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Using Apparent Density of Paper from Hardwood Kraft
Pulps to Predict Sheet Properties, based on
Unsupervised Classification and Multivariable
Regression Techniques
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Paper properties determine the product application potential and depend
on the raw material, pulping conditions, and pulp refining. The aim of this
study was to construct mathematical models that predict quantitative
relations between the paper density and various mechanical and optical
properties of the paper. A dataset of properties of paper handsheets
produced with pulps of Acacia dealbata, Acacia melanoxylon, and
Eucalyptus globulus beaten at 500, 2500, and 4500 revolutions was used.
Unsupervised classification techniques were combined to assess the need
to perform separated prediction models for each species, and multivariable
regression techniques were used to establish such prediction models. It
was possible to develop models with a high goodness of fit using paper
density as the independent variable (or predictor) for all variables except
tear index and zero-span tensile strength, both dry and wet.
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INTRODUCTION

Pulp fibers play the determining role in defining the strength properties of paper in
both the dry and wet states. This is true for writing and printing papers, which commonly
contain 75% to 80% pulp fibers, 20% to 25% inorganic materials, and small amounts of
functional additives, as well as for tissue papers, which are primarily pulp fibers. The
performance of the different types of papers depends mostly on the properties of the pulp
fibers, which are determined by the pulping and bleaching conditions and the properties of
the initial pulping raw material.

Paper’s properties (e.g., density, mechanical strength, and optical and surface
properties) are directly related to its suitability for use in various applications. Among
these, strength properties are very important because they determine the paper’s resistance
to stresses and performance in printing; for example, tensile strength can be used as one
potential indicator of the resistance to web breaks during printing or converting.

The density of the paper sheet is another important parameter that influences many
other properties, although it also depends on the raw material fiber structure, the cooking
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process, and the pulp refining level (Santos et al. 2008a,b; Paavilainen 1993a,b). Seth and
Kingsland (1990) showed that the tensile strength increased with increasing paper density
and decreased with decreasing fiber strength. Paavilainen (1993a,b) reported an increase
in tensile strength as a consequence of the increase in paper density, as well as of good
bonding ability and high intrinsic fiber strength. The relationship between density and
various paper properties has been examined for some species (Anjos et al. 2014; Santos et
al. 2012; Amidon 1981).

It would be interesting to predict different paper properties using a few, or only one,
predictor variables. This was the focus of this work: statistical tools were applied to predict
paper properties using paper density as the predictor variable for hardwood pulps of Acacia
dealbata, Acacia melanoxylon and Eucalyptus globulus. The aim was to develop
mathematical models of the correlation between the paper density of some hardwood
species and the various mechanical and optical properties of the resulting paper.

Because different species were considered, unsupervised classification techniques
were used to assess the need to perform separate prediction models for each species.
Specifically, an analysis of the data set (with all species and properties) was made using
principal component analysis (PCA). To establish predictive models, multivariate
regression techniques were applied, and the models were kept as simple as possible,
incorporating only those predictor variables with greater explanatory power. The ultimate
goal was to obtain straightforward prediction models that closely adhere to the data
available and that could be valid when applied to independent data predictions.

EXPERIMENTAL

Data

Data concerning various paper properties from three hardwood species (A.
dealbata, A. melanoxylon, and E. globulus) at three refining levels from a previous study
(Santos et al. 2006, 2005) were used.

The wood chip samples of each species (1000 g o.d.) were submitted to a
conventional kraft cooking process in a forced circulation digester under the following
reaction conditions: effective alkali charge, 22% (as NaOH); sulfidity index, 30%;
liquor/wood ratio, 4/1; time to temperature, 90 min; and time at temperature (160 °C), 120
min. The cooked chips were disintegrated, washed, and screened on an L&W screen with
a 0.3-mm slot width. The cooked pulps were bleached with a DoE1D1E2D2 bleaching
sequence, using a kappa factor of 0.2 in the Do stage. The CIO2 charges were 1.6 % in D1
and 0.6 % in D2 for all pulps; the extraction (E) was made with 1.3 and 0.5 % of NaOH
respectively for E1 and Eo.

