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ABSTRACT 

This licentiate thesis is a study of the cutting forces on a cutting tool when 

cutting frozen and non-frozen wood at full speed and with all (three) cutting 

edges of the tool. A statistical method of the main cutting force is 

developed. The results, given by the model, confirm most of the results from 
earlier studies performed under low speed conditions. The results also brings 
some new facts about the main cutting force. Among other things it can be 
mentioned, that the main cutting force increases with increasing moisture 

content and that the main cutting force increases with the cutting speed. As 

a special issue, the sawdust gluing phenomenon is studied. The 

investigations show among other things that the heartwood/sapwood ratio 

is a determining factor for the amount of sawdust glued to the sawn 

surfaces. An application close to wood machining is also studied, namely 
non-contact surface roughness measurements on sawn wood. The results 

indicate that a measurement approach, based on the laser scan principle 
can measure surface roughness on sawn wood at industrial feed speeds with 
a sufficient degree of accuracy. 

Keywords: Wood, Surface roughness, Wood cutting, Milling, Machining, 
Machined surface, CT-scanning, Cutting forces, Cutting tool. 
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1 	INTRODUCTION 

1.1 Background 

Contemporary wood machining is, from many aspects, a complex process. 

The performance of different wood machining operations has increased 

throughout the years. Nevertheless, recent studies indicate a potential to a 

further increase of especially the cutting performance  (Axelsson  1993). It is 

therefore essential to study the force interactions between the tool and the 

workpiece, utilizing realistic cutting conditions. This thesis is a study of 

how various parameters influence the cutting force in the neighbourhood of 

a cutting edge when cutting softwood at speeds comparable to those used in 

industrial applications. Much work has been carried out in order to 

analyze and explain the cutting process (Kivimaa 1950, Franz 1957, 

McKenzie 1961), but these investigations have often been performed at 

considerably low cutting speeds. However, the investigations concerning the 

cutting process presented in this thesis differ from the previous works by 

the fact that the machining conditions try to simulate a realistic situation: 

The tool is cutting a) at full speed and  b)  with its all three edges. A 

statistical model of the main cutting force is developed from experimental 

results. 

Related to the studies mentioned above, this thesis also presents some 

experimental investigations concerning a problem issue, well-known for 

sawmills in the arctic domains of the globe, namely the cutting of frozen 

wood. As a special issue, the phenomenon of sawdust freezing onto the sawn 

surfaces is studied. The dust generates environmental problems. One concrete 

example is the optical inspection of wood surfaces. Sawdust on the surfaces 

may mislead the detectors, which implies bad measurement accuracy. 

The performance of the cutting tool has an impact not only on the 

measurement accuracy but also on the machining quality of the surfaces 

generated during the cutting process. Hence the surface roughness is a 

parameter which indicates the state of the machining quality. In spite of 

existing techniques how to determine the properties of a surface, there is a 

diffuse conception how to estimate a wood surface (Riegel 1993). This is due 

to the high degree of complexity related to the wood texture. There is 

obviously a need to obtain an operator independent way of estimating the 

wood surface under production conditions. 
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The thesis presents a study, whose objective was to evaluate different non-

contact measurement methods by correlating them with stylus tracing. The 

non-contact measurement principles presented in this thesis differ from the 

traditional moving contact stylus tracing method by the fact that the 

whole surface is measured. 

1.2 	Objective 

The objective of the three presented papers is to contribute to an increased 

conception of how different parameters affect the cutting forces in the 

vicinity of a cutting edge, to treat and discuss problems related to the 

cutting of frozen wood and finally to indicate the possibility of analyzing 

the properties of a wood surface by utilizing a non-contact measuring 

method. This knowledge can in future research be implemented in the 

research aimed at the increase of the cutting performance and accuracy 

regarding different wood cutting applications and to facilitate the 

maintenance of high product quality. 

2 	EXPERIMENTALS 

2.1 Cutting force measurements 

The cutting force measurements were performed on a specially designed 

equipment, developed at the Department of Wood Technology in  Skellefteå  
(Grundberg  1985). A brief description of the system can be found in Paper I. 

2.2 Density measurements 

A computed tomography (CT) scanner (GE 9800 Quick), located at the X-ray 
ward,  Skellefteå  Hospital, was utilized when determining the density and 

moisture content of the wooden samples (Lindgren 1992). 
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2.3 Surface roughness measurements 

A laser scan method and an optical triangulation measurement method were 

used when performing the surface roughness measurements. 

A traditional moving contact stylus profiler method was used as a reference 

method. The methods are presented in Paper III. 

2.4 	Evaluation 

The measurements were evaluated by statistical methods and by specially 

designed software, developed at the Department of Wood Technology in  

Skellefteå,  but also by means of a technique which represents the values 

obtained as gray scale images. 

3 	RESULTS 

Paper I presents a study of how various parameters affect the main cutting 

force in the vicinity of a cutting edge when cutting wood at full speed and 

with all the cutting edges of the tool. Statistical methods from 

experimental results form a basis from which a model is developed. The 

paper shows that an acceptable model can be obtained by applying 

statistical methods. The results from the model confirm earlier studies, 

often performed under low speed conditions. However, the investigations 

concerning the cutting process presented in this thesis differ from the 

previous works by the fact that the machining conditions simulate a 

realistic situation: The tool is cutting at full speed and with all its three 

edges. The results also brings some new facts about the main cutting force. 

Among other things it can be mentioned, that the main cutting force 

increases with increasing moisture content and that the main cutting force 

increases with the cutting speed. This work also constitutes a basis for 

further investigations of the cutting process, where dynamic effects from 

knots and other fibre disturbances may have an influence on the cutting 

forces  (Axelsson  1993). 

Paper II treats some of the problems occurring when cutting frozen wood. 

The investigations deal with frozen sawdust attached to the boards 

(sawdust gluing) and the mechanisms generating this phenomenon. 

The paper presents further a study of tool fractures, especially the force 

efficiency between the tool and workpiece, a probable source to problems 
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with tool breakdowns. The results of the investigations show that the 
share of sapwood is a determining factor for the amount of sawdust 
attached to the sawn surfaces. When cutting pure sapwood or pure 

heartwood, no or very little sawdust was attached. When cutting specimens 

holding approximately 50 per cent share of sapwood the sawdust occurred 

more frequently on the sawn surfaces. Concerning the phenomena related to 

tool breakdowns it is concluded that the share of sapwood is an important 

factor for the influence of the temperature on the cutting forces. A 

dependency is established between the temperature and the cutting forces, 

at least for sharp tools. The paper shows that the greater the degree of 
wear, the less the influence by the temperature is on the cutting forces. 

Paper III describes an investigation, whose objective was to evaluate 
different non-contact methods, for measurement of the quality of the wood 

surfaces by correlating them with stylus tracing. 
A number of Scots pine samples were prepared by different kinds of wood 

machining processing. Surface roughness measurements were performed, 

utilizing two optical methods. 
The paper shows that the laser scan method can measure surface roughness 

on sawn wood with a sufficient degree of accuracy. Together with a high 

feed rate, this should make the method appropriate for on-line sampling at 

industrial production rates. 

4 	LIMITATIONS 

The cutting forces are measured when cutting with one fixed tooth. This 

fact makes it impossible to study the interaction between the workpiece 

and the sawblade. 

The main part of the feeding occurs when the cutting tool is idle. This could 

influence the level of the cutting forces, especially the feed force. 

The relatively complex nature of the cutting process denotes that the 

statistical model developed for the main cutting force is multivariate. 

The model developed in this work gives a satisfactory picture of how the 

main cutting force varies in the vicinity of the points of measuring. It 
should be noted however, that the values obtained outside the validity 

domain of the model, should be cautiously interpreted. 
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The test material only comprised softwood, namely Scots Pine (Pin us 

sylvestris). 

The cutting force measurements on frozen wood were carried out indoors. 

This resulted in difficulties with accurate determination of the cutting 

forces, due to the fact that it was impossible to keep the temperature of 

the surface layer fixed during the measurements. 

All CT-scanning were performed at  Skellefteå  Hospital. It was impossible 

however, to occupy the scanner without interruptions. Therefore it was 

difficult to prevent small moisture changes in the specimen, due to the fact 

that moisture leaves wood while carrying the specimens between the 

department and the hospital. 

Another issue which has affected the possibility to compare the different 

surface roughness measurement methods is an uncertainty of finding the 

identical position for the scanning paths. 

5 	FUTURE WORK 

As mentioned earlier, this thesis states that the knowledge about how 

different parameters affect the cutting force in the vicinity of a cutting 

edge could be a basis for further investigations, aimed towards the 

performance of the cutting process. Of special interest is the state of the 

cutting tool and its influence on the cutting accuracy and surface quality. 

