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Effective Diameters of Drilled Holes in Pinewood in
Response to Changes in Relative Humidity

Maciej Sydor,>* Jerzy Majka,® and Nadezda Langova ¢

Wood swelling and shrinkage affect the cooperation among the elements
of furniture and should be considered during design. This study
investigated the influence of moisture changes to the effective diameter of
holes drilled in narrow and in wide sides of pine blanks. The moisture
content (MC) of all samples has been averaged to 11.3-11.8% (air-
conditioning for 4 month with RH =60 £ 1% andt=20 + 1 °C). The 12 mm
holes were drilled in radial and tangential directions of the samples. The
MC in half of the samples was increased to 17.4-17.9% (air-conditioning
for 6 months with RH = 85% and t = 20 + 1 °C), and the MC in the second
half of the samples was decreased to 8.2% (air-conditioning for six months
with RH = 35% and t = 20 £ 1 °C). There were nonuniform changes in MC
of the samples. Air with RH = 85% increased the MC by 6%, air with RH =
35% decreased the MC by 3%. The effective diameters of the holes were
more sensitive to a decrease in air RH than to an increase the air RH. The
swelling changes of wood significantly reduced the effective hole diameter,
while adsorption shrinkage changes in wood only slightly increased the
effective diameters of the holes. The pine blanks swell and shrink
asymmetrically, but the changes in the effective diameter of the holes are
not correlated with these phenomena. They also have a different form for
holes drilled in radial and tangential directions.
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INTRODUCTION

Engineering tolerances determine the size of the clearance or interference between
cooperating parts, i.e., it determines the susceptibility of the parts to assembly and
subsequent proper functioning of the product. Selecting a designed-in clearance or
interference between two parts is an important decision when creating a detailed design.
Due to the requirement of full interchangeability of parts, all dimensions should be made
with the highest possible accuracy, so that the upper and lower limits of dimension size are
close to the nominal size. This increases the susceptibility to assembly and increases the
value of products for customers (in Taguchi loss function sense (Deming 1993)). However,
the high accuracy complicates the manufacturing of elements and increases the cost of
products (Pahl and Beitz 1977).

One of the causes of the dimensional deviations of wood and wood-based materials
are processing conditions (e.g., dynamic imbalance of the machine-tool-workpiece
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system), tool wear, machine setting errors, adverse effect of high temperature on the
contact between wood and cutting tool (Kubovsky et al. 2020)), conditions of use of the
product (e.g., deformation due to long-term loading (creep) (Branowski et al. 2020) or
abrasive wear on the surfaces of mating elements), and ambient air conditions (Krist'ak et
al. 2019).

Wooden elements whose actual dimensions exceed the permissible limits may not
be suitable for assembly or may require additional machining, e.g., a hole with too small
diameter requires a pin or peg to be pressed into the hole, and a hole with too large diameter
may cause the joint to malfunction (Sydor and Wieloch 2009; Branowski et al. 2018; Hitka
et al. 2018; Langova et al. 2019).

Wood changes its moisture content (MC) in relation to the changes in ambient air
parameters (Machado et al. 2016). Due to the wood-water relations, the effect of even
short-term immersion of wood in water or long-term exposure to moist air is swelling (the
result of water absorption) or shrinkage (the result of water desorption) of wooden elements
(Kollmann and Coté 1968; Noack et al. 1973; Skaar 1988; Wagenfiihr 2006; Kain et al.
2020). Another undesirable effect of hygroscopic changes in the MC of wood products,
apart from the unfavorable effect on the value of clearance and interference of mating parts,
may be the risk of cracking (Kulikov 1952, 1968; Kien et al. 1979; Porankiewicz 1989;
Krus$ 1997; Eckelman 1998; Mirzaei et al. 2015). The change in MC of wood also has a
negative effect on the load-bearing capacity of the connections of wood elements in the
product (Méchové et al. 2019). The influence of air relative humidity (RH) changes on the
dimensions of produced wooden elements was the subject of interest of many researchers
(Praast 1982). The conclusions from these studies are implemented in the standard DIN
68100 (2010). This standard describes the principles of tolerance of designed dimensions
of wood products including selected species of wood and wood-based materials with
equilibrium moisture content (EMC) corresponding to low, intermediate, and high levels
of air RH, considering anisotropy of dimensional stability of wood materials (shrinkage
and/or swelling). It is worth mentioning that in 2011 the system of Geometrical Product
Specification (GPS) standard was introduced (ISO 14638 2015). DIN 68100 is not
harmonized with GPS (Riegel 2018).

