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abstract
This paper deals with the geometric built-up of a theoretically profile errorless shaper cutter. Its proposed 
rake face is a cylindrical surface for each tooth. The setting parameters of this are the axis inclination angle 
and the grinding wheel’s radius. The possible domain of the setting parameters is computed from geometrical 
restrictive conditions. The proposed numerical evaluation consists in the computing of the orthogonal rake 
angle variation, together with the deviation of the generating pro-file from the perfect involute. The obtained 
results allow the formulation of some conclusions regarding the influence of the cylinder radius and the axis 
inclination: the best rake angle distributions are obtained when using increased radius values, while profile 
deviation becomes minimal when using smaller radii and axis inclination angles.
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1. an overview of the right toothed 
shaper cutter with cylindrical rake 
face

as is well known, shaper cutters have a theo-
retical profile error. In order to keep this error 
within the limits of profile tolerance, the classi-
cal solution recommends the utilization of small 
constructive addendum rake- and relief angles  
[1, 2]. The rake face and the addendum relief face 
of a classical straight toothed shaper cutter are 
circular cones, with axes coincident to the axis of 
the shaper cutter. They provide a poor top geom-
etry resulting from  γV = 5° and αV = 6°. as a con-
sequence, the side rake angle barely reaches the 
value of 2° in the edge tip, and decreases with the 
radius of the edge point.

The advantage of the shaper cutter model pro-
posed in the present paper is the significant im-
provement of the chip forming conditions on the 
side edges. Moreover, the theoretical profile error 
reduces to zero in the case of the new cutting tool, 
and it rises by only negligible values as the shaper 
cutter reaches the last re-sharpening or the total 

wear stage. The profile error magnitude here is 
several times smaller than in case of the classic 
tool. 

The fundamental difference between the classic 
solution and the proposed one rests in the method 
for generating the tooth’s flank surfaces: the geo-
metric built-up of the shaper cutter tooth starts 
from the generating wheel, not from the generat-
ing rack. The detailed mathematical description 
of the model [3] is based on the following geomet-
rical principles:
 – the generating wheel is a gear with the same 
tooth number as the shaper cutter, and a max-
imum possible profile shifting, allowed by the 
condition of minimum necessary topland width;
 – the rake face is a cylinder with radius ρp whose 
axis closes the angle γa with a plane perpendicu-
lar to the shaper cutter’s axis;
 – the side edges result as intersections between 
the tooth flanks of the generating wheel and the 
rake face;
 – the side relief faces of the shaper cutter’s tooth 
are helical surfaces whose helix parameter is 
computed from the side relief angle value. They 
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result through roto-translations of opposite 
senses but same helix parameter of the side edg-
es.
The generating wheel tooth’s flanks and the inci-

dent side edges are shown in figure 1. 
It can be observed that the z coordinates of the 

edges raise barely out of the horizontal plane 
(xs ys) of the involute profile. The rake angles are 
significantly greater than in the case of the classic 
shaper cutter.

figure 2. presents the flanks of the shaper cut-
ter and the rake face. The helix parameter was 
computed for a side relief angle value of 2°.

figure 2. shows the rake face in two positions: 
the netted grey position result as a translation 
along the z axis and corresponding to the final 
wear state of the cutter.

2. the rake face setting limits
Mathematically it can be stated that the two in-

dependent parameters of the rake face produce 
a double infinite manifold of surfaces. From this 
must be chosen the technically possible solutions. 
When defining the restrictive conditions, two as-
pects were considered:
 – the intersection curve of the cylinder and the 
generating wheel’s tooth flank must extend to 
the whole height of the tooth;
 – the rake angle on the tip of the lateral edge 
equals the value determined from the cutting 
conditions.
a qualitative inspection of the reciprocate posi-

tion of the involved geometrical elements led us 
to conclude that the first condition returns the 
minimum possible value of the radius, while the 
second limits the axis inclination value. The cal-
culus is fully presented in [3]. The first restriction 
is primed through the following inequality:

 
(1)

In formula (1) index t refers to the involute’s be-
ginning circle while index f refers to the deden-
dum circle. The root fillet is approximated to a 
circle arch of radius ρf [4], [6].

The second restriction defines a relation bet-
ween the radius ρp and the axis inclination angle 
γa:

 (2)

Restriction (1) was grouped on the form F1 = 0 
and studied for a particular case defined by a 
shaper cutter of module = 5 mm , teeth number 
Zs = 18 and the rake face’s independent param-
eters γa ∊ [2°,10°] and ρp ∊ [20,100]. figure 3. 
shows the surface of F1 values.

The limit curve is defined by the intersection of 
the F1 surface and the plane of level zero. It de-figure 2. The side relief faces and the rake face 

figure 1. The flanks of the generating wheel tooth and 
the side edges of the shaper cutter
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fines the border of the domain of the possible or-
dered pairs (γa, ρp). as figure 3. shows, this is the 
the half-plane not containing the origin. 