Concerning the cutting of frozen wood, other parameters which may have 

importance for the entire behaviour of the sawdust gluing should be taken 

into consideration. The impact of the friction between the saw blade and 

the specimen should for example be analyzed. 

Regarding the surface quality, future research should treat methods to 

develop special roughness quantifiers, based on data obtained from the 

laser scan method, and correlate the quantifiers against human estimation 

of the surface quality. 
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Paper I 



140lr-Ar  eft  Roh-  und  
L.t Werkstoff  

Studies of the main cutting force at and near a cutting edge 

B. 0. M.  Axelsson,  Å. S.  Lundberg  and J. A.  Grönlund 

Luleå University.  Department of Wood Technology.  Skellefteå  Campus. S-93! 87  Skellefteå.  Sweden  

The present work is a study of how various parameters affect the 
cutting forces at, and near a cutting edge when cutting wood at full 
speed and with all cutting edges of the tool. Statistical methods 
from experimental results are used to develop a model.  

Untersuchung  der  Hauptschnittkraft  
an  einer Schneidenkante und ihrer näheren Umgebung  

in  dieser Arbeit wurde untersucht, inwiefern verschiedene  Parameter 
die  Schnittkräfte  an  einer Schneidenkante und ihrer näheren Umge-
bung beeinflussen, wenn Holz bei höchster Geschwindigkeit und 
mit allen Schneidenkanten eines Werkzeuges bearbeitet wird. Auf-
grund  der  experimentellen Ergebnisse wird mit Hilfe statistischer 
Methoden ein Modell entwickelt.  

List of symbols 

The following notations are used in this paper: 

F, 
a 

RM 

d8 

= Main cutting force  (N)  
= Rake angle (radian) 
= Chip thickness (mm) 
= Rip saw — Milling angle (radian) 
= Moisture content (%) 
= Density ( U = 8%) (kg/m3) 
= Cutting speed  (m/s)  
= Temperature  (-C)  
= Edge radius (µ0 
= Mean value 
= Standard deviation 

Grain 
direction 

c,e  

Fig. I.  Designation  of  the main  cutting directions.  The first  number  
is the angle the  cutting edge makes  to the  grain:  the second is the 
angle  between tool movement  and  grain.  
Bild  I.  Bezeichnung  der  Hauptschnittrichtungen.  Die  erste Zahl 
kennzeichnet  den  Winkel zwischen Schneidenkante  und  Faserver-
lauf,  die  zweite  den  Winkel zwischen Vorschub  und  Faserverlauf.  

In wood machining, three main cutting directions can be defined 
as shown in Fig. 1. 

Cutting direction 90`-903  — when both the cutting edge and the 
tool movement is perpendicular to the grain (as for rip sawing). 

Cutting direction 0--913 — when the cutting edge is parallel to 
the grain but the tool movement is perpendicular to the grain (as 
for veneer cutting). 

Cutting direction WA' — when the cutting edge is perpendi-
cular to the grain but the tool movement is parallel to the grain 
(as for planing). 

I Introduction 

Research on wood machining processes during recent 
years has been concentrated on the dynamic stability of 
tools. This research has led to a reduction of the width 
of saw kerfs and an improvement in the accuracy of 
measurement, and/or to an increase in production capaci-
ty. However, the cutting response of a saw blade depends 
both upon the interaction forces induced during cutting, 
which are a function of such factors as species, grain 
orientation, wood density, moisture content, tooth design, 
and tooth sharpness, and also upon the dynamic charac-
teristics of the saw itself. 

It is important to increase the understanding of the 
mechanisms involved in chip formation and of the forces 
at, and near the cutting edge. In this paper, only the main 
cutting force is taken into consideration. 

It is also important to gain more knowledge about the 
dynamic effects occurring when cutting through knots 
and other fibre disturbances and also when cutting with 
dull or damaged tools, with cutting speed similar to 
speeds used in various industrial wood cutting operations. 

2 Experimental procedure 

2.1 Specimens and tools used in the experiments 

Wooden samples of Scots Pine (Pinus Sylvestris) were 
prepared according to the wood parameters in Appen-
dix I. The dimensions of the specimens are 150 mm long, 
70 mm high and 70 mm wide. 

The tools used in the experiments were prepared 
according to the cutting parameters in Appendix I. 
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2.2 Cutting force measurements 

The experimental investigations and the data aquisition 
were performed on the test equipment according to 
Appendix II. 

Parallel saw kerfs with 4.25 mm width were cut on 
each wooden sample, covering the entire cross section of 
the specimen, except for a distance of 1 mm between 
every kerf. The main cutting force were sampled with 
25 kHz sampling rate. 

To determine the average density of each specimen, 
computed tomography (CT) was used. 

3 Results and discussion 

Statistical models (especially regressional methods) were 
developed, in order to make effective evaluations from 
the main cutting force measurements. 

An analysis of the complete set of data resulted in the 
following statistical model for the main cutting force 
Fh : 

F, = —7.37 + t*(0.38*d8 — 224.50*a) 
+ 15.61*RM — 2.60*RM' + 1.31*r 
+ 0.20*v + U*(0.30*RM — 0.01*T) 	(1) 

The  R-squared, which is an indication of how well a 
model explains the variation of the dependent variables, 
stops at 0.81 for the model of the main cutting force. As 
a consequence, if the observed values are plotted against 
the values predicted by the models, the spread above the 
straight line is relatively large for large forces. The 
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Fig. 2. The observed values of the main cutting force plotted against 
the predicted values.  
Bild  2.  Gegenüberstellung  der  experimentell gefundenen  und  der  
vom  Modell  vorhergesagten Werte für  die Hauptschnittkraft. 

existence of a point cluster below the line is also noted 
(Fig. 2). 

Nevertheless, the model seems to give a satisfactory 
picture of how the main cutting force varies with the 
registered parameters, and also an indication of the level 
of the main cutting force. 

Fig. 3 shows the relationship between the main cutting 
force and the  RM-angle. 

The model gives high forces when cutting under con-
ditions close to the rip sawing case, and low forces when 
cutting under conditions close to the milling case. lithe 
moisture content is 8%, the maximum force appears very 
close to the rip sawing case. The moisture content affects 
the  RM-angle for the maximum force, so that increasing 
moisture content increases the  RM-angle for the maxi-
mum force. This behaviour is probably due to changes 
in the chip formation process, caused by the change of 
the moisture content. 

Further, the smallest force given by the model appears 
when cutting with a small angle against the grain. This 
is in agreement with the results achieved by Kivimaa 
(1950). It should however be pointed out that the model 
does not have validity in the interval 165°-180°, since 
there are no experimental measurements performed in 
this interval. Since the function is decreasing, a minimum 
value of the force can be noted, which appears at the 
endpoint of this interval. 

Another conclusion which can be drawn from Eq. (1), 
is that the cutting force increases with the density 
(Fig. 4). 

This agrees with the results that were obtained by e.g. 
Kivimaa (1950). From (1) can also be observed that the 
relative importance of the density increases with the chip 
thickness. 

The following discussion only deals with parameters 
within the validity interval of the model. 

If the variables  RM  = 0, U = 8%, d8 = 500, r = 40 
and T = 20 are kept constant, we can see that the main 
cutting force 
increases with the chip thickness t (Fig. 5), 
decreases with the rake angle a (Fig. 6), 
increases with the edge radius r (Fig. 7). 

Further, we note that the relative importance of the 
chip thickness increases with decreasing rake angle and 

0° 	 100° 	ZOO°  
RM-angle 

Fig. 3. The main cutting force as a function of the  RM-angle. Rake 
angle 12', chip thickness 0.15 mm, density (moisture content 8%) 
500 kg/m3. cutting speed 40  mis,  edge radius 5pm, temperature 
20  =C,  cutting width 4.25 mm.  
Bild  3. Hauptschnittkraft  als  Funktion  des  RM-Winkels.  Spanwin-
kel 12: Spandicke 0,15 mm:  Dichte (bei  8%  Feuchte)  500 kg/m3:  
Schneidegeschwindigkeit  40 m s; Schneidenradius 5 um:  Tempera- 
tur  20 	Schnittbreite  4.25 mm. 
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Fig. 4. The main cutting force as a function of the density (U = 8%).  
RM-angle 0', rake angle 20', Chip thickness 0.30 mm, edge radius 
5 gm. Other parameters see Fig. 3.  
Bild  4. Hauptschnittkraft  als  Funktion  der  Dichte  (U = 8%).  RM-
Winkel 0'; Spanwinkel 20'; Spandicke 0,30 mm; Schneidenradius 
5 pm.  Sonstige  Parameter  wie bei  Bild  3. 