The sorption phenomenon in wood also depends on wood species, the wood
cambial age, and the wood’s chemical composition (Spalt 1958; Wengert 1976; Ahmet et
al. 1999; Hernandez 2007; Gjerdrum 2008; Feilke et al. 2011; Simon et al. 2015; Majka et
al. 2016; Jankowska et al. 2016; Vahtikari et al. 2017; Jankowska 2018). The result of this
work was the determination of swelling/shrinkage coefficients. Relationships between air
RH and wood MC are approximately proportional, and in the range of MC (ANw) from 0
to 14%, and according to some works up to 20%, they are to some extent reversible and
characterized by high anisotropy in relation to the anatomical directions of wood and
depending on the species of wood.

Moisture shrinkage or swelling of a wooden product describes the relationship
(Kollmann and C6té 1968),

ANy, = 0.01-AMC - By, - N (1)

where AN, is the change in dimension of a product (mm), Sw is the directional
shrinkage/swelling coefficient (radial/tangential/longitudinal in 1/%), AMC is the change
in moisture content of a product (%), and N is the original dimension of a product (mm).
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The use of Eq. 1 to calculate the dimensional changes resulting from sorption has
some limitations. First of all, it is used to calculate changes in elements' dimensions
(dimensional addition). Equation 1 does not consider the factor that ultimately determines
the “moisture” properties of solid wood furniture elements. The principles of rational wood
processing, but also the considerations of ensuring the stability of the shape of wooden
parts, are the reason for the common use in the industry of the technology of gluing together
of many small wooden elements to obtain members of larger dimensions. As a result, the
members have an unambiguous orientation of the wood grains (partly tangential, radial,
and semiradial in cross-section) (Langrish and Walker 1993; Pinkowski et al. 2016).

The technical suitability of a batch of sawn timber for the production of wooden
elements is determined by not exceeding the permissible MC variation in the batch
(Welling 1996). Unfortunately, the inevitable effect of kiln drying is variation in the final
moisture content in the kiln batch after drying. This means that the MC of part of the timber
batch is usually lower or higher than the permissible value (Keylwerth 1969; Popper et al.
2009; Jankowska 2018). The results of examinations on the MC variation of a Scots pine
timber batch during seasoning after drying to MC = 12 +2% indicate that the effect of
constant air parameters is that the timber MC changes unevenly. Part of the timber bath
after drying is defective, i.e. it is dry or undried, which is a result of spread in the target
(required) moisture content in the batch. After long-term seasoning with constant air
conditions (RH = 55%, t = 20°C) there was still a significant difference between dried and
undried MC of timber (Majka et al. 2014).

Increasing the MC of wood (in the hygroscopic range) causes its swelling, while a
decrease in the MC causes its shrinking. Most reported swelling / shrinking data correspond
to wooden block dimensions, not the dimensions of drilled holes within those blocks.
Because wood is not isotropic, there would be a reasonable doubt about whether or not the
hole dimensions would follow the dimensional changes. Taking this into account, it has
been hypothesized that the changes in MC will cause different results for the effective
diameters of holes drilled in pine elements. The novelty of our study is the answer to the
questions: What is the effect of changes in the MC of pine wood on the effective diameter
of the holes drilled in two different sides of the wood blank? Does the entire structure swell
and shrink completely symmetrically?

