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1  
i 	Abstract 

This licentiate thesis is a study of the cutting force at, and near a cutting 
edge when cutting wood at full speed and with all cutting edges of the tool. 
A method for studying the effect of momentary disturbances due to 
variations in wood structure on the cutting force is presented and a 
statistical model of the main cutting force is developed. 

The work shows that fibre- and density disturbances in the wood structure 
to a great extent affects the cutting process and that the geometrical shape of 
the cutting tool in terms of degree of wear and damages are vital to the 
cutting performance. The work indicates a potential to increase the cutting 
performance by a more accurate supervision of the condition of the cutting 
tools. 
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2 	Introduction 

2.1 Background 

Improved sawing accuracy, kerf reduction and surface roughness increases 

the yield of the lumber. For example, a 0.25 mm decrease of the standard 

deviation at sawing, would result in a 0.40 mm decrease of the sawing loss 

and a 0.6 % increase of the lumber recovery  (Grönlund  1992). This would 
result in a raw material contribution of 600 m3  / year for a sawmill with an 
output of 50000 m3  / year and a lumber recovery of 50 %. This is equivalent 

to four full-time employees (Sweden 1990). In other words, a small decrease 
in sawing loss implies a big increase in profit. 

The cutting response of a saw blade depends both upon the interaction 

forces induced during cutting and the dynamic characteristics of the saw 

blade. Present work is a study of how different parameters affects the cutting 

forces when cutting wood at high speed and with all cutting edges of the 

tool. The purpose is to investigate the potential to increase the cutting 
performance. 
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2.2 	Limitations 

In present work, the cutting force is measured when cutting with one fixed 
cutting tooth. The effect of interaction between the cutting teeth/sawblade 
and sawblade/workpiece does not effect the values obtained. 

In the experimental measurements, the main part of the feeding occurs 
when the cutting tool is idling. This affects the level of the feed force and 
probably also the main and lateral forces to a certain degree. 

The  multivariable  nature of the cutting process denote that the statistical 
model developed for the main cutting force is relatively complex. 
The model developed in present work gives a satisfactory picture of how the 
main cutting force varies in the neighbourhood of the points of measuring. 
It should be noted however, that values generated by the model between the 
points of measuring, as well as values generated outside the validity 
interval of the model, should be interpreted with certain caution. 

In the experimental measurements, only one type of specimen was used, i.e. 
Scots Pine (Pinus sylvestris). 
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3 	Experimental materials and methods 

3.1 	Cutting force measurements 

The cutting force measurements were performed on a special equipment 

developed at  Luleå  University of Technology, Department of Wood 

Technology,  Skellefteå  Campus (Figure 3, Paper A). 

The principal parts of the equipment are: 

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. 

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 release an electrical charge which is proportional 

to the change in force. These charges are converted into voltage levels by 

three charge amplifiers. 

5. A-D  converter which sample and digitalize the output voltage from the 
amplifiers. The simultaneous sampling frequency on the three channels can 

be varied from 0.1-50 kHz. 

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



5 

3.2 Density measurements 

A computed tomography (CT) -scanner was used to determine the density 

and moisture content of the wooden samples. 

3.3 	Wood and cutting parameters 

The following parameters were measured and noted. 

Wood parameters 

- Specie Scots Pine (Pin us sylvestris) 

- Density 

- Moisture content 

- Heartwood/Sapwood 

- Temperature 

- Growth ring angle 

- Rip saw-milling  (RM)  angle 

- Veneer cutting-milling  (VM)  angle (0°)* 

* In relation to the main cutting edge. 

Cutting parameters 

- Cutting speed 

- Chip thickness 

- Rake angle 

- Clearance angle 

- Edge radius, wear profile 

- Cutting width 

3.4 	Evaluation 

The measurements were evaluated by statistical methods (Paper  B)  and 

also by a new method for studying the effect of momentary disturbances due 

to variations in wood structure on the cutting force (Paper A and  C).  
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4 	Conclusions and future work 

Paper A presents a method for studying the effect of momentary distur-
bances due to variations in wood structure on the cutting force near the 
cutting edge. Force and density measurements are converted to a gray scale 
image. The method gives a general view of the data and a potential to 
effective evaluation of experimental measurements. The paper shows that 
fibre- and density disturbances in the wood structure to a great extent 
affects the cutting process, and that the state of the cutting tool as far as 
degree of wear and damages are concerned, has a big impact on the levels 
of the cutting forces. 

Paper  B  presents a study of how various parameters affect the main cutting 
force 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. The paper shows that one can get an 
acceptable model for many of the variables impact on the main cutting 
force by using statistical methods. 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. The results given by the model, confirm earlier studies 
done under low speed conditions. This paper shows among other things that 
machining green Scots Pine, results in a higher main cutting force than 
machining dry Scots Pine and that the degree of wear has a big impact on 
the cutting force. 

Paper  C  presents a study of the effect of momentary disturbances due to 
variations in wood structure on the lateral cutting force. Density, shape and 
fibre-direction of the disturbances are taken into consideration as well as 
the degree of wear of the cutting tool. The paper shows that high density 
gradients imply high lateral forces. The highest momentary lateral force 
noted in the paper has a value of approximately 40  N.  The degree of wear 
of the tool has a big impact on the lateral force when cutting through high 
density gradients. The geometry of the disturbance and the position of the 
saw kerf in relation to the disturbance, affects the level of the force. A 
change in the fibre direction has an impact on the lateral force but it is 
small compared to the impact from a high density gradient. 