The bleached pulps were beaten in a PFI mill at 500, 2500, and 4500 revolutions
under a refining intensity of 3.33 N/mm, according to ISO 5264-2 (2011).

Paper handsheets were prepared according to standards (TAPPI T205 om-88
(1988); NP EN 20187, 1SO 187 (1990)) and tested for their structural, mechanical, and
optical properties, as follows: 1) density (Dens) according to TAPPI T220 sp-01 (2001);
2) resistance of air permeability (Perm) measured in a Gurley® apparatus according to
TAPPI T460 om-96 (1996); 3) Bekk smoothness (Smoo) measured with a Bekk® Tester
from Messmer according to TAPPI T479 c¢cm-09 (2009); 4) tensile index (Tens) in a
Adamel Lhomargy DY 20 testing machine with a 1.0-kN load cell according to ISO 1924-
2 (1994). The distance between clamping jaws was 100 mm, and the crosshead speed was
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10 mm/min; 5) stretch (Stre) is the elongation before rupture measured during tensile
strength testing, expressed as the percentage of the initial length; 6) burst index (Burs)
determined with Burst-O-Matic® equipment from Messmer according to TAPPI T403 om-
10 (2010); 7) tear index (Tear) was determined with an Elmendorf ® tearing test from
Adamel Lhomargy ED 20 according to TAPPI T220 sp-96 (1996); 8) zero-span tensile
strength was determined in dry (Zssd) and wet (Zssw) handsheet samples, with a
PULMAC® Inst., model TS-100, according to TAPPI T273 pm-95 (1995); 9) opacity
(Opac), brightness (Brig), and light scattering coefficient (Ligh) were determined with a
spectrophotometer Touch 2 Technidyne (mod. 1SO) according to ISO 2469 (2007), I1SO
2470 (2008), and 1SO 2471 (2008), respectively; and (F) brightness was determined at 457
mm. These properties were selected to characterize the performance of the different fiber
raw materials and in accordance to their relevance for paper characterization.

The dataset of the physical properties analyzed in ten handsheets of each species is
summarized in Table 1.

Table 1. Physical Properties of the Handsheets for the Three Species

E. globulus A. dealbata A. melanoxylon

Utc Max-min Utc Max-min Ut Max-min
Dens (g/cm?®) 0.72+0.11]0.87-0.68 |0.86+0.12 | 1.00-0.68 | 0.83+0.12 | 1.00-0.65
zif)rm (S/100 mL of| 196,319 |850-6.70 [1111+1551| 4541-6.70 | 705+1030 |2710-2.70
Smoo (Bekk’s) 80+66 230-58 | 2391152 578-58 211+135 428-31
Tens (N.m/g) 68.3£26.4 | 105-41.7 |80.7+24.4 | 1112-41.7 72.8124.1 102-34.8
Stre (%) 3.4+1.5 5.6-2.3 4.0£1.1 5.4-2.3 3.6x1.2 5.1-1.6
Burs (kPa.m?/g) 4.1£2.3 7.3-1.7 55+2.4 8.2-1.7 4.812.5 8.2-0.7
Tear (mN.m?/g) 7.0£2.8 | 11.2-3.9 | 6.2£1.4 9.3-3.9 5.6x1.5 7.7-2.6
Zssd (N.m/qg) 192+6.3 | 201-161 |179.4+11.2| 201-161 175+11.6 191-152
Zssw (N.m/g) 160+9.7 | 177-122 | 140+£10.4 158-121 141+9.6 162-121
Opac (%) 73.6£5.4 |80.6-56.6 | 71.2+8.4 81.1-56.6 72.1+£8.0 82.1-60.3
Brig (%) 84.61£2.2 |87.1-74.3 | 81.924.5 87.0-74.3 81.6+£3.8 86.3-76.0
Ligh (m?/kg) 33.248.6 | 44.9-14.9 | 31.6£12.6 | 48.9+14.9 32.2£11.9 | 49.1-17.2

Data Processing

The convenience of grouping the different species for quantitative study was
studied by PCA of the paper handsheet properties. The principal component transformation
is a commonly used linear transformation that finds a new set of orthogonal, uncorrelated
variables and their corresponding axes such that their origin is at the data mean. In these
new axes, the data variance is explained in decreasing order.

