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ORIGINAL ARTICLE

Effect of planing on warp in Scots Pine (Pinus sylvestris)

ANN AXELSSON

Division of Wood Science and Engineering, Luleå University of Technology, Skellefteå, Sweden

Abstract
If a sawn board or plank that is warped after drying is being planed, the feed rollers and the pressure elements will more or
less straighten the wood during planing. However, when the pressure is released, some degree of warp will recur since the
wood will spring back. With a large amount of straightening, only the cross-sectional dimensions of the wood should be
affected by the planing operation, leaving warp unchanged, while a small amount of straightening should have a larger
impact on warp. The objective of this study was to evaluate how warp is affected by planing in an industrial planer with
standard configuration. A total of 20 pine planks with the dry target dimension 50 mm�150 mm were selected, of which
half were severely warped. The worst twist, crook and bow per two metres and maximum cup were measured both before
and after planing.

The planer in the experiment had different impacts on the different warp types. For the individual planks, twist was
reduced by 25% and crook was reduced by about 20% on average. Although bow decreased for half of the planks, the total
average change for individual planks was a slight increase. Cupping practically vanished.

Keywords: Bow, crook, cup, Pinus sylvestris, planing, Scots Pine, skip, twist, warp.

Introduction

In modern sawmills, green timber can be sawed with

small tolerances. However, drying and moisture

equilibration during storing and shipping generally

distorts the shapes of planks and boards, with warp

like cup, twist, bow and crook as a consequence.

Clear rules about allowable warp in different quality

grades are stated by ‘Nordic Timber’ (Anon 1994),

and recommendations for acceptable warp in the

construction industry are stated by ‘Rules for Pur-

chase of Structural Timber’ (Johansson et al. 1993).

During planing, planks are straightened to some

extent due to feed rollers and pressure elements, but

how much a planer can straighten a plank depends

on the amount of pressure applied from rollers and

other pressure elements, and also on how flexible the

material is. When the pressure is released, the wood

springs back and some degree of warp reoccurs. How

much planing influences warp depends on the

amount of warp, the planer, its settings, forces

from pressure and feeding elements and the plank’s

modulus of elasticity.

To be able to adjust the green target sizes to give

the required dimensions and shape after drying and

planing, the correlations between properties of the

raw material, the sawing process, drying process and

planing need to be considered. The early parts of this

chain of processes have been investigated by re-

searchers here at Luleå University of Technology

(Ekevad 2006, Grönlund et al. 2009b, Ekevad et al.

2010, 2011, Lundgren et al. 2011). Now the time

has come to examine the role of the planer. While

most of the research concerning the quality of planed

wood in general is focused on the finished surface

and its roughness � or lack thereof (Franz 1958,

Hernandéz and Fernando de Moura 2001, Kilic

et al. 2006, Coelho et al. 2007, Malkoçoglu 2007),

and surface properties (Naderi and Hernández

1999), or occurrence of skip areas based on surface

roughness (Wang 1984), this study concentrates on

how the planing operation affects the warp of planed

wood.

In this study, test samples with a wide spread of

properties were used. This made it possible to draw

general conclusions about which properties were the
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key to determining the effect a planer had on plank

shape. A number of planks with varying degrees of

warp, lengths and modulus of elasticity were planed

in an industrial planer at Martinson Sawmill in

Kroksjön with standard settings. The different types

of warp were recorded for the rough and planed

planks, and the changes of warp were analysed.

Materials and methods

In this study, 20 Scots Pine (Pinus sylvestris) planks

with a dry target size of 50 mm�150 mm, a

moisture content of about 7% and varying degrees

of deformations were used. All of the planks were

sawn through the pith.

For all the planks, five evenly distributed cross-

sections were selected, numbered from CS1, located

10 cm from the top end, to CS5, located 10 cm from

the butt end. On every cross-section, 10 positions

were marked with drilled holes; three on each face

and two on each edge (Figure 1). The right and left

edges were defined viewed in the feeding direction.

The cross-sections were scanned in an X-ray CT

scanner the day before and the day after planing.

The image processing software ImageJ was used to

measure both the depths of the drilled holes and the

width and thickness of the cross-sections at hand.

On the same day as the planing, the rough and the

planed planks were scanned from top end to butt

end, standing on their edge in a measuring rig using

laser triangulation (Grönlund et al. 2009a) and a

Matlab program calculating maximum cup, and

maximum crook, twist and bow per two metres

(Table I). Also, the global modulus of elasticity,

MOE, was measured according to standard EN408

(2003) on the day of the experiment.

To calculate cutting depths, the depths of the

drilled holes were measured on the rough planks as

well as on the planed planks. On the sapwood face,

the holes to the right and to the left were used, and

on the right edge, the upper hole was used,

since those positions require less considerations of

cupping.

The planks were machined in an automatic four-

side planer (combined jointer and thickness planer)

at Martinsons Sawmill in Kroksjön to the dimen-

sions 45 mm�145 mm. The planks were fed with

the top end first and the sapwood side face down,

resulting in jointing on the right edge and sapwood

face and dimension planing on the left edge and

pith face. The settings on the planer and the

responding forces from the pressure rollers and

pressure plate were registered (Figure 2).