Fig. 5. The main cutting force as a function of the chip thickness. 
Rake angle 10', 20', 30',  RM-angle 0`. Other parameters see Fig. 3.  
Bild  5. Hauptschnittkraft  als  Funktion  der Spandicke. Spanwinkel 
10% 20°  und  30';  RM-Winkel 0'.  Sonstige  Parameter  wie  in  Bild  3. 

100 

80- 

0° 	10° 	20° 	30° 
Rake angle 

Fig. 6. The main cutting force  asa  function of the rake angle. Chip 
thickness 0.05, 0.15, 0.50 mm,  RM-angle 0'. Other parameters see 
Fig. 3.  
Bild  6. Hauptschnittkraft  als  Funktion  des Spanwinkels. Spandicke 
0,05, 0,15  und  0,50 mm.  Sonstige  Parameter  wie  in  Bild  3. 

the relative importance of the rake angle decreases with 
decreasing chip thickness. 

If the variables d8 = 500, v = 40, a = 20, r = 5 and 
t = 0.3 are kept constant, we note that the cutting force 
increases with decreasing temperature (Fig. 8). 

This is in accordance with Kivimaa's (1950) experi-
mental results. The discontinuity of the cutting force, 
which appears for T = 0  'C  in Kivimaa's results when 
the wood material changes its state of aggregate, is not 
captured by the model due to the fact that this tempera- 

70 

RM.:90*  
-2  60- 
_ 
a, 

RM ..0* 
.5 40 

7, 30 

20 
0 	10 	20 	30 

Edge radius (pm) 

Fig. 7. The main cutting force as a function of the edge radius.  
RM-angle 0', 90', rake angle 20', chip thickness 0.15 mm. Other 
parameters see Fig. 3.  
Bild  7. Hauptschnittkraft  als  Funktion  des Schneidenradius.  RM-
Winkel 0'  und  90'; Spanwinkel 20'; Spandicke 0,15 mm.  Sonstige  
Parameter  wie  in  Bild  3. 

-20 -10 0 10 20 30 
Temper at urePC 

Fig. 8. The main cutting force as a function of the temperature.  
RM-angle 90°, rake angle 20°, chip thickness 0.30 mm, moisture 
content 8%, 100%. Other parameters see Fig. 3.  
Bild  8. Hauptschnittkraft  als  Funktion  der  Temperatur. RM-
Winkel 90'; Spanwinkel 20'; Spandicke 0,30 mm;  Feuchte  8%  und  
100%.  Sonstige  Parameter  wie  in  Bild  3. 

120 

40 	  
0 20 40 60 80 100 120 

Moisture content (%) 

Fig. 9. The main cutting force as a function of the moisture content. 
Temperature —15  'C. RM-angle 0'. 90', rake angle 20°, chip 
thickness 0.30 mm. Other parameters see Fig. 3.  
Bild  9. Hauptschnittkraft  als  Funktion  der  Feuchte;  Temperatur  
—15  'C.  RM-Wikel 0'  und  90'; Spanwinkel 20'; Spandicke 
0,30 mm.  Sonstige  Parameter  wie  in  Bild  3.  

ture  was not included in the experimental design. We 
note from Fig. 8, that high moisture content has a great 
impact on the main cutting force as the temperature 
varies. This is probably caused by water freezing to ice 
crystals in the cell cavities, according to Kollman and 
Cote (1968). 

40° 
	 c 60- 
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Frozen 

Non Frozen 

Fig. 10. Grey scale images of the density (left hand) and the main 
cutting force (right hand). Green wood. Temperature —15  'C  (first 
row), + 20  `C  (second row).  RM-angle 90°. Rake angle 20°, chip 
thickness 0.3 mm, cutting speed 15  m/s.  

For T = —15 SC, the main cutting force increases 
with increasing moisture content (Fig. 9), independent of  
RM-angle. 

This indicates, as mentioned earlier, that the amount 
of frozen water in the cell cavities affects the main cutting 
force. Complementary observations, made while cutting  
(RM  = 900) of frozen and non-frozen wood with varying 
heartwood/sapwood quotient (and thus a moisture gra-
dient), confirm this behaviour (Fig. 10). The pictures in 
Fig. 10 are evaluated by means of a technique reported 
by  Axelsson  et al. (1991), which applied to the present 
work briefly can be described as follows: 

For each saw kerf, the main cutting force was sampled 
with 25 kHz sampling rate. Since the cutting speed was 
15  m/s,  this means that a value was obtained every 0.6 mm 
in the cutting direction. 

The feed distance was 3.0 mm and the chip thickness was 
0.30 mm. Four cuts of the ten were measured. From these 
four values, a mean value was calculated. Each mean 
value thus corresponded to a volume element with 
dimension 4.25  x  1.2  x  0.6 mm. 

This procedure was repeated for the remaining saw 
kerfs of each specimen. Each of the mean values was then 
transformed to an integer value between 0 and 255 in 
order to be displayed as grey scale images, where black 
corresponds to 0 and white to 255. 

The average density was registrated by the tomoeraph, 
according to  Axelsson  et al. (1991), and the data obtained 
from this procedure was, as for the main cutting force 
mentioned above, transformed to integer values between 
0 and 255. 

The scalefactors and mechanical zeros were chosen as 
follows: 

Main cutting force 0-255 in grey scale corresponds 
to 0-88  N.  0 -= 0  N.  Density 0-255 in grey scale corre-
sponds to 0-1690 kg/m3, 0 = 0 kg/m3.  

Bild  10.  Grau-Skala-Bilder  der  Werkstück-Dichte (links) und  der  
Hauptschnittkraft (rechts). Waldfrisches Holz bei —  15 °C  (obere 
Reihe) und bei  +20°C  (untere Reihe).  RM-Winkel  90 C.  
Spanwinkel  20',  Spandicke  0,3 mm,  Schnittgeschwindigkeit  15  m/s.  

From the grey scale images of the density (first column 
in Fig. 10) we notice the distinct domains, holding the 
low-density (low moisture content) heartwood and the 
high-density (high moisture content) sapwood respectiv-
ely. Concerning the images of the main cutting force 
(second column in Fig. 10), we notice a brighter region in 
the sapwood domain both for frozen and non-frozen 
wood, thus corresponding to higher main cutting forces 
in that area. A statistical analysis of the images of the 
main cutting force resulted in the following values (in  N):  

Frozen wood 
Sapwood 
	

Heartwood 

74.08 	7.21 
	

64.14 	7.58 

Non-frozen wood 
Sapwood 	 Heartwood 

65.64 	2.40 
	

59.40 	6.39 

From these values it can be stated, with 95% prob-
ability, that a difference exists on the average main 
cutting force in the sapwood and in the heartwood 
domains respectively, both for frozen and non-frozen 
wood. Thus the statistical analysis confirm the difference 
in brightness between the sapwood and heartwood do-
mains in the grey scale images of the main cutting force. 

For T = 20  'C,  the main cutting force decreases for  
RM  = 0 and increases for  RM  = 90' with increasing 
moisture content (Fig. 11). Experimental measurements 
made on non-frozen wood by Kivimaa (1950) show 
decreasing cutting forces for both these  RM-angles with 
moisture content between 10 and 50%. 
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Fig. 12. The main cutting force as a function of the cutting speed.  
RM-angle 0. 90. rake angle 20- . chip thickness 0.30 mm. Other 
parameters see Fig. 3.  
Bild  12. Hauptschnittkraft  als  Funktion  der  Schnittgeschwindig-
keit.  RM-Winkel 0  und  90 ; Spanwinkel 20-  ; Spandicke 0.30 mm.  
Sonstige  Parameter  wie  in  Bild  3. 
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Fig. 11. The main cutting force as a function of the moisture content. 
Temperature +20  'C, RM-angle 0', 90', rake angle 20, chip 
thickness 0.30 mm. Other parameters see Fig. 3.  
Bild  II. Hauptschnittkraft  als  Funktion  der  Feuchte.  Temperatur  
+ 20  'C. RM-Winkel 0'  und  90'; Spanwinkel 20'; Spandicke 
0,30 mm.  Sonstige  Parameter  wie  in  Bild  3. 

Considering the rip sawing case, for high moisture 
content (as in green wood), where the amount of moisture 
differs greatly between the heartwood and the sapwood, 
the heartwood/sapwood quotient does have a consider-
able effect on the main cutting force. Additional experi-
ments have shown that the main cutting force increases 
with increasing share of sapwood both for frozen and non-
frozen wood. Since the sapwood holds a higher moisture 
content than the heartwood (for green wood), this means 
that the main cutting force increases with increasing 
moisture content. Kivimaa's investigations show increas-
ing main cutting force with decreasing moisture content. 
It should be noted, however, that Kivimaa's measure-
ments only deal with moisture contents below 50 percent. 
Besides, the measurements described in this paper are 
performed with all (three) sides of the cutting tool. Present 
experiments undeniably show higher cutting forces when 
cutting green wood with moisture content at about 100%, 
compared with cutting dry wood with moisture content 
at about 8%. 