The least squared method was used to fit the data with the different models,
choosing models as simple as possible that attained good fitness (i.e., if a simple model
achieved good fitness, it was accepted; if not, more complicated models were studied). The
parameters used to measure the goodness of fit were the coefficient of determination, R?,
and the root mean squared error, RMSE.

R? indicates the proportion of total variation in the dependent variable that is not
explained by the model. A dataset contains values ti, each of which has an associated
modelled value yi. The former are called the observed values and the latter are often
referred to as the predicted values. Variability in the dataset is measured through different
sums of squares: SStwt, the total sum of squares, proportional to the sample variance and
SSerr, the residual sum of squares.
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The coefficient of determination is given by,

RZ=1— SSerr — Sstot — SSerr (1)
SSi SSi

A coefficient of determination of 1.0 indicates that the regression curve fits the data
perfectly. The root mean squared error, RMSE, is the sample standard deviation between
observed and predicted values, defined as,

SSerr
n

RMSE =

)

While R? is scale-independent, RMSE is not and is only valid to compare the errors
of different models for the same variable.

As a preparatory step in PCA, the data were normalized by subtracting the mean
and dividing by the standard deviation. The samples were labeled AD (A. dealbata), AM
(A. melanoxylon), and EG (E. globulus), and the refining levels were denoted R1 (PFI O
rev), R2 (PFI 500 rev), R3 (PFI 2500 rev), and R4 (PFI 4500 rev).

The generation process model has an inherent testing process with 90% and 10%
of the data for optimal selection of parameters that may be considered a validation process.
A following independent validation process was not performed due to insufficient data

RESULTS AND DISCUSSION

Principal Component Analysis

The PCA results of all measured paper properties, as shown in Fig. 1, grouped the
properties by species and by refining level. The two principal components explained 88%
of the total variability. The first component and the main factor was the refining level,
explaining 70%; this seems to be a reflection of the importance of the refining into the fiber
structure with determining effects in many of the properties related to the fiber and inter-
fiber bonding.
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Fig. 1. Principal component analysis for the normalized data of AD (A. dealbata), AM (A.
melanoxylon), and EG (E. globulus) for the four refining levels R1 (PFI 0 rev), R2 (PFI 500 rev), R3
(PFI 2500 rev), and R4 (PFI 4500 rev)
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The second principal component was the wood species and seems to be a reflection
of the significant fiber differences between the species; therefore the species should be
analyzed separately. Moreover, higher differences were observed when comparing both
the Acacia species and the Eucalyptus species, in agreement with previous results (Santos
et al. 2006).

This difference resulted from the differences between the fiber characteristics and
morphology, as explained by Anjos et al. (2011) for A. melanoxylon and Santos et al.
(2008a) for E. globulus. The fiber length, width, and especially wall thickness determine
its flexibility and collapsibility, which in turn determine the structure, optical, and
mechanical properties of the paper. More flexible, collapsible fibers yield more densified
paper handsheets (Paavilainen 1993b).

The decision was therefore made to develop predictive models of the paper
properties by multivariate regression techniques separately for each species.