The three presented papers contributes to an increased understanding of 
how different parameters affect the cutting force at and near a cutting edge. 
This understanding can in future research be utilised in the effort to 
increase the cutting performance and cutting accuracy in different wood 
cutting applications. Of special interest is the problem of sawing frozen 
wood and the impact of lateral cutting forces on the dynamic behaviour of 
a saw blade and the cutting accuracy. 
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The licentiate thesis shows that the geometrical shape of the cutting tool in 
terms of degree of wear and damages are vital to the cutting performance. 
The work indicates a potential to increase the cutting performance by a 
more accurate supervision of the condition of the cutting tools. 
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The use of gray scale images when evaluating disturbances 
in cutting force due to changes in wood structure and tool shape  
B. O. M.  Axelsson,  S. A.  Grundberg  and J. A.  Grönlund  
Department of Wood Technology,  Skellefteå  Campus,  University  of  Luleå,  S-93187  Skellefteå,  Sweden  

A method is presented for studying the effect of momentary distur-
bances due to variations in wood structure on the cutting force near 
the cutting edge. Force and density measurements are converted to 
a gray scale image. This method is very effective as regards the eval-
uation of experimental tests.  

Verwendung  von  Grauwert-Bildern für  die  Auswertung  
von  Störungen  der  Schnittkraft durch Veränderungen  
der  Holzstruktur und  der Form der  Werkzeuge 

Eine Methode zum Erfassen  der  Auswirkungen  von  Störungen  der  
Schnittkraft durch Veränderungen  der  Holzstruktur wird vorge-
stellt.  Die  Methode ist sehr aussagekräftig bei  der  Auswertung expe-
rimenteller Testläufe.  

1 Introduction 

Research on wood machining processes during recent years 
has concentrated on the dynamic stability of tools. This re-
search 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 capacity. However, this has meant 
that the saw tooth itself has increasingly become a weak part 
of the tool  (Grönlund  1988). It is therefore also important to 
extend our knowledge of the mechanisms involved in chip 
formation and of the forces at and near the cutting edge. 
With this extended knowledge, development of new cutting 
tools could be carried out more systematically. The effect of 
tool wear on the magnitude of side forces and feed forces is 
of especial interest. 

2 Description of problem 

Momentary disturbances due to changes in the wood struc-
ture can cause asymetrical side forces and lateral deflexions 
of the saw tooth and blade with decreased accuracy of mea-
surement as result (Mote 1970). A study of these asymetrical 
forces has been desirable in order to develop cutting tools 
that are less sensitive to these disturbances. One of the great 
difficulties is to quantify these disturbances and relate them 
to the wood structure. 

The computer tomography (CT) image gives a good mea-
surement of the variation in density in the piece of wood 
(Lindgren 1990). It also gives a rough picture of fibre direc-
tion and moisture content. This paper presents a method of 
visually displaying the forces and densities during the cutting 
operation as a gray scale image.  

3 Materials and method 

3.1 Cutting parameters 

Three different tools were used, all with the same width 
(4.25 mm), rake angle (20°), and clearance angle (10°). 

Two degrees of edge sharpness were used: "sharp"  R  =-
0.5 gm and "dull" R =20 gm. Two of the tools were pre-
pared with a 0.5*0.5 mm 45° bevel to simulate a broken 
corner (Fig. 1 a). 

The cuttingspeed, 15  m/s  and chip thickness 0.15 mm 
where kept  konstant  throughout the tests. 

3.2 Wood samples 

A piece of Scots pine (Pious Sylvestris)containing a knot was 
prepared so that the cutting direction of the main cutting 
edge would be 90°-90° (Fig. 2) as for ripsawing. The dimen-
sion of the wooden samples was 51.5 by 51.5 mm. A com-
puted tomography (CT) was used to determine the average 
density for every 0.5*0.5*5 mm volume element to a distance 
of 15 mm in the feeding direction (Fig. 2). The moisture con-
tent was kept at a constant level of 9%. 

4 Cutting force measurements 

The principal parts of the equipment are (Fig. 3): 
1. A rotating arm at the end of which the wooden sample is 

fixed. The wooden sample is moved in a circlar 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. 

0 5 rim 
.5 mm  

Fig.  1. a Definition  of  0.50.5 mm 45°  broken corner,  b definition  of 
edge sharpness  
Bild  I.  a Definition  einer  mit 0,5.'0,5 mm und 45°  gebrochenen  Kan-
te, b Definition des  Verschleißes  der  Schneidekante  

a 	 b  
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Feeding direction 
Vorschubrichtung 

Fig.  2. Definition  of  the  feeding  and  cutting direction.  The first  figure 
refers  to the angle  between  the  cutting edge  and the  direction of  the 
fibres, the second  figure  gives the angle  between  the  direction of 
movement of  the  tool  and the  direction of  the fibre 
Bild 2, Definition der  Vorschubrichtung  und der  Schnittrichtung.  
Die  erste Zahl  des Bildes  verweist auf  den  Winkel  zwischen  der  
Schneidekante  und der  Faserrichtung.  Die  zweite Zahl gibt  den  Win-
kel  zwischen  der  Bewegungsrichtung  des  Werkzeuges  und der  Faser-

richtung  

Piezoelectrical gauge 

Fig. 3. The basic structure of the cutting force measuring equipment  
Bild  3.  Grundausstattung  der Meßvorrichtung fir die  Schnittkraft  

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 release an elec-
trical charge which is proportional to the change in force. 
These charges are converted into voltage levels by three 
charge amplifiers. 