The experimental values were compared to one

theoretical model for each type of warp (cup, twist,

bow and crook) developed from simplified planks.

An assumption was used that no straightening at all

occurred in the planer, that is zero pressure from

rollers and plates. The middle cross-section, CS3,

was assumed to be straight and parallel to the top

and bottom cutters. A visual inspection of the planks

at hand led to the assumptions that twist was evenly

distributed over a quarter of the length of the planks,

while bow and crook were evenly distributed over the

entire length. Figure 3 shows the variables for the

different warp types.

The models became:

CupP ¼ 0; if CupR � dsf
CupR � dsf if CupR > dsf

�
; (1)

where CupP�Cup for the planed plank (mm),

CupR�Cup for the rough plank (mm) and

dsf�depth of cut on the sapwood face (mm),

TwistP ¼ 0; if TwistR � dsf
8
l

TwistR � dsf
8
l

if TwistR > dsf
8
l

�
;

(2)

Table I. Plank properties and rough warp of the 20 planks.

Property Minimum Maximum Average Standard deviation

Length (m) 2.9 5.5 4.2 0.65

MOE (MPa) 6500 12,000 9400 1600

Cup (mm) 1.5 3.8 2.5 0.5

Twist (mm/2m) 0.4 24.5 11.7 7.0

Bow (mm/2m) 1.0 8.6 4.6 2.2

Crook (mm/2m) 0.9 8.5 2.7 2.1

CS1 CS2 CS3 CS4 CS5 

  Butt end dne poT

Pith face 

Sapwood face

Right 
edge 

Left 
edge

Figure 1. Locations of the selected cross-sections and an example

of a CT image of a cross-section with holes.
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where TwistP�Twist for the planed plank (mm/2m),

TwistR�Twist for the rough plank (mm/2m) and

l� length of the plank (m),

where BowP�Bow for the planed plank (mm/2m),

BowtR�Bow for the rough plank (mm/2m), tR�
rough thickness (mm) and tT�target thickness (mm),

where CrookP�Crook for the planed plank (mm/

2m), CrookR�Crook for the rough plank (mm/2m),

dre�depth of cut on the right edge (mm), wR�rough

width (mm) and wT�target width (mm).

As the theoretical models only consider one type

of warp at a time without any considerations to

linked effects between the different warp types,

deviations between the experimental result and the

theoretical models were expected. To judge the size

of warp in both the experiment and in the theoretical

models, the warp was compared to the requirements

given in ‘Nordic Timber’ (Anon 1994) and ‘Rules

for Purchase of Structural Timber’ (Johansson et al.

1993).

In order to examine the importance of length, l,

modulus of elasticity, MOE, and initial deformation,

linear regression analyses using the least squares

method were used to develop adapted models for the

deformations after planing. To single out the most

important factors, initial models with the scaled and

centred variables were used. The key variables were

kept in final adjusted models with real values.

Results and discussion

Dimensions

For the rough planks, the average width was

151.7 mm with a standard deviation of 1.3 mm,

while the average thickness was 50.4 mm with a

standard deviation of 0.8 mm. After planing, the

average dimensions were reduced to 144.3 mm with

a standard deviation of 1.0 and 44.7 mm with a

standard deviation of 0.4 mm.

The average cutting depths on the sapwood face

and the right edge for the different cross-sections are

listed in Table II. In the theoretical models, the total

average cutting depths on the sapwood face and right

edge were needed. As the standard deviations in CS1

and CS5 were large in comparison with the others,

BowP ¼ 0; if BowR � tR � dsf � tTð Þ 2
l

BowR � tR � dsf � tTð Þ 2
l

if BowR > tR � dsf � tTð Þ 2
l

�
; (3)

CrookP ¼ 0; if CrookR � wR � dre � wTð Þ 2
l

CrookR � wR � dre � wTð Þ 2
l

if CrookR > wR � dre � wTð Þ 2
l

�
; (4)

Top view 

Guiding fence

Guiding ruler Vertical cutters Horizontal cutters 

Side view 

Feed roller: 
F=4 kN 

Lateral  
pressure roller: 
F=0.6 kN

Pressure plate: 
F=0.3 kN

Pressure roller: 
F=0.3 kN

Figure 2. Schematic side and top view of the planer with measured pressure positions.
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CS1 and CS5 were omitted in calculation of total

average cutting depths which were 2.3 mm for the

sapwood face and 2.8 mm for the right edge.

Common for the sapwood face and the right edge

was that the planer had removed most material in the

middle of the planks with decreasing depths of cut

towards the butt and top end, although the differ-

ence between CS2, CS3 and CS4 was minor. There

was a larger difference between CS1 and CS2 as well

as between CS4 and CS5 for the sapwood face than

for the right edge.