The refining level strongly affected the physical properties of the handsheets,
represented by the first principal component; thus, the independent variables in the
predictive models were highly correlated with the refining level. Refining improved
internal and external fibrillation, enhancing fiber flexibility, collapsibility, and fiber-fiber
bonds (Fardim and Duran 2003). These effects increased the density of paper handsheets;
decreased opacity, light scattering, bulk, and bending stiffness; and increased tensile
strength and burst resistance. Tear resistance increased initially with beating but may have
decreased thereafter. The extent and intensity of these behaviors were species-dependent
and depended on the pulp fiber characteristics (Paavilainen 1993b; Santos et al. 2008a;
Anjos et al. 2011).

The PCA of the paper properties, considering the three species and the four refining
levels (Fig. 2.), shows that the first component explained 69% of the total variability and
the second component explained 17%. There were three groups along the first component:
1) density, tensile index, stretch, burst index, Bekk smoothness, and resistance to air
permeability; 2) tear index, zero-span dry, and zero-span wet; and 3) light scattering
coefficient, brightness, and opacity. Groups 1 and 3 were separated primarily by the first
principal component, while the second principal component separated group 2 from the
others.
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Fig. 2. Principal component analysis of the normalized data of paper properties for the three
species and four refining levels.

These results suggest that the variables included in groups 1 and 3 were fairly
correlated with each other, while the variables in group 2 were not correlated with the rest

Anjos et al. (2015). “MRT paper density,” BioResources 10(3), 5920-5931. 5924



PEER-REVIEWED ARTICLE b | oresources.com

of the properties. This was expected because the tear index and zero-span tensile strength
depend on the intrinsic fiber resistance (Andersson 1981).

The refining level (PFI) strongly conditions the paper properties. For instance, Fig.
3 shows how the density increased as the PFI revolutions increased for A. dealbata. A
similar relationship between density and PFI was observed for A. melanoxylon and E.
globulus.

051

05

Standarized Denstity

-1 -0.5 4] 05 1

Standarized PFI
Fig. 3. Standardized density vs. standardized PFI revolutions for A. dealbata.

These results support the decision to separately develop the predictive models of
the mechanical properties obtained by multivariate regression techniques for each species.

Multivariable Regression Models
The partial correlation coefficients between the different properties are shown in
Tables 2, 3, and 4 for the three different species.

Table 2. Matrix of Partial Correlation Coefficients between Variables for A.
dealbata

Dens | Perm | Smoo | Tens | Stre | Burs | Tear | Zssd | Zssw | Opac | Brig
Perm 0.7
Smoo 0.9 0.7
Tens 1.0 0.6 0.8
Stre 0.9 0.5 0.7 1.0
Burs 1.0 0.7 0.8 1.0] 0.9
Tear 0.5 -0.1 0.3 06| 0.6 0.6
Zssd 0.6 0.3 0.5 06| 0.7 0.6 0.6
ZsSsw 0.2 -0.3 0.1 04| 04 0.3 0.6 0.6
Opac -1.0 -0.9 -0.9 -09| -08| -09] -03 -0.5 0.0
Brig -0.9 -0.9 -0.9 -0.8| -08| -09]| -0.2 -0.4 0.1 1.0
Ligh -1.0 -0.8 -0.9 -09| -09] -10] -04| -0.6 -0.1 1.0] 1.0

Density correlated well with all properties except tear index and zero-span tensile
strength, both dry and wet. This property was grouped together (group 2) in the PCA, with
the first principal component close to zero and positive values for the second principal
component. The correlation with resistance to air permeability was intermediate (this
property had the lowest value for the second principal component).
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Table 3. Matrix of Partial Correlation Coefficients between Variables for A.
melanoxylon

Dens | Perm | Smoo | Tens | Stre | Burs | Tear | Zssd | Zssw | Opac | Brig
Perm 0.7
Smoo 1.0 0.7
Tens 1.0 0.6 0.9
Stre 0.9 0.5 0.9 1.0
Burs 1.0 0.7 0.9 1.0] 0.9
Tear 04 0.1 0.3 05| 05 0.5
Zssd 0.8 04 0.7 08| 0.8 0.8 0.6
Zssw 04 -0.1 0.3 05| 0.6 0.4 0.6 0.7
Opac -1.0 -0.9 -10| -09| -08| 10| -0.3| -0.7 -0.3
Brig -1.0 -0.9 -0.9 -09| -08| 09| -03| -0.7 -0.2 1.0
Ligh -1.0 -0.8 -10| -09] -09| 10| -04| -0.8 -0.4 10| 1.0

