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PAPER COMPLEXITY AND THE INTERPRETATION OF 
CONSERVATION RESEARCH 

Antoinette Dwan* 

ABSTRACT-Paper variability and its influence on the methods of testing paper and the interpretation of 
test results is discussed. Variability of test data due to the composite and viscoelastic nature of paper, and 
moisture and temperature relationships is considered. Some topics covered are formation and furnish 
variability, the anisotropic nature of paper, network theories, preconditioning influences, and the hyster- 
esis effect. Interpretation of test data is discussed with emphasis on the fold endurance test: its lack of 
precision, the wide variation in test results, and the possibilities for multiple interpretations. 

INTRODUCTION 

THE TESTING OF MATERIALS and the interpretation of research are fundamental 
issues in paper conservation. This paper presents the properties of paper as a 
material and shows how paper variables relate to paper testing and the interpreta- 
tion of research. 

Although paper degradation and its mechanisms and products are not fully 
understood, it is generally recognized that the chemical reactions of hydrolysis, 
oxidation, and cross-linking are involved. Physical properties associated with 
degradation are loss of strength, embrittlement, and loss of bonding within the 
paper matrix, among others. There are several options for testing either the 
chemical or physical properties of paper. Chemical testing methods provide 
information on the molecular level, while physical tests describe the total overall 
structure. Paper conservators are presented with explanations of chemical degra- 
dation processes, and should question why they are often measured using physi- 
cal rather than chemical methods. 

Paper is a composite material: physical tests provide information about the 
integrated paper network rather than isolated contributing components. This is 
important because in addition to the chemical composition of the sheet, paper 
properties are dependent on the network matrix, the bonding within that matrix, 
and the fibers' properties responsible for the bonding. These categories are inter- 
related and within each, variables exist that affect the paper structure as a whole. 

The composite nature of paper limits the usefulness of testing isolated 
components, either chemical or physical. It is difficult to relate a single component 
back to the overall structure. The usefulness of chemical testing may be limited by 
lack of correlation to the overall physical structure of paper. Likewise, physical 
tests cannot provide information on a chemical reaction, or predict permanence. 
For example, loss of strength (a physical measurement) in a sheet of paper cannot 
be interpreted as resulting from the removal of cations (a chemical reaction) by 
wash water. The results of a particular test, chemical or physical, may be inter- 
preted in a number of ways, and making the proper interpretations and conclu- 
sions depends upon the total research design and expertise of the researcher. 

Paper scientists use the combination of tests that fit their project design and 
that provide the necessary data to answer their specific inquiry. It is important to 
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2 Antoinette Dwan 

realize that standards established by TAPPI (Technical Association of the Pulp and 
Paper Industry) or ASTM (American Standards and Testing Methods) are guide- 
lines developed to provide consistency and accountability within the paper in- 
dustry, and were not developed specifically for research. Although the proce- 
dures discussed in the standards provide useful information, the methods 
themselves are not definitive. The data require interpretation within the frame- 
work of probable reactions and the test methods used for the evaluation. 

PAPER AS A COMPOSITE MATERIAL 

"A COMPOSITE MATERIAL, although itself made up of other materials, can be consid- 
ered to be a new material having characteristic properties which are derived from 
its constituents, from its processing, and from its microstructure."I Materials that 
are readily recognized as composites are metals, fiber glass, and laminated woods. 
Paper is a composite material, and its composite nature is a major factor in its wide 
variability.2 Within each fiber type there are differences in cell length, fibril angle, 
cellulose content, lignin content, and extractives chemistry. This variability is 
produced within the same tree due to factors such as early wood vs. late wood, 
juvenile vs. mature wood, and sapwood vs. heartwood, with additional effects 
from bark and other contaminates.3 Variability in properties due to variability in 
plant composition is also present in fibers such as flax, cotton, grasses, hemp, and 
jute.4 Most papers are composed of a combination of several fiber types. Addi- 
tional variation is caused by variations in cooking (sulfate, sulfite, soda), bleach- 
ing, and refining (procedures for modifying the physical properties of the fibers, 
such as beating). The papermaking process induces variation in addition to that 
caused by differences in pulp stock composition. Using the same pulp but chang- 
ing paper machine variables can produce papers with very different physical 
properties. For example, changing the machine speed alters the fiber orientation, 
resulting in different strength properties especially in the machine-direction and 
the cross-direction of the sheet. Various wet pressing conditions alter the density, 
porosity, optical, bonding, and strength values. Calendering affects surface and 
strength properties. Although the chemistry of several papers could be the same, 
the physical properties could be quite different resulting in very different papers. 