From Eq. (1) we see that the main cutting force 
increases with the cutting speed (Fig. 12). 
The model gives a relative big impact of the cutting 
speed. Previous works by e.g. Kivimaa reports negligible 
or small impact. 
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According to investigations performed by McKenzie 
(1961), the cutting speed has a small linear effect on the 
main cutting force, attributable to chip acceleration. On 
the other hand McKenzie, and in fact most of the authors 
in this field, state that the cutting speed could be ignored 
in further studying of the cutting forces. 

Applying Eq. (1) on the orthogonal cutting case  
(RM  = 90°) with a sharp tool, moisture content 8%, 
chip thickness 0.3 mm, rake angle 20°, density (U = 8%) 
500 kg/m', temperature 20  'C,  this gave a main cutting 
force increase of 5  N  for a cutting speed increase of 25  m/s,  
thus considerably higher than McKenzie's results. 

To explain this in terms of chip acceleration, an 
analysis of the energy associated with chip acceleration 
was performed. This analysis gave a negligible force 
increase for the cutting speed interval mentioned above. 

Obviously, other reasons are needed to explain the 
increase of the main cutting force. 

Summing up, both original and complementary in-
vestigations showed that the main cutting force tends to 
increase with the cutting speed. Further work, however, 
has to be done in order to confirm and explain this 
phenomenon. 

5 Conclusions 

Present work shows that we can get an acceptable model 
for many of the variables impact on the main cutting 
force by using statistical methods. The results, given by 
the model, confirm earlier studies done under low speed 
conditions. This work also form a basis for further studies 
of the cutting process, where dynamic effects from knots 
and other fibre disturbances may affect the cutting forces. 

Although a statistical model of the cutting forces never 
fully can compensate for the lack of a theory of a more 
general nature, it can contribute to a better understanding 
of the cutting process and especially to the understanding 
of the combined effects between different variables. 

Appendix I: Wood and cutting parameters 

The following parameters have been measured and noted. The values 
within brackets state the values or the domain of the parameters 
involved. 

20 
0  

Wood parameters 

- Scots pine (Pinus sylvestris) 
- Density (U = 8%) (400-600 kg/m3) 
- Moisture content (8%, 30-140%) 
- Heartwood/Sapwood (0-100% heartwood) 
- Temperature ( -15. 20( C 
- Growth ring angle (0-90 
- Rip saw-milling  (RM)  angle 

(0'. 15", 45", 75. 90. 105. 135-  and 165) 
- Vener  cutting-milling  (VM)  angle (0-  )* 
* In relation to the main cutting edge. 

Cutting parameters 

- Cutting speed (15 ms. 40 ms( 
- Chip thickness (0.05 mm. 0.15 mm. 0.5 mm) 
- Rake angle 110 .20 . 30 



Cutting tool 
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— Clearance angle (10) 
— Edge radius (5 gm, 20 µm) 
The cutting width has been 4.25 mm. 

Appendix II: Experimental set-up 

The principal parts of the equipment are (see figure 13): 
I. A rotating arm at the end of which the wooden sample is fixed. 

The wooden sample is moved in a circular path with a diameter 
of 1 m. The cutting speed can be varied from 10  m/s  to 100  m/s.  

Piezoelectrical 	 Rotating 
gauges 	 arm 

Cutting 
tool 

 

Wooden sample 

Piezoelectrical 
gauges 

Fig. 13. Schematical view of the measuring equipment.  
Bild  13. Schema der Meßvorrichtung.  

2. A stand for the machine. 
3. A moveable slide in which the cutting tool is fixed. The speed 

of the slide, and thereby also the chip-thickness can be varied 
within wide limits. The cutting tool is mounted onto the slide 
with 3 piezoelectric force gauges. measuring in three dimensions. 

4. A charge amplifier. When the piezoelectric gauges are subjected 
to a change in force the gauges releases an electrical charge which 
is proportional to the change in force. These charges are converted 
into voltage levels by three charge amplifiers. 

5. An A—D converter which samples and digitalizes the output 
voltage from the amplifiers. The simultaneous sampling frequency 
on the three channels can be varied in the interval 0.1-50 kHz. 

6. A measurement computer which processes and stores the test 
values from the A—D converter. 
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Studies of the cutting forces and the chip formation process 
when cutting frozen wood.  
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Abstract 

Sawing during the winter has always been a problem for the sawmills in 
the northern parts of the world. 
Present work is an introductory study of the phenomena of frozen sawdust 
attached on the sawn surfaces (sawdust gluing). 
It is also a study of the cutting forces at and near a cutting edge when 
cutting frozen wood. 

List of symbols and definitions 

The following symbols are used in this paper: 

Ph 	= 	Main cutting force  (N)  
Fn 	= 	Feed force  (N)  
GFI 	= 	Gullet feed index 
T 	= 	Temperature  (°C)  
r 	= 	Edge radius (gm) 

Definition of edge sharpness 



1 Introduction 

Sawing during the winter has always been a problem for the sawmills in 
the northern parts of the world. The problems can mainly be divided into 
four groups: 

- sawdust gluing (frozen sawdust attached to the sawn surfaces) 

- tool breakdown 

- poor barking 

- knot rupture 

Sawdust gluing means that the sawdust freezes on the sawn surfaces, 
according to Sandqvist (1986). The dust causes environmental problems in 
succeeding production sectors. One concrete example is the automatic 
inspection of wooden surfaces by video technique. Saw dust on the surfaces 
may mislead the equipment, which implies bad measurement accuracy. 

Tool breakdown occur mainly as broken saw teeth. This leads to poor 
surfaces and bad measurement accuracy. The conventional way to reduce tool 
breakdown in the winter is to reduce the feed speed. This, however, is not 
satisfactory because the productivity decreases and hence the production 
costs per m3  sawn timber increases. 

Poor barking  is a large problem during the winter season. This problem is 
focused especially on spruce timber. Poor barking leads to decreased chip 
quality, which implies lower chip value. Another result of poor barking is 
increased tool wear. The problem is reduced by increasing the pressure of 
the barking tool. This leads however to increased wear of the barking 
equipment and its tools and a lot of lost fibres. 

Knot rupture arises mainly when using plane reducers. The problem can be 
reduced by letting conventional saw teeth generate the surface, which 
unfortunately implies sawdust production instead of the more valuable 
chip production. When profile reducers are used, the acceptance of some 
knot rupture damages is unavoidable. This however affects the timber 
value negatively. 
Present work is a introductory study of the sawdust gluing phenomena and 
also a study of the cutting forces when cutting green frozen wood. 
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2 Experimental procedure 

In order to determine the effect of sawdust gluing, a number of experimental 
tests were performed using a circular sawing machine with automatic 
feeding. Two different circular saw blades where used, according to the 
cutting parameters in Appendix I. 
The specimens used in the tests were green frozen(T=-15°  C)  Scots Pine 
(Pinus sylvestris ) boards. The dimension of the specimens was 1000 mm long, 
70 mm high and 60 mm wide. The share of sapwood in the specimens 
varied from 0 to 100 percent. 
The amount of sawdust that was glued on the sawn surfaces in each run 
was collected and its mass was determined. 
The specimens used in the experimental measurements of the cutting forces 
were Scots Pine pieces, prepared according to the wood parameters in 
Appendix II. The dimensions of the specimens are 150 mm long, 70 mm 
high and 70 mm wide. 
The tools used in the cutting force measurements were prepared according to 
the cutting parameters in Appendix II. 
The experimental investigations and the data acquisition were performed 
on the test equipment according to the experimental set-up in Appendix II. 

3 Results and discussion 

Saw dust gluing tests 

The first thing noted in the experiments was that the heartwood/sapwood 
ratio was a determining factor for the amount of sawdust glued on the sawn 
surfaces. When cutting pure sapwood or pure heartwood 
no or very little sawdust were stuck. When cutting specimens having 50% 
share of sapwood, the sawdust occurred more frequently on the sawn 
surfaces. The greater part of the sawdust that was glued on the surfaces 
was concentrated to the heartwood domain of the specimens. The sawdust 
had a tendency to attach the board in the end of each sawing course, 
according to Fig. 1. 

Figure 1. View of the board with attached sawdust. 

The following discussion only deals with specimens holding 50% 
sapwood/heartwood ratio. 
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In Fig. 2 we see the mass of the attached saw dust produced during the test 
versus chip thickness/gullet feed index for saw blade A. 
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Figure 2. 	The chip mass versus chip thickness/GFI. 