Table 4. Matrix of Partial Correlation Coefficients between Variables for E.
globulus

Dens | Perm | Smoo | Tens | Stre | Burs | Tear | Zssd | Zssw | Opac | Brig
Perm 0.8
Smoo 0.9 0.8
Tens 1.0 0.7 0.9
Stre 1.0 0.7 0.9 1.0
Burs 1.0 0.7 0.9 10| 10
Tear 0.9 04 0.8 09| 0.9 0.9
Zssd 0.2 -0.3 0.1 02| 01 0.1 04
ZSsw -0.2 -0.6 -0.2 -0.2| -02| -0.2 0.1 0.5
Opac -1.0 -0.8 -0.9 -1.0| -10| -1.0] -0.9 -0.1 0.2
Brig -1.0 -0.9 -0.9 -09| -09| 09| -0.8 0.0 0.3 1.0
Ligh -1.0 -0.8 -0.9 -1.0| -10] -1.0] -0.9 -0.1 0.2 10| 1.0

To obtain simple prediction models, only the predictor variables with the highest
explanatory power were incorporated. The density was used as the independent (or
predictor) variable. As seen in Fig. 3, density was directly related to PFI, i.e., Density =
f(PFI1), which strongly affected the other properties. Additional independent variables were
incorporated only when the goodness of fit was poor.

The prediction model can be performed with a linear function (2 parameters),
polynomial of order 2 (3 parameters), a Gaussian function (3 parameters), or a power
function (2 parameters), each with density as only predictor variable. The R? coefficient
was quite high in all cases except for the dry and wet zero-span tensile strengths and tear
index variables in some cases (Tables 5, 6, and 7).

Models for the tensile index as a function were very accurate, with R? coefficients
0f 0.90, 0.91, and 0.98 for A. dealbata, A. melanoxylon, and E. globulus, respectively. This
relationship is well known (Vainio and Paulapuro 2007), but no models have been
proposed. It is also well known that increasing the paper density strongly improves the
paper strength (Santos et al. 2006; Anjos et al. 2011; Santos et al. 2012; Zeng et al. 2013),
which is mostly due to increased fiber-fiber contact. There is a strong inverse relationship
between the density and the light scattering coefficient (Batchelor and He 2005; Hubbe et
al. 2008).
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Table 5. Fitted Models for the Different Variables for A. dealbata with their
Corresponding Measures of Goodness of Fit, R, and RMSE

Coefficients

2
Data/Model (with 95% confidence boundaries) | R RMSE
. . p1=-149.7 (-171.6, -127.8)
Bf(r)'gh_t”eisz‘f' zefs'ty(x) p2=217.1 (180.1, 254) 098 | 0.6410
= PLXTE pa X ps ps = 8.164 (-7.19, 23.52)
Burst index vs. Density(x) p1=19.62 (18.36, 20.89)
f(x) = p1 X + p2 p2=-11.42 (-12.52, -10.31) 0.96 | 0.4668
Light scattering vs. Density(x) p1=-104.5 (-108.7, -100.3)
f(X) = p1 X + pa ps=121.8 (118.2, 125.5) 0.99 | 1.5387
Opacity vs. Density(X) p1=-67.76 (-74.08, -61.43)
f(x) = p1 X + P2 p2=129.7 (124.1, 135.2) 093 | 23304
Resistance of air permeability vs. | a=3790 (3349, 4230) 0.86 584 46
Density(x) f(x) =a x? b =24.05 (17.05, 31.05) ' '
p1=2727 (513.1, 4940)

Smoothness vs. Density

f(x) = puX2+ P2 X + Ps pz2 = -3472 (-7215, 270.3) 0.83 64.909

ps = 1166 (-388.3, 2721)
ai= 4.879 (4.724, 5.035)
b1 = 0.9528 (0.9227, 0.983) 0.90 | 0.3523
c1=0.2995 (0.2532, 0.3458)

p1=-96.86 (-127.7, -66)

Stretch vs. Density
f(x)= a1 exp(-( (x-b1)/c1)?)

