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Abstract A new method has been developed for mea-

suring not only bending but also shear flexibility of pulp

fibers by using confocal laser scanning microscopy. Based

on the Steadman and Luner method, a two-stage wet

pressing process was used which enabled both bending and

shear flexibility and both bending and shear modulii of

fibers to be determined with a single test. Three types of

fibers, i.e., bleached spruce Kraft Pulp (BKP), aspen

bleached chemi-themomechanical pulp (BCTMP), and

aspen themomechanical pulp (CTMP), were tested. Results

show that the longitudinal elastic modulii of the fibers are

in a range of 3–37 GPa, and the transverse shear modulii of

them are in a range of 27–103 MPa. It was also found that

the shear contribution to the overall fiber deformation

ranged from 60% to 90% for the fibers measured. This

substantiates the concept of shear contribution to measured

fiber flexibility as proposed by Waterhouse and Page.

Introduction

Wet fiber conformability refers to how easy individual

fibers can conform to each other to form a well-bonded

paper sheet structure in the papermaking process. Flexible

fibers bend easily under transverse stresses by the capillary

force of water during papermaking processes. Therefore,

several methods have been developed for measuring wet

fiber flexibility in order to evaluate the conformability of

wet fibers during paper consolidation process [1–5].

Recently, Waterhouse and Page [6] found that shear

deformation could contribute significantly to the overall

deformation of the fibers as analyzed in all the existing fiber

flexibility measurement methods. It is incorrect to neglect

the shear contribution in the bending flexibility measure-

ment. According to their calculation using an E/G ratio of

2000, where E is the longitudinal elastic modulus and G is

the transverse shear modulus of fiber, the contribution of

shear to overall deflection varies from insignificant to over-

riding in different flexibility measurement methods,

depending on the freespan length used in each method [6].

Therefore, they concluded that given the fiber span length is

only about the order of a fiber width, the fiber deformation

in real paper is almost entirely due to shear.

The methods reported include hydrodynamic or bending

beam method, and conformability method. In hydrody-

namic methods, fibers are bended either as a cantilever

beam [2, 3] or a simply supported beam [4]. The bending

force is applied by a water stream which is calculated with

the hydrodynamic theory. In the conformability test [5, 7],

wet fibers are pressed onto a thin wire and form arcs over

it. The deformation of the fibers is measured by a micro-

scope and is then related to the wet fiber flexibility. In all

these methods, fiber flexibility is expressed as the bending

flexibility, FB = 1/EI, where fibers are treated as an ideal

elastic beam that deforms only by bending.

In order to evaluate shear contribution to the overall

fiber deformation, both elastic modulus E and the shear

modulus G must be known. The E of a single fiber is

usually measured from load-elongation curves that are

obtained with micro-tensile tests [8–12]. The difficulties

associated with those tests are the requirement of handling

individual fibers and accurate measurement for the stress

and strain on a small scale [13, 14]. Those drawbacks make

this method impractical for engineering applications [15].
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The shear modulus of wet fiber has been relatively rarely

studied for papermaking fibers. Theoretically, G could be

obtained by performing twisting test on a single fiber with a

micro-torsion apparatus assuming that a fiber is a homo-

geneous, isotropic and elastic circular shaft or tube [16–

19]. Since fibers are liable to twist rather than deform when

subjected to torsion, those tests usually measure the torsion

rigidity other than the shear modulus [17, 20]. Because of

this, the shear modulus of wet pulp fibers is hard to be

measured experimentally. It is usually estimated from the

transverse modulus E33 [6]. The E33 can be measured with

the micro-compression test [21–23] or the AFM indention

test [24]. Similar to the measurement of longitudinal

modulus, handling and measuring an individual fiber are

required for measuring the E33. Because fibers are not

totally collapsed, it is hard to isolate the deformation of

fiber wall from the displacement caused by the collapse of

lumen under transverse compressing. The reported E33 for

a same fiber type, i.e., spruce kraft pulp fibers, varies in a

wide range from 4 MPa [25] to 560 MPa [23].