Cup

Very nearly all cupping was removed during planing

and the average cup reduction was 2.3 mm for the

experimental values while it was 2.4 mm in the

theoretical model. The largest difference for an

individual plank between the two cases was only

0.6 mm (Figure 4). All in all, the experimentally

planed planks’ cup follows the theoretical model

well, so the pressure roller above the bottom spindle

did not flatten the cross-section during planing.

Twist

After planing, twist for the individual planks was

reduced by 25% on average in the experiment, and

in general a larger rough twist was subjected to a

larger reduction of twist (Figure 5). According to the

theoretical model, the average twist reduction would

have been 36%. For planks with a smaller twist

(below approximately 10 mm/2 m) the twist re-

mained more or less unaltered. For planks with a

larger twist (above approximately 13 mm/2 m) the

experimental values agreed well with the theoretical

model.

A linear regression analysis with scaled and

centred variables gave the relationship:

Twist�P ¼ 8:9� 10�17 � 0:17� l�

þ 2:6� 10�3MOE� þ 1:0�Twist�R

where the star index represents scaled and centred

variables. The coefficient of determination for the

initial model was 0.98. The formula shows that the

dominant factor for twist after planing is the initial

twist, while the influence of MOE was peripheral.

A suitable twist formula from the experiments was:

TwistP ¼ 0:75�TwistR;

with an R2 value of 0.98. Since the adjusted formula

based on the experiment is independent of MOE,

there could be other mechanisms than flattening at

work. One possibility is that the distance between the

downward forces is large enough and that the

pressures are weak enough to enable the planks to

wobble in the planer, and thus it only appears like

the planks with a smaller twist have been flattened in

the planer.

Bow

Bow appears in the weakest direction of the planks

and should be the easiest warp to flatten. In the

experiment, bow only decreased for half of the

planks, while it increased for the rest and the average

change was a slight increase (Figure 6). When

looking at the cutting depths for the sapwood side,

it looks like some bow was present during planing as

there was a difference in cutting depth between the

ends and the middle cross-section. According to the

theoretical model, bow should be reduced by 29%

on average. For the experiment, bow after planing is

spread out around the case of no alterations of bow

Table II. Average cutting depths on the sapwood face and right edge for the different cross-sections.

Sapwood face Right edge
Cutting depth (mm) Standard deviation (mm) Cutting depth (mm) Standard deviation (mm)

CS1 1.9 1.0 2.3 0.9

CS2 2.5 0.4 2.8 0.4

CS3 2.7 0.4 2.9 0.7

CS4 2.5 0.5 2.8 0.5

CS5 1.6 1.2 2.8 1.0

Twist: 

Bow:

Cup: 

Crook: 

dsf 

dsf

dsf
tT tR

dre 

wT wR

Figure 3. Warp and variables for the theoretical models.
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after planing. Generally, the planks with the smallest

difference between the experimental and the theore-

tical bow after planing were the planks with a high

MOE, showing that planks with a larger stiffness

where less flattened during planing.

The theoretical model is based on the assumption

that no forces act on the planks, but there is also

another way of looking at the model. One can

consider the theoretical model as planing of a very

stiff material since the wood does not change its

outer shape except for removal of material, which

explains the poor correlation between the theoretical

model and the experiment. As stated earlier, planks

are weak in the bow direction and gravity introduces

some amount of flattening without outer pressure

forces. In the theoretical model, it is assumed that

bow only appears in one direction, which also could

be a source of error; however since bow is practically

unaffected by planing, the bow direction does not

matter; instead an alternative theoretical model

irrespective of bow direction could be used:

BowP ¼ BowR; (5)

which corresponds to the solid line in Figure 6.

Linear regression for scaled centred variables gave:

Bow�
P ¼ 2:5� 10�16 þ 0:86� l� � 0:71�MOE�

þ 0:78� Bow�
R;

which had an R2 value of 0.85. For bow, all variables

had equal importance, so the final model was chosen

as:

BowP ¼1:0� l � 3:5� 10�4 �MOE

þ 0:83� BowR

where the R2 value for the model was 0.85. Accord-

ing to the regression model, MOE has a negative

influence for bow after planing, which indicates that

a stiffer plank is harder to flatten, which results in a

decreased bow. The negative influence MOE has on

bow was an expected result. Bow was the only warp

type that showed any dependency of length accord-

ing to the final regression models.

Crook

For the majority of the planks, crook decreased

during planing, and the average change was an

approximate reduction of 20%, while the theoretical

model predicted an average reduction of 73%

(Figure 7). The model predicted that small crooks

would be planed off; but that was not the case. In the

0
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Bow, Rough (mm/2m)

B
ow

, P
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ne
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m
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Unaltered bow
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Theoretical model

Figure 6. Comparison of bow after planing for the experimental

values and the theoretical model.
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Unaltered twist
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Figure 5. Comparison of twist after planing for the experimental

values and the theoretical model.
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Unaltered cup
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Figure 4. Comparison of cup after planing for the experimental

values and the theoretical model.
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experiment, a smaller original crook (below approxi-

mately 5 mm/2 m) remains unchanged after planing,

while planks with a larger original crook (above

approximately 7 mm/2 m) have been subjected to a

larger shape modification by planing in the experi-

ment than in the theoretical model.