Composite variables are separated into two types: furnish (pulp composi- 
tion) and formation (manufacturing). Furnish variables include the types of refin- 
ing, the fiber sources and chemistry, the fiber dimensions (length, width, and fibril 
angle), furnish composition (ratio of fiber types), sizings, fillers, and coatings. 
Formation variables include the extent of beating, fiber direction, basis weight, 
wet pressing, drying, fiber distribution, and calendering. 

Figure 1 is an outline of the many furnish and formation variables which 
contribute to the composite structure of paper. The following discussion of only 
one of the formation variables, paper direction, should demonstrate the complexity 
of paper as a composite structure. The main factors controlling paper direction are 
fiber orientation (how the fibers are lying in the sheet), bonding, and drying 
conditions. There are three directions defined: the machine direction or MD, the 
cross machine direction or CD, and the out-of-plane or ZD direction. Paper is an 
anisotropic material: it has different properties depending on the direction of the 
sheet tested. There are nine elastic modulus measurements that can be made 
along the three different axes.5'6'7 Most measurements are made in the MD or CD 
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Paper Complexity and the Interpretation of Conservation Research 3 

COMPOSITE MATERIAL 

-HARDWOOD: Fiber chemistry, fiber properties 
-SOFTWOOD: Fiber chemistry, fiber properties 

-FIBER TYPE -GROUNDWOOD: Fiber chemistry, fiber properties 
-BAST FIBERS: Fiber chemistry, fiber properties 
-SEED FIBERS: Fiber chemistry, fiber properties 

Misc. 

-BEATING METHODS 
-CHEMISTRY: SODA, SULFITE, SULFATE 

-FURNISH -REFINING 
-BLEACHINGODS -OTHER METHODS 

-RATIO OF FIBER TYPES 
--FILLERS 

--COMPOSITION 
-COATINGS 
-SIZINGS 

Colorants 

-OTHER 

-WET PRESSING 

--MACHINE VARIABLES 1-FIBER DIRECTION --JET TO WIRE SPEED - PAPER DIRECTION-- DFIRYING 

--BONDING 

-OTHER 

HANDMADE VARIABLES: Vatman, drainage, couching, parting, etc. 
-FORMATION --DRYING 

-CALENDERING 

-BASIS WEIGHT OF STOCK 

-OTHER 

Figure 1. Some Furnish and Formation Variables. 

direction, and the two results vary significantly. (See figures 12,13,14) 
Sheet direction is largely dependent on the direction in which individual 

fibers are deposited on the screen during manufacture. The fibers lying length- 
wise, parallel to the machine direction, contribute the properties associated with 
that direction (such as strength, response to moisture, and deformation). Individ- 
ual fiber properties (see Figure 4) are partly responsible for this characteristic. 
Fibers are composed of the primary wall, and the S1, S2, and S3 secondary walls. 
The secondary walls contain fibrils. 

The S2 layer is the dominant layer in the cell wall.8 The fibril angle of the S2 
layer influences the individual fiber's physical properties and therefore sheet 
properties, such as direction. The fibril angle is the degree that the fibril is either 
perpendicular to or parallel to the fiber. Fibrils aligned with the fiber are said to 
have a "low" angle and fibrils not aligned are said to have a "high" angle. Papers 
composed of fibers with "low fibril angle" withstand greater load and less elonga- 
tion than those with "high" angles. Fibril angle varies within the same fiber source 
depending on the variables previously mentioned, such as early or late wood, 
source of the fiber, etc.9 
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4 Antoinette Dwan 

Drying conditions also influence sheet direction. When two fibers cross in a 
sheet, each influences shrinkage of the other. Waterhouse discusses the manner in 
which restraint while drying can change fiber properties. 