5. A-D  converter which sample and digitalize the output 
voltage from the amplifiers. The simultaneous sampling 
frequency on the three channels can be varied from 0.1-
50 kHz. 

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

Measurements were obtained as follows: Ten parallel 
saw kerfs with a width of 4.25 mm were cut thus covering the 
surface of the wood piece except for a distance of 1 mm be-
tween every kerf. 

The cutting forces were sampled with a samplingspeed of 
25 KHz. In other words, a value was obtained every 0.6 mm 
in the direction of cut. The feed distance was 1.5 mm and the 
chip thickness was 0.15 mm which means that there were ten 
values in the feeding direction. A methematical filter was 
used to eliminate irrelevant oscillations in the values ob-
tained. 

The mean values of the ten values in the feeding direction 
were calculated. Each mean value thus corresponded to a 
volume element with dimension 4.25  x  1.5  x  0.6 mm. The 
mean values are then converted to a value between 0 and 255 
so that they could be displayed as gray scale images. 

The average density is registrated by the tomograph at 
the following intervals: every 5 mm in the feeding direction, 
every 0.5 mm in the cutting direction and every 0.5 mm or-
thogonal to the cutting direction. Three layers of 5 mm in the 
feeding direction are registrated on each piece of wood: one 
layer is used for one tool thus making it possible to compare 
three tools cutting under almost the same conditions. The 
data from the tomograph is, as for the cutting force, con-
verted to a value between 0-255. 

5 Density and cutting force images 

Values of the cutting forces between the actual saw kerfs are 
interpolated in order to increase visibility and to obtain a 
smoother image. The width of the images is choosen to 99 
pixels (see the following text). The height of the images varies 
from 100 to 120 pixels depending on the number of values 
sampled. This depends on the height of the wood piece. The 
data in the image processing computer is represented as a 
gray scale image. This is a representation of the number of 
pixels or areas. These may range from 0 (black) to 255 
(white). 

The mechanical zeros and scalefactors are choosen as fol-
lows: 
Main force 0-255 in gray scale corresponds to 0-255  N,  0  

N  
Feeding force 0-255 in gray scale corresponds to + 254  N,  
128 = 0  N  
Side force 0-255 in gray scale corresponds to + 128  N,  128  

N  
Density 0-255 in gray scale corresponds to 0-650 kg/m3, 0 =-
0  N.  

6 Results and discussion 

The gray scale image obtained are shown in Figure 4. Images 
of the cutting forces and densities for three different tools are 
shown. The top row shows the density, main cutting force, 
feeding force and side force using a sharp tool. 

In the second row, a sharp tool with a broken corner is 
used, and in the third row a dull tool with a broken corner 
is used. The knot and year rings are easily distinguished in 
the density images and one can see that the knot density 
varies with the highest value in the outer edges and the lowest 
in the middle. The main cutting forces for the three tools all 
follow the same pattern; high values when penetrating the 
outer edges of the knot and lower in the middle. 

The value of the main force for the sharp tool with no de-
fect is the lowest value, as could be expected. The values for 
the dull tool with a defect are higher than those for the sharp 
tool with a defect. This is especially the case in the middle of 
the knot where the difference can be as high as 30-40  N.  

There are dark fields at the top of the images for the main 
cutting force. The pieces of wood show formation of cracks 
due to splitting when the tool leaves the wooden sample, and 
this gives a lower value for the main force as a result. 

The feed force for the sharp tool with no defect has a 
slightly positive value with a tendency to become of negative 
value, i.e. pull the workpiece towards the tool. Here the knot 
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Main cutting force 

Feeding force 

Side force 

Fig.4.  Image  of  the  cutting  force and density for  three  different  tools  
Bild 4. Bild der  Schnittkräfte  und der  Dichte dreier verschiedener Werkzeuge  

has hardly any effect on the feed force. For the other two 
tools the feed force follows the same pattern as for the main 
force,  i.  e.  high positive values when penetrating the outer 
edges of the knot and lower in the middle, the dull tool has 
up to 40-50  N  higher values then the sharp one. 

The side forces for the sharp tool with no defect have 
small negative values outside the knot. When penetrating the 
knot the negative force increases 5-10  N  and then decreases  

a few Newtons in the center of the knot. For the two other 
tools the defect causes a high positive side force of 50-60  N  
outside the knot. 

The force decreases 30-40  N  momentary when penetrat-
ing the knot. The dulines has little or no effect on the side 
forces in this case. The above is an example of some conclu-
sions that may be made by a qualitative study of the images 
obtained. 
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The image processing computer makes it possible to pro-
cess data in several ways. For example, the  treshold  tech-
nique may be used to compare various levels in the image. 
It is also possible to obtain a specific pixel value value in 
Newtons or kg/tri3. 

7 Conclusions 

The gray scale image technique may be used to advantage to 
display the cutting force and density. 