Since crook appears in the stiffest direction of the

planks, it should be the hardest deformation to

straighten out, and the experimental values should

therefore correspond well with the theoretical model.

However, there is a large difference between the

experiment and the theoretical model, which prob-

ably depends on the simple assumption that the

middle cross-section is straight and parallel to the

top and bottom cutters. The movement of the planks

through the planer is a much more complicated

matter. There are two principal scenarios; crook can

either be directed towards or away from the guiding

fence. In one scenario, the plank should move

straight through the planer since there are two

contact zones between the plank and the guiding

fence: one in the top end and one in the butt end. As

a result, the cutting depths on the right edge of the

plank would be largest in CS1 and CS5 while they

would be smallest in CS3 with intermediate cutting

depths on CS2 and CS4. In the other scenario, on

which the theoretical model is based, there is only

one contact zone between the plank and the guiding

fence in the beginning of the planing operation. The

lateral pressure roller guides the part of the plank

located in the planer intake towards the guiding

fence. At first, the top end cross-section would be

aligned perpendicular to the guiding fence, and as

the plank progresses further in the planer, the plank’s

curvature would make the top end move left until the

point where the guiding ruler controls the planks

motion and guides the planks towards the right.

Then, the plank is steered both in the top end and in

the butt end making the plank move straight in the

planer until the butt end of the plank leaves the

lateral pressure roller. By then, the top part of

the plank is wedged between the guiding fence and

the guiding ruler making the plank move straight. In

this scenario, the cutting depth would be smallest in

CS1 and increasing in the following cross-sections

due to both a more controlled motion and the planks

curvature. After the middle cross-section, the curva-

ture of the crook would make the cutting depth

decrease, but since the motion of the plank is

controlled, the cutting depth of CS5 would be larger

then the cutting depth of CS1. This is the case in the

experiment, which shows that the crook direction

was correctly assumed in the theoretical model for

the planks at hand.

The first model with scaled and centred variables

was:

Crook�P ¼ �1:5� 10�17 � 0:11� l� þ 0:44�MOE�

þ 0:80�Crook�R;

for which R2 was 0.90. For crook, the most

influential factor was original crook, followed by

MOE, while length had a minor influence. The final

formula became:

CrookP ¼� 0:52þ 1:0� 10�4 �MOE

þ 0:64�CrookR;

for which R2�0.90. Since MOE has a positive effect

on crook after planing, that is the stiffer the material

the larger the defect after planing, some mechanism

other than forces flattening the planks is responsible

for the seemingly straightened small crooks during

planing. The real reason could be the lateral move-

ments of the plank as discussed earlier.

Approved warp

Warp for rough and planed planks was compared

with two different requirements with different bases.

‘Nordic Timber’ (Anon 1994) is a commercial

sorting rule without concerns about the final use,

while ‘Rules for Purchase of Structural Timber’

(Johansson et al. 1993) is adapted to meet the

demands of the building industry; this makes the

former more general than the latter.

When planks were rough, eight of them passed the

requirements given by ‘Nordic Timber’; and after

planing, the number of approved planks in the

experiment had increased to 10. The theoretical

models (Equations 1�5) were able to predict whether

or not bow and cup would be approved after planing
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Figure 7. Comparison of crook after planing for the experimental

values and the theoretical model.

Effect of planing on warp in Scots Pine 159



while they had one miss for twist and crook,

respectively. All in all, the difference between the

experimental and the theoretical case was one plank,

since planks can be discarded due to more than one

warp type.

Only one of the rough planks would pass the

stricter requirements given by ‘Rules for Purchase of

Structural Timber’, and in the experiment three

planks were approved after planing. The theoretical

models could predict if the plank’s cup would be

approved (Equation 1), but had one miss for twist

(Equation 2), two misses for crook (Equation 4) and

three misses for bow (Equation 3). If the alternative

model with unaffected bow after planing was used

(Equation 5), the difference between the model and

the experiment when it comes to approval would be

two planks.

The findings indicate that if the question is

whether or not a plank would be approved after

planing according to those two guidelines, an easy,

theoretical model would be sufficient. They also

indicate that there is no major improvement poten-

tial when it comes to meeting the requirements in

adjusting the forces acting on the planks from the

planer in the experiment while keeping the cutting

depths.

Conclusion

If the planks were completely straightened during

planing, all warps would have remained the same

after the planing process. This is not the case,

therefore some degree of warp remained present

during planing, and since bow increased in half of

the planks, the planer actually introduced more

deformation. Conclusions that can be made are:

. an increased MOE led to a decreased bow and a

increased crook, but had no effect on twist;

. an increased length led to an increased bow, but

had no effect on twist or crook;

. the planer did not flatten the planks’ cross-

sections during planing, which was shown since

the experimental results for cup corresponded

to the theoretical model;

. the only deformation that the planer did flatten

during planing was bow, since bow was nearly

unaffected by the operation;

. small amounts of twist and crook were not

affected by planing while large amounts of twist

and crook were reduced after planing; and

. simple theoretical models can be used to predict

if a plank would pass the requirements stated by

‘Nordic Timber’ or ‘Rules for Purchase of

Structural Timber’.