EXPERIMENTAL

Initial Sample Preparation

Scots pine (Pinus sylvestris L.) wood was selected due to its common industrial
use, especially in furniture. Test samples were prepared in two stages using kiln-dried clear
sawn timber (target MC = 12 + 2%). The sample dimensions were 70 mm thickness, 70
mm width, and 400 mm length. Then the blanks were assembled and glued using pieces of
blank. The scheme of test samples preparation is shown in Fig. 1. The twin sawn timber
were resawn separately in tangential (T) and radial (R) direction (Figs. la and 1b,
respectively). Finally, two sets of the blanks were assembled and glued into two tangential
and radial grain pattern test samples. Four test samples from each tangential and radial
blank were resawn (Fig. 1 c, d). The final dimension of the test samples was
18 x 200 x 80 mm (thickness, width and length).
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Fig. 1. Scheme of samples preparation: (a, b) cutting, assembling, and gluing pattern of
tangential and radial pieces of blank, respectively (1, 2 - tangential and radial grain pattern pieces
of blank, respectively; (c, d) top view of assembled to final width tangential and radial blank,
respectively and pattern of final cutting and drilling of samples (3, 4 - finished tangential and radial
grain pattern blank, respectively; 5, 6 - holes drilling pattern in the narrow and wide side of final
twin samples, respectively); the dimension in mm.
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Due to possible variations in the MC, all the test samples (2 sets of 4 pieces of radial
and tangential grain pattern blank) were subjected to additional long-term air-conditioning
under controlled conditions in a container with forced air circulation and seasoned over
sodium bromide (NaBr) at air with RH =60 + 1% and t = 20 £ 1°C to obtain a constant
mass (equilibrium). It was assumed that the applied air parameters correspond to typical
conditions of in-door use and averaged the MC of all samples. The duration of this
seasoning was 4 months. Table 1 shows the results of MC measurement after the seasoning.

Table 1. Averaged Moisture Content (MC) of Two Sets of Scots Pine Blanks after
Air-conditioning

Timber blank Averaged MC (%)
(air-conditioning with RH =60% and t =20 £ 1 °C)
Tangential grain pattern 11.3+£0.13
Radial grain pattern 11.8+£0.29

Mean value (n =4) + SD

After the air-conditioning was performed, 12 holes with a nominal diameter of 12
mm were drilled in each twin test sample. The hole drilling pattern in the edge and face
sides of the test samples are shown in Fig. 1 c¢. The new, fully sharp twist drill for wood
was used (blind bits with a diameter of 12 mm and a length of 77 mm, with carbide blades,
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manufacturer's designation HW/D12/NL45/S10x30/GL77/RE - Leitz GmbH & Co. KG,
Oberkochen, Germany). A CNC machine tool was used for drilling (Homag Centateq P-
110, Schopfloch, Germany). Parameters of drilling used: rotation speed 8000 rpm (cutting
speed vc = 300 m/min), feed 7.2 m/min (chip load f; = 0.45 mm/tooth).

Seasoning Conditions and Moisture Content Measurements

Before measuring the effective hole diameter all test samples (2 sets of 4 pieces of
radial and tangential grain pattern blanks) were subjected to different air conditions. The
expected effect of increasing or decreasing the MC of test samples (that have previously
been air-conditioned under conditions corresponding to common in-door conditions: RH =
60%, t = 20°C) is the moisture dimensional changes in the wood, respectively swelling and
shrinkage, and thus changes in the diameter of the holes drilled in the test samples. It was
assumed that under different air conditions of furniture use, air RH may differ from the
required one by = 25%, i.e., corresponding to 85 and 35% (at constant temperature).
Therefore, after the holes have been drilled in the sample sides (according to the scheme
shown in Fig. 1) all samples were divided into two sets of 4 pieces each, including a grain
pattern (tangential, radial) and 12 mm holes were drilled in in narrow and in wide sides of
the samples. The separated two sets of samples were again placed in two containers with
high (85%) and with low (35%) air RH. The first set of samples was subjected to adsorption
with forced air circulation and seasoned to a constant mass with potassium chloride (KCI).
Simultaneously, the second set of samples was subjected to desorption to a constant mass
with calcium chloride (CaCl2-6H20) (the range of air RH corresponded to typical furniture
in-service conditions). The duration of the adsorption and desorption process was 6
months. The MC was measured according to the oven-dry method (EN 13183-1 2002) and
calculated by the following formula,

MC = 0. 100% )

mg
where mm was the mass of moist wood and m. was the oven-dry mass of wood.

The MC values were calculated for each investigated air RH condition (i.e., 35, 60,
and 85%) as a mean value of 2 measurements. For measuring the weight of wood samples,
an electronic laboratory balance type PA 213/1 was used (OHAUS, Parsippany, NJ, USA)
with measurement uncertainty Am =+ 0.001 g. Results of MC measurements of twin
samples after air-conditioning with air conditions corresponding to adsorption and
desorption are shown in Table 2. In addition, the range of changes in the MC of the test
samples, which was the result of adsorption and desorption, is illustrated in Fig. 2.

