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Mathematical equations were established and the following regularities of 
the plane milling process of wood materials were analyzed: effect of the 
cutting edge inclination angle on chip exit angle, influence of cutting edge 
inclination angle on speed of chip movement along the blade and exit 
speed of the chips from the cutting zone, dependence of the chip exit angle 
on the friction coefficients of the chips on the processed material surface 
and along the blade surface (friction coefficients were determined from the 
results of experimental measurements), and influence of mill rotation 
frequency on the chip exit angle. The milling of the chipboards with various 
mill designs was performed at different cutting parameters (diameter = 7 
mm to 32 mm, number of cutting edges = 1 to 4, cutting edge inclination 
angle = -5° to 20°, frequency of mill rotation = 3000 min-1 to 24000 min-1, 
feed per tooth = 0.1 mm to 1.5 mm). The process of chip exit from the 
cutting zone was photographed, and the chip exit angles were measured. 
A comparison of the chip exit angle values obtained from the experiments 
with those from the calculations based on the developed mathematical 
equations showed a high convergence. 
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INTRODUCTION 
 

Wood materials, such as chipboard, wood fiberboard, medium-density fiberboard, 

etc., are widely used in engineering. Milling is one of the most common cutting processes 

in woodworking (Gaff et al. 2015; Kvietková et al. 2015; Kubš et al. 2017). Computerized, 

numerically controlled (CNC) machines are most often used for the milling of wood 

materials. These machines can process the workpiece from different sides during a single 

setup on the machine. This technology provides high-quality processing performance and 

efficiency. At the same time, most industrial enterprises must deal with the problem of the 
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efficient removal of chips and dust from the cutting zone (Rudak and Kuis 2011; 

Rogoziński et al. 2015). 

Woodworking mills operate at frequencies (n) of 3000 min-1 to 24000 min-1 and 

feed rates of 3 m/min to 40 m/min. Therefore, wood chips and dust have a high initial 

speed, which makes it difficult for the machine aspiration system to capture them 

(Nechepaev and Gnitko 2005; Pałubicki and Rogoziński 2016). The chips that are not 

caught by the aspiration system can fly up to 3 m to 5 m away from the processing zone. 

Such chips and dust mess the machine, workpieces, and surrounding space. When chips 

get into the area of the infrared sensors of a CNC machine, they can cause emergency stops 

and product defects. An inefficient chip exhaust from the cutting zone can cause an 

increased wear on the tools. Aspiration systems are used to create high-velocity air streams 

to collect chips and dust. At the same time they consume a large amount of electrical power, 

which results in increased costs (Wieloch et al. 2011). 

One way to increase the efficiency of collecting chips from the cutting zone of 

milling machines is to use the kinetic energy of the chips and dust, which can direct their 

movement towards the chip receiver (Su and Wang 2002; Rudak and Kuis 2011). 

Manipulation of the chip motion in the required direction can be realized by the inclination 

of the tool blade. An inclined blade, especially one with helical edges, provides better chip 

flow compared with the conventional mill edge (Darmawan et al. 2011). 

The cutting edge inclination angle has a major influence on the cutting process, 

durability of the tool, quality of the treated surface, and the cutting process costs (Pahlitzsch 

and Sommer 1966), as also mentioned in the previously conducted studies by the scientists 

from Technische Universität Dresden (Germany), Belarusian State Technological 

University (Belarus), Donetsk National Technical University (Ukraine), National Chiayi 

University (Taiwan), and Bogor Agricultural University (Indonesia). In these studies, the 

problem of chip exit from the cutting zone was affected to a limited extent. Understanding 

the process of chip and dust exit from the cutting zone is necessary to be able to use the 

kinetic energy of the chips and dust to improve the efficiency of their collection by the 

aspiration system (Barcík and Gašparík 2014; Kvietková et al. 2015). 