More experimental work is planned to validate the

study and develop an improved model with, for

example, variations in moisture contents and planer

settings.
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planks
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Abstract
This study deals with how warp affects the cross-sectional shape of planed planks. A total of 20 planks 

with dry target cross-sectional dimensions of 50 × 150 mm were planed to 45 × 145 mm. The 
rectangularity of five cross-sections of every plank was measured before and after planing. The cutting 
depths were measured in 10 positions in the cross-sections and the angles between the planks and the 
cutters were calculated. Also, the warp, that is, twist, bow, crook, and cup, was measured before and 
after planing. 

All the studied properties pointed in the same direction. In terms of both rectangularity and angles of 
cut, the problems were larger in the top and butt ends of the investigated planks than in the intermediate 
parts, and the main reason for deviations from the desired result after planing was twist. 

Key Words: Cross-section, Drying deformations, Warp 

Introduction
Ideally, all sawn timber, including planks, should 
end up warp-free and with rectangular cross-
sections with the target width and thickness 
after drying; however, in reality this is not the 
case. The inherent properties of wood as well as 
the sawing pattern influence the amount of 
warp after drying (e.g. Perstorper et al., 2001; 
Warensjö & Rune, 2004; Grönlund et al., 
2009a; Ekevad et al., 2011). Each plank has its 
own individual properties, resulting in varying 
amounts of warp in various planks. One way to 
eliminate or partly reduce these drying 
deformations and to achieve the desired 
dimensions is to plane the dried planks.  

In the last decades, the importance of planing 
has increased in Sweden.  In 1990 about 1.2 
million cubic meters of planed goods were 
exported, which accounted for roughly 10% of 
the total sawmill production. During the 

following 20 years the amount of planed goods 
exported rose to 4.7 million cubic meters, 
which represented 28% of the total sawmill 
production in Sweden in 2010 
(Skogsindustrierna, 2011). As the volume of 
planed goods increases, the volume of planed 
goods rejected due to quality issues also 
increases unless production development takes 
place. The quality of planed goods concerns 
aspects like surface roughness (e.g. Franz, 1958; 
Jackson et al., 2002; Coelho et al., 2007; 
Malkoço lu, 2007), occurrence of warp 
(Axelsson, 2012) and planer misses (Wang 1984) 
as well as the shape of the cross-sections. 

The most troublesome type of drying 
deformation for building contractors is twist 
(Johansson et al., 1994). There are at least two 
ways to deal with twist: one is to reduce the 
twist and the other is to reduce the 
consequences of twist. Drying with restraints on 
deformations (by using, e.g., fixed and loaded 



stickers) or drying with pretwist (Ekevad et al., 
2006) are means of reducing twist after drying. 
Twist after drying can be reduced by planing; 
however if the dry target cross-sectional sizes is 
adjusted to cope with planks with a high 
amount of twist the result is unnecessary 
material waste for planks with a low amount of 
twist, as the allowance for planing becomes 
larger than needed for those planks. An 
alternative approach is to use a small dry target 
cross-sectional size and to discard individual 
planks that have excessive amounts of twist 
either before or after planing. In order to reduce 
the amount of waste, the dry target cross-
sectional dimensions could be adjusted for the 
expected amount of warp and the necessary 
allowance for planing of individual planks. 

The consequences of twist can be decreased 
by gluing pieces of wood together, which results 
in a higher shape stability (Eriksson et al., 2004). 
In that case, if thickness variations or planer 
misses are present, problems with gluing 
between laminations can arise. Thickness 
variations in the laminations can also accumulate 
if they do not occur randomly. The maximum 
deviation from the average thickness in a 
lamination should not exceed 0.2 mm when 
components for windows and exterior doors are 
manufactured (Hägglund & Marklund, 1992) 
and the maximum variation in thickness in a 
lamination allowed by the American standard 
(AITC, 2004) is also 0.2 mm across the width 
(i.e., in a specific cross-section). Thickness 
variation in a cross-section leads to a lower 
rectangularity of the cross-section in question. 

This study was aimed at increasing the 
knowledge of the effects of planing, with a focus 
on how warp affects the cross-sectional shape 
after planing.  

Method
Twenty Scots pine (Pinus sylvestris) planks with 
dry target cross-sectional dimensions of 50 mm 
× 150 mm and moisture content between 6 and 
10% were chosen for this study. Half of the 
planks were selected due to their high amount 
of warp while the other half had more moderate 
amounts of warp (Table 1). All planks had been 

sawn through the pith (Figure 1a). As the study 
was focused on how planing and warp affected 
the result after planing the underlying causes of 
warp were not considered and there were no 
records of the planks’ histories in terms of green 
properties or drying conditions.  