We note from Fig. 2 that a maximum occurs at approximately 0.1 mm chip 
thickness. 
In order to increase the gullet feed index and chip thickness, the number of 
teeth was reduced from 32 to 16 on the saw blade used in the previous test 
sequence. In Fig. 3 we see the mass versus chip thickness/gullet feed index 
for this test sequence. 
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Figure 3. 	The chip mass versus chip thickness/GF1. 

Fig. 3 shows that the amount of attached frozen chip decreases with the 
chip thickness. It should be noted, however, that the smallest chip 
thickness in this run was 0.1 mm. 
Fig. 4 is a composition of the results obtained from the both previous test 
sequences. 
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Figure 4. 	The chip mass versus chip thickness/GFI. 
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In order to provoke the attaching of sawdust, a number of tests were 
performed, where the effect of decreasing gullet area was studied. The 
circular saw blade used in this set of tests was blade  B  according to 
Appendix I. This blade had half the gullet area used in previous test. 
Fig. 5, where the average mass versus chip thickness/gullet feed index is 
plotted, is a composition of the results obtained from three different runs 
with blade  B.  
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Figure 5. 	The chip mass versus chip thickness/GFI. 



We notice an increasing amount of attached sawdust compared to previous 
tests and that the mass optimum is displaced towards higher gullet feed 
index/chip thickness. 
A smaller gullet area and hence higher gullet feed index, should increase 
the amount of sawdust disposed for attaching on the sawn surfaces. This 
could partly explain the increasing amount of sawdust for saw blade  B.  
On the other hand an increasing chip thickness leads to a rougher structure 
of the sawdust probably less disposed to attaching. 
As in previous tests, the amount of attached sawdust does not increase with 
increasing gullet feed index after the mass optimum has occurred. 
The reason for the displacement of the mass optimum is at this time not 
fully investigated. The displacement is probably caused by a change in the 
structure of the sawdust due to different cutting properties of the two saw 
blades. 
The gullet feed index / chip thickness ratio has to be expanded in future 
investigations to examine this phenomenon. 

Cutting force measurements 

In order to study phenomena related to tool breakdown, experimental 
cutting force measurements were performed. These studies show that the 
heartwood/sapwood ratio is an important factor for the influence of the 
temperature on the cutting forces when cutting green wood. The reason for 
this can be found in the great density/moisture gradient between the 
heartwood and the sapwood domains. 
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Figure 6. Grey scale images of the density (left), main cutting force (middle) 
and feed force (right). 
Frozen(row 1), non-frozen(row 2). Edge sharpness 5 gm. 
The scale factors and mechanical zeros are chosen as follows: 
Main cutting force 0-255 in grey scale corresponds to 0-85  N,  0 = 0  N.  
Feed force 0-255 in grey scale corresponds to ±15  N,  127.5 = 0  N.  

Density 0-255 in grey scale corresponds to 0-1690 kg/m3, 0 = 0 kg/m3. 



The grey scale images in Fig. 6, evaluated by means of a technique reported 
by  Axelsson  et al (1991), show distinct domains, holding the darker low-
density (low moisture content) heartwood and the brighter high-density 
(high moisture content) sapwood respectively. The heartwood domain 
holds a average moisture content of about 30%(i.e. fibre saturation), and 
the sapwood domains about 95 %. 
The higher moisture content in the sapwood domain results in a brighter 
region for the main cutting force as can be noted, both for frozen and non-
frozen wood , thus corresponding to higher main cutting forces in that area. 
For the feed force, the higher moisture content in the sapwood domain 
results in a darker region corresponding to a lower force both for frozen and 
non-frozen wood, as can be noted in Fig. 6. 

The reason for the increasing main cutting force can probably be explained 
by effects caused by the inertia of the free water in the cell cavities. The 
decreasing feed force can partly be explained by the dependency between 
the main cutting force and the feed force as will be discussed later. Another 
possible explanation to the decreasing feed force is the lubricating property 
of the water, which may change the friction between tool and workpiece. 

As can be noted in Fig. 6, the cutting forces for the frozen specimen show 
higher values for the main cutting force and lower values for the feed force. 
The higher main cutting force can be explained by the fact that the 
compound strength of wood and water increases as the water freezes. 

The decreasing feed force can be explained as a spring-back effect, caused by 
the deformation of the material by the tool. This effect is probably 
greater for the non-frozen wood than for the frozen wood. 

It should also be noted that the feed force in the frozen sapwood shows a 
negative value, i.e. a tendency to pull the workpiece towards the tool. 

A number of cutting force measurements where then performed on specimens 
having 100% sapwood. 
The average and standard deviation of the cutting forces versus the 
temperature when cutting green pure sapwood with a tool having r= 5 gal 
is plotted in Fig. 7. A list of the statistical data can be found in Appendix 
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Figure 7. Column 1=main cutting force, frozen(T=-15°C), column 2=main 
cutting force, non-frozen(T=20°C), column 3 = feed force, frozen(T=-15°C), 
column 4= feed force, non-frozen(T=20°C), r=5 gm. 

The average and standard deviation of the cutting forces versus the 
temperature, when cutting green pure sapwood with a tool having 
r= 20 gm is plotted in Fig. 8-9. A list of the statistical data can be found in 
Appendix III. 
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Figure 8. Main cutting force. Column 1=Frozen (T=-15°C), column 2=non-
frozen(T=20°C), r=20gm. 
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Figure 9. Feed force. Column 1=Frozen (T=-15°C), column 2=non-
frozen(T=20°C), r=20 gm. 

The spread in Fig. 8 is relatively large. This can be explained by the fact 
that cutting conditions are less well-defined with tools having r= 20 gm 
than with tools having r=5gm. This leads to a more diffuse cutting 
behaviour which gives a greater spread. 

Summarising these plots, we note that 

cutting of frozen wood implies higher average main cutting force. 
cutting of frozen wood implies lower average feed force. 

A hypothesis test was then performed on the data in Appendix III. 
From this test it can be stated, with 95 % probability, that a difference 
exists on the average main cutting force when cutting frozen and non-frozen 
wood with a 5 gm tool . Thus the statistical analysis confirm the difference 
in Fig. 7. 
Concerning the main cutting force for a tool having r=20 gm, no statistically 
significant effect could be observed from these experiments, as also can be 
seen from fig. 8 above. 

The sampled values of the main cutting force when cutting green frozen 
pure sapwood with the 5 gm tool, were then utilised into a linear 
regression model. This resulted in the following equation: 

Fn=14.796-0.285 Fh 

The  R-squared, which is an indication of how well a model explains the 
variation of the dependent variable, stops at 0.9 for the model above. 



We notice from the model that the feed force decreases as the main cutting 
force increases. In Fig. 10 we see a plot of the linear regression model.We 
note that the feed force has a negative sign, i.e. the feed force tends to pull 
the workpiece towards the tool.  

y  = -.285x + 14.796, fl-squared: .9 
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Figure 10. The feed force versus the main cutting force, T=-15°C, r=5µm, 
green sapwood. 

5 Conclusions 

Saw dust gluing tests 

The heartwood/sapwood ratio is a determining factor for the amount 
of sawdust glued on the sawn surfaces. 

The amount of attached sawdust as a function of chip thickness/ 
gullet feed index tends to show a maximum value. 

- The amount of attached sawdust does not increase with increasing 
gullet feed index after the mass maximum has occurred. 

Cutting force measurements 

The heartwood/sapwood ratio is an important factor for the 
influence of the temperature on the cutting forces when cutting green 
wood. 

- The temperature has a significant impact on the main cutting force 
when cutting pure green sapwood with a tool having r=5µm. 



- The main cutting force for the 5gm tool increases as the temperature 
decreases when cutting pure green sapwood. 

- The feed force for the 5gm tool changes sign from a positive to a 
negative value as the temperature decreases when cutting pure 
green sapwood. This means that the feed force shows a tendency to 
pull the workpiece towards the tool. 

The main cutting force for the tool having r=20 gm, as a function 
of the temperature, does not show a significant dependency of the 
temperature, when cutting pure green sapwood. 

The feed force for the 20 gm tool decreases the temperature 
decreases when cutting pure green sapwood. 

To sum up, the investigations about cutting forces shows a dependency 
between the main cutting force and the temperature, when cutting with 
tools having r=5 p.m. However, this influence is presumably too small to 
explain the problem with tool breakdown at the sawmills. 

6 Future work 

In order to further investigate the problem with tool breakdown, the 
interaction between the tool and workpiece has to be examined, by for 
example sampling the power consumption. This will give a possibility to 
take the dependency between the cutting forces, the amount of sawdust 
glued on the surfaces and the gullet feed index into consideration. 

In order to simulate a more realistic industrial situation, the length of the 
specimens, the chip thickness and gullet feed index should be expanded. 