The method gives a general view of the data. This is an 
almost impossible task using conventional methods. The 
evaluation of various parameters is also possible. We intend 
to utilize the method to study the force relationships at and  

near a cutting edge. We also aim to study the effect of mo-
mentary disturbances during the cutting process on asymet-
rical side forces. In this work we will be taking density, fibre 
direction and moisture content parameters into account. 
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Buchbesprechungen  

Schriever,  E.;  Marutzky,  R.:  Geruchs-  und  Schadstoffbelastung durch 
Baustoffe  in  Innenräumen. Eine Literaturstudie. WKI-Bericht  Nr.  24. 
213 S.  Braunschweig  1991:  WKI Fraunhofer-Arbeitsgruppe für 
Holzforschung.  Brosch.  

Diese umfangreiche Zusammenstellung detaillierter Stoff-  und  
Literaturdaten entstand im Rahmen  und in  Ergänzung eines  vom  
BMFT geforderten Forschungsvorhabens am Braunschweiger WKI.  
Da die  einzelnen Baustoffe jeweils aus vielen Einzelkomponenten be-
stehen, bedarf  es  einer praktikablen Gliederung,  um  sich  in der  schier 
erdrückenden Anzahl einzelner anorganischer  und  organischer Sub-
stanzen zurechtzufinden.  In Kapitel 3  begründen  die Autoren  zu-
nächst ihre Gliederung  der  Baustoffe  in  „Dämmstoffe, Holzwerk-
stoffe, Fußbodenbeläge, Textilien, Tapeten  und  Beschichtungssyste-
me".  Da  hiermit  aber  längst nicht  alle in  Baustoffen vorkommenden 
Substanzen erfaßt werden können, wird noch eine weitere Gliede-
rung diverser „Hilfsstoffe" angeffigt wie „Holzschutzmittel, Bau-
klebstoffe, Dichtungsmassen, sonstige Kunststoffe  und  Kunststoff-
zusätze, Konservierungsmittel, Styro-Butadien-Kautschuk, Wolle  
und Leder".  Im Hauptkapitel  4  werden unter diesen Oberbegriffen  
die  aus  der  Literatur bekannten Einzelsubstanzen teils aufgezählt, 
teils detailliert beschrieben  und  je nach Bedeutung  und  Wissensstand 
charakterisiert  bis hin  zu Reaktionsmechanismen, Konzentrations-
angaben  und  Analysenmethoden.  In  vielen Fällen werden auch  die  
Produktionsverfahren  der  Baustoffe beschrieben  und  daran  die  Be-
teiligung  der  einzelnen Substanzen  und  ihr Emissionsverhalten dar-
gestellt. Ein besonderes  Kapitel  befaßt sich  mit dem  speziellen  Pro-
blem der  Abgabe flüchtiger Bestandteile.  Die  Einzeldaten  sind  durch 
Literaturzitate belegt, deren Quellen  in Kap. 8  zusanunengestellt  
sind.  Hervorzuheben ist auch  die  Zusammenstellung einschlägiger 
Gesetze, Verordnungen, Richtlinien  und Normen.  Ein zusammen-
fassendes  Kapitel mit  Anregungen für künftige Forschungsarbeiten  
und  Verbesserungen  rundet  diese wertvolle Übersicht über  potentiel-
le  Gefährdungen  und  Belästigungen durch  moderne  Baustoffe  ab. 

M.  Stoll  

Arbeitsgemeinschaft Industrieller Forschungsvereinigungen  e. V. (Alf)  
(Hrsg.), Außenstelle  Berlin,  Leipziger Straße  5-7, 0-1086 Berlin. 
167 S.  Brosch  

In  Weiterführung, Ergänzung und Präzisierung  der  AiF-Bro-
schüre „Institutionen industrienaher Forschung und Entwicklung  in 
den  neuen Bundesländern" vom  10.1. 1991  soll mit dem vorliegen-
den  Band  ein Beitrag zum Prozeß  des  Zusammenwachsens  von  For-
schung und Entwicklung  in den  alten und neuen Bundesländern ge-
leistet werden.  

Die  Broschüre soll als Leitfaden für Institute und Unternehmen 
vorwiegend  der  alten Bundesländer dienen,  um  Kenntnis über das  
Profit  sowie über  die  personelle und materiell-technische  Basis  wirt-
schaftsnaher FuE-Stellen zu erlangen. Damit soll  der  bereits erreich-
te hohe  Stand der  Zusammenarbeit  von  Unternehmen und For-
schungsinstituten  der  neuen Bundesländer, besonders mit AiF-Mit-
gliedsvereinigungen, weiter ausgebaut werden. Gegenwärtig haben  

schon  67  Mitgliedsvereinigungen vielfältige Beziehungen zu Einrich-
tungen  in den  neuen Bundesländern,  46  bearbeiten gemeinsam For-
schungsprojekte.  Die  Herausbildung neuer Strukturen und vielfälti-
ger Formen  der  Zusammenarbeit vollzieht sich mit hoher Dyna-
mik.  

Die  Broschüre unternimmt  den  Versuch,  die  aktuelle Zahl und  
Situation  wirtschaftsnaher FuE-Stellen darzustellen. Gleichzeitig 
können  die  Daten auch als Grundlage für eine geplante Evaluierung 
dienen,  die in  Zusanunenarbeit zwischen  der  Treuhandanstalt und  
der  AiF durchgeführt werden soll.  
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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: 

Fk  = Main cutting force  (N)  
a 	= Rake angle (radian) 
t 	= Chip thickness (mm)  
RM  = Rip saw — Milling angle (radian) 
U 	-- Moisture content (%) 
d8 = Density (U = 8%) (kg/m3) 
v 	= Cutting speed  (m/s)  
T = Temperature (CC) 
r 	= Edge radius (gm) 

= Mean value 
s 	= Standard deviation 

Grain 
direction 

Fig.  1. 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. I. 