The purpose of this study is to investigate the regularities of the movement of chips 

and dust particles when leaving the wood milling zone. To investigate the plane milling of 

the wood materials and establish equations describing the process of chip exit from the 

cutting zone, the following areas were focused on: 1) the effect of the cutting edge 

inclination angle on the chip exit angle, 2) influence of the cutting edge inclination angle 

on the chip movement speed along the cutting edge and chip exit speed from the cutting 

zone, 3) influence of the mill rotation frequency on the chip exit angle, and 4) comparison 

of the obtained experimental data with the results of the calculations conducted with the 

established equations. 

 

 
EXPERIMENTAL 
 
Materials 

Сhipboards with a double-sided laminate finish produced by EGGER Eurospan 

(Bucharest, Romania) were processed during the experiments. The thickness of the boards 

was 18 mm. The percentage of the binder was 10%, according to the product 

documentation. The average density of the plate, 670 kg/m3, was found by weighing five 
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cubic cuts with the dimensions 18 mm × 18 mm × 18 mm from different sections of the 

plate. 

Mills manufactured by the company Leitz GmbH & Co. KG (Oberkochen, 

Germany) were used in experiments. 

 

Theory 
A chip element with a mass of m located in the chip flute of the mill was considered 

for the mathematical modelling of the chip exit from the cutting zone. The tool has a radius 

of R and rotates with a cyclic frequency of ω. The wood material is milled at a milling 

depth of e (Fig. 1). 

 

 
 
Fig. 1. A chip element located in the chip flute of the mill 

 

The blade has a cutting edge inclination angle of λ (º). The chip element moves 

along the blade rectilinearly at a speed of Vx (m/s) (Fig. 2a). When the mill is rotated at an 

angle, ensuring the release of the chip flute, the chips leave at a speed of Vexit (m/s) and 

move at a chip exit angle of ν (º). The Vexit is the vector sum of the circular motion velocity 

(Vω) (m/s) and Vx (m/s). 

 
 
Fig. 2. Scheme of the (a) velocities at which the chip elements move and (b) forces acting on the 
chips in the chip flute of the mill 
 

The motion of a chip particle was considered in the XYZ coordinate system, 

rotating together with the mill at a frequency of ω (rad/s). In this case, the X-axis was 

oriented parallel to the direction of the chip movement along the blade, and the Y-axis was 
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perpendicular to the indicated direction (Fig. 2b). 

It was assumed that the chips were involved only in straight-line motion because 

the shape of the chips is very different from a sphere (Jamberová et al. 2016) and movement 

occurred over a short period of time. 

Moving along the blade, the chip particle undergoes the action of the centrifugal 

force (Fcf), Coriolis force (Fc), and reaction of the processed material surface (N1) (Fig. 1). 

The friction force (Ffr1) between the particle and processed material surfaces, gravitational 

force (Fg), and reaction force (N2) of the blade surface also affect the chip particle 

movement (Fig. 2b). 

The following equation of the equilibrium of forces acting on a chip particle was 

written, neglecting the aerodynamic and electrostatic forces and forces acting on a chip 

particle from other particles: 

1 2 1 2g c cf fr frma F F F F F N N            (1) 

The auxiliary angle (χ = 90° – λ) was introduced. Projection of the forces acting on 

the chip particle was performed on the axes coordinate. For the projections on the X-, Y-, 

and Z-axes, Eqs. 2, 3, and 4 were used, respectively: 

                                                                                                                       (2) 

                                                                                                                    (3) 

                                                                                                              (4) 

The friction force between the chip particle and processed material surface was 

determined by Eq. 5, 

                                                                                                              (5) 

where μ1 is the friction coefficient between the chip particle and surface of the material 

being processed. 

The friction force between the chip particle and blade surface was determined by 

the following equation, 

                                                                                                                (6) 

where μ2 is the friction coefficient between the chip particle and blade surface. 