The cutting force measurements have been performed on clear wood. The 
impact of the temperature on the cutting process when cutting through 
fibre and density disturbances like for example frozen knots, should in 
future works be investigated. 

Further, the friction between saw blade and specimen is a factor which 
may have importance for the entire behaviour of the sawdust gluing. 
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Appendix I 

Saw dust gluing tests. 
Cutting parameters. 

Saw blade A:Radius 200 mm, number of teeth 32 and 16, gullet area 120 
mm2  
Cutting speed:44.7  m/s  
Feed speed range:4.1-20.2 m/min 
Chip thickness range:0.05-0.49 mm 
Gullet feed index range:0.035-0.34 
Rake angle:25° 
Clearance angle:10° 
Side clearance angle:1° 
Cutting width:3.8 mm 
Profile of the gullet area of conventional type 

Saw blade B:Radius 192 mm, number of teeth 16, gullet area 85 mm2  
Cutting speed:42.9  m/s  
Feed speed range:3.0-20.9 m/min 
Chip thickness range:0.08-0.58 mm 
Gullet feed index range:0.08-0.58 
Otherwise similar tool data as for blade A. 

Statistical data, figure 5. 

chip thickness 
IllaSs 	mass 
mean std.dev. count 

0.077 0.363 0.341 3 
0.2 0.17 0.015 2 
0.292 1.367 0.015 3 
0.402 0.635 0.431 2 
0.536 0.46 0.465 3 

Appendix II 

Cutting force measurements. 
Experimental set-up. 
The principal parts of the equipment are (see Fig. 10): 

1. A rotating arm at the end of which the wooden sample is fixed. The 
wooden sample is moved in a circular path with a diameter of 1 m. The 
cutting speed can be varied from 10  m/s  to 100  m/s.  

2. A stand for the machine. 
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3. A moveable slide in which the cutting tool is fixed. The speed of the 
slide, and thereby also the chip-thickness can be varied within wide 
limits. The cutting tool is mounted onto the slide with 3 piezoelectric force 
gauges, measuring in three dimensions. 

4. A charge amplifier. When the piezoelectric gauges are subjected to a 
change in force the gauges releases an electrical charge which is 
proportional to the change in force. These charges are converted into 
voltage levels by three charge amplifiers. 

5. An A-D  converter which samples and digitalizes the output voltage from 
the amplifiers. The simultaneous sampling frequency on the three channels 
can be varied in the interval 0.1-50 kHz. 

6. A measurement computer which processes and stores the test values from 
the A-D  converter. 

cutting tool 

specimen 

Figure 10. Schematical view of the measuring equipment. 



Wood parameters. 

- Scots pine (Pinus sylvestris) 
- Density(U=8%) (400-600 kg/m3) 
- Moisture content (30-140%) 
- Heartwood/Sapwood 
- Temperature(-15, 20)  °C  
- Rip saw - milling angle (900) 

Cutting parameters. 

- Cutting speed (15  m/s)  
- Chip thickness (0.3 mm) 
- Rake angle (20°) 
- Clearance angle (10°) 
- Edge sharpness: 5 and 20 gm 
- Cutting width (4.25 mm) 

Appendix III 

Statistical data from the cutting force measurements on pure green 
sapwood. 

r=5 gm 
Mean Std.Dev. Count 

Fh, T=-15°C 83.64 8.95 9 
Fh,T=20°C 51.90 1.73 9 

Fn, T=-15°C -9.05 2.69 9 
Fn,T=20°C 

r=20 gm 

2.89 0.66 9 

Fh, T=-15°C 71.75 1.77 10 
Fh,T=20°C 70.82 2.40 10 

Fn, T=-15°C 8.88 0.73 10 
Fn,T=20°C 11.50 0.85 10 
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Abstract 

The quality of wood surfaces after different kinds of machining processes is 
a property of great importance for the wood processing industries. 
Present work is a study, whose objective was to evaluate different non-
contact methods, for measurement of the quality of the wood surfaces by 
correlating them with stylus tracing. 
A number of Scots Pine samples were prepared by different kinds of wood 
machining processing. Surface roughness measurements were performed, 
utilizing two optical non-contact methods. 
The results indicate that the laser scan method can measure surface 
roughness on sawn wood with a sufficient degree of accuracy. 

1 Introduction 

The quality of wood surfaces after different kinds of machining processes is 
a property of great importance for the sawmills and the wood 
manufacturing industries in order to maintain product quality and reduce 
production costs. 

The surface roughness is a significant parameter which indicates the state 
of the cutting tool and hence the machining quality. Improved machining 
quality increases the yield of the lumber. A 0.25 mm decrease of the 
standard deviation when sawing would, for example, result in a cost 
reduction, equivalent to four full-time employees (Sweden 1990) for a 
sawmill with an annual output of 50000 m3  and a 50 % lumber recovery, 
according to  Grönlund  [1]. Hence, a small reduction in sawing loss implies a 
considerable profit increase. It is therefore of vital importance to obtain 
information about the properties of a surface. 

The technique for determining the surface features is well-known in the 
engineering industry. Standardized methods have been existing for several 
years. In the wood industry however, there is a diffuse conception of how to 
estimate a wood surface, according to Palmquist [2]. In general, the 
following criteria are used: 



Visual judgement and division into quality classes 
Surface finish index for coated surfaces 

The first of these criteria gives a subjective judgement, depending on the 
inspection personnel. No unique stated rules exist regarding how to estimate 
a surface. There is obviously a need to obtain an operator independent 
measurement method for estimating wood surface quality. 

At present, there are many approaches to surface roughness measurements in 
wood machining. However, these methods differ in price, accuracy and 
operating complexity. 

Contact methods often utilize a precision stylus, sliding on the surface. This 
is the most widely used contact technique, especially in the engineering 
industry. In contrast to for example metal, the surface structure of wood has 
a much higher degree of complexity. The deviations of wood surface texture 
due to its anatomic structure together with the presence of random texture 
disturbances, make it complicated to utilise traditional surface analysis 
techniques, based on a mechanical stylus profiler attached to the surface. 
Besides, the stylus measuring principle is designed for one-dimensional 
measurements. Therefore several non-contact techniques have gained 
considerable attention. 

1.1 Objective 

The present work is a study, whose objective was to evaluate different non-
contact methods, with respect to the issues mentioned above, regarding 
measurement of the quality of the wood surfaces by correlating them with 
stylus tracing. The comparison will end up in a choice of the best method. 

In this paper two of these methods are discussed, namely a laser scan 
method (LSM) and an optical triangulation measurement (OTM). A 
comparison is also presented between the OTM and the LSM. 

1.2 Literature survey 

Early work by  Stumbo  [3] still summarizes the objective of today's 
available technology: to use surface roughness measurements for quality 
control and production monitoring. 

Lemaster and  Dornfeld  [4] present theoretical and experimental results for 
wood surfaces measured with a non-contacting laser detector (positioning) 
system, consisting of a laser, using an incidence angle of 45 degrees and a 
detector, having optimal sensitivity at a reflectance angle of 70 degrees. 
The system showed good comparability with the conventional stylus system 
regarding the generating of surface profiles in cases of good surface 
reflectance. 

Labeda [5] presents a measurement system, based on the detection of 
reflected laser light. The system consists of a laser line projector, 



perpendicular to the surface of the sample, and a tilted CCD-camera, with 
a small tilting angle (about 10 degrees). 
Its main advantage is that the entire surface of the workpiece is measured, 
togheter with an ability to sample at high feed rates. 

Surface finish has also been related to veneer surfaces, according to Faust 
[6]. This method applies a video camera, perpendicular to the surface of 
the sample, and a tilted collimated white light source with a small 
incidence angle. It explores the idea of an indirect non-contact method, using 
image analysis of the collected data and a comparison with stylus 
measurements. The results indicate that this method can estimate veneer 
surface roughness in real time. 

A similar indirect non-contact method is presented by Cutri et al [7], 
proposing a model for in-process measuring of planed and moulded timber 
products at a high feed rate, using a broad laser beam illuminating the 
surface at grazing incidence and a photodiode positioned perpendicular to 
the surface of the sample, for detection of the variations in diffusely 
reflected laser light. To evaluate the collected data, Fourier analysis 
techniques are used.  

Westkämpfer  and Riegel [8] report on quality criteria for smooth planed 
wood surfaces and state that the distances between knife marks, filtered 
out by image processing methods, can be used as quality criteria. They also 
have performed [9] a review concerning different measurement 
methodologies.  

Mattsson  and Wägberg [10] present a comparison between an optical laser 
stylus measurement and a mechanical stylus profiler, where a number of 
paper surfaces with different surface roughness have been used in the 
experiments. Their study show that the laser stylus exaggarates the surface 
profile, especially when detecting steep local slopes.  