Cutting direction 90`-900  — when both the cutting edge and the 
tool movement is perpendicular to the grain (as for rip sawing). 

Cutting direction 0°-90` — when the cutting edge is parallel to 
the grain but the tool movement is perpendicular to the grain (as 
for veneer cutting). 

Cutting direction 90°-00  — when the cutting edge is perpendi-
cular to the grain but the tool movement is parallel to the grain 
(as for planing). 

1 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. 



290 - 

240 -- 

190 — 

2, 140 — 

90 — 

60 — 

-10 	
i  

-10 	40 	90 	140 	190 
	

240 	290 
Predicted 

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. 
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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 : 

Fh = —7.37 + t*(0.38*d8 — 224.50*a) 
+ 15.61*RM — 2.60*RM3  + I.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  

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. If the 
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, v = 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 
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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  m/s,  edge radius 5gm, 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 gm;  Tempera-
tur  20  °C;  Schnittbreite  4,25 mm. 
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Fig. 5. The main cutting force as a function of the chip thickness. 
Rake angle 100, 20', 30°,  RM-angle 00. Other parameters see Fig. 3.  
Bild  5. Hauptschnittkraft  als  Funktion  der Spandicke. Spanwinkel 
100.20'  und  30';  RM-Winkel 00.  Sonstige  Parameter  wie  in  Bild  3. 
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Fig. 4. The main cutting force as a function of the density (U = 8%).  
RM-angle 00, rake angle 200, 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 00 ; Spanwinkel 200; Spandicke 0.30 mm; Schneidenradius 
5 um.  Sonstige  Parameter  wie bei  Bild  3. 

Fig. 6. The main cutting force as a function of the rake angle. Chip 
thickness 0.05, 0.15, 0.50 mm,  RM-angle 00. 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 Kivirnaa's results when 
the wood material changes its state of aggregate, is not 
captured by the model due to the fact that this tempera- 
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Fig. 7. The main cutting force as a function of the edge radius.  
RM-angle 00, 900, rake angle 200, chip thickness 0.15 min. Other 
parameters see Fig. 3.  
Bild  7. Hauptschnittkraft  als  Funktion  des Schneidenradius.  RM-
Winkel 00  und  900 ; Spanwinkel 200 ; Spandicke 0,15 mm.  Sonstige  

Parameter  wie  in  Bild  3. 
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Fig. 8. The main cutting force as a function of the temperature.  
RM-angle 900, rake angle 200, 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. 
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Fig. 9. The main cutting force as a function of the moisture content. 
Temperature —15  °C. RM-angle 00, 900, rake angle 200, 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). 
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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  °C,  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  = 90°) 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 tomograph, 
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/m', 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. 11. The main cutting force  asa  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  11. Hauptschnittkraft  als  Funktion  der  Feuchte.  Temperatur  
+20  'C. RM-Winkel 0'  und  900; 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  = 900) 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. 

Fig. 12. The main cutting force as a function of the cutting speed.  
RM-angle 0°, 900, rake angle 200, chip thickness 0.30 mm. Other 
parameters see Fig. 3.  
Bild  12. Hauptschnittkraft  als  Funktion  der  Schnittgeschwindig-
keit.  RM-Winkel 00  und  900 ; Spanwinkel 200; Spandicke 0,30 mm.  
Sonstige  Parameter  wie  in  Bild  3. 

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 (0-901 

Rip saw-milling  (RM)  angle 
(0', 150, 450, 75', 900, 105°, 135' and 165') 

— Vener  cutting-milling  ( VM)  angle (01* 
* In relation to the main cutting edge. 

Cutting parameters 

— Cutting speed (15  m/s,  40  m/s)  
— Chip thickness (0.05 mm, 0.15 mm, 0.5 mm) 
— Rake angle (100, 20°, 30°) 
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— Clearance angle (10°) 
— Edge radius (5 gm, 20 gm) 
The cutting width has been 4.25 mm. 

Appendix II: Experimental set-up 

The principal parts of the equipment are (see figure 13): 
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.  

Wooden sample 

Piezoelectricol 
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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1 	ABSTRACT 

The paper presents a study of the effect of momentary disturbances due to 

variations in wood structure on the lateral cutting force. Density, shape and 

fibre-direction of the disturbances, and the degree of wear of the cutting tool 

are taken into consideration. The paper shows that high density gradients 

result in high lateral forces. The highest momentary lateral force noted has a 

value of approximately 40  N.  The geometrical shape of the cutting tool in 

terms of degree of wear has a big impact on the lateral force. The work 

indicates a potential to increase the cutting performance by a more accurate 

supervision of the condition of the cutting tools. 
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2 INTRODUCTION 

Research on wood machining processes during recent years has 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 capacity. The cutting response of a saw 

blade depends both upon the interaction forces induced during cutting and the 

dynamic characteristics of the saw blade. Therefore, it is important to extend 

the knowledge of the mechanisms involved in chip formation and of the forces 

at, and near the cutting edge. 