Microcompressions and crimps influence the strength properties of the 
paper. For example, in a conservation test intended to measure the effects on 
paper of different water sources, the restraint could be altered, therefore affecting 
the test data regarding strength properties. The data may show a change that is 
not related to the sources of water being tested, but instead to change in restraint 
between the unwetted control and the wetted specimens. This is one of many 
factors that make the comparison difficult of "before" and "after" treatments, or of 
two different papers and their response to testing. 

Bonding also contributes significantly to differences in sheet direction and 
the anisotropic properties of the sheet. However, bonding in paper is an area 
currently being researched and many interactions are not fully understood at this 
time. 

Network theories attempt to describe the physical properties of a paper 
sheet in terms of individual fiber properties such as those previously mentioned: 
fibril angle, paper direction, bonding, and others. Peterson discusses the history 
of network theories and the attempts to correlate various theories with observed 
data. As theories are developed to explain the complexities of paper structure, 
more accurate models are proposed. However, the influence of the properties of 
individual fibers on the overall structure of paper remains elusive. Peterson 
discusses thirteen theories ending with the contributions of Van den Akker. After 
reviewing the various theories, Peterson concludes: 

A major problem in the verification of any linear network 
theory applied to the elastic properties lies in the fact that the elastic 
properties of the constituent fibers cannot be assumed to remain 
constant as the network structure changes. It is not easy to obtain 
reliable data of the Young's modulus of individual fibers even when 
carefully prepared individually for testing and no data are yet avail- 
able for their shear moduli. It is even more difficult to obtain such 
data for the fibers in networks, because of difficulty in removing-such 
fibers from bonded networks without altering their properties. The 
quantitative verification of theory will likely remain for a long time an 
unresolved problem." 

Attempts to test, measure, or predict paper properties based on individual 
components, whether chemical or physical, have not been as successful as testing 
the physical properties of paper as a composite structure. The preceeding discus- 
sion of only one variable, paper direction, has shown the complexity of paper as a 
structure, and the contribution of many variables and their interactions to testing 
and the interpretation of data. 

PAPER AS A VISCOELASTIC MATERIAL 

PAPER'S VISCOELASTIC NATURE can cause variability in test data. Interpretation of test 
data requires an understanding of elasticity, viscoelasticity, stress-strain (elastic 
modulus), and moisture and temperature relationships. A review of elasticity 
prior to discussing viscoelastic properties is useful. Elasticity in solids is a function 
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Paper Complexity and the Interpretation of Conservation Research 5 

of interatomic forces and is closely related to internal molecular structure. Cou- 
lomb's Law states that the force between two charged particles is directly propor- 
tional to the product of their charges and inversely proportional to the square of 
the distance between them. Hooke's Law states that for an idealized crystal, an 
external force will cause a directional deformation that will initiate an equal 
internal force in an opposite direction, to counteract the external force, restoring 
the original displacement. In an elastic material, deformation is recoverable. 

Modulus of elasticity is a conversion of Hooke's Law to make it dimension- 
independent by referring the force to unit area and unit length. "Stress" is the 
internal force per unit area which resists the external load. "Strain" is the ratio of 
the change in dimensions to the original dimension. The coefficient of proportion- 
ality (slope of the line when stress is plotted against strain) is the modulus of 
elasticity. Modulus of elasticity is a quantitative statement of the ability of a 
material to react to deformation, which is dependent on the order of crystallinity 
of the material. 