In our previous studies [26, 27], a new method was

developed by using confocal laser scanning microscopy

(CLSM) for fiber flexibility measurement. Using CLSM,

the transverse section and the cross section of fibers can be

observed directly. Therefore, not only the mode of fiber

deformation, i.e., bending deformation or shear deforma-

tion, can be identified, but also the fiber cross section area

and the moment of inertia can be measured. This provides

opportunity for calculating the E and G with an appropriate

procedure of fiber flexibility measurement. The objective

of this investigation is to develop a method for measuring

both fiber bending flexibility and shear flexibility. By

analyzing the separated bending and shear flexibility, the

nature of fiber deformation in real papermaking process

can be better understood.

Theory

Fiber deformation model

Fibers deform differently with the forces and constraints

they are subjected to Ebling [28] proposed a model to

describe the fiber–fiber interactions during consolidation

and dewatering in the real papermaking process, in which

the fiber wall deformed under the drying-induced stress that

is caused by the capillary forces. The transverse deflections

are about the order of fiber thickness, and the spans are on

the order of the fiber width. This type of deformation is

supported by SEM Images of some paper samples [29, 30].

The model can be simplified as a fiber bending over others

(Fig. 1). The forces that induce fiber transverse deforma-

tion, e.g., capillary force and mechanical pressure, are

represented by a uniformly distributed load q (Fig. 2). The

total deflection D in transverse direction y is restricted by

the fiber thickness d. The span length caused by the load q is

L. The D of fiber end is assumed to consist of two portions—

bending deflection (db) and shear deflection (ds).

D ¼ db þ ds ð1Þ

If the fiber is treated as a statically indeterminate beam

that is subjected to a uniform distributed transverse load,

the bending deflection db can be calculated by following

the Steadman procedure [5], as shown in Eq. 2.

db ¼
qL4

72EI
ð2Þ

The shear deflection ds at the free end can be calculated

by assuming the fiber as a cantilever beam. It also consists

of two portions, dsu, which is induced by the distributed

load q = -w, and dsc, which is induced by the shear forces

between Ra and Rb. The dsu is the shear deflection portion

of the cantilever beam due to distributed load w, which can

be calculated with the unit-load method based on the

principle of virtual work [30].

dsu ¼
2fs
GA

ZL

x¼0

wðL� xÞdx ¼ wfs

GA
½xL� x2

2
�L0 ¼

wfs

GA
L2 ð3Þ

The dsc is the shear deflection of a cantilever beam due

to concentrated force at the free end. The shear force P is

the differential of Ra and Rb [5].

P ¼ Ra � Rb ¼
wL

4
� 6EIdb

L3
¼ wL

6
ð4Þ

dsc ¼
Pfs

GA
L ¼ 1

3

wfs
GA

L2 ð5Þ

where G is fiber shear modulus and A is the cross-section

area. fs is the shape factor of fiber cross section [30]. For a

thin-wall cylindrical uncollapsed fiber, fs = 2, and for a

totally collapsed fiber, fs = 6/5. In this paper, the shear

flexibility, FS = fs/GA, which is the reciprocal of the shear

rigidity, will be used [31].

The total deflection in fiber thickness direction can be

expressed as

Fig. 1 Schematic illustration of the simplified geometry of fiber

deformation in paper
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D ¼ w

72EI
L4 þ 4

3

fsw

GA
L2: ð6Þ

In order to evaluate the contribution of shear to overall

deformation, the ratio of shear to bending deflection is used

ds

db
¼ 4

3

fswL2

GA

� �
=

wL4

72EI

� �
¼ 96

L2

FS

FB
: ð7Þ

It can be seen that the shear contribution is determined

by the FS=FB ratio and the span length, where FB is the

bending flexibility.

Methodology

According to Eq. 6, the total deflection is determined by

the span length for given fiber geometry, (A, I, fs) and

material properties (E, G). If the Steadman method is used,

the deflection D can be fixed as the diameter of the support

wire (d) and Eq. 6 can be written as

d

w
¼ L4

72EI
þ 4

3

fs

GA
L2: ð8Þ

Using CLSM, the freespan length (L) can be measured

directly and I and A can be calculated with the fiber cross-

section dimension measured by CLSM. Therefore, there

are only two unknowns, E and G, in the equation. If two

loads, w1 and w2, are applied to the same fiber spanning

over a support wire, two sets of knowns, (L1, A1, I1) and

(L2, A2, I2) can be obtained, and hence the two unknowns

(E, G) can be resolved. Following the reasoning line in this

study, a double pressing procedure was developed. Fibers

were first pressed at load w1 and the freespan L1 was

measured. Fibers were then rewetted and pressed at load

w2, (w2 [ w1), by which the freespan was decreased to L2.