3 	DESCRIPTION OF PROBLEM 

Momentary disturbances due to changes in the wood structure can cause 

asymmetrical lateral forces and lateral deflexions of the saw tooth and saw 

blade, with decreased accuracy of measurement as result (Mote /1/). A study of 

these asymmetrical forces has been desirable in order to develop cutting tools 

that are less sensitive to these disturbances. Present work was carried out to 

examine the influence of disturbances in the wood structure due to momentary 

changes in the density and fibre-direction on the lateral cutting force. 
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4 	MATERIALS AND METHODS 

4.1 Specimens used in the experiments 

Nine wooden samples of Scots Pine (Pinus sylvestris) were prepared so that the 

cutting direction of the main cutting edge would be 900  -900  as for rip sawing  

(Figl).  The dimension of wooden samples was approximately 150 mm long, 75 

mm high and 75 mm wide. A computer tomography (CT)-scanner was used to 

determine the average density for every 0.5*0.5*3 mm volume element to a 

distance of 12 mm in the feeding(fibre) direction (Fig.1). The moisture content 

was kept at a constant level of 9%. 

Feeding direction 

Figure 1. 	Definition of the feeding and cutting direction. The first figure 
refers to the angle between the cutting edge and the direction of 
the fibres. The second figure gives the angle between the 
direction of movement of the tool and the direction of the fibre. 
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All but one of the wooden samples, contained a fibre and/ or density 
disturbance. The disturbances where in the following form; 

Specimen 1 	No pronounced fibre or density disturbance 
(Figure 4). 

Specimen 2 	A natural density gradient following the annual 
rings (Figure 5). 

Specimen 3 	A density gradient in the form of a 5mm thick 
Iroko (Chlorophora excelsa) plate, 45° to the 
cutting direction (Figure 6). 

Specimen 4 	A cylindrical core of high density wood taken 
from a green knot of Scots Pine (Figure 7). 

Specimen 5 	A cylindrical core of wood taken from a piece 
of Scots Pine with approximately the same 
density as the wooden sample, and the fibre 
direction tilted to a cutting direction of 
approximately 45° - 900  (Figure 8). 

Specimen 6 	Same as specimen 5 besides a high density area 
on the right bottom of the core on the second 
density image (Figure 9). 

Specimen 7 	A natural knot (Figure 10). 

Specimen 8 	A cylindrical core of high density wood taken 
from a green knot of Scots Pine and the fibre 
direction tilted to a cutting direction of 
approximately 90°-45° (Figure 11). 

Specimen 9 
	

A cylindrical core of high density wood taken 
from a green knot of Scots Pine and the fibre 
direction tilted to a cutting direction of 
approximately 45° - 90° (Figure 12). 
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4.2 Tool used in the experiments 

The cutting tool used had a cutting width of 4.25 mm, a rake angle of 200, and 
a clearance angle of 100, that is a normal saw tooth. The cutting tool was 

grinded to an edge sharpness  (R)  of the main cutting edge of approximately 5 

gm (Fig.2a). The cutting tool was then successively worned down by cutting in a 

MDF-board with the following 3 cutting lengths; 125, 250 and 500 m, resulting 

in the following average edge-radii of the main cutting edge; 10, 20 and 30 gm. 

It should be noted that a edge-radius of 30 gm is a relatively modest degree of 

wear, at the sawmills the flank wear can be up to 200 gm before the tools are 

regrinded. The radii of the side cutting edges increased successively during the 

cutting of the MDF-board. On the right side of the tool the radius whas 

initially slightly larger than on the left side, resulting in a positive lateral 

force. The difference in radius between the left and right side of the tool 

increased as the degree of wear increased (Fig.2b). The cutting speed, 15  m/s  

and chip thickness 0.3 mm were kept constant throughout the tests. 
Right side of 
the tool  
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a 	 b  

Feeding direction 

Figure 2. 	a Definition of edge sharpness,  b  microscopic 
photograph of the rake-face of the tool for R=30 gm. 



4.3 	Cutting force measurements 

The principal parts of the equipment are: 

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. 

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 release an electrical charge which is proportional 

to the change in force. These charges are converted into voltage levels by three 

charge amplifiers. 

5. A-D  converter which sample and digitalize the output voltage from the 

amplifiers. The simultaneous sampling frequency on the three channels can be 

varied from 0.1-50 kHz. 

6. Measurement computer which processes and stores the test values from the 

A-D  converter. 
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rotating arm 

piezoelectrical 
gauges 

cutting tool 
wooden sample 

.)  

---1 	  

piezoelectric& gauges 

Figure 3. 	The basic structure of the cutting force measuring equipment. 
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Measurements were obtained as follows: 

A number of parallel saw kerfs with a width of 4.25 mm were cut, covering the 

surface of the wooden sample except for a distance of 1 mm between every kerf. 

The cutting forces were sampled with a sampling speed of 25 kHz. In other 

words, a value was obtained every 0.6 mm in the direction of cut. 

The feed distance was 3 mm and the chip thickness was 0.3 mm, that is ten 

cuts. Four cuts of the ten were measured. A mathematical filter was used to 

eliminate irrelevant oscillations in the values obtained. The mean values in 

the feeding direction were calculated. Each mean value thus corresponded to a 

volume element with dimension 4.25  X  1.2  X  0.6 mm. 