The coordinates of several points on the lim-
it curve were numerically computed. For this, a 
number of n = 30 equidistant values were taken 
on the interval of the axis inclination angle γa. 
Every angle value was associated with the mini-
mum possible value of the radius. This radius val-
ue is increased with a given ratio until the follow-
ing inequality occurs:

 (3)

Once achieving the interval (ρp, ρp + δp), the radi-
us limit value is computed through the method of 
chords with a precision of 10-4. The limit curve is 
represented in figure  4. 

The second restrictive condition, by setting a 
given orthogonal rake angle value in the tip of the 

edge allows us to compute the corresponding or-
dered pairs (γa, ρp) In order to facilitate the com-
putation, the limit curve  will be defined using 
two spline functions, defined on the system of the 
n=30 nodes computed previously:

 (4)

The technologically acceptable orthogonal 
rake angle values are considered in the interval 
γOa ∊ [3°, 9°] and considered in 30 equidistant 
points.

In order to gain the possible ρp values for any 
γOa value, equation (2) will be rearranged. Prim-
ing the radical expression, and imposing its firm 
positivity, the following constraint is obtained:

 (5)

With this equation, the maximum possible value 
of axis inclination angle is computed. The mini-
mum acceptable value is established consider-
ing technological reasons. now any value of γOa 
from the interval of n = 30 equidistant values 
is considered. For each of them, any possible γa 
axis inclination angle is taken into consideration, 
which determines, on the basis of equation (2), 
the corresponding ρp value. In this way, any or-
dered pair (γa, ρp) , for a given γOa is computed. 
a very suggestive geometrical representation can 
be made here, putting on the z-axis the imposed 
rake angle values. For each value corresponds a 
level curve F (γa, ρp; γOa ) = 0. It results, that a given 
rake angle value in the tip of the side edge is re-
alizable through an infinite number of combina-
tions of radiuses and axis inclination angles. The 
contour plots and the limit curve is represented 
in figure 5. figure 3. The surface attached to the condition F1

figure 5. Contour plots of γOa = const. and the limit 
curve

figure 4. The limit curve derived from restrictive con-
dition F1
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3. the variation of the side relief angle
let’s suppose the equations of the rake face, the 

cutting edge and the flank (the relief face) are 
known. With these, the tangent of the edge and 
the normal of the rake face can be deter-mined 
for each edge point. next to these the basis of the 
tool-in-hand frame can be computed. Using all 
quantities mentioned, the rake angle vector ex-
pression is given by  [5], [7], [8]:

 (6)

The vectors of the expression above are shown 
in figure 6. The tool-in-hand frame is fixed in the 
arbitrary M point of the cutting edge, where the 
basis vectors k, j and i are respectively the unit 
normal vectors of the basic, the tangent and the 
orthogonal measuring plane. τ is the tangent vec-
tor of the edge curve in M and nγ the rake face’s 
normal vector. The detailed calculus of these can 
be found in [3]. all vectors are primed in a frame 
centered on the symmetry plane of the generat-
ing wheel’s tooth: axis z is the axis of the wheel, 
axis x the axis of the involute tooth profile and 
the y axis is perpendicular to both of these. The 
necessary vector expressions are as follows:

 (7)

 (8)

 (9)

 (10)

notation Fh in equation (10) is used for the im-
plicit expression of the cylindrical rake face. 

The repartitions of the rake angle values along 
the cutting edge, in dependence with the cylin-
der’s axis inclination and radius are presented in 
the next. 

The simulation was performed inside the do-
main γa ∊ [2°, 5°] and ρp ∊ [ρpmin, 100] for the fol-
lowing ordered pairs:

{2°; 3°; 4°; 5°} × {ρpmin; 40; 60; 80; 100} 
The value ρpmin is inversely proportional to the 

inclination angle γa.
figure 7. shows the rake angle repartition sur-

faces. The shape and the relative position of the 
surfaces permits the identification of the follow-
ing peculiarities:
 – the limits of the variation interval of the rake 
angle raise with the decrease of the radius of the 
cylinder;
 – the variation interval of the rake angle increases 
tith the decrease of the radius of the cylinder ;
 – the repartition along the edge is approximately 
parabolic.
The variation of the rake angle is detailed in fig-

ure 8, 9, 10 and 11. 
The repartitions were examined also from sta-

tistical point of view. The average values of repar-
tition are shown in figure 12. 

as mentioned before, the minimum cylinder ra-
dius values depend on the axis inclination angle. 
There exists axis inclination values for which the 
minimum radius value of the considered interval 
is not applicable. In such points the average value 
was conventionally considered zero. The visual 
inspection of non-zero values shows that the rake 
angle average value increases with the axis incli-
nation angle and decreases with the radius of the 
cylinder.