Johannesson  [11] describes a sheet-of-light range imaging. In this method a 
laser sheet illuminates the surface while a smart image sensor, i.e. a sensor 
in which data reduction and/or processing is performed on the sensor chip, 
views the surface from another position. Due to its low resolution, this 
method is not at present appropriate for surface measurements on wood. 

A new approach is the 3-D optical Radar System [12], exploring the light 
phase shifting measuring principle. Due to its low resolution it is not yet 
applicable to wood surface roughness measurements. 

The SELCOM system [13], operates at the laser beam triangulation 
principle. The system offers a very good resolution, and a high sampling 
speed, but is at present directed toward thickness measurements and 
therefore not yet designed for surface roughness measurements on wood. 

The  BIRIS  Range Sensor [14] is based on the stereoscopic method, realized 
by a special designed camera. However, the system has a low accuracy, and 
it is therefore not yet applicable to wood surface roughness measurements. 



2 Materials and methods 

2.1 List of symbols 

The following notations are used in this paper:  

Ra 	arithmetical mean deviation of the profile, defined as  

R.  = £ ly(x) I dx 

1 	sampling length (cut-off)  
y 	profile departure 
13s0 bandsawn, without knot 
bsk bandsawn, with knot 
cs0 	circular sawn, without knot 
csk 	circular sawn, with knot 
gs0 	gang sawn, without knot 
gsk 	gang sawn, with knot 
prO 	plane reduced, without knot 
prk plane reduced, with knot 
LSM Laser Scan Method 
OTM Optical Triangulation Measurement Method 
MSP Moving Stylus Profiler 
GSL Grey Scale Level 

2.2 Experimental procedure 

A laser scan method (LSM), described by Labeda [5] and an optical 
triangulation measurement method (OTM) [15], based on the coaxial 
triangulation principle, were to be compared and correlated with a 
traditional moving contact stylus profiler (MSP) method. The OTM 
principle could briefly be described as follows: 
The incident laser beam is aligned with the sensor optical axis and the 
reflected light is coaxially detected. The mean radius of the collected light 
is a measure of the surface position (see Figure 1 below). 
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Figure 1. Schematic view of the OTM system. 

The LSM system consisted of a laser line projector and a tilted CCD-camera, 
mounted on a support, moving in the  y-direction, along the length of the 
sample, according to Figure 2 below. The  x-direction was perpendicular to 
the length of the sample. 

Figure 2. Schematic view of the LSM system. 

The OTM system consisted of a measurement unit, mounted on a rigid stand. 
The moving of the sample was performed by a  DC-driven X-Y-table, 
integrated with the instrument. 

The MSP method was used solely as a reference method. 



The comparison of the OTM, the LSM and the MSP comprised eight 
different surfaces resulting from four different types of wood machining, 
namely circular sawing, band sawing, gang sawing and plane reducing, 
containing knots and clear wood. 

The measurements were carried out at the Royal Institute for Technology  
(KTH),  Stockholm, at Trätek, Stockholm, and at UBM  Messtechnik GmbH,  
Ettlingen, Germany. 

Eight samples of Scots Pine pieces, holding approximately 6 % moisture 
content, were prepared according to Table 1 below. The sampling area was 
50  x  50 mm on each sample. The samples were carefully prepared, so that 
sawdust and fibres not attached to the wood were removed from the 
surface. 

Table I. Specification of the specimens used in the experiments. 

Specimen Notation Main characteristics 

1 	bs0 	Band sawn, no knots, visible early wood and 
late wood domains. 

2 	bsk 	Band sawn with knot, dark texture. 

Circular sawn, no knots, visible tooth marks. 

Circular sawn with knot, visible tooth marks, 
crack and rupture in the knot. 
Gang sawn, no knots, dark texture, pronounced 
texture pattern. 
Gang sawn with knot, dark texture, especially the 
knot, tendency to knot rupture, pronounced 
texture pattern. 
Plane reduced, no knots, pronounced cutter paths. 

Plane reduced with knot, deep crack in the knot, 
pronounced cutter paths. 

An entire sampling course comprised eleven parallel paths of scanning, 
5 mm from each other. 

2.2 Data analysis 

For each of the eleven scanning lines on each of the eight specimens, the 
surface profile was captured by using the three different methods. The 
surface profile data obtained was then stored as text files, in order to 
facilitate further analysis, independent of processing software. A second 
degree polynomial filter was used to eliminate macrogeometrical errors of 
the specimen, i.e. errors caused by warping and/or twisting. The threshold 
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frequency was 0.5 Hz. A grey scale image technique, reported by  Axelsson  
[16, 17], in order to display the data obtained from the measurements, were 
carried out on a subset of the measured specimens holding bsk, csk, prO and 
prk surfaces. The surface profile data was transformed to integers between 0 
and 255, where 0 corresponded to the minimum value and 255 to the 
maximum. In the images of the surface profiles, bright regions corresponded 
to low pits and dark regions to high peaks. The scale factor was 
determined for each specimen in the subset in order to obtain images with 
optimal contrast and brightness. Hence the same scalefactor on all 
specimens, which would make the evaluation more equivalent, was 
impossible due to the different measurement ranges of the methods. 
For the prk case, which contained a large peak-to-valley value caused by a 
deep crack in the knot, it was necessary to decrease the impact of the crack, 
by establishing a threshold value for this surface. Values of the surface 
profile data between the actual scanning lines were interpolated bilinear in 
order to increase the visibility. The width of the images was choosen to 98 
pixels. 
An  Ra  value was calculated from the data obtained for each scanning line. 
A total  Ra  value was then calculated for each specimen in the subset. To 
facilitate the comparison, pictures of the specimens were captured by using 
a video camera. The intensity of light was unchanged during this step. A 
mean value of the surface brilliance, measured in GSL, where a low value 
corresponds to a dark surface and a high value to a bright, was calculated 
for each specimen, as presented in Table 2. 

Table 2. Average, standard deviation, minimum and maximum GSL 
obtained for the specimens used in the experiments (Sp=Specimen). 

Sp Average St. dev. Min Max 

bsk 107.33 17.35 49.00 154.00 
csk 139.10 15.35 22.00 162.00 
PP3 144.82 8.48 63.00 164.00 
prk 119.24 26.65 27.00 160.00 
gs0  111.89 14.17 28.00 153.00 
gsk 85.87 23.04 15.00 137.00 
bs0 133.81 11.85 52.00 170.00 
cs0 151.02 6.61 95.00 169.00 



3 Results and discussion 

Surface profiles obtained from the different methods applied to four of the 
specimens, namely the prO, prk, bsk and csk specimens, were displayed as 
grey scale images. In Figure 3 the prO specimen is shown. 
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Figure 3. Grey scale image from the surface profiles obtained by OTM (first 
image), LSM (second image), MSP (third image) and a photographic image 
of the original prO specimen (fourth image). Total  Ra  values are included. 

As can be noticed from Figure 3 above, the specimen contains only light 
wood texture, and holds three characteristic cycloidal paths, generated by 
the cutter. 
The average brightness of the surface is 144.8 in grey scale, which means 
that this surface shows the highest degree of brightness in this set of 
specimens. 

The image obtained from the OTM measurements shows the three cycloidal 
paths of the pronounced cutter marks. The discrete levels at the edges of 
the cuttermarks are due to the fact that the levels between the sampled 
lines are interpolated. It can be noticed, that the paths are all at a higher 
level than the interjacent wood areas. It can also be seen that the innermost 
and the outermost paths lie on a higher level than the enclosed center 
path. This is in good accordance with a visual examination of the specimen. 
When looking at the 12, values, the OTM gives the lowest value, which 
indicates that the OTM tends to underestimate the surface variations, 
compared to the other two methods. This smoothing property is confirmed 
by succeeding measurements performed on other wood surfaces. 



The underestimation could be explained by a decreasing vertical resolution, 
caused by the following circumstances: 
1. An inability to detect domains holding large height gradients, as will be 
mentioned later, 
2. The sampling rate was approaching the upper limit which obviously 
had a negative effect on the vertical resolution. 

The image obtained from the LSM measurements also shows the three 
paths of the cutter marks. The LSM measurements seem to emphasize the 
outermost path (which is on the highest level). However, it can be noticed 
that the LSM image is translated downwards in relation to the other 
images. This is probably caused by an uncertainty regarding the positioning 
of the laser line. 

Concerning the image obtained from the MSP measurements, the three 
paths and their characteristic height contours are satisfactory reproduced. 
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Figure 4. Grey scale image from the surface profiles obtained by OTM (first 
image), LSM (second image), MSP (third image) and a photographic image 
of the original prk specimen (fourth image). Total  Ra  values are included. 