Taking Eq. 4 into account, the equation to determine the friction force between the 

chip particle and surface of the material being processed was written as: 

 2

1 1μ ω 2ω cos χfr xF m R V                     (7) 

From Eq. 3, the following equation was obtained: 

   2

2 1μ ω 2ω cos χ sin ν χ cos χхN m R V mg        (8) 

Taking into account Eqs. 2 and 7, and knowing the acceleration, the following 

differential equation was obtained: 

   2 2
1 2μ ω 2ω cos χ cos ν χ μ sin χx x

N
V R V g

m
        (9) 

From the vector sum of the velocities (Fig. 2a), Eq. 10 was generated: 

2 1cos(ν χ) sinχx fr frma F F mg    

2 10 cos χ sin(ν χ)frN mg F   

f c 10 cF F N  

1 1 1μfrF N

2 2 2μfrF N
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2 2

ω cos χ
cos(ν χ)

(ω ) 2 ω cos χ

x

x x

R V

V R V R


 

 
                  (10) 

Equations 8 through 10 allowed for the analysis of the chip exit process from the 

cutting zone. 

To solve the equations and design the graphical dependencies, the Math CAD 

computer program (Version 15, PTC Inc., Needham, MA, USA) was used. The chip mass 

was assumed to be 1 g. 

 

Methods 
The application of the developed mathematical model of the chip exit process from 

the cutting zone required the determination of μ1 and μ2 to calculate the chip exit angles 

during wood plane milling. The features of the wood cutting process are remarkable and 

unique because they cannot be completely recreated on test machines for the study of 

tribological characteristics by standard methods (e.g., according to the scheme of 

reciprocating motion of contacting bodies on a tribometer). Thus, the friction coefficients 

need to be determined during the actual cutting process. These friction coefficients were 

determined by experiments using the described technique. The advantage of this technique 

was no need to use a tribometer. (Rudak and Kuis 2012; Rudak et al. 2012, 2015, 2016). 

A dynamometer system was installed on a BIESSE ROVER B 4.35 CNC 

woodworking machine (Biesse S.P.A., Pesaro, Italy) with two working tables to measure 

the components of the cutting forces during chipboard plane milling (Fig. 3). 

 

  
 
Fig. 3. Experiment setup with a dynamometer  

 

First, the chipboard workpiece, which was machined by a mill, was fixed with the 

vacuum suckers of the first working table of the machine. The mill rotates about its axis 

and makes a feed motion with a speed of Vs. 

A UDM-1200 dynamometer (All-Union Research Instrumental Institute, Moscow, 

Russia) was attached to the second working table of the machine. A second chipboard 

workpiece was fixed in the dynamometer to measure the cutting force components along 
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the direction of the mill feed (X1-axis) and perpendicular to the feed direction (Z1-axis). 

The workpieces on both work tables were installed end to end (Fig. 4). 

 

 
 
Fig. 4. Schematic diagram of the experiment setup for measuring the cutting force components 

 

During the process of cutting the workpiece, the signal went from the dynamometer 

to a SONY EX-UT10 measuring system (Sony Corporation, Tokyo, Japan) and then to a 

personal computer, where it was processed (digital filtration) and visualized. 

The average of the accumulated values was used (Vetterli et al. 2014) to process the 

signal from the measuring system. A TEKTRONIX TDS 2024B digital storage oscilloscope 

(Tektronix Inc., Beaverton, USA) was used. 

The components of the cutting forces were determined to calculate the friction 

coefficients. Photographs of workpieces that were fixed on the work tables during the 

experiments to calculate the friction coefficients are shown in Fig. 5. 

 

 
 
Fig. 5. Photographs from the (a) dynamometer side and (b) the side of the workpieces that were 
fixed on the work tables during the experiments to calculate the friction coefficients  
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The first work table was used for milling the workpiece at the cutting speed and chip 

thickness according to the methodology suggested by Rudak et al. (2016). This made it 

possible to reconstruct the temperature and other conditions during the real operation 

before dynamometry was performed. 