Tear index vs. Density

rindes P2 = 169 (116.8, 221.2) 062 | 0.9050
fX) = p1x+ paX + ps ps = -66.2 (-87.88, -44.53)
Tensile index vs. Density p1=194.3 (173.5, 215.1)
f(x) = p1 X + p2 P2 = -87.08 (-105.2, -68.94) 090 | 7.6683

Poo = -591.8 (-1158, -25.95)
Zssw vs. Density, Smoothness po = 1771 (288.8, 3254)

f(X,y) = poo + P10 X + Pory + P20 X*> | por=-0.01771 (-1.101, 1.065) 0.82 4.6692
+ puXxy p20 = -1059 (-1978, -139.5)
P11 = 0.04672 (-1.041, 1.135)
Zssd vs.Density p1=-511.7 (-776.7, -246.8)
f(X) = p1 X2+ P2 X + P3 p2=919.7 (471.7, 1368) 054 | 7.7698

ps=-226 (-412.1, -39.95)

Graphical examples of these models are presented in Figs. 4 and 5. As shown in
Fig. 4, the dependent variable was the wet zero-span tensile strength, and the independent
variables were density and Bekk smoothness for A. dealbata; in this case, the goodness of
fit was improved by adding this additional variable. Figure 5 depicts a linear fit for A.
melanoxylon in which the burst index depended on the density.
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Fig. 4. Fitted surface for wet zero-span tensile strength determined as the dependent variable
and density = f(PFI) and Bekk smoothness as the independent variables for the A. dealbata

Table 6. Fitted Models for the Different Variables for A. melanoxylon with their

Corresponding Measures of Goodness of Fit, R?, and RMSE

Coefficients

2
Data/Model (with 95% confidence boundaries) R RMSE
) . p1=-85.86 (-105.2, -66.51)
][3(;')gft”e)s(§ s Densly p2=109.7 (78.09, 141.3) 097 | 06471
T P p2Xps ps = 51.04 (38.38, 63.69)
Burst index vs. Density p1 =20.69 (19.81, 21.58)
f(x) = p1 X + p2 P2 = -12.42 (-13.16, -11.67) 0.98 | 0.3308
Light scattering vs. Density p1=-97.5 (-101.5, -93.51)
f(x) = p1 X + p2 p2=113.4 (110.1, 116.8) 0.98 | 1.4908
Opacity vs. Density f(x) = p1 x+ | p1=-63.91 (-69.49, -58.34)
P2 p2 = 125.3 (120.6, 130) 093 | 2.0800
Resistance of air permeability a = 3245 (2735, 3756)
vs. Density f(x) = a xb b=15.64 (11.65, 19.63) 0.85 | 4006.70
Smoothness vs. Density p: = 1062 (953.5,1170)
f(x) = p1 X + p2 P2 = -674.5 (-765.7, -583.3) 081 | 40421
. a1= 4.543 (4.381, 4.704)
?(t;‘)eicg v D(f"(”(sx'% o) b = 0.9234 (0.8999, 0.947) 091 | 0.3609
s aexp i c1=0.268 (0.2336, 0.3024)
. p1=-92.83 (-122, -63.68)
Tffx"’)‘r_'”diﬁ b [Z(efs'ty p2 = 156.8 (109.2, 204.4) 0.62 | 0.9747
= Xt paX ps ps = -50.33 (-78.39, -40.27)
Tensile index vs. Density p1=190.6 (171.3, 209.9)
f(x) = p1 X + p2 D2 = -86.05 (-102.3, -69.8) 091 | 72041
) p1=-557.7 (-748.6, -366.9)
fz(f()s"l’ vs. Density, Smoothness | 1, = 942.7 (631.2, 1254) 058 | 6.3799
T P p2Xps ps = -249.8 (-374.6, -125)
. p1=-373.1 (-554.3, -191.9)
fz()s()s‘ivs'ngns'3’+ p> = 683.1 (387.3, 978.9) 0.74 | 6.0584
T Pixtrp2X+ ps ps = -130.4 (-248.9, -11.91)
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Fig. 5. Fitted curve for burst index as the dependent variable and density = f(PFI) as the
independent variable for A. melanoxylon

