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Figure 2: Lengthwise wood by zones: 
P –peripheral; C - central,  

CP - Central-peripheral milling 

On the arc AC, counter milling runs at 

0о  c  90о. The milling from point C 
passes on the arc CDE from the central into 
central-peripheral (CP) zone. In this area, 

the cutting of wood fibers occurs at   к  
180о. When the tooth enters the area of point 
E, the cutting passes from the frontal mode 
to lengthwise and cutting forces are reduced. 
Cutting conditions become more favorable, 
but teeth going out from the wood will break 
off if there is not enough compression on 
wood.  

PROFILE MILLING 
The profile milling is widely applied in 

the production of chairs, furniture, doors and 
windows, musical instruments and more. 
The profile of the cross section of the 
surface may be composed of individual 
straight and curved sections, in various 
combinations. The simplest case of profile 

milling is unilateral oblique (at angle ) 
milling (fig. 3).  

The cutting edge is inclined at an angle 

 to the face of the cutter, whereat the cut of 
the wood makes a cross-section ABCE 
(fig. 3). Processed surface represented by 
the segment AB is formed at an angle. The 
special feature of the oblique milling is that 
every point on the cutting edge relates to 
specific features: radius of the cutting; depth 
of milling; contact angle, chip thickness; 
angle of convergence of fibers and also rake 
and clearance angle (Kryazhev 1979). 

The contact angle for depth milling hx, 
at any point x of the cutterhead diameter Dx 
(fig. 3) is defined by the equation: 
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Figure 3: Unilateral oblique milling  

The average value of the kinematic 
angle of convergence (

xav ) is: 
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The rake angle in the plane 
perpendicular to the cutting edge is: 
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The clearance angle in the plane 
perpendicular to the cutting edge is: 
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The cutterhead diameter at unilateral 
oblique sharpening differs and, it can be 
represented as a set of infinitesimal 
cylindrical cutters with infinitely little 
width, having a common axis of rotation. 
Then, an infinitesimal width db of such a 
cylindrical cutter with diameter Dx, can be 
introduced and to calculate the average 
value of a kinematic or dynamic value, we 
can integrate all infinitesimal values of a 
given quantity the whole width of the cutter. 
However, it is a laborious process. For 
practical calculation a simplified method is 
used, the core of which is the substitution of 

hmax 

D 

h

Dred

C

B

E 

A 

dв

ε 

ε

F M

K L
hxhmin

Dx 

x

b b



44    ZHI

the obli
(fig. 3 B

In f
by the e
B). The
equality

 

wh
depth at

hmi

point B 
The

fig. 3B)

 

wh
cutter, m

b –

 –
relation

Co
case of 

 

The
is dete

 

The
knife is

(at angl
with cyl

IVKO GOCH

ique cutting
B). 
figure 3A, t
equivalent 

e milling dep
y of the two

h
h 

here hmax i
t point A (fi

in - the mi
(fig. 3A). 
e reduced d
) is: 

Dred 

here D is the
m; 
– width of m

– slope ang
n to the front

ntact angle
cylindrical 

arccc 

e average t
ermined ta

e profile of
 represente

le ) milling
lindrical mi

HEV 

g with cylin

the area AB
figure area 
pth h is dete
 figures, i.e

2
minmax hh 

 

s the max
ig. 3 A); 
inimum mi

diameter of

tg

b
D   

e nominal d

milling, m; 

gle of the c
t face of the

e (c) is def
milling: 

2
1cos(

redD

h


thickness of
aking into 

Figur

f the cross 
d as an uni

g, which is
illing (fig. 5

ndrical cutt

BCE is repla
FKLM (fig

ermined by
.: 

ximum mill

illing depth

f milling (D

diameter of 

cutting edge
e cutter, 0. 

fined as in 

)  

f the chip (
account 

re 4: A – Prof

section of
ilateral obli

s then repla
5). In this ca

ting 

aced 
g. 3 
the 

(6) 

ling 

h at 

Dred, 

(7) 

f the 

e in 

the 

(8) 

(eav) 
the 

inc
acc

and

(Vr

CU

exp
tha
the
dia
min
A)
stra
rad
mm

file cutterhea

the 
ique 

aced 
ase, 

the

res

and
are

 

clination of 
cording to th

ave

The redu

d clearance 

ar red 

 ared 

The ave

red, m.s-1) fo

V

DESCRI
UTTERHE

Figure 4
perimental 
at as a resu
e milling i
ameter is 
nimum one
. Furthermo
aight profi
dius of curv
m (figure 3.

ad; B – profile

e angle of

sults from c

d red by fo
e shown in t

the cutting 
he equation


2

sin c
zu

uced values

angle (red)

s.rcsin(
redD

D

.(
D

D
arctg

red

rage reduc
or Dred is def

DV redred .

IPTION OF
AD PROFI
4 shows 
profile cut

lt of the pr
s a variab
Dmax = 1

e is Dmin = 
ore, the pro
le and two

vature R = 1
1 B). 