figure 6. The vectors involved in the computing of the 
rake angle 

figure 7. The rake angle repartition surfaces along 
the cutting edge
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The repartition of the standard deviation is pre-
sented in figure 13. It can be easily observed that 
standard deviation follows the same variation 

figure 8. Rake angle repartition for an axis inclina-
tion of 2°

figure 10. Rake angle repartition for an axis inclina-
tion of 4°

figure 9. Rake angle repartition for an axis inclina-
tion of 3°

figure 11. Rake angle repartition for an axis inclina-
tion of 5°

figure 12. Rake angle average values repartition

figure 13. The map of the rake angle standard devia-
tion

figure 14. The repartition of the amplitude of the rake 
angle variation interval
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type as the average. Thus, greater average values 
are accompanied by greater standard deviation 
too. Equivalent information to the standard devi-
ation map offers also the repartition of the ampli-
tudes of the variation intervals. This is shown on 
figure 14. 

The amplitude surface shows a local mini-
mum in the domain defined by γa ∊ (4°, 6°) and 
ρp ∊ (80, 100). Otherwise the amplitude of the 
variation interval increases with the axis incli-
nation angle while it decreases with the radius of 
the cylinder.

4. The tooth profile
In the case of the proposed shaper cutter con-

struction two tooth profiles have to be defined: 
the tool tooth profile and the tool’s generating 
profile. The tool tooth profile results from the in-
tersection between the flanks of the shaper tooth 
(the side relief faces) with a plane perpendicular 
to the cutter’s axis. The tool’s generating profile is, 
by definition, the profile of the tooth meshed by 
the cutting edges, during the main cutting motion 
(here a vertical linear translation). The technolog-
ical meshing of the tooth flanks is based on the 
principle of coupling between a rack and a gear. 
Different analytical description of this geomet-
ric-kinematic phenomenon is fully described in 
[6], [9], [10], [11] ]. If the tool tooth profile devi-
ates to an  unacceptable extent from the theoret-
ically perfect involute, the grinding of the flanks 
becomes impossible with a straight profiled 
grinding wheel. In such cases the shaper cutter 
tooth height must be variable. If the deviation of 
the tool tooth profile from the involute is less than 
the amplitude of the manufacturing errors, the 
grinding can be performed using the Maag or the 
niles principle, and it results in a shaper cutter 
with constant tooth height.

The tool tooth profile is computed on the base of 
the parametric coordinate functions of the cutting 
edge and the helix parameter of the relief face. 
The geometric quantities are shown of figure 15. 

lets consider the parametric equations of the 
new (never re-sharpened) shaper cutter edge as 
the intersection of the flank of the generating 
wheel and the circular cylinder of the rake face:

 (11)

 (12)

The radius of the arbitrary M edge point results 

for ϕy, 0 < ϕy <  , with

 (13)

It should be noted that the considered M edge 
point is incident to the MM1  helix segment. Pro-
jecting it along the mentioned helix line, it will 
meet the plane z = 0  in point L. This is the corre-
sponding tool tooth profile point. If projecting the 
discussed M point along the z- axis in the plane 
z = 0 , point K results; this is the point of the tool’s 
generating profile. In case of a new shaper cutter 
this is incident to the theoretical perfect involute. 
The profile deviation is measured with the length 
of arch KL, on the Ry radius circle. Knowing the 
helix parameter value, p = Rb  / tan αl , arch KL re-
sults as:

 (14)

Equation (14) shows that the greater the z-coor-
dinate values, the greater are the values of the de-
viation. The z -coordinate’s repartition was com-
puted for the simulation setting parameters used 
before (figure 16.).

figure 15. The tool tooth profile
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It is noted that small cylinder radiuses and axis 
inclinations lead to z-coordinate values less than 
0,2mm. The deviation curves, for different radii 
and γa = 2° axis inclination are shown in fig-
ure 17.

The shape and the position of the four curves 
permit the formulation of the following remarks:
 – the deviation increases with the radius of the 
cylinder;

 – the deviation value is always zero in the edge 
tip, because this point is included in the plane 
z = 0;
 – the largest deviation value is among 9 μm – con-
sidered as unacceptable;
 – the deviation in case of the smallest radius value 
is under 4 μm, considered acceptable.
For the constant ρp = 42 mm, radius and differ-

ent axis inclinations, figure 18. shows how the 
deviation increases

conclusions
The use of the individual cylindrical rake face 

instead the common conical rake face brings a lot 
of advantages. The most important of these is the 
possibility of setting the lateral rake angle value. 

But the variation of the rake angle along the 
cutting edge cannot be set freely: the smaller the 
cylinder radius, the greater the amplitude of the 
variation interval. Thus, small inclinations and 
big radii are advantageous. 

On the other hand, on the basis of figure 17 and 
18., it can be concluded that the shaper cutter can 
be grinded using a straight line profiled grinding 
wheel, only if the setting region meets small ra-
dii and inclination angles, and if accepting small 
profile errors. The shaper cutter tooth height is 
constant.

If the errors are not acceptable, relief faces must 
be grinded with the use of a curved profile grind-
ing wheel.
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