ZD 

CD 

MD 

z 

a1zz 

YZY oxz 

OxXX 

X 

Figure 2. Paper Direction. (Reprinted, with permission, from Waterhouse, 1982) 

Figure 3. 9 Elastic Modulus. (Reprinted, with permission, from Baum, 1984) 
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Figure 4. Fiber Walls and Fibrils. (Reprinted, with permission, from Waterhouse, 1982) 
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6 Antoinette Dwan 
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Figure 5. Single Fiber Microcompressions and Shrinkage. (Reprinted, with permission, 
from Waterhouse, 1982) 

Figure 6. Elastic and Viscoelastic Response to Load. 
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Figure 7. Creep of Paper with Time under 75% of Breaking Load. (Reprinted, with 
permission, from Casey, p. 1780) 
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Figure 8. Effect of Loading and Deloading on Sulfite Paper. (Reprinted, with permission, 
from Casey, p. 1783) 
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Paper Complexity and the Interpretation of Conservation Research 7 

As a viscoelastic material, paper has both crystalline and amorphous areas 
and it exhibits elasticity and plasticity of flow. A comparison of elastic and 
viscoelastic responses to an exterior force (load) is shown in Figure 6. 

The area marked "A" shows the elastic region where there is a linear 
relationship between load and elongation. Deformation in this region is elastic 
and recoverable depending on the amount of the load, and the length of time the 
load is maintained. The area marked "B" shows the viscoelastic region. Here, the 
response to deformation is not linear, the response is very time dependent, and 
there is only partial recovery to the original dimensions once the load has been 
removed. A viscoelastic material is malleable in that it can respond and adjust to a 
force or load "because of the continuing rearrangement of molecular segments."12 
Crystalline and amorphous regions influence this rearrangement and limit the 
return to original dimensions. Paper exhibits the following viscoelastic properties: 

A nonlinear load-elongation curve. 
A continuing extention or "creeping" under constant load. 
A load-elongation curve which varies with the rate of loading. 
A tendency for the load required for a constant elongation to decrease 

with time. 
Paper can show an immediate elastic effect, a delayed elastic effect, 

and a delayed nonrecoverable elongation.13 

Creep and stress-relaxation are two conditions which result from nonre- 
coverable deformation in paper due to its viscoelastic nature. Figure 7 shows a 
graph of creep in paper. If a load is applied to a sample and the deformation 
measured, the straight line in the graph begins to curve. If the load is removed, 
the paper will only partially recover its former shape, and will be permanently 
deformed. "The paper starts out as a purely elastic body and then, after a 1 to 2 
percent strain, begins to exhibit flow. If the load is held constant, the paper will 
flow indefinitely until it breaks."'" Creep occurs, for example, with printing papers 
and wallpapers, where force has been applied to the paper and then released. 

Stress-relaxation curves (Figure 8) are obtained by placing a load on a 
sample and then removing it, taking a measurement, and applying the load again. 
As the cycle of loading and deloading is repeated, an individual "profile" for that 
particular sheet is obtained. 

All papers have creep and stress-relaxation characteristics, however, the 
curves obtained for each are different for every paper tested. This is another 
reason why it is difficult to compare two different papers, or the same sheet with 
part used as a "control" and the other part used as a treatment specimen. 

MOISTURE-TEMPERATURE RELATIONSHIPS 

CROOK AND BENNETT comprehensively studied the effects of humidity and temper- ature on the physical properties of paper. They investigated the effects on eleven 
different properties of fourteen different papers. Their conclusions are based on 
100,000 individual test results. In the summary of their investigation they state: 

The most general conclusion must be that this study demon- 
strates the imperative nature of testing materials under atmospheric 
conditions and that the previous conditioning history must also be known if 
the utmost precision is to be obtained."5 
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8 Antoinette Dwan 

The degree of elastic or viscoelastic properties in a paper depends largely on 
environmental conditions of moisture and temperature. There is a well defined 
transition zone between elastic ("glass-like") and viscoelastic behavior. It is de- 
fined by the glass-transition temperature or "T,." Below the T, temperature, dry 
cellulose will behave as an elastic material, and above its Tg, it will exhibit 
viscoelastic behavior. For dry cellulose, these temperatures are: cellulose 240'C, 
hemicellulose 190'C, and lignin 150'C.16 Moisture absorption causes a lowering of 
the Tg of cellulose. This results in plasticization of cellulose because elastic proper- 
ties are converted to viscoelastic (plastic or flow) properties. Consequently, me- 
chanical and other physical properties are greatly affected. Elasticity is signifi- 
cantly affected by temperature. Change in elastic modulus as a function of 
temperature and moisture content for one paper is shown in Figure 9. 