If the cross-section shape does not change during wet

pressing, A and I are constant. The shear and bending

flexibility can be solved,

FS ¼
fs

GA
¼ 3d

4

1

w1w2

w1L4
1 � w2L4

2

L4
1L2

2 � L2
1L4

2

ð9Þ

FB ¼
1

EI
¼ 72d

1

w1w2

w1L2
1 � w2L2

2

L4
1L2

2 � L2
1L4

2

: ð10Þ

Since some fibers, especially mechanical fibers, usually

only collapse partially, the cross-section shapes change

during the double wet pressing process. Therefore, the

cross-section dimension needs to be measured for the same

fiber after each pressing. The E and G can be solved by

Eq. 9 with two sets of data, and the shear and bending

flexibility can be calculated from E, G and fiber cross-

section parameters accordingly.

1

E
¼ 72d

I1I2

w1w2

w1A1L2
1 � w2A2L2

2

A1I2L2
1L4

2 þ A2I1L4
1L2

2

ð11Þ

1

G
¼ 3d

4

1

fs

A1A2

w1w2

w1I1L4
1 � w2I2L4

2

A1I2L2
1L4

2 þ A2I1L4
1L2

2

ð12Þ

Experimental

Sample preparation

Aspen chemi-thermomechanical pulp (CTMP), bleached

aspen chemi-thermomechanical pulp (BCTMP), and

bleached spruce kraft pulp (BKP) from Canadian paper

mills were used. Pulp fibers (0.3 g o.d) were stained in

20 mL 0.1% Safaranin-O for 24 h at room temperature to

enhance the fluorescence intensity, and then diluted to

0.03% consistency with distilled water and drained onto a

piece of filter paper (Fisher brand Q8) by a TAPPI standard

handsheet former. The suspension was swirled before

draining to orient pulp fibers in parallel on the filter paper.

Single quartz fibers (CPI international PN: 511-735)

with a nominal diameter of 10 lm were manually laid in

the middle of a microscope glass slide (Fisher brand pre-

cleaned microscope slide), with two ends fixed on the glass

slide by the proxy glue.

The pulp fibers were then transferred from the filter

paper onto the prepared microscope slides by placing and

gently tapping the filter paper onto the slides. The filter

paper was replaced with a Millipore filter (Millipore,

GPWP04700), and covered with 2 dry blotting papers and

pressed by standard handsheet press at 340 kPa for 3 min.

Seven additional glass slides were pressed along with

sample slides to distribute the press load evenly. The actual

load applied to the sample was calculated according to the

total area of the glass slides. The slides were air dried and

kept under TAPPI standard conditions before CLSM

imaging. Once all fibers have been imaged with CLSM, the

Fig. 2 Beam deformation

under transverse forces and the

contribution of bending and

shear deformation
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specimens were covered with a Millipore filter and rew-

etted with water applied by a wool roller. They were

covered with 2 dry blotting papers and pressed at 460 kPa

for 3 min, followed by another CLSM imaging (Fig. 3).

CLSM imaging

Image scanning was carried out with a Leica TCS-SP2

confocal laser scanning system. Images were obtained with

a dry objective lens (HC FLOUTAR 50 9 0.8). Excitation

wavelength of 514 nm from an Ar laser is used. The pin-

hole size is set at the optimum value by the Leica Confocal

Control software. The emission light from 525 to 760 nm

was collected by detector (PMT). The gain and offset of

PMT were automatically adjusted for each fiber by soft-

ware to ensure a constant image quality. CLSM is operated

at XZ or YZ scanning mode to obtain transverse and cross-

sectional image for dimension measurement. Scanning step

size in Z direction is 0.12 lm. The lateral resolution is

0.29 lm/pixel in transverse CLSM images. 49 digital

zoom was used when imaging fiber cross section. The

nominal resolution is 73 nm/pixel. Typical original CLSM

images are shown in Figs. 4 and 5. Only well-defined fibers

with smooth and symmetric span curves were measured.