 

e knife 

inclination

alculations 

ormulas (6, 
able 2. 

g edge at an
n: 

sin.  

s to the ra

) are define

)sin.sin   

)sin.. tg  

ced cutting
fined as: 

ned .  

F THE 
ILE  

drawing 
utterhead. I
rofile, the r
ble. The m
21 mm, a
96 mm (fi

ofile consist
o sections 
11 mm and

n is  = 7

for h; Dred;

7, 8, 9, 10 

n angle  

(9) 

ke (γred) 

d as: 

(10) 

(11) 

g speed 

(12) 

of the 
t shows 
radius of 

maximum 
and the 
gure 3.1 
ts of one 

with a 
d R = 10 

70о. The 

; c; γred; 

and 11) 



hmin  
mm 
5,0 

INF
TOOTH
TEETH
QUALI
SURFA

The
determi
depends
1979): 

- T
c
p
a

- T
m

- T
m
s

- T
p

The
the m
roughne

hmax 
mm 

h
mm

15,0 10

Figure 5: T

FLUENCE
H AND AC
H LOCATI
ITY OF TH

ACES  
e roughnes
ned by the
s on the fo

The geom
cutter, th
preparation 
and centerin
The prope
machine an
The deform
machine el
stability of 
The kinem
process, as 
e main typ

milling pr
esses. The 

EXAM

T

The res
h 
m 

D 
mm 

0,0 121,0 

Transformin

E OF FEED
CCURACY
ION ON TH
HE MACH

s of the sur
e depth of 
ollowing fac

metric prec
e quality 
and its pro

ng; 
er installa

nd its geome
mation resi
ements and
cutting and 
matics of 
it is set in th
es of rough
rocess ar
crest of the

MINATION T

able 2: Redu

sults of calcula
b 

mm 
40,0 

g the profile

D PER 
Y OF THE 
HE 

HINED 

rface milled
the bums 

ctors (Philip

cision of 
of kni

oper placem

ation of 
etric accurac
istance of 
d the vibrat

based units
the mill

he machine
hnesses dur
re kinem
e waves is 

THE PROCES

uced values fo

ations for h, D
sin tg

0,94 2,75

 

cutter into th

d is 
and 
pov 

the 
ives 

ment 

the 
cy; 
the 

tion 
s; 
ling 

e. 
ring 

matic 
the 

inte
a d
the

for
rev
Wi
cut
rad
dif
tee

by 
cyc
the
fin
traj
circ

the

SS OF LONG

or profile cutt

Dred, γred, red, 
Dred 
mm 

 106,5 

he cutter for o

ersection of
distance to 
e feed per to

Figure 6
rming the 
volution of 
ith that, sup
tter are loc
dii: as R1 

fferent place
eth will be: 

It is know
each of the

cloid. With
e form of w
ish. To si
jectory wh
cle. 

To determ
e kinematic

GITUDINAL

ter 

red and c 
γred 

0

 


19,4 

 
oblique (angl

f two circles
one anothe

ooth (uz) (Gl
shows an e
surface of
the cutterhe
pose the tip
ated on cir
> R2. The

ement of th

1-2 = R1 -

wn that the t
e teeth in th

that, kinem
waves is form

mplify, we
ich the tee

mine the he
waves, it is

L SOLID WO

red 
0 red

26,7 43,

led) milling 

s of cut. Th
er correspon
lebov 2007)
example dia
f milling p
ead with tw

ps of the tee
rcles with d
e error of 
he tips of th

- R2. 

trajectory d
he milling pr
matic rough

rmed on the
e assume 
eth describ

eight of the 
s necessary 

OOD … 45 

d 
0 c 

0 

9 36,0 

ey are at 
nding to 
). 
agram of 
per one 

wo teeth. 
eth of the 
different 

due to 
he cutter 

described 
rocess is 
hness in 
e surface 
that the 

bed is a 

crest of 
to write 



46    ZHI

the equa
find the

The
with the

 





Sol
arbitrary
obtained

 ix

wh
radius, m

i – 

 

For
wave w

 

Fro
follows

– I

wave is

the cent

 

- If
the heig
depends

 

Wh
tooth (u

 

IVKO GOCH

ations of th
e points at w
e equations
e tooth radii










2

2

)(

)0(

ux

x

z

lving the sy
y pair of 
d: 

)1(z iu 

here Δ is th
mm (Δ=Δ1i-

number of t

r each pair 
will be: 

om equatio
: 
If R1 = R2 

s located a

ter O1; for th

zi ux 

f Δ = 0 (R1 =
ght of all th
s only on 

hen R = R
uz), mm is:  

2uz 

HEV 

he overlappi
which they in
s of the ci
i of rotation




2

2

)(

)(

Ry

Ry

ystem of eq
teeth, the

2

( 1

z

i

u

R 


he inaccurac

-2i=R1i-R2i); 
teeth pair. 

y

of teeth, th

y

ons (14) 