The planks were machined at a sawmill in 
the northern part of Sweden in an automatic 
four-side planer (combined jointer and thickness 
planer) to the dimensions 45 mm ×145 mm. 
The planks were fed with the top end first and 
the sapwood face down, resulting in jointing on 
the right edge and sapwood face (down) and 
dimension planing on the left edge and pith face 
(up). The settings on the planer and the 
corresponding forces from the pressure rollers 
and pressure plate were registered (Figure 2). 
The positions of the cutters in relation to the 
feed rollers and the pressure elements, together 
with the size of the pressure, govern the effect 
of the planer on the planks. 

Figure 1: a) CT-images of two cross-sections before
and after planing.  Plank 2 had a rough twist of 7.1
mm/2 m and the cross-section had a cup of 0.4 mm.
Plank 7 had a rough twist of 24.5 mm/2 m with a
cup of 1.6 mm in the cross-section. The shaded areas
are the material removed during planing; the white
rectangle on Plank 2 is the idealized cross-section before
planing and the drilled holes where cutting depths have
been measured can be seen. b) Locations of the selected
cross-sections and the feeding direction in the planer. 



Just before and after planing, twist, crook, 
bow, and cup were measured according to 
standard SS-EN 1310 (1997) in a measuring 
device that uses laser triangulation (Grönlund et 
al., 2009b). Five cross-sections were selected for 
more detailed analysis. Cross-section one, CS1, 
was positioned 10 cm from the top end of the 
planks, and cross-section 5, CS5, was located 10 
cm from the butt end (Figure 1b). The 
intermediate cross-sections were evenly 
distributed between CS1 and CS5. The cross-
sections were scanned in an X-ray CT-scanner 
the day before and the day after planing. The 
image processing software ImageJ (freeware 
from the National Institute of Health, NIH) was 
used to make the necessary measurements in the 
CT-images. 

Rectangularity was evaluated using the 
minimum bounding rectangle method (Rosin, 
1999), which gives the rectangularity as the ratio 
between the area of the cross-section, Acs and 
the area of its minimum bounding rectangle, 
AMBR: 

 MBR

cs

A

A
R

, 

where R = 1 for a perfect rectangle. The fitting 
of the bounding rectangle was done manually in 
the images. Regarding the rectangularity 
measure in relation to the maximum allowed 
thickness variations according to the American 
standard mentioned above, the following serves 
as an example: assuming that both edges and 
one face of a 45 × 145 mm cross-section are 
straight and orthogonal while the remaining face 
is skewed, a maximum deviation from the 
average thickness of 0.2 mm corresponds to a 
minimum rectangularity of 0.99. If the deviation 
of the average thickness is doubled (0.4 mm), 
the rectangularity decreases to 0.98. A further 
doubling (0.8 mm) corresponds to a 
rectangularity of 0.96. 

In the selected cross-sections, holes were 
drilled in 10 places on every cross-section 
(Figure 1). The cutting depths were calculated 
by measuring the depths of the holes before and 
after planing. To be able to compare planks 
with varying rough dimensions and varying 
amounts of cup, adjusted cutting depths were 
used. Idealized cross-sections shaped like perfect 
rectangles with dimensions of 50 × 150 mm 
were fitted to the real rough cross-sections. The 
idealized cross-sections shared their bases with 

Feeding direction

Side view

Feed roller:
F=4 kN

Lateral 
pressure roller:
F=0.6 kN

Pressure plate:
F=0.3 kN

Fe
F

: Pressure roller:
F=0.3 kN

Top view

Guiding fence

Guiding ruler Vertical 
cutters

Horizontal cutters

Figure 2: Schematic side and top view of the planer with the positions where the pressure was measured. 



the two lowest points on the real cross-sections 
and the right edges of the idealized cross-
sections were located on the points furthest to 
the right in the real cross-sections (Figure 1a). 
The depth of the holes in the rough planks was 
measured from the idealized cross-section 
instead of from the surface of the real rough 
cross-section. The depth of the holes after 
planing was measured from the surface except 
when planer misses were present. Since the 
location of the cutter in relation to the plank 
was of interest, the cutting plane was extended 
by extending a line aligned with the planed part 
of the face or edge of the cross-section in 
question. So when planer misses were present, 
the depth of the hole after planing was measured 
from the extended cutting plane, resulting in a 
negative cutting depth. 

To evaluate whether the cuts had been 
oblique, the angle of cut (AOC, the angle 
between the planks and cutters) was calculated 
by comparing cutting depths of the outer holes 
on a face or edge. If the cross-section was 
angled in a clockwise direction during the cut, 
the AOC was defined as positive. Four AOCs 
were calculated for each cross-section: two for 
the faces and two for the edges. The AOC 
could be used as an indicator of how much the 
planer and its pressure element had straightened 
the planks during planing. If a plank was loaded 
with pressure to make it straight (without twist) 
during planing, the AOC would be zero and the 

twist would recur after planing. On the other 
hand, if no straightening at all occurred during 
planing, the AOC would be equal to the angle 
of twist for the individual cross-section of the 
rough plank. In the latter case, the twist of the 
whole plank would be reduced after planing. In 
this study, however, the differences between 
AOCs on opposing faces or edges were the 
interesting features, since they showed whether 
or not opposite faces or edges were parallel. For 
a fictitious cross-section with the two edges 
parallel, one face orthogonal to the edges, and 
the other face skewed, a maximum deviation of 
0.2 mm from the average thickness of the cross-
section corresponds to a difference in AOC 
between the two opposing faces of 0.2 . A 
positive difference in AOC between the 
opposing faces or edges corresponds to a larger 
AOC on the sapwood face than on the pith face 
and a larger AOC on the right edge than on the 
left edge.  