Image analysis

CLSM transverse images were converted to binarized

images. The threshold was auto-determined by ImageJ,

which is an optimized value between the average of

background and the objects [32, 33]. Freespan length and

deflection height were measured at the neutral bending

plane of fiber transverse profile, which was defined as the

symmetric center in fiber thickness along the fiber length

according to our previous study [26], as shown in Fig. 6.

Fiber width, thickness, and cross-section area were

measured from the binarized cross-sectional CLSM ima-

ges, as shown in Fig. 5. Since the cross-section shape of

most fibers is nearly rectangular, Eq. 13 is used for cal-

culating the moment of inertia I. The area of fiber cross

section is measured automatically with the software by

summing up the area of all the pixels

I ¼ ah3

12
: ð13Þ

Since the thickness of fibers is usually not a constant, it

was measured manually and the average values were used

for the calculation. All image processing were performed

with an open source image processing software—ImageJ

[31].

Results and discussion

Elastic and shear modulii of the fiber wall

With a two-stage pressing process, two sets of measure-

ments were obtained including the freespan length (L1, L2),

the fiber cross-section area (A1, A2) and the fiber moment of

inertia (I1, I2), as shown in Table 1. The shear modulus (G)

and elastic modulus (E) were then calculated according to

Eqs. 12 and 13, which are listed in Table 1. It can be seen

that for BKP fibers, the difference in I and A change after

each wet pressing is minimal. This is because the BKP

fibers collapse completely under pressure load, so the

Fig. 3 Beam deflection geometry in the Steadman and Luner method

[5]

Fig. 4 Typical CLSM image of the transverse optical slice of pulp

fibers that wet pressed at 340 kPa on a glass rod. (a) Spruce BKP, wet

pressed at 340 kPa. Shear contribution 91%; (b) Aspen BCTMP, wet

pressed at 340 kPa. Shear contribution 68%. Image size

300 9 26.3 lm

Fig. 5 Binarized image of the cross section of an aspen BCTMP fiber

that wet pressed at 340 kPa. Measured fiber width 18.6 lm, height

4.13 lm and the cross-section area 76.78 lm2

Fig. 6 The subtracted ‘‘neutral bending planes’’ from Fig. 4. The

freespan length measured is 117.38 lm (left) and 105.76 lm (right)

for aspen BCTMP, and 30.75 lm (left) and 42.05 lm (right) for

spruce BKP
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geometry of the fiber cross section remains basically the

same after each of the wet processing. For CTMP fibers,

the difference in I and A after the first and the second wet

pressing is apparent. This indicates that the first pressing

stage further collapses the fiber lumen structure. The cal-

culated shear and elastic modulii for all the three types of

fibers are quite scattered as shown in Fig. 7. This is

expected since each fiber of the same pulp can be different

in terms of both their material structure and the chemical

components. Even for the same fiber, different location on

the fiber may give different results. Therefore, median

values are reported and compared with that of other

studies.

As shown in Table 1, the median value of elastic

modulus of BKP fibers is 3.14 GPa. According to

Ehrnrooth and Kolseth [12] the E of Norway spruce As-

plund pulp and a Norway spruce pulp prepared by

delignifying with sodium chlorite to 62.4% deligninfication

level were 9.2 GPa and 4.3 GPa with axial tensile method,

respectively. This agrees well with the results obtained in

the present study. Compared with BKP, aspen mechanical

fibers show much higher modulus. The E of the CTMP is

37.19 GPa. This may be due to the high lignin concentra-

tion in the fiber wall and on the fiber surface of CTMP [34],

since lignin has relatively higher elastic modulus [35]. In

contrast, the E of the BCTMP fibers is only 18.86 GPa,

indicating that bleaching modifies the lignin structure or

removes certain compounds from the fiber cell well.