The cutting forces were measured during milling the workpiece with the 

dynamometer on the second working table of the machine. A mill developed for this 

purpose was used to determine µ1 (Karpovich et al. 2011). The diameter of the mill (d) was 

32 mm and the number of cutting elements (z) was four. The developed mill could be used 

with and without a steel inner element (Fig. 6). 

 

 
Fig. 6. Mill with an inner element for determination of µ1: (a) the inner element installed in the 
body of the mill and (b) the inner element extracted from the body of the mill 

 

The chips pass through the hole in the blade when the mill is operating without an 

inner element. This eliminates the contact of chips with the processed material surface. 

The workpiece was first milled using a tool with an inner element. The tangential 

Fx1 and radial Fz1 components of the cutting force F1 were determined in this case (Fig. 

6a). Then, the workpiece was milled by a tool without the inner element. The tangential 

Fx2 and radial Fz2 components of the cutting force F2 were determined in conditions with 

the absence of friction from the chips contacting the processed material surface (Fig. 6b). 

 The friction coefficient μ1 was calculated according to Rudak (2012) and Rudak 

and Kuis (2012) with Eq. 11 

1 2

1
1 2

μ x x

z z

F F

F F




                           (11) 

Mills with common designs were used to determine µ2. The same mills were used 

for the experiments that determined the chip exit angles. 

The tangent Fxb and normal Fzb components of the cutting force along the back 

surface of the blade were initially measured during milling with an e of 0. The cutting force 

components Fx (component of the cutting force in the feed direction) and Fz (component 

of the cutting force in a direction perpendicular to the feed direction) were measured further 

when the depth of the cut was removed (Fig. 7). 
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Fig. 7. Scheme of the forces acting on the blade surfaces (Bershadsky 1975) 

 

 The calculation of μ2 was conducted according to Rudak et al. (2016) with Eq.12 

2 tg( arctg( ))
z zb

x xb

F F

F F




                    (12) 

where γ is the front angle of the blade (°). 

The experimental studies were conducted on the woodworking machine A BIESSE 

ROVER B 4.35 (Biesse S.P.A., Pesaro, Italy) with CNC (Fig. 8). 

 

 
 

Fig. 8. Woodworking machine with a fixed workpiece  

 

The milling of chipboards with various mill designs was performed at different 

cutting conditions (d = 7 mm to 24 mm, z = 1 to 3, λ = -5° to 20°, n = 3,000 min-1 to 

24,000 min-1, feed per tooth (Sz) = 0.1 mm to 1.5 mm). 

The chip exit process from the cutting zone was recorded with a Nikon Coolpix 

L14 digital camera (Nikon Corporation, Tokyo, Japan). The photos were transferred to a 

personal computer where they were analyzed. The chip exit angles were measured in CAD 

Compass 3D v.12. (ASCON Group, St. Petersburg, Russia). 

Figures 9 and 10 show examples of photos of the exit of chips and dust from the cutting 

zone. 
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Fig. 9. One-piece tungsten-cobalt hard alloy mill (d = 16 mm, z = 2, and  = -20°): (a) the spindle 
and the mill of the machine; and (b) exit of the chips and dust from the cutting zone during part-
immersion milling (e = 5 mm < d) and (c) full-immersion milling (e = d) 
 

 
 

Fig. 10. (a) Indexable mill (d = 20 mm, z = 1, and  = 0°) with replaceable inner elements from 
tungsten-cobalt hard alloy installed in the machine spindle, and (b) the chip and dust exit from the 
cutting zone at part-immersion milling (e = 5 mm < d) 

 

 

RESULTS AND DISCUSSION 
 

The solution of Eqs. 8 through 10 gave the following results. Figure 11 shows the 

dependence of ν on λ (d = 20 mm, n = 24000 min-1). 
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Fig. 11. Dependence of ν on λ (d = 20 mm, n = 24000 min-1) 

 

For λ values from 0° to 11.3°, the chips were directed downward when they exited. 