(Δ = 0), th

at a distanc

he i-th pair o

2
)1( zu

i 

= R2) for all
he crests is
the feed p

2
1 Ruz

R max = R1, 

)2( yRy 

ing circles
ntersect. 
ircles 1 and
n R1 and R2 a

 2
2

2
1 ,

R

R
 (

quations for
following

2

) zu
  (

cy of the te

1i RRy

e height of 

2
1 




 RR

and (16)

he crest of 

ce 
2

zu
x  fr

of teeth: 

 (

 the teeth, t
s the same 
per tooth (

)( 22  yR

then feed 

 (

and 

d 2 
are: 

(13)  

r an 
g is 

(14) 

eeth 
Fig

pai

2
1 2

 
 z

i

u

f the 

1(

2

 
z Ru

it 

the 

rom 

(18) 

then 
and 

(uz); 

wh
R1;

the
the
coo

nec
spe
we

(2
1

2  RR

 
per 

(20)  

gure 6: Formi
dur

For each 

R
x

( 1

The heig
ir of teeth w

1

2

)2(





z

i

u

R

12

2

)( 

zu

RRR

hen uz = 0, y
; 

- If two n
e teeth have
e highest 
ordinate’s x

When so
cessary to 
ecific rough
e obtain: 

 

)2  yR

Furtherm

ing the kinem
ing the millin

pair of teeth

zu

RR

2

)( 12 

ht of the w
will be: 

2





2

2 )



R
 

y = 0; when

neighbour c
e the smalle

crests in
Oy. 

olving inver
find feed p
hness. Solv

)2( 1 R   

ore, from (2

matic waves o
ng process  

h we will ge

zuR ) 2
2 

 

wave crest 

n uz = 2R1, t

circles of ro
est radiii, th
n the sys

rse problem
per tooth (u
ving equati

20) it follow

 

on surface 

et: 

(15) 

for any 

(16) 

(17) 

then y = 

tation of 
hey form 
stem of 

ms, it is 
uz) for a 
ion (16) 

(19) 

ws: 



47    ZHIVKO GOCHEV 

 )2()2()2(  RyRyyRyuz   (21) 

Suppose that for a profile cutterhead 
used (fig. 1, table 1), which has a reduced 
diameter  

Dred = 106,5 mm, the reduced radius of 
the tooth is R = R1 = 53,3 mm, R2 = 53,25 
mm. We need to determine the coordinates 
of the crest of kinematic waves and 
roughness of the milled surfaces. 

The output data and the calculated 
results are shown in table 3.6. 

For surface roughness Rz max = 56 μm 
obtained for Scots pine and Rz max = 63 μm 
for common beech (Part II of the article) at 
R = Rmax= R1, feed per tooth (uz), mm, 
formula (20 and 21) we get: uz = 7,72 mm 
and uz = 6,96 mm. 

 
Table 3: Coordinates of the crest of kinematic waves 

Radius of the teeth pair R1…R2 
Feed per tooth з (uz), mm 0,75 
Maximum reduced radius of the profile cutterhead, mm 53,3 
Breduced radius of teeth: 
R1, mm 
R2, mm 

 
53,3 

53,25 
Imprecision in radii of the pair teeth, Δi = R1– R2, mm 0,05 
Serial number of the pair of teeth, i  1 
Height of a crest of the kinematic waves (y) according by Eq. (17), mm 0,14 
Abscissa (pitch) of the crest of the kinematic wave (x) by formula (15), mm 3,93 
 

The inaccuracy in the cutter radius (Δ) 
must not exceed the height of the crest of 
kinematic waves (y), which is effective as 
shown in table 3.6. Furthermore, the feed 
per tooth (uz) depend on two parameters: the 
first one is equal to the half of the maximum 
value of uz at  

Δ = 0, and the second parameter is less 
than the first one by an error correction 
correcting (Δ) for the length of the radius. 

CONCLUSION 
The analyses done can be summarized 

in the following conclusions: 
1. Inaccuracy in the cutter radius (Δ) 

must not exceed the height of the crest of 
kinematic waves (y). We strive to work with 
small depth of milling, as it reduces the 
cutting forces and the forces of pressure 
deforming the workpiece. 

2. Feed per tooth (uz) depends on two 
parameters: the first one is equal to the half 
of the maximum value of uz at Δ = 0, and the 
second parameter is less than the first one by 

error correction (Δ) for the length of the 
radius. 

3. To match the height of the crest of 
kinematic waves of milled surface with 
given roughness, the following requirements 
should be met: 

 To ensure concentricity of the cutter 
teeth, so that the error of their radii 
would not exceed the set values of 
roughness; 

 It is essential to create the conditions 
for all cutter teeth to participate 
equally in the formation of surface 
milling. Concentricity of the cutting 
teeth is necessary for an accurate 
division in sharpening the tool. 
Therefore, leveling the radius of the 
teeth is periodically practiced by 
grinding with an abrasive disc. 

4. In contemporary designs, and in 
particular in the specific universal profile 
cutterhead (Fig. 1), the knives are with 
fixing holes which are mounted to the fixing 
screws of the cutter body. Thus, the 



48    ZHIVKO GOCHEV 

concentricity of the cutting edges of the 
cutter is ensured. Difference in concentricity 
can occur in the process of grinding if 
breaking the sharpening technology. 
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