Table 2. Increased and Decreased Moisture Content (MC) of Two Sets of Scots
Pine Blanks after Air-conditioning

First set, increased MC (%) Second set, decreased MC (%)
Timber Blank (air-conditioning with RH = 85% | (air-conditioning with RH = 35%
andt=20+1°C) andt=20+1°C)
Tangential grain pattern 17.4 + 0.05 8.2+£0.02
Radial grain pattern 17.9+0.08 8.2+£0.05

Mean value (n = 2) + standard deviation

The effect of six months' exposure of samples to air with RH increased by 25%
(from 60 to 85%) was to increase the MC of the test samples by about 6%. At the same
time, the effect of exposure to air with RH decreased by 25% (from 60 to 35%) was to
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halve the change in MC of twin samples, i.e., by 3%. The results of statistical analysis
indicate that the average MC values of the two comparative sample sets (containing blanks
with tangential and radial grain patterns) achieved during adsorption and desorption did
not differ significantly (p < 0.05). The observed disproportion of adsorption and desorption
changes in MC of the sets is a result of the sorption hysteresis phenomenon.
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Fig. 2. Moisture content changes (AMC) of Scots pine twins timber blank according to seasoning
conditions: left plot - corresponding to adsorption (increase air RH from 60 to 85%); right plot -
corresponding to desorption (decrease air RH from 60 to 35%); gray bar - tangential grain
pattern, dark gray - radial grain pattern; the horizontal axis corresponds to the mean MC, which
for tangential grain pattern was 11.3%, and for radial grain pattern was 11.8%; error bars
represents + standard deviation; identical superscripts (a, b) denote no significant difference

(p < 0.05) between mean values according to post hoc Tukey’s HSD test.

Plug Gauge Fitting Measurements

Scots pine wood has a relatively low hardness (HB 13 to 50 MPa), and its great
diversity results from the high cyclical heterogeneity of the structure of early and latewood
(Kollmann and Coté 1968; Holmberg 2000; Sydor et al. 2020a). Differences in the
hardness of pinewood negatively affect the results of measuring dimensions with typical
measuring devices. Even a small measuring pressure on surfaces of small and varying
hardness leads to incorrect measurements (Krus 1997). For this reason, the measurements
of the effective diameter of holes were made using a set of 9 plug gauges (single-ended,
with diameters ranging from 11.60 mm to 12.00 mm, graded every 0.05 mm). The plug
gauges were made of austenitic stainless steel in dimensional tolerance class IT5 (¢12 js5
+ 0.008). The length of the working part of the plug gauge was 33 mm (Fig. 3).

10
—N = @11,60-12,0 mm
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Fig. 3. The plug gauge used in the experiments

The measurements of the holes with plug gauges concerned: (1) samples with
averaged MC, (2) samples with increased MC, and (3) samples with decreased MC. To
assess the effective diameters, a five-stage dimensionless subjective scale was used (Table
3). The described measurements were performed manually on a workbench. They consisted
of placing the plug gauges in holes sequentially, from the plug gauge with the smallest
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diameter (11.6 mm) to the plug gauge with the largest diameter (12 mm). Final results were
calculated as the mean of 12 measurements.

Table 3. Discrete Values and Description of Assumed Joint Fitting Scale

Value Description

0.00 Loose running (larger clearance, can be assembled)
0.25 Close running (small clearance, can be assembled)
0.50 Location (very close clearance, can be assembled)
0.75 Transition fits (negligible clearance, can be assembled)
1.00 Interference fits (press fits, cannot be assembled)

The way that the hole sizes were evaluated does not measure the size of non-
circularity. It would be reasonable to employ a caliper gage with a controllable force, as a
way to measure two different perpendicular diameters for every hole. This will be done in
a future study.

Statistical Analysis

The experimental data were statistically analyzed using STATISTICA 13.3
(TIBCO Software Inc., Palo Alto, CA, USA). Tukey's post-hoc tests were applied to
analyze the significant difference in mean values. The results of verification of hypotheses
about the statistical significance of differences in average values of the examined quantities
are presented utilizing symbols in the form of lowercase letters of the alphabet (a, b, c...
etc.), in case of tabular lists placed behind the values of the quantities. The convention is
that identical symbols mean no significant differences between the average values
characterizing the examined size. Significance was established at p < 0.05.

RESULTS AND DISCUSSION
The effective hole diameter measurements according to the location of holes in
samples and the direction of wood MC changes are illustrated in Fig. 4. Table 4 lists the

effective hole diameters for all variants of the test samples.