At λ of 11.3°, ν was 0 and the chips left the cutting zone moving in a plane perpendicular 

to the axis of the mill rotation. With a further increase in λ, the chips left the cutting zone 

in an upwards direction. At λ of 25°, ν was 10.4°. When λ was greater than 55°, ν began to 

decrease. 

Figure 12 shows the dependence of Vx of the chips along the blade and Vexit on λ (d = 

20 mm, n = 24000 min-1). 

 

 
 
Fig. 12. Dependence of Vx of the chip movement along the blade and Vexit of the chips from the 
cutting zone on λ (d = 20 mm, n = 24000 min-1) 
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From Fig. 12, it can be seen that increasing the  caused an increase in the Vx of the 

chip movement along the blade. The velocity vector Vx was directed along the blade and 

downwards for the  values from 0° to 11.3°, which led to an unremarkable increase in the 

Vexit. A further increase in λ and Vx resulted in a decrease in the Vexit. Thus, Vexit increased 

when λ ranged from 0° to 55°. This was consistent with the results of the natural wood milling 

experiments. The flight speed of the chips decreased when the cutting edge inclination angle 

increased (Darmawan et al. 2011). 

Figure 13 shows the dependence of ν on µ1 (at µ2 = 0.2) and µ2 (at µ1 = 0.5) (d = 

20 mm, λ = 25°). The figure shows that the values of µ1 and µ2 had a noticeable effect on 

the chip exit angle. This was consistent with the results from previous studies that showed 

a major effect of the blade tribological characteristics on the wood cutting process 

(Voskresenskiy 1955). The values of the friction coefficients obtained in this study agreed 

with the data reported in previous studies (McKenzie and Karpovich 1968; Xu et al. 2014; 

Yin et al. 2016). When µ2 was more than 0.45, the chip exit angle acquired a negative 

value. 

 

 
 
Fig. 13. Dependence of ν on µ1 (at µ2 = 0.2) and µ2 (at µ1 = 0.5) (d = 20 mm, λ = 25°) 

 

Figure 14 shows the dependence of ν on the n (d = 20 mm, λ = 25°). At an n of 1000 

min-1 and 3000 min-1, ν was 2.6° and 9.4°, respectively. With a further increase in the 

frequency of the mill rotation, the chip exit angle changed only slightly and remained at 

approximately 10°. 

 The conditions for carrying out the experiments to measure the components 

of the cutting forces in the chipboard plane milling process and the results of the calculation 

of μ1 with the obtained data are presented in Table 1. 
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Fig. 14. Dependence of ν on the n (d = 20 mm, λ = 25°) 
 

Table 1. Conditions of the Experiments Measuring the Cutting Forces in the 
Chipboard Milling Process and Calculation of the Friction Coefficient (μ1) 

d (mm) Type of Milling Sz (mm) 
eave 

(mm) 
n (min-1) Vs (m/min) µ1 

32 

Full-immersion 0.1 0.06 1300 0.52 0.52 

Down milling 0.2 0.03 3000 2.4 0.49 

Full-immersion 0.3 0.19 5250 6.3 0.46 

Full-immersion 0.4 0.25 12000 19.2 0.43 

Up milling 0.5 0.08 7500 15 0.41 

Down milling 1.0 0.16 11250 45 0.46 

Up milling 1.5 0.24 4500 27 0.43 

Full-immersion 0.25 0.16 10000 10 0.43 

Full-immersion 0.25 0.16 10000 10 0.46 

Full-immersion 0.25 0.16 10000 10 0.45 

Full-immersion 0.2 0.13 9000 7.2 0.52 

Up milling 0.2 0.03 12000 9.6 0.56 

Full-immersion 0.2 0.13 12000 9.6 0.49 

eave – the average chip thickness; up milling – the mill rotates against the direction of the feed; 
down milling – the mill rotates with the direction of the feed 
 

Table 2 presents the conditions and results of the experiments on the chip and dust 

exit process from the cutting zone and the results of calculating µ2 during chipboard plane 

milling. 