Temperature changes also alter other physical properties. Crook and Ben- 
nett demonstrated a 5% change in test values for fold, tensile, stretch, burst, and 
dynamic tensile with a temperature change from 60'F to 75?F and constant relative 
humidity.'8 Figure 10 shows the results of four physical tests taken in both 
machine and cross directions. Measurements were made at 630, 910, and 120?F. 
Changes in physical properties were 25%, 35%, and 20% respectively. A 6% 
change was noted for a change of temperature from 69.50 to 76.50F. Due to the 
importance of temperature on testing paper properties, Wink recommended 
temperature control be tightened to (230C + 20C).19 

When reviewing research data, the paper-temperature relationship should 
be considered when evaluating the magnitude and possible sources of changes in 
data values. 

10 Moisture 
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Figure 9. Specific Modulus of Elasticity for Kraft Paper vs. Temperature at Different 
Moisture Content. (Reprinted, with permission, from TAPPI, June 1980) 

Figure 10. Effect of Temperature on Physical Properties of Paper at Constant Moisture 
Content. (Reprinted, with permission, from TAPPI, June 1961) 
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Paper Complexity and the Interpretation of Conservation Research 9 

PAPER-MOISTURE RELATIONSHIPS 

THE RATE AND AMOUNT of moisture regain is dependent on time and the chemical 
source of the cellulose. The more crystalline the paper, the lower the capacity for 
absorption. Moisture uptake is greater in papers with higher hemicellulose or 
lignin content. It is also greater in papers altered by chemical treatments which 
reduce crystallinity,20 such as oxidative bleaching. 

Moisture content depends not only on chemical constituents and physical 
properties, but also on the manner in which the paper was brought into equilib- 
rium. There is a different moisture content at any given relative humidity depend- 
ing on whether the moisture was desorbed (brought into equilibrium from a 
higher relative humidity) or adsorbed (brought into equilibrium from a lower 
relative humidity). The curves for desorption and adsorption are not the same. 
This is known as the hysteresis effect, and is shown in Figure 11.21 

Figures 12, 13, and 14 show hysteresis curves for samples of three types of 
paper that were properly preconditioned. Each of these figures demonstrates that 
the data obtained is different at any relative humidity depending on whether the 
measurement was made after desorption or adsorption. Conservation studies that 
compare before and after aqueous treatments of any type (humidification, steam- 
ing, bathing) are analogous to this situation. Interpretation of test results must 
account for the magnitude of change in results due to hysteresis effects. 

Crook and Bennett demonstrated the effect of hysteresis on fourteen papers 
through numerous tests. They state: 

In general, especially for the weaker papers, the desorption 
curve was associated with the higher folding endurance at most 
humidities. In some instances, however, the adsorption and desorp- 
tion curves crossed. 

The total change in strength, over the relative humidity range 
investigated, of the papers other than the machine-glazed papers and 
index card, varied from 50% in the case of bible tissue and litho to 250% in 
the case of chart paper.22 
Prior history of moisture gain and loss also affects moisture regain capacity 

and paper properties. Since paper is a viscoelastic material, it does not return to 
the same dimensions after drying and rewetting, or after humidity cycling. There 
is a progressive change in dimension after each humidity cycle, with the greatest 
change occurring after the initial cycle.23 (Figure 15) 

Wink studied dimensional changes in linen writing paper during changing 
relative humidity conditions. He exposed samples to the humidity cycle of 50%, 
11%, 50%, 94%, 11% in increments of about 15% R.H. He repeated the cycle eight 
times, with the temperature at 73?F. Wink found appreciable shrinkage at the 
three relative humidity levels. The curves show that the stress-relaxation effect 
dominates the swelling effect to such a degree that all dimensions at 94% relative 
humidity were smaller than the initial dimensions at 50% relative humidity.24 