Table 4. Effective Diameters of the Holes (in mm) Taking into Account: Moisture
Content, Grain and Hole Drilling Patterns in Scots Pine Timber Blank

(@) (b) (c) (d)
Moisture Content
T / [T IR r.-.‘.;/ Eﬂm;ﬂ/ mmxﬁm/
Averaged MC 11.85 11.90 11.95 11.90

(for air RH = 60%)

Increased MC

(for air RH < 85%) 12.00 (+0.15) | 11.90 (+0.00) | 12.00 (+0.05) | 12.00 (+0.15)

(f(I)Dre;rres;egal\‘/é(;)) 11.90 (+0.05) | 11.80 (-0.10) | 11.85(-0.10) | 11.85 (+0.00)

Notes: (a), (b) holes drilled in the wide side of a sample, tangential and radial grain pattern,
respectively; (c), (d) holes drilled in the narrow side, tangential and radial grain pattern, respectively;
the effective diameters of the holes are the diameters of the plug gauges that can be inserted into
the hole (dominant from 12 measurements); in parentheses - the difference in effective diameter of
the holes related to reference samples (with averaged MC).
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Fig. 4. Fitting the plug gauge for holes according to grain pattern (a, ¢ - tangential, b, d - radial),
holes drilling (a, b - in the wide side of the sample, ¢, d - in the harrow side of the sample), and
moisture content (black lines - RH = 60%; blue lines - corresponding to adsorption (increased RH
from 60 to 85%); red lines - corresponding to desorption (decreased RH from 60 to 35%); dots
represents mean values (n = 12), error bars depicted + standard deviation; limit values of fitting
scale: 0 - loose running (larger clearance, can be assembled), 1 - interference fits (press fits,
cannot be assembled).

A general observation is that regardless of the location of the holes (wide side or

narrow side of the test sample) and regardless of the grain pattern (tangential or radial):

o For the samples with average MC (airconditioned with RH = 60%): plug gauges
with diameters up to 11.85 mm can be inserted into the holes without any
resistance, plug gauges with diameters from 11.90 to 12.0 mm are insertable, but

with increased resistance.

For the samples with increased MC (airconditioned with RH = 85%): plug gauges
can be inserted into the holes over the entire range of tested diameters (11.60 to
12.0 mm); only in the case shown in Fig. 4a, was there a slight resistance with

diameters of 11.95 and 12.0 mm.

For the samples with decreased MC (airconditioned with RH =35%): the
effective diameter of the holes decreased noticeably. In the case of 4a, this
reduction was 0.1 mm; in other cases, 0.05 mm; in the case shown in Fig. 4a, it
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was not possible to insert plug gauges with diameters of 11.95 and 12.00 mm in
the holes.

The results of the experiments, as presented in Fig. 4 and Table 4, show that
increasing MC did not reduce the effective hole diameters, but even increased them. On
the other hand, decreasing MC significantly reduced the effective hole diameters.

The results of this research confirm the results of many authors that the range of
changes in both MC and dimensions of wood elements depends on the sorption
phenomena, i.e., adsorption and desorption (Keylwerth 1969; Popper et al. 2009;
Jankowska 2018). The change in wood MC translates into changes in the dimensional
tolerance of individual elements and, consequently, changes in the types of fits of pairs of
elements. Porankiewicz (1989) stated that achieving MC equilibrium by a batch of
elements with different initial MC results in different dimensions of holes made in
particular elements of the batch (increasing the field of manufacturing tolerance). On the
other hand, a change in the MC of a batch of elements with similar MC before seasoning
does not affect the dimensional tolerance of individual elements, but it usually affects the
fit for pairs of elements (affects the value of play and pin-hole pair pressure). Kulikov
(Kulikov 1968) analyzed differences in MC on the cross-sections of the batch of elements
made of previously kiln-dried sawn timber to associate the elements in a way that allows
for subsequent limitation of unfavorable joint loosening. The basic difficulty is that in solid
wood products the basic anatomical direction is rarely aligned exactly. The orientation of
annual growths on the cross-sectional area of sawn timber elements (tangential materials,
radial materials) is random and is determined by the previously applied mechanical wood
processing technology (Langrish and Walker 1993).