According to Waterhouse [6], shear modulus can be

estimated from the Poisson’s ratio and transverse modulus

E33, the shear modulus of pulp fibers is estimated to be 3/8

of the E33 of pulp fibers. Quite a range of E33 values has

been reported in the literature. Higher E33 values, 350–

750 MPa, were reported by Hartler and Nyren [21, 36].

Lower values of E33, 6.5–9.3 MPa, were reported by Wild

[37] with transverse Micro-compression method. Page [13]

obtained a theoretical value to be about 8.8 GPa based on

the cellulose-hemicellulose-lignin composite model. In the

present study, the G values of spruce BKP, aspen BCTMP

and CTMP is about 28 MPa, 80 MPa, and 103 MPa,

respectively. Dunford and Wild [23] found that different

transverse modulus might be obtained if measured at dif-

ferent transverse load for the transverse displacement

including the lumen collapse and fiber wall compression.

The apparent modulus obtained ranges from a few MPa to

about 60 MPa with the increasing testing forces. With

cyclic loading, the E33 reached to about 130 MPa after 30

load cycles. The shear modulus corresponding to it is about

48 MPa. Since the fibers have been subjected to wet

pressing twice at a higher pressure, higher transverse

modulus is expected with the present method. In general,

the G is of same order of magnitude as that estimated from

transverse modulus by Dunford and Wild [23].

Table 1 Test results obtained from a two-stage wet-pressing method

Pulp L1 (lm) L2 (lm) I1 (91022, m4) I2 (91010, m2) A1 (91010, m2) A2 (91010, m2) G (MPa) E (GPa) E/G ratio

BKP 91.69 36.959 0.99 0.95 1.06 1.06 27.57 3.14 114

BCTMP 109.51 53.029 2.01 1.62 1.06 1.05 79.61 18.86 237

CTMP 200.38 89.98 6.44 6.95 1.65 1.38 102.95 37.19 361

Note: (1) 15 fibers were measured for each sample and the median values are presented. (2) Wet pressing pressure for BKP: P1 = 220 kPa,

P2 = 340 kPa; and for BCTMP and CTMP: P1 = 340 kPa, P2 = 460 kPa
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Fig. 7 Distribution of measured values E (a) and G (b) of three

different types of pulp fibers
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The shear modulus measured in the present study, 28–

103 MPa, is much higher than the value (5 MPa) used by

Waterhouse and Page [6] for comparing the shear contri-

bution, but the E measured in this study is on the order of

10 GPa. Therefore, the E/G ratio obtained in the present

experiment is from 100 to 300 in comparison with 2000 as

used by Waterhouse and Page [6].

In order to validate the method developed, statistical

analysis (Oneway ANOVA) was used to analyze the sig-

nificance of the difference among the E and the G of the

three types of fibers. The results show that the significance

(Sig.) is 0.035 and 0.05 for E and G, respectively. With the

Oneway ANOVA analysis, a Sig. \0.05 is considered

significantly different. This means that the double pressing

method developed is able to differentiate different types of

pulp in terms of their E and G.

Shear and bending flexibility of fibers

With the elastic modulus and shear modulus calculated and

the A and I of fibers measured, the bending flexibility and

shear flexibility can be calculated directly according to

Eqs. 11 and 12. Table 2 lists the calculated shear and

bending flexibility after each stage after the wet pressing.

To compare, the Steadman method was also used for cal-

culating the flexibility, which is the flexibility calculated

from the free span length and deflection height assuming a

pure bending situation. It can be seen that both shear and

bending flexibilities of bleached spruce kraft fibers are

almost the same of each of the two pressing at different

pressures. This can be explained by the almost unchanged

A and I after each pressing as listed in Table 1. However,

the difference of mechanical fibers is significant. In gen-

eral, both shear and bending flexibility increased with the

pressing pressure, due to the reduced cross-section area A

and moment of inertia I.