Irreversible effects, resulting from an excursion of paper to a 
high relative humidity, are often observed. These can be of an appre- 
ciable order of magnitude, with the properties, in certain cases, 
altered to such an extent that they no longer characterize the original 
material. This effect evidently originates with the swelling and shrink- 
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10 Antoinette Dwan 

ing of the fibers and with the relaxation of dried-in or built-in stresses; 
the major effect occurs on the first exposure of paper to a high relative 
humidity, exceeding approximately 65%; it is dependent upon the extent 
of the excursion and it permanently alters such surface properties as gloss and 
smoothness, as well as dimensional and strength properties. These changes 
are nonrecoverable by manipulation of the moisture content or by 
preconditioning and conditioning the paper.25 

Moisture is so critical to the properties of paper that the TAPPI standard for 
temperatures and moisture require a temperature of 230 + 1?C and a relative 
humidity of 50% + 2%.26 The TAPPI standard acknowledges the discrepancy 
caused by the hysteresis effect in moisture content and recommends precondi- 
tioning the sample from below 50%, by absorption. This same standard empha- 
sizes the effect of preconditioning and the hysteresis effect in the section, "Impor- 
tance of Preconditioning": 

The physical properties of a sample at 50% R.H. depend on 
whether the sample was brought to 50% from a higher or lower R.H. 
This humidity hysteresis effect is a 5-25% of the test value for many physical 
properties. Conditioning down to 50% gives most papers a moisture 
content very nearly the same as conditioning up to 60%. 

While preconditioning procedures practically eliminate the 
hysteresis effect, it has little influence on strain relaxation effects. The 
latter depend on the entire previous moisture history of the sample, especially 
on the conditions of initial drying and tension, and on the duration and 
degrees of subsequent excursions to high humidities (i.e. above about 58% 
R. H. )27 

Crook and Bennett emphasize the importance of the hysteresis effect when 
they conclude: 

Appreciable hysteresis differences are observed between test 
values obtained by conditioning from a low humidity to a higher 
humidity and those obtained when the initial conditioning has taken 
place at a high humidity. In some instances the subjection of samples 
to very high humidities brings about a permanent alteration of the 
strength of the paper.28 

Researchers often use handsheets prepared in the laboratory under controlled 
temperature and relative humidity conditions. The use of handsheets eliminates 
effects caused by the unknown history of humidity cycling, hysteresis, moisture 
content, creep, and stress-relaxation. The use of papers other than handsheets 
(for instance historical papers) presents unknown variables making correct inter- 
pretation of data complex or impossible. 

INTERPRETATION OF TEST DATA 

THE PREVIOUS DISCUSSIONS are intended to show the composite structure of paper, 
the many variables affecting the testing of that structure, the sensitivity of the 
variables to their prior history and testing conditions, and the possible effects of 
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Figure 11. Hysteresis Curve. "A" is Desorption Curve. "B" is Adsorption Curve. (Re- 
printed, with permission, from TAPPI, June 1961) 

Figures 12, 13, 14. Curves of Fold Values Taken at Different R.H. for Litho, Wove, and 
Kraft Papers. (Reprinted, with permission, from The British Paper and 
Board Industry Research Association) 
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Figure 15. Effect of Repeated Humidity Cycling on the Dimension of Paper, the Machine 
Direction. (Reprinted, with permission, from TAPPI, June 1961) 

this history on test data. The following discussion addresses the interpretation of 
test results with emphasis on the fold endurance test, which is commonly used in 
testing for conservation research. 

Valid paper conservation research must be based on the relationship of the 
inquiry to the research design. The sample material, sample population size, 
conditioning of the samples, testing methodology, and appropriate instrumenta- 
tion for testing must be carefully chosen. The data must be analyzed and inter- 
preted with appropriate consideration given to possible ambiguity caused by the 
samples' manufacturing techniques and history, and the testing methodology. 