Results
A summary of the results of the scanning 
operation (twist, crook, bow, and cup) and the 
dimension measurements (length, width, and 
thickness) is shown in Table 1. Details of how 
warp was affected by the planing operation have 
been discussed in a separate paper (Axelsson, 
2012). All planks except one had a left-handed 
twist. 

 
Table 1: Measured dimensions and absolute values of warp of the rough and planed planks. Standard deviation in 
parentheses. 
Property  Minimum Maximum Mean 
Length (m)  2.9 5.5 4.2 (0.65) 
Width (mm) Rough 150 153 152 (0.96) 
 Planed 142 145 144 (0.54) 
Thickness (mm) Rough 49 52 50 (0.66) 
 Planed 44 45 45 (0.16) 
Cup (mm) Rough 1.5 3.8 2.5 (0.5) 
 Planed 0.0 0.6 0.2 (0.1) 
Twist (mm/2m) Rough 0.4 24.5 11.7 (7.0) 
 Planed 0.8 20.1 8.7 (5.4) 
Bow (mm/2m) Rough 1.0 8.6 4.6 (2.2) 
 Planed 1.7 8.9 4.9 (2.3) 
Crook (mm/2m) Rough 0.9 8.5 2.7 (2.1) 
 Planed 0.7 6.2 2.2 (1.4) 



The average rectangularity for all cross-
sections of all rough planks put together was 
0.94 ± 0.013. After planing, the corresponding 
numbers were 0.98 ± 0.012. After planing, the 
rectangularity of the individual cross-sections 
had increased for all of the planks. On average, 
the rectangularity was 0.97 ± 0.017 for CS1 and 
0.98 ± 0.0064 for CS2. For both CS3 and CS4 
the average rectangularity was 0.98 ± 0.0050, 
while CS5 had an average rectangularity of 0.97 
± 0.014. 

Scatter plots of rectangularity for rough and 
planed planks (Figure 3) showed that 
rectangularity increased after planing for all the 
measured cross-sections except three, which 
were all located in CS1. In general, the cross-
sections where the increase of rectangularity was 
lowest were CS1 and CS5. Only four of the 100 
cross-sections had a rectangularity larger than 
0.99.  

Figure 4 shows the mean rectangularity of all 
cross-sections of the planks as functions of twist, 
crook, and bow of the planks. A linear 
regression gave coefficients of determination R2 
of 0.62, 0.11, and 0.02 for twist, crook, and 

bow respectively. This means that only twist 
was correlated to rectangularity, and Figure 4 
also shows that the straightest planks had the 
greatest rectangularity after planing. Cutting 
depths as well as the adjusted cutting depths are 
plotted in Figure 5. Common to all four sides of 
a cross-section was that the highest AOCs were 
located in CS1 and CS5, that is, the top and the 
butt end. The difference in AOC between the 
two opposing faces of a cross-section is shown 
in Figure 6, which shows that the absolute 
difference increased with increasing twist, 
especially for CS1 and CS5. In general, the 
planks with a left-handed twist (and that was all 
of the planks but one) had a larger AOC on the 
pith face than on the sapwood face in CS1 and a 
larger AOC on the sapwood face than on the 
pith face in CS5. The AOC for the intermediate 
cross-sections lay between the values for CS1 
and CS5. In total, 41 of the 100 cross-sections 
had differences in AOC within the range –0.2  
to 0.2 . 

The differences in AOC on opposing edges 
in a cross-section (Figure 7) were, with a few 
exceptions, in the interval between –1  and 1 . 
The largest absolute difference in AOC 
appeared in CS5, where the AOC was larger on 
the left edge than on the right edge. 

Figure 4: Average rectangularity after planing for all
all cross-sections of a plank versus bow, crook, and
twist before planing for the planks. 

 

Figure 3: Rectangularity after planing as a function
of rectangularity before planing. The dashed line
marks the rectangularity corresponding to the
maximum thickness variation of 0.2 mm allowed by
the American Standard. The solid line marks the
same rectangularity after planing as before planing. 

 



Discussion
The cross-sectional shape and dimension of a 
plank is a result of the rough warp, the planer 
design, the forces of the planer acting on the 
plank, and the cutting depths. As the 
rectangularity of the planks before drying is 
unknown, some skewness of the cross-sections 
could have been a result of sawing. However, 
the main reason for low rectangularity of the 
rough planks seems to have been cupping due 
to drying shrinkage. Since cupping before 
planing was equal in the measured positions 
throughout the planks, the amount of cup was 
independent of location on the rough planks.
After planing, cup was, with a few exceptions, 
eliminated, which explains the large increase in 
rectangularity (Figure 3). As the amount of cup 
on the rough planks was not related to the 
location, the lower rectangularity in CS1 and 
CS5 had causes other than cup. 