The explanation for the results of the research is that moisture deformations of
wood occur in different anatomical directions with different intensities. Anatomical
directions in the wood are shown in Fig. 5.
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Fig. 5. Diagram illustrating the radial (R), tangential (T), and longitudinal (L) directions both in
a log and in a board cut from it (based on Eckelman 1998 p. 7).

The shrinkage in tangential (T) direction is two times greater than in the radial
direction-(R) and the shrinkage in the longitudinal (L) direction is negligible L << T (L/T
~ 0.05) (DIN 68100 2010). The relationships between these deformations can be written:
T~ 2R = 16 L. The results of the tests may be explained by the fact that the cross-sections
of the holes were deformed (they obtained shapes similar to an ellipse) due to the
anisotropy of contraction in directions perpendicular to the grain, i.e., radial (R) and
tangential (T). Figure 6 illustrates the options of translational deformation of the cross-
section of the hole (markings a-d in Fig. 6 are compatible with markings a-d in Fig. 4).
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Fig. 6. Observed round hole cross-sectional deformations: a - holes drilled along the R direction,
in the wide surface of the sample (L-T plane), b - holes drilled along the T direction, in the wide
surface of the sample (L-R plane), ¢ - holes drilled along the L direction, in the narrow surface of
the sample (R is the sample thickness) (R-T plane), d - holes drilled along the L direction, in the
narrow surface of the sample (T is the sample thickness) (R-T plane).

Characteristic for the research is the case "a" (Fig. 4a), in which reducing the
moisture content (MC) of the samples to the greatest extent reduced the effective hole
diameter. In this case, it seems that the key role was played by the substantial difference of
the wood shrinkage in the L and T directions. It caused a significant ovalization of the hole
(as shown in Fig. 6a). This form of deformation is confirmed by Eckelman's observations
from 1998 (Eckelman 1998 p. 7).

Deformations can also occur "in volume". Examples of cylindrical deformations of
holes are shown in Fig. 7.

Used in our study the hole measurement methodology has some limitations. Only
the smallest diameter of the ellipse resulting from the change in MC can be obtained
(therefore, it was only possible to measure the effect in one anatomical direction).
Furthermore, the scale used to place the value of the joint fitting scale is subjective (Table
3). However, even such a subjective scale indicates the character of changes in the
dimensions of the openings due to changes in MC. Using metal plug gauges can also
deform the wood. The advantage of the measurement method used is that it has no impact
on the hole diameters. Large contact area between the gauge and hole and performing the
tests by hand, not by machine, does not affect the smoothing of the surfaces roughness of
the wood in holes. In the authors’ opinion, using simple or specialized calipers for small
hole diameters would have a negative effect on the accuracy of measurements (Krus 1997),
but it would allow to measure in three anatomical directions (L, R, T, two for every hole).
A promising method for analysing the holes parameters is the optical method. The optical
measurement method was used to determine the accuracy of the location of the holes
(Sydor et al. 2020Db), but there were great difficulties in correctly determining the edge of
the measured hole, which is a typical problem in the case of scanning wood materials.

No results were found in the literature on the influence of sorption hysteresis on the
form of deformed holes. This may be the subject of further research.
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Fig. 7. Examples of cylindricity deformations: a - nominal cylinder, b - conicity deviation,
c - barrel-like deviation, d - saddle like deviation, e - median line deviation, f - complex deviation.

CONCLUSIONS

1.

The increase in the moisture content (MC) of Scots pine blank, caused by an increase
in the air relative humidity (RH) by 25%, is two times higher than the opposite change
in MC, caused by a decrease in air RH by 25%.

The decrease in the MC of the samples reduces the effective diameter of the holes
drilled in the narrow sides of the blanks.

Increasing the MC of the samples has a limited impact on the change in the effective
diameter of the holes drilled in the narrow sides of the blanks.

Changes in the engineering fit of pine wood elements due to an increase in its MC are
not symmetrical to the changes due to a decrease in its MC. This is due to the sorption
hysteresis phenomenon.

The decrease in the holes effective diameter, when increasing MC, is due to the
different directional shrinkage of the wood (which changes the cross-section of the
holes from round to oval). The most oval are the holes drilled along the R wood
direction (perpendicular to the L-T plane of the wood) because the difference in the
wood shrinkage in the L and T directions is the greatest.

The location of grain pattern to the hole position greatly influences the moisture
changeability of the cooperation nature in wooden components. Grain pattern is critical
in designing an engineering fit in wooden structures for assembly in variable ambient
air conditions.
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