The prk specimen shows, according to Figure 4 above, a pronounced crack in 
the middle of the knot. 
Cycloidal paths are also noticed, similar to those generated on the prO 
surface. The average brightness of the surface is 119.2 in grey scale, which 
indicates that this surface is not as bright as the prO specimen. 
From the grey scale images in Figure 4, the discrete levels at the edges of 
the cuttermarks can be noticed, similar as for the prO case. 



When looking at the total  Ra  values obtained from the three methods, the 
OTM seems to underestimate the surface, as for the previous case. 
Concerning the LSM, the knot, the crack and the cutter marks are visible. 
The LSM seems to penetrate the crack more deeply than the OTM, a fact 
which also can be confirmed when examining the output profile data. This 
is due to the high measurement range of this method, in combination with 
the position of the camera set-up in the LSM system, lying parallel to the 
crack. 

The MSP has a similar ability as the other methods to represent the knot, 
the crack and the cutter marks, but shows a higher ability to detect the 
fibre disturbances lying between the cutter paths. 

t Fibre 
direction 

OTM 	 LSM 
Ra=130p.rn 	Ra=132pm 

-0.31 	 1.76 	-1.03 	 0.70 

MSP 
Ra=160pm  

Orienal 
specimen  

.11111111111 
-0.66 	0.97 [mm] 

Scanning 
direction 

Figure 5. Grey scale image from the surface profiles obtained by OTM (first 
image), LSM (second image), MSP (third image) and a photographic image 
of the original bsk specimen (fourth image). Total 12, values are included. 

The sampling area of the band sawn specimen in Figure 5 consists of a knot, 
embedded in a wood region holding a darker texture, as can be found from 
Figure 5 above. The average brightness of the surface is 107.3 in grey scale, 
which is the lowest value, i.e. this surface shows the lowest degree of 
brightness among all surfaces in the subset. 

The OTM image shows the knot in the upper left part of the image. 
Together with the  Ra  value, this is a good illustration of the smoothing 
property related to the OTM. 



Concerning the LSM image, this image is not as smooth as the OTM image. 
In spite of a low brightness, the LSM is apparently able to reproduce the 
knot and the rough part in the middle of the figure. 
In the MSP image, not only the knot but also the rough texture domain in 
the middle of the square is visible. 

A Fibre 

T direction 

OTM 
R a=72jurri  

LSM  
Ra  =82 

2111111 

MSP 
Re.=83jam  

AIM 

Original 
specimen 

0.23 
	

1.62 	-0.31 
	

0.70 	-0.96 	052 [mm] 

Scanning 
direction 

Figure 6. Grey scale image from the surface profiles obtained by OTM (first 
image), LSM (second image), MSP (third image) and a photographic image 
of the original csk specimen (fourth image). Total  Ra  values are included. 

As can be found in Figure 6 above, this circular sawn specimen holds a knot 
with a crack in its centre, together with some small craters close to the knot 
boundary. The tooth marks are visible. The average brightness of the 
surface is 139.1 in grey scale, which means that this surface shows the 
second highest degree of brightness. 
The image obtained from the OTM measurements shows the knot, lying on a 
higher level than the surrounding wood. A crack in the middle of the knot 
is also distinguishable. The marks from the saw blade are also visible in 
the image. As in previous figures, the OTM image again shows a smoothing 
tendency. 
The image as a result from the LSM measurements shows the knot. The 
marks from the tool and the crack are also visible. 
However, it can be noticed that the LSM image shows a similarity in 
translating the image downwards, as for the prO case. This is probably 
caused by an uncertainty regarding the positioning of the laser line. 



The image obtained from the MSP measurements shows the characteristic 
pattern similar to the other measurement techniques. 

A comparison was then performed by examining the grey scale images and 
the total  Ra  values calculated from the surface profile data, as shown in 
Table 3. 

Table 3. Total  Ra  values for 11 profiles on four samples (Sp=Specimen, 
0=0TM, L=LSM, M=MSP). 

Sp  0 L M 0/M  L/M L/O 

bsk 130 132 160 0.81 0.82 1.01 
csk 72 82 E3 0.87 0.99 1.14 
prO 100 121 113 0.88 1.07 1.21 
prk 103 139 111 0.93 1.25 1.35 

As can be found from Table 3, the OTM tends to underestimate the roughness 
in relation to the MSP. It can also be noticed that the LSM overestimates 
the roughness for the plane reduced specimens, but for the other two 
samples in this set, the LSM shows an underestimating tendency. 
Further, when looking at the relation between the OTM and the MSP, it 
can be found that the LSM overestimates the roughness in comparison with 
the OTM. 
The data is sorted for increasing  L/M  values. When examining the mean 
GSL in Table 2, it can be observed that this quotient tends to increase with 
increasing degree of brightness, except for the prk specimen, whose  Ra  value 
is overstimated, due to the deep penetration of the crack, as mentioned 
earlier. The ability to reflect the light seems to affect the LSM. Thus a 
bright, highly reflective surface runs a risk of being estimated as poorer 
than it really is. In order to explain this phenomenon, a regressional 
analysis was then carried out utilizing the data obtained from the LSM, 
MSP and GSL respectively. This analysis however, could not statistically 
verify any dependency between the LSM and the GSL. Nevertheless, 
disturbances in the surface texture could lead to misdetections, according to 
Plinke [18]. The GSL is assumed to be dependent upon the reflectance. 
Therefore, despite the insignificant dependency upon the GSL, further 
investigations have to be done in order to explain the behaviour mentioned 
above. This should be realized by a new set of specimen, having mutually 
similar surface features but different reflectance. Further, the number of 
specimen should be increased in order to facilitate the statistical analysis. 

3.1 Limitations and concluding remarks 

Table 4 below consists of data obtained from the technical descriptions of 
the different methods. It shows that the LSM has the greatest range but 
the poorest resolution. The resolution however, seems to be sufficient for 
judging relatively rough surfaces, for example surfaces normally generated 



by the primary industry, but it is unfortunately not appropriate for 
roughness measurements on smooth surfaces. 
Especially for industrial applications it is important to note that the LSM 
has a high feed rate, appropriate for industrial on-line measurements. 

Table 4. List of resolution, measurement range and feed rate for the 
methods used in the experiments, obtained from the technical descriptions. 

Measurement method 
rate 

Resolution Range 	Feed 

OTM lgm 10 mm 0.01 m/s 
LSM -100  gm  15mm 1 m/s 
MSP lpm -2rnm 0.0005 m/s  

There are some limitations of the LSM, concerning the tilting angle of the 
camera and the slope of the pits. When this slope exceeds the tilting 
angle, those pits can not be sufficiently detected by the camera. 
The dispersion of the laser light in early wood parts or parts with dark 
texture could also be a probable limitation of the LSM. 
Similar limitations occur for the OTM  systern,  where the limitation is the 
maximal slope of the profile, about 750. If the slope of the profile exceeds 
this limit, the profile can not be fully detected by the sensor. 
Further, when looking at the results from the measurements and comparing 
those with Table 4, it is obvious that the OTM resolution obtained in this 
experiment is lower than the stated value. This could explain the 
smoothing property in the OTM images shown in the figures above. 
Another issue which has affected the possibility to compare the different 
methods is an uncertainty of finding the identical position for the scanning 
paths. 

The number of specimens is small. This restricts the possibility to perform a 
statistical analysis holding a high degree of confidence. 

4 Conclusions 

The LSM could penetrate deep cracks when the crack propagation runs 
perpendicular to the laser line. It also showed the highest range of 
measurement of the methods compared in this investigation. The feed rate 
was the highest of all methods. This is an important property, especially 
for industrial applications. The reflectance seemed to affect the possibility 
for the LSM in making proper estimations of the surface profile. 

Concerning the OTM, one can notice that the total values of the  Ra  value 
was lower than the MSP measurements. Thus the OTM tended to 
underestimate the surface, independent of the surface texture and probably 
even of the reflectance. Together with a low feeding speed, this makes the 
system not yet applicable to sampling at industrial production rates. 
However, the high potential resolution of this method makes it suitable 



for measuring relatively smooth surfaces, for example planing operations in 
the secondary industry. Therefore it is desirable to increase the feed rate in 
order to adjust the method to industrial applications. 

Summing up, the LSM seems to give acceptable information about the 
surface, but before running a full-scale test additional investigations should 
be carried out on the system, in order to make clear if any dependency upon 
the reflectance exists. Otherwise the system has to be modified in order to 
minimize the dependency. Other possible directions of the laser beam 
should also be investigated, in order to increase the ability to recognize 
surface disturbances perpendicular to the grain. With these modifications 
the LSM should be appropriate as a method, applicable to measurements on 
relatively rough wood surfaces at industrial production rates. 
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