During the experiments to determine the chip exit angle and the process of full-

immersion milling (the depth of the cut is equal to the diameter of the mill), it was found 

that the chips leaving the tool were formed into a dense stream (sheaf) by the walls of the 

groove in the processed material. 
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Table 2. Conditions and Results of the Experiments on the Chip and Dust Exit 
from the Cutting Zone and Results of Calculating the Friction Coefficient (µ2) 

νact – actual chip exit angle obtained from the experiments 

 

Particles of chips and dust slowly lost their kinetic energy during full-immersion 

milling. Collecting the flow of chips and dust by increasing the speed of the air flow in the 

suction device requires high energy costs and is not effective. In this case, it is particularly 

advisable to use mills with a large cutting edge inclination angle to direct the flow of chips 

and dust towards the suction device. 

In the case of part-immersion milling (the depth of the cut is smaller than the 

diameter of the cutter), the chips and dust left the cutting zone as a stream in the form of a 

wide fan, and the particles lost their kinetic energy faster than during full-immersion 

milling. 

 

 

CONCLUSIONS 
 

1. Mathematical dependencies were established that determined the chip exit angle, chip 

movement speed along the blade, and chip exit speed from the cutting zone, while 

taking into account the values of the cutting edge inclination angle, rotation frequency 

and radius of the mill, chip mass, and friction coefficients of the chips on the processed 

material surface and along the blade surface. These mathematical dependencies can be 

used when constructing wood-cutting mills and developing aspiration systems for 

wood-cutting machines. It is also possible to use the equations presented in this paper 

to find the optimal position of the machine suction device in the direction of the chip 

flow for the particular cutting conditions. 

2. The greatest influence on the chip exit angle was from the cutting edge inclination 

angle. There was also a large influence on the chip exit angle from the friction 

coefficient of the chips along the blade surface and, to a somewhat lesser extent, the 

friction coefficient of the chips on the processed material surface. When the frequency 

of the mill rotation was more than 5000 min-1, it did not affect the chip exit angle 

remarkably, but along with the mill radius, it determined the chip exit speed from the 

cutting zone and initial kinetic energy of the chips and dust. 

d  
(mm) 

z 
λ 
(°) 

Type of Milling 
Sz  

(mm) 
n  

(min-1) 
µ2 

ν 
(°) 

νact 

(°) 

7 2 0 Full-immersion 0.1 2730 0.31 -14 -12 

12 2 0 Down milling 0.2 1590 0.28 -12 -10 

12 2 0 Full-immersion 0.3 1590 0.24 -10 -9 

16 2 0 Full-immersion 0.4 1190 0.22 -9 -8 
20 2 0 Up milling 0.5 1000 0.20 -8 -7 

20 1 0 Down milling 1 1000 0.16 -7 -6 

24 2 0 Up milling 1.5 1000 0.13 -6 -5 

20 2 -5 Full-immersion 0.25 1000 0.19 -12 -10 

20 2 0 Full-immersion 0.25 1000 0.18 -8 -9 

20 2 5 Full-immersion 0.25 1000 0.21 5 4 

12 2 20 Full-immersion 0.2 1590 0.18 8 10 

16 2 20 Up milling 0.2 1190 0.22 6 8 

16 3 -20 Full-immersion 0.2 1190 0.19 -23 -25 
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3. The chip exit angles were determined based on the chipboard plane milling experiment. 

A high convergence was observed between the values of the chip exit angles obtained 

from the calculations with the established equations and results of the experiments. 

4. It is advisable to apply a tool with a large cutting edge inclination angle to use the 

kinetic energy of the dust and chips to help the machine suction system collect them. 

This is especially effective for full-immersion milling, where the chips left the 

processing zone in the form of a dense stream of chips and dust that slowly lost their 

kinetic energy. 

5. In the case of part-immersion milling, the chips and dust left the cutting zone as a stream 

in the form of a wide fan. The chips and dust lost their kinetic energy faster in such a 

scattered stream, which facilitated their collection by the aspiration system of the 

machine. 
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