4.4 Density measurements 

The average density was registrated by the tomograph at the following 

intervals: every 3 mm in the feeding direction, every 0.5 mm in the cutting 

direction and every 0.5 mm orthogonal to the cutting direction. Four layers of 3 

mm in the feeding direction were registrated on each piece of wood: one layer 

was used for one degree of wear of the tool, thus making it possible to compare 

four degrees of wear when cutting under almost the same conditions. 
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4.5 	Density and cutting force images 

Values of the cutting forces between the actual saw kerfs were interpolated in 

order to increase visibility and to obtain a smoother image. The data from the 

density and cutting force measurements were represented as gray scale images 

by means of a technique reported by  Axelsson  et al /2/. The height of the 

images varied from 100 to 120 pixels. The variation depended on the number of 

sampled values and the height of the wooden sample. 

5 	RESULTS AND DISCUSSION 

The cutting direction and the direction of the positive lateral cutting force are 

defined in figure 4. In the images of the density and cutting force, bright 

regions correspond to high (positive) values and dark regions to low. For the 

density images, 0 (black) in grayscale corresponds to 0 kg/m3  and 255 (white) 

to 1690 kg/m3. For the cutting force images the mechanical zeros are 127 and 

the scale factors are chosen to give images with high contrast. 

In the following discussion, only the cutting forces from the sharpest (R=5 pm) 

and the dullest (R=30 i..(m) condition of the tool are displayed as gray scale 

images. 

As a comparison, when cutting a wooden sample with no pronounced fibre or 

density disturbance (specimen 1) and a edge radius of 30 um, the maximum 

momentary positive force reaches a value of 8.1  N,  the maximum momentary 

negative force a value of -2.5  N  and the overall average a .value of 3.82  N  

(Fig. 4). 
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Figure 4. 	The density and lateral force for specimen 1 

displayed as gray scale images for R=5 1.1m. 

5.1 	Density 

Figure 5 shows the results from cutting specimen 2. On the density images two 

areas of higher density are distinguishable, a density gradient following the 

annual rings and an area of higher density on the left down corner. The first 

disturbance is due to annual rings with significant higher density. The average 

density is 1.35 times the surrounding wood. The later disturbance is due to high 

levels of extractives, the average density is 2.05 times the density of the 

surrounding wood. The disturbance following the annual rings results in a 

negative lateral force. The disturbance on the left down corner does not seem to 

affect the cutting force. 



Density 
	

Lateral force 

R=5 lam 

R=30 Itrn 

0-1690 KWm 3  -10 N 0 +10N  

Figure 5. 	The density and lateral force for specimen 2 
displayed as gray scale images for two different 
degrees of sharpness. 

The maximum momentary positive force ranges from 3.4  N  (R=5 gm) to 
6.2  N  (R=30 gm) and the maximum negative force ranges from -5.3  N  (R=5 gm) 
to -7.9  N  (R=30 gm). The relatively high negative force is a result of the 

density gradient following the annual rings. The degree of wear of the tool 

does not affect the level of the forces to a great extent but the fluctuation of 

the force increases with higher degree of wear. 



Figure 6 shows the results from cutting specimen 3. The plate of Iroko with 

higher density is distinguishable on the density images. The average density 

is 1.30 times the surrounding wood. The plate results in a negative lateral 

force. As for specimen 2 the degree of wear of the tool affects the fluctuation 

more than the level of the lateral force. The maximum momentary positive 

force ranges from 5.5  N  (R=5 gm) to 7.4  N  (R=30 gm) and the maximum 

negative force ranges from -5.8  N  (R=5 gm) to -8.6  N  (R=30 gm). The relatively 

high negative force is a result of the density gradient due to the Iroko plate. 

Density 
	 Lateral force 
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Figure 6. 	The density and lateral force for specimen 3 displayed as gray 
scale images for two different degrees of sharpness. 



Figure 7 shows the results from cutting specimen 4. The average density of the 

most compact part of the knot is 2.40 times the surrounding wood. The 

maximum momentary positive force ranges from 13.2  N  (R=5 gm) to 31.2  N  

(R=30 gm) and the maximum negative force ranges from -2.1  N  to -11.2  N.  The 

maximum positive force appears close to the left edge of the knot and the 

maximum negative force close to the right side and the middle of the knot. 

Density, 
	

Lateral force 
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Figure 7. 	The density and lateral force for specimen 4 displayed as gray 
scale images for two different degrees of sharpness. 



5.2 	Fibre direction 

Specimen 5 (Fig.8) has a core with approximately the same density as the 

surrounding wood and the grain angle direction tilted to a cutting direction of 

approximately 45° - 90°. The maximum positive force reaches a value of 10.7  N  
and the negative -4.6  N.  The degree of wear of the tool has a small effect on 

the levels of the cutting forces. The region of different grain angle is distingui-

shable on the lateral force image. It should be noted however that the level 
of the force is only slightly higher than for specimen 1. 

Density 	 Lateral force 
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Figure 8. 	The density and lateral force for specimen 5 displayed as gray 
scale images for two different degrees of sharpness. 



-1.5N0+15N  0-1690 Kg/m3  

Lateral force 

R=5 j.trn 

R=30 Jun 

Specimen 6 (Fig.9) has a core with the same grain angle as specimen 4. The 

density is approximately the same as for the surrounding wood, except for an 

area on the bottom right of the core on the second density image. The lateral 

force reaches its maximum in this area to a momentary level of 14.5  N  and 

-10.5  N.  