Test results that demonstrate either an increase or decrease in strength 
properties, as measured by fold endurance for example, could be interpreted in 
several ways: 

If hydrolysis occurs, one could record a low fold endurance; if 
cross-linking occurs, one could record a high fold endurance; if both 
processes are occurring the results are unpredictable. 

If a paper has a large number of aldehyde groups, data may 
show an increase in strength, but this could be due to cross-linking. 

In a paper with high internal bonding that is aged, it may 
cross-link more than another sheet with less initial bonding affecting 
the fold endurance values differently.29 

An increase in strength, as measured by fold endurance, does not necessarily 
mean improvement in paper properties. For example, an increase in strength 
measurement could be attributed to cross-linking caused by an increased produc- 
tion of aldehyde groups. Test results do not provide answers, they show changes. 
Researchers should address other possible interpretations of data and provide an 
explanation for their interpretation either through theory or additional supporting 
tests. For example, cross-linking may be identified by changes in wet tensile as a 
percent of dry tensile test results, or by changes in the degree of polymerization. 
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Paper Complexity and the Interpretation of Conservation Research 13 

Understanding the choice of instrumentation used in a project is important 
to overall evaluation of the results. Each test method is useful for obtaining a 
particular type of information. For example, fold endurance testing has been used 
because of its ability to detect changes earlier than other physical methods. This 
information can be useful in conjunction with data from other physical methods, 
or as a general indication of trends useful in designing a research project. How- 
ever, by itself, fold endurance is not a reliable research tool.3? 

As early as 1939, the Institute of Paper Chemistry made a comparison of 
three fold endurance instruments and concluded that in all cases the percent 
deviation was very high.31 

Casey discusses the wide variation in individual test results which "has 
caused some people to consider the fold endurance test useless."32 He discusses 
the number of tests needed to obtain significant data and the magnitude of 
differences in data necessary for significant data and the magnitude of differences 
in data necessary for significant results: 

It is important to keep the variability of the folding-endurance 
test in mind when evaluating test results. An average of 5 to 10 
measurements should be used and a difference between two samples 
of only 10 to 20 percent is seldom significant. The precision of any test 
method can be increased by using more tests to obtain the average, 
but for one paper sample with a folding endurance of 1000, it was 
calculated that over 6000 tests would have to be made to produce an 
average reproducible within 10 folds, at the 3 8 assurance level (99.7% 
of the time).33 

The sample population of many researchprojects reported in the conservation 
literature is often as low as ten, and differences in data less than 20%. The 
interpretation of these projects should be questioned. 

In 1956 Hoffman found that there is a greater deviation in high fold than in 
low fold values.34 

In 1964 and 1966 Kahlson and Lindholm investigated the cause of wide test 
variation in fold endurance data. They determined that motor warm up and 
mechanical frictional heat caused a local rise in temperature at the point of fold. 
The resulting drop in local relative humidity at the sample test site greatly reduced 
fold endurance. They discovered that using a fan to maintain constant air circula- 
tion around the specimen could reduce variability.35 Current TAPPI standards 
require a fan as part of the instrumental control. Even with a fan, variability is still 
high. TAPPI standards state that the degree of precision for "repeatability" (same 
lab, same instrument, same operator, same sample) is 20% and for "reproducibil- 
ity" (different lab, different operator, same instrument, same sample) is 30% at the 
95% probability level for the MIT instrument. The standard further states: 

This method is very susceptible to small errors in the adjust- 
ment and calibration of the instrument and in the relative humidity of 
the test room. Limits as much as two times those shown [20% and 30%] 
may be expected if the instructions are not followed meticulously.A 

Fold endurance tests are very sensitive to moisture. In their summary of all 
tests of physical properties, Crook and Bennett state in reference to fold endur- 
ance: 
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Changes of relative humidity, when the temperature is held 
constant, influence paper properties to different degrees. Of the 
properties studied, folding endurance was the most affected ... The 
outstanding fact about folding endurance is its extreme dependence 
upon relative humidity. The maximum rate of increase of folding endur- 
ance was greater than 10% for each 1% R.H. increase of humidity. The 
influence of temperature change, at a constant relative humidity, also 
varies from paper to paper. The most marked effect is on folding 
endurance.. .37 