The flexibility of unbleached spruce kraft fibers mea-

sured with hydrodynamic method is 3.66 9 10-11

N-1 m-2 by Tam Doo [4], and 1.81 9 10-11 N-1 m-2 by

Kuhn [3]. Since the shear contribution in their method is

very small [6], the results can be considered as a measure

of the pure bending flexibility. In this study, the bending

flexibility of bleached spruce kraft fibers obtained is

26.42 9 10-11 N-1 m-2. It is much higher than that of

unbleached fibers. However, if we calculate the bending

flexibility by using the elastic modulus of BKP fiber,

4.3 GPa, measured by Ehrnrooth [12] and the moment of

inertia, 0.99 9 10-22 m4, as measured in the present

experiment, the results will be 23.49 9 10-11 N-1 m-2,

which is almost the same as the result obtained for spruce

BKP fibers. The flexibility obtained with the Steadman

method is usually much higher than the bending flexibility,

especially for the fibers after the second stage pressing, T
a
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since in the Steadman method, all the deflection is attrib-

uted to a pure bending.

Little has been found in the literature with regards to

fiber shear flexibility, due to the difficulties in measuring

the shear flexibility of fibers. However, the shear contri-

bution to the overall fiber deformation is substantial as

listed in Table 2. The contribution is from 64% to 84% for

the three types of fibers after the first wet pressing. Pressing

with higher pressure in the second pressing stage, the shear

contribution is further increased to about 90% for all the

three fibers. This result is in accordance with Waterhouse

and Page’s [6] analysis, that is, the shorter the span, the

higher the shear contribution.

The measured shear flexibility for the three types of

fibers is quite different, from as high as about 400 N-1 for

the BKP fibers and as low as about 50 N-1 for the CTMP

fibers. This is mainly attributed to the difference in their G

value. The effect of the cross-section area is relatively

small in this case.

The contribution of shear to the overall fiber deforma-

tion can also be directly observed from the shape of the

deformed fibers with CLSM. As shown in Fig. 4, the shape

of the BKP fiber span over a support wire is almost like two

segments of straight lines, featuring a shear deformation. In

contrast, the span of the aspen BCTMP fiber is most

curved, exhibiting the feature of a bending deformation.

The calculated shear contribution for the fibers shown in

Fig. 4a is 91% and that of the fiber in Fig. 4b is 68%.

Evaluation of the shear contribution to fiber

deformation in real paper

According to Waterhouse and Page [6], the span length is

the predominant factor in determining the contribution of

shear to the overall fiber deformation under transverse

stresses. This can be seen from Eq. 7, in which the shear

flexibility (FS) and bending flexibility (FB) are constants

for a given fiber geometry, so the ratio of shear to bending

deformation is inversely proportioned to the second power

of the span length (L). A small L will result in a large shear

to bending ratio. The relationship between L and shear

contribution is illustrated in Fig. 8. It can be seen that when

the span length is below 100 lm, the shear contribution

ranges from 60 to 95% depending on E/G ratio, i.e., the

type of fiber.

In a real paper structure, the span length is about the

width of a fiber according to references [30, 38] In fact,

with CLSM, the deformation of a fiber over another fiber

can be directly observed. Figure 9 shows the intersection of

two aspen BCTMP fibers. It can be seen that the span

length of the overlaying fiber is about the same as the width

of the underlying fiber, and the deflection height is deter-

mined by the thickness of the underlying fiber. This

confirms the finding of Lowe et al. [38] with a different

microscopic technique.

Based on Fig. 8, when span length is less than 30 lm,

the shear contribution is over 90%. With increasing E/G

ratio, shear contribution increases for the same span length.

For instance, if a higher E/G ratio, 2000, is used, the shear

contribution calculated is even greater. It is apparent that

the shear deformation is substantial and dominating in the

overall fiber deformation in a real paper structure. It can be

deduced that the shear flexibility should be more effective

than bending flexibility in conformability behavior of fibers

during papermaking process and in paper structure. Fur-

thermore, the area of fiber cross-section, rather than the

moment of inertia, has more effect on the fiber deformation

when the span is short, e.g., in the paper structure. This

explains the results which are obtained by Da Silva [39],
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Fig. 8 Contribution of shear to the overall deformation versus the

span length in the conformability test method. The reference line is

calculated based on E/G = 2000 and h = 4 lm, according to

Waterhouse and Page [6]

Fig. 9 CLSM 3D image of a BCTMP fiber deforms over another

BCTMP fiber (a), and the transverse image of the fiber intersection

(b). The sample was prepared following the same procedure as used

for flexibility measurement
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Lossada [40], and Paavilainen [41] that the moment of

inertia has little effect on paper properties.