Table 7. Fitted Models for the Different Variables for E. globulus with their
Corresponding Measures of Goodness of Fit, R?, and RMSE

Data/ Model

Coefficients

2
(with 95% confidence bounds) R RMSE

Brightness vs. Density
f(X) = p1X2+ p2Xx + p3

p1=-63.57 (-74.84, -52.3)
p2 =72 (55.94, 88.06) 0.98
p3 = 66.45 (60.84, 72.05)

0.3002

Burst index vs. Density
f(x) = p1 X + p2

p1 = 20.15 (18.84, 21.46)

p2=-10.35 (-11.3, -9.401) 0.96 | 0.4540

Light scattering vs. Density
f(x) = p1 X + p2

p1=-76.45 (-78.74, -74.17)

D2 = 88 (86.34, 89.65) 099 | 0.7856

Opacity vs. Density
f(X) = pLX + p2

p1 = -47.93 (-49.74, -46.13)

p2 =107.9 (106.6, 109.2) 0.99 0.6210

PER vs. Density
f(x) =ax®

a=1.06 10* (3303, 1.80 10%

b=17.55 (13.19, 21.91) 0.89 | 105.48

Smoothness vs. Density
f(X) = p1 X2+ p2X + ps3

p1 = 1372 (674.9, 2069)
p> = -1389 (-2383, -396) 0.93
ps = 354.3 (7.655, 701)

18.572

Stretch vs. Density
f(X) = p1 X + p2

p1=12.89 (12.05, 13.72)

p2 = -5.854 (-6.46, -5.247) 0.96 | 0.2875

Tear index vs. Density
f(x) = p1X* + p2X + ps

p1=-113.5 (-145.1, -81.94)
p2=183.7 (138.7, 228.7) 0.91
ps = -64.96 (-80.66, -49.27)

0.8410

Tensile index vs. Density
f(x) = p1 X + p2

p1=234.5 (222.2, 246.7)

D2 = -99.67 (-108.6, -90.79) 098 | 4.2099

Zssw vs. Density, Smoothness

p1=-675.7 (-966.9, -384.5)

WS © P2 = 946.5 (531.5, 1362) 039 | 7.7593
fx) = pax+ paX + pa ps = -162.8 (-307.6, -17.97)
. p1 = -521.4 (-687.8, -355)
Zssd vs. Density p2 = 750.6 (513.4, 987.8) 053 | 4.4342
f(X) = p1x*+ p2X + p3
ps = -72.3 (-155.1, 10.47)
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CONCLUSIONS

1. It was possible to use unsupervised classification techniques to assess separate
prediction models of paper properties for each of the hardwood species studied and
multivariable regression techniques to establish the prediction models.

2. The PCA of the paper handsheets showed that different species should be analyzed
separately and that the pulp refining level strongly conditioned the physical properties;
thus, predictor variables were highly correlated with the refining level.

3. The predictor variable density had the highest explanatory power but depended on the
refining level, whose value strongly affected the values of other properties.

4. All variables except for tear index and zero-span tensile strength, both dry and wet,
could be predicted using density-based models with high goodness of fit.
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