.98 2.41
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Weighing Bottle Containing

Solubility Specimens

Figure 3. Weighing bottles containing solubility
specimens of silicate cement.
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|iFigure

8.

A

celluloid-type

denture

(Hecolite)

showing

shrinkage

on

cast

of

plaster-of-paris

.

The

discoloration

does

not

show

in

this

black

and

white

illustration

but

the

denture

turned

from

pink

to

brown.

(7)



and

white

illustration

but

the

from

pink

to

orange.

'

'



sals

•
.

A

as

tPPG
C Eh
•H
s
o •

,G
US -rHI"

Sh'-'

as rd •

Sh CP,y
i a
Mh rd

0 i

—

1

1

Sh
as

-P
a, us

>1 <d a:
•pH a

o,-h
as cp
'a 4h
>i o e
•G o

-P
‘

G
4->

g
as

TS

as

o
P

as

T3
rH
rtf

E
Sh

0
m

1

I—

I

o
g
as

& -H 4->

a, sh c
G as

f=C to T3

M 4H
rd

O UG
as

G G
O Sh

G
as -p
Cn
rd as

G H

as

tr>

•H







\
\

o
£ Z
° §
o 9X J

O o(

&
P
ft
a
<D ft
P O
ft
co ft

ft—
<13 H<—

I

X! '0—

-

ft a •

CD CO

ft ft >—

f

C ro

•H CD •H
c <0 P
•r-

1

u CD

g <y P
> <d

<13 CO g
ft £
CD rd <D

CO

ft cd

C ft
•H Q

•H 03

'O' P
<13 CO P
CO co P
P <D c

CD

CO ft nj
3 ft
ft O
rd p •H
P CO a
rd cd

a, ft ft
ft U
< rC o

m

CD

s

•H
Cm

TjuJ



0

I

2

3

4

5

6

1

a

a

so

ft &

Graphs showing the strength and stiffness of
various organic denture base materials in
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Figure 15 Experimental clinical denture with stainless
steel reference pins used as reference points
in measuring dimensional changes over AB (molar-
to-molar) and CD ( flange-to-flange) distances.

c



Figure 16 Toolmaker's microscope used in measuring
dentures illustrated in Figure 15.
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Figure 17 Dimensional history of expanding and contracting
dentures after 7 years of service.
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