If cupping was excluded, only twist affected 
rectangularity (Figure 4). Ideally, bow is a 
drying deformation in one plane, which should 

affect cutting depths on the sapwood face and 
pith face evenly and should not result in oblique 
cutting, that is, a large AOC.  In the same 
manner, crook is also a drying deformation in 
one plane and should affect the cutting depth on 
the right edge and left edge evenly. According 
to the low coefficients of determination, a 
simplification that neither bow nor crook 
affected rectangularity after planing is sufficient. 
Twist, on the other hand, is a three-dimensional 
drying deformation affecting how the planks’ 
edges and faces are aligned compared to the 
cutters. There were no indications that the 
lengths of the planks were of importance; 
instead the distance from the cross-section to 
the nearest end influenced the result after 
planing. The parts of the planks along the length 
where drying deformations had the most 
influence were located near the top and the butt 
end, that is, in CS1 and CS5, because the 
absolute AOCs were largest in those cross-
sections for all faces and edges of the planks. 
However, a large AOC on a face or edge does 
not necessarily influence rectangularity if the 

Figure 5: Measured average cutting depths with standard deviations marked and adjusted average cutting 
depths on the sapwood face, pith face, right edge, and left edge. “Right”, “middle”, “left”, “upper”, and
“lower” represents the locations of the measurement points during planing. 

 



AOCs on the opposing face or edge are equal 
and the corners of the cross-section are 
perpendicular.  

In combination with the cutter arrangement 
in the planer, twist gave rise to differences in 
how the opposing faces and edges of a cross-
section were aligned in relation to the cutters. 
As can be seen in Figures 6 and 7, twist gave a 
difference in AOC between the opposing faces 
and edges.  

A limited number of planks with the same 
dry target cross-sectional dimensions were 
subjects in this study and they were all planed in 
a specific planer with specific settings. In order 
to get a more general view of how planing 
affects rectangularity, more tests with various 
planers, settings, and cross-sectional dimensions 
need to be done. 

There are several possible ways to increase 
rectangularity and decrease the amount of planer 
misses. If the pressure on the planks is increased, 
the planks temporarily straighten during planing, 
which results in planed planks with high 
rectangularity and few planer misses but the 
same amount of twist after planing as before 
planing. However, pressure must not be so high 
that the cupped rough cross-sections flatten 
during planing, which will lead to recurring cup 

of the planed cross-sections when the plank is 
taken out of the planer. 

If, on the other hand, the goal of planing is 
to obtain planks with low twist, oblique cutting 
is required, but the opposite cuts have to be 
parallel on opposite faces and edges, that is, the 
differences in AOC on opposing faces and edges 
must be low. In this case, low pressure on the 
planks during planing is a requirement so that 
the planks are not straightened during planing. 
To ensure a low number of planer misses, the 
cutting depths have to be increased with 
increasing twist. This in turn leads to a need for 
larger dry target cross-sectional dimensions for 
planks with large twist. Since the problem of 
planer misses will be larger in the top and butt 
end, an alternative is to cut off length at the 
ends of the planks instead of increasing the 
allowance for planing. 

The rectangularity measure that was used in 
this study can indicate if there is a low value for 
a cross-section but not why or which cutter is 
responsible. Only four cross-sections had an 
acceptable rectangularity according to the 
American standard, while 41 cross-sections had 
differences in AOC that were acceptable. The 
two criteria have different sensitivities to cross-
sectional defects, which explains the difference 
in approved cross-sections. Rectangularity is 
affected by planer misses and wane while the 
AOC is not. 

Figure 6: Difference in AOC between the two 
opposing faces of a cross-section as a function of twist 
for the rough plank. The dashed lines mark the 
interval where the maximum thickness variation is 0.2 
mm, which is the difference allowed by the American 
Standard. 

 

Figure 7: Difference in AOC between the two
opposing edges of a cross-section as a function of twist
for the rough planks. 

 



There are many possible explanations for the 
general low rectangularity after planing. The 
rectangularity measure is sensitive to the noise 
present in the images (Rosin, 1999).  Many 
planks in the study were extremely twisted and 
would be rejected in normal sawmill 
production. Also there is a possibility that the 
cutters of the planer were badly aligned and that 
this introduced differences in AOC on opposing 
faces and edges, resulting in a lower 
rectangularity. 

Conclusions
In general, the rectangularity increased as a 
result of planing, mainly due to cup reduction. 
The lowest rectangularities of cross-sections 
after planing were present in the top and butt 
end of the planks. The mechanism that 
decreased rectangularity was misalignment 
between the planks’ cross-sections and the 
cutters, which was caused by twist in 
combination with the planer’s settings and 
cutter arrangements.  
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