Figure 9. 	The density and lateral force for specimen 6 displayed as gray 
scale images for two different degrees of sharpness. 
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5.3 	Density and fibre direction 

Specimen 7 (Fig.10) is a natural knot and the average density of the most 

compact part of the knot is 2.10 times the surrounding wood. The maximum 

positive force increases from 11  N  (R=5 µm) to 26  N  (R=30 gm) and the 

negative force increases from -3.8  N  (R=5 gm) to -21.5  N  (R=30 gm). The 

maximum positive force appears in saw kerf 2 and 3 that is close to the left 

outer edges of the knot. Notable is that the maximum negative force does not 

appear in the right outer edges of the knot, but close to the centre when 

passing the middle lower density part of the knot and penetrating the higher 

density part on the left side. 
Density 
	

Lateral force 
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Figure 10. The density and lateral force for specimen 7 displayed as gray 
scale images for two different degrees of sharpness. 



For specimens 8 and 9 (Fig.11 and 12) the lateral force follows the same 

pattern as for the natural knot, high values at the edges and in the middle of 

the density core. For specimen 8 the average density of the most compact part 

of the knot is 2.08 times the surrounding wood. The maximum positive force 

ranges from 8.4  N  (R=5 gm) to 38.7  N  (R=30 gm) and the maximum negative 

force ranges from -7.2  N  (R=5 gm) to -18.5  N  (R=30 gm). The maximum positive 

force appears close to the left edge of the knot and the maximum negative 

force close to the right. The grain angle does not seem to have a determining 

affect on the level of the force. 

Density Lateral force 
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Figure 11. The density and lateral force for specimen 8 displayed as gray 
scale images for two different degrees of sharpness. 



For specimen 9 the average density of the most compact part of the knot is 2.45 

times the surrounding wood. The maximum positive force ranges from 10.7  N  
(R=5 gm) to 24.6  N  (R=30 gm) and the maximum negative force ranges from -3.2  
N  (R=5 gm) to -7.6  N  (R=30 gm). High forces appears at the outer edges of the 

density core but the maximum forces both positive and negative appears close 

to the low density region in the centre of the core. The general pattern for the 

specimens with high density gradients is that the lateral force increases with 

increasing degree of wear of the tool. 

Density 
	

Lateral force 
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Figure 12. The density and lateral force for specimen 9 displayed as gray 
scale images for two different degrees of sharpness. 



Figure 13 shows the average difference in density between the left side and 

right side of the saw kerf (according to figure 14) and the lateral force as a 

function of the position in the saw kerfs (Fig. 14) for specimen 7. The 

dispersion of the A-density at the beginning of saw kerf 1-5 is a result of the 

marked year rings in this part of the sample (Fig. 10). The correlation between 

the .-density and the lateral force can be seen in saw kerf 3; a negative 

difference in density gives a positive lateral force. This is due to the fact that 

the main cutting edge is cutting under asymmetric conditions, and different 

cutting conditions for the side cutting edge's. For the other saw kerfs the 

correlation is not as clear. In for example saw kerf 5, where the maximum 

negative force appears, the difference in density between the outer and inner 

edges of the knot seems to generate the force. To sum up figure 13, cutting 

through a saw kerf with a domain of marked different density, results in a 

distinct lateral cutting force. 
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Figure 13 a.The A-density(D) in Kg/m 3  and lateral cutting-
force(Fs) in  N  as a function of the position in the 
saw-kerf(L) in mm for specimen 7. 
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Figure 13 b.The A-density(D) in Kg/m 3  and lateral cutting 
force(Fs) in  N  as a function of the position in the 
saw-kerf(L) in mm for specimen 7. 
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Figure 14. Definition of the A-density and the position of the saw kerfs for 
specimen 7. The saw kerf is divided in two parts and the A-density 
is calculated as the difference between the density of the left and 
right side of the kerf. 



6 	CONCLUSIONS 

High density gradients give high lateral forces. The highest momentary 

lateral force noted in these experiments has a value of approximately 40  N.  

The degree of wear of the tool has a big impact on the lateral force when 

cutting through high density gradients, and small or negligible impact when 

cutting through small density gradients or areas with different fibre 

directions. 

The geometric form of the disturbance and the position of the saw kerf in 

relation to the disturbance affects the level of the force. 

A change in the fibre direction has an impact on the lateral force but the 

impact is small compared with the impact from a high density gradient. 

Present work shows the momentary lateral force when cutting through a wood 

disturbance with one fixed cutting tooth. The effect of interaction between the 

cutting teeth/sawblade and sawblade/workpiece does not effect the values 

obtained. Further studies in this field is needed as well as a study of the 

frequency of the resulting lateral forces which to a high degree affects the 

deflection of the sawblade. 

The effect of asymmetrical lateral cutting forces generated by the interaction 

between the workpiece and the cutting edge on the cutting performance in terms 

of for example resulting cutting accuracy, is not fully investigated. However, 

by decreasing the lateral forces as they are measured in this paper, the cutting 

performance should increase. The geometrical shape of the cutting tool in terms 

of degree of wear has a big impact on the lateral force. This indicates a 

potential to increase the cutting performance by a more accurate supervision of 

the condition of the cutting tools. 
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