In all hydrodynamic methods for fiber flexibility test,

only long fibers have been measured and the span length

subjected to the transverse are in the order of few milli-

meter. Therefore, the contribution of shear is less than 10%

(Fig. 8) and these methods mainly measure the fiber

bending flexibility. In contrast, the contribution of shear to

the overall fiber deformation in the Steadman method

depends on the wet press pressure used. Higher pressure

results in short span length and in turn, higher shear con-

tribution. The contribution of shear is also affected by the

material properties of different types of fibers, which is

characterized by their E/G ratios. By selecting the support

wire of the same diameter as real fibers or using real pulp

fibers as a support, fiber deformation in a real paper

structure can be better simulated. The shear contributions

obtained in the present study are about 60–90% for the

three fiber types. Therefore, the flexibility obtained using

the Steadman method is a combination of bending and

shear flexibility. However, both shear and bending should

be evaluated, and according to the present study, shear

should be more emphasized in the analysis.

Analysis of possible errors

The method developed in this study is based on small

deflection beam theory by assuming fiber as a homogeneous

elastic beam, which means that fibers deform only elasti-

cally, fiber cross section is uniform, and the fiber deflection

is small. In reality, fiber cross-section shape varies along

fiber length and the plastic deformation can occur. Of all

these factors, the deflection ratio may have the most sig-

nificant influence on the measured result. The flexibility is

overestimated when using small deflection beam theory to

approximate the beam with large deformation, as discussed

by Lawryshyn [42]. In this study, most deflection ratios are

less than 25%, and the errors associated with the large

deflection ratio is less than 10% according to Lawryshyn

[42]. The deflection ratio can be controlled either by using

small diameter glass wire or using low pressing pressure, or

by using both of them. However, lower pressing pressure

may decrease the binding ability of fibers to the glass slide,

which may lead to spring-back problem. The ability of

fibers to adhere to the glass surface is critical in this method

[5]. In this experiment, it was found that it worked very well

with fibers that have higher bond ability, i.e., BCTMP,

refined BKP fibers, but for some rigid fibers, i.e., CTMP, the

adhesion was not sufficient to hold the fibers in position

when pressing load was released.

The measurement of the free span length L is also

critical. The accuracy has been improved by defining a

‘‘neutral bending plane’’. With CLSM, fiber transverse

deformation shape can be visualized, so only fibers that

formed perfect bending span were measured. In fact, only

for the spans of regular shape can the beam deflection

theory be applied. Therefore, the accuracy and consistency

of the results were also improved.

The cross-sectional dimensions of fibers are quite vari-

able due to its nature. Although the cross-section area and

the moment of inertia were measured based on each pixel

on the binarized images, different locations on a fiber can

give quite different results, which contributed to results

scattering of the measured results.

Conclusions

A new method has been developed which can measure both

bending flexibility and shear flexibility of pulp fibers based

on the conformability method developed by Steadman and

Luner [5]. Using CLSM, not only the shape of a fiber span

over a support wire, but also the cross-section geometry of

the fiber can be observed simultaneously. By developing a

two-stage wet pressing process, fiber bending flexibility,

shear flexibility, longitudinal elastic modulus, and shear

modulus can be obtained with one test based on the beam

deflection theory.

Results show that the elastic modulus of the spruce BKP

fibers, aspen BCTMP fibers, and aspen CTMP fibers are

about 3 GPa, 19 GPa, and 37 GPa, respectively, which is

on the same order of magnitude of 10 GPa as reported in

the literature. The shear modulii of the three types of pulp

fibers are 28 MPa, 80 MPa, and 103 MPa, respectively,

which is much larger than 5 MPa which has been suggested

in the literature.

It was also found that the shear contribution to the

overall fiber deformation is substantial, being about 60–

90% in the present experiment setting. Shear contribution

to the overall fiber deformation was also observed directly

from the shape of the deformed fibers. The present results

substantiate the concept of shear contribution to overall

fiber deformation as proposed by Waterhouse and Page.
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