Controversy exists over the type and amount of loading during the fold test 
and the magnitude of discrepancy caused by the weight. The MIT tester allows for 
variable weights, the Schopper is set for one load setting. Luner discusses the 
problem of using a standard load on sheets of various basis weights and tensile 
strength." Cardwell et al. also discusses the effect of equally loading differing 
papers during aging tests.39 Casey states that using the same 1 kg. weight on all 
samples "is unfair to papers of low tensile strength; it is not a true test of flexibility 
is such cases.""4 Kohler recommends not using a standard load, but one that is a 
percentage of the initial tensile strength of the paper.41 Crane comments on the 
use of standard loads on samples before and after aging tests: 

Due to the strong dependence of folding values on load, one 
questions the value of comparing the very low values encountered 
after aging to the unaged sample under the same load.42 

In many paper conservation research projects, the same weights are used on the 
control samples as on the tested samples. The use of the same weights may 
produce unreliable test results. 

Fold endurance results are influenced by formation and furnish variables. 
Different values are obtained depending on how the paper was manufactured. 
Fold endurance rises in the early stages of beating, but drops with further beating 
and wet pressing.43 It increases with basis weight up to a point, but decreases with 
higher weights.44" Crane found that fiber orientation, as a result of fiber composi- 
tion and drying tension, influences fold values.45 He also reported that the pres- 
ence of fines affects the relationship of fiber length to fold endurance.46 Given this 
information, it is questionable that two different papers can be compared accu- 
rately using this test. 

In the conclusion of his study of fold endurance testing, Crane comments: 

Fold endurance is related to certain network properties. It does 
not correlate as clearly as do other tests such as tear and tensile with 
specific characteristics of the web. The relationship between folding 
endurance and viscoelastic properties is complex. Again, viscoelastic 
behavior is not as easily related to folding endurance as other 
strength properties. 

While there is little argument that folding endurance is impor- 
tant in paper and papermaking, the fold test will likely remain an 
unpopular one. It is generally felt that fold will roughly parallel 
changes in the more easily measured strength values. Consequently, 
it seems unlikely that fold endurance will see any surge in popularity 
in describing paper strength.47 
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The following general statements can be made regarding the interpretations 
of data and evaluation of research based on fold endurance values: 

The test method was designed for checking continuity of pro- 
duction within the paper industry. 

By itself it is not a research tool, although it may be useful in 
initial planning of a project. 

Careful preconditioning of samples and careful control of tem- 
perature and humidity during testing is necessary for reliable data. 

Data may be questionable if the same load is used before and 
after artificial aging. 

A large sample population is necessary due to large variability 
in test results. 

The same type of investigation that has been used in the discussion on fold 
endurance tests can be applied to other instruments and research designs in order 
to better evaluate paper research projects and interpret the data. 

CONCLUSION 

PAPER RESEARCH IS difficult to conduct, interpret, and judge due to the composite 
structure of paper and the variability due to each sheet's prior history. Each sheet 
of paper is unique in its physical and chemical properties and its response to 
testing those properties. 

There are many ways of obtaining information in conservation, from single 
observations to shared information among colleagues, and from mock-ups stuck 
in windows to full research projects. All of these approaches are valid and can give 
significant information within the the context of their specific limits. Much of our 
information is of necessity based on limited observations, and always will be 
because of the nature of conservation and the many unknowns that can never be 
repeated or simulated for a major research endeavor. However, many of our 
current treatment practices such as water bathing, enzyme use, deacidification, 
and bleaching are based upon published research which requires careful review. 
The topics discussed in this paper should assist in critically reviewing results of 
paper research projects and the provided interpretations. It is important that 
research projects related to paper conservation have the involvement of people with expertise in material sciences research. This background is necessary for 
proper research design, choice of test methods and instrumentation, and for 
insightful interpretation of data. 
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