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Abstract: Milling cutters belong to a widely used category of cutting tools. In this category, modular
milling cutters are a narrow niche, less studied, and developed. Usually, they are symmetrical
cutting tools. A milling cutting tool that can be reconfigured due to its modularity and still keeps
its symmetry becomes more interesting and useful for machining. The paper presents such a new
concept in a computer aided design (CAD) model of a cutting tool based on some novel features.
The tool itself is designed as a modular complex. The way the torque is transmitted from the shaft to
the elementary cutters is an original one, as they are joined together based on a profiled assembling.
The profile is one formed of filleted circular sectors and segments. The reaming of the elementary
cutters has two sections each of them assuming a task: transmitting the torque, and precisely centring,
respectively. The cooling system, which is a component of the tool, provides the cutting area with
coolant both on the front and side face of the cutting tool. Some nozzles placed around the cutting
tool send jets or curtains of coolant towards the side surface of the cutter, instead of parallel, as
some existing solutions do. The source of the coolant supply is the inner cooling system of the
machine tool. This provides the tool with coolant having proper features: high enough flow and
pressure. The output of the research is a CAD-based model of the modular milling cutter with a high
performance cooling system. All of this model’s elements were designed taking into account the
design for manufacturing principles, so it will be possible to easily manufacture this tool. Several
variants of milling cutters obtained by reconfiguring the complex tool are presented. Even if the
tool is usually a symmetric complex, it can process asymmetric parts. Symmetry is intensively used
to add some advantages to the modular cutting tool: balanced forces in the cutting process, the
possibility of controlling the direction of the axial cutting force, and a good machinability of the
grooves used to assemble the main parts of the cutting tool.

Keywords: symmetry; asymmetry; modular milling cutters; cooling system; geometric modelling;
rotational parts

1. Introduction

Milling cutters are widely used in manufacturing due to their capacity to process a
large variety of surface shapes, from very simple ones to freeform shapes. Still, a certain
type and size of milling cutter must be chosen to fit the specific shape of the surface to be
machined. Sometimes special milling cutters have to be designed to fit to the machined
profiled surfaces. A particular kind of milling cutters are the modular ones, the so-called
gang milling cutters or profiled gang cutters. When it is necessary to cut a part with a
certain profile, a solution is to materialize that profile as a generating curve on the milling
cutter. However, this might pose some technological problems, both in manufacturing the
cutter and sharpening it. To overcome these problems, a solution is to divide the profiled
cutter into “slices”, which are easier to be machine, and which are later put together on a
central shaft. That is, in fact, a gang milling cutter, a modular cutting tool [1,2]. The main
drawback of these kinds of tools is that they can be used only for a specific job. Because of
their narrow range of applications they are available for, the profiled gang, tool designers
rarely focus on this category of cutting tools. However, some patents were issued on this
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subject [3–7]. Some research papers and their findings have been published on the topic
in the scientific literature and at conferences. Yet, they point to aspects other than those
approached in the present paper. Some of the published works are mentioned here.

The dynamic behaviour of the modular cutting tools was studied. A theoretical
study—finite elements analysis—was performed and applied for modular cutting tools
to forecast the behaviour of these cutting tools under the action of cutting forces [8], and
experimental research aimed to find out if the cutting performance of the modular cutting
tools is influenced by their dynamic flexibility [9]. In the literature, a computer aided design
(CAD) technique for designing profiled gang cutters is presented as an application of using
computers in engineering [10]. High speed machining for modular milling is approached
as well: the behaviour of the modular tools under the stress of high acceleration and
shocks posed by high speed machining is studied in an experimental research paper [11]. A
generalized tool with elements of modularity is also described. Based on the estimation of
the cutting forces, different tools can be modelled on the same tool body due to adjustment
facilities of some tool’s elements [12]. In terms of cooling the cutting area at milling,
some studies are presented, regarding the distribution of the heat field when cooling with
CO2 [13], the using of an internal cooling system [14], and heat pipe cooling to dissipate
the heat from the cutting area [15]. An external cooling system for milling [16] able to lead
the coolant straight to the cutting area is also presented. This displays the advantage that in
fact it is a tool holder that can be coupled with any type of tailed milling cutter, so it has a
certain level of universality. In [17] modularity is studied, but as an application for machine
tools, not for cutting tools. Yet, some principles of modularly design can be applied both
for machine tools and cutting tools. Some different approaches to the cooling the cutting
area can be found in literature as well. The authors of [18] investigated the way the cooling
strategy can influence some aspects of cutting technologies, like power consumption or the
roughness of the surface machined by the end milling of a certain material. A strategy of
optimizing the cooling performance by using three coolant jets is presented in [19]. One
jet has a stable orientation, while the orientation of the other two can be adjusted to fit
better to the specifics of machining. Alternative coolants are investigated to reduce the
impact of the cutting processes on the environment. The authors of [20] proposed a new
metalworking fluid based on biological agent, whose main components were two yeast
strains. A relative new technique, minimum quantity lubrication (MQL) is more and more
present in literature. Three different approaches to it are presented in [21–23].

The last seven cited works have a common feature—they investigate narrow domains
which need special infrastructure or materials. In contrast with that, the present proposal
targets a solution with a certain level of universality in terms of the means of cooling the
cutting area. This needs only a machine tool equipped with an inner cooling system, which
is something common nowadays.

The authors of this paper are concerned with the problem of profiled gang cutters
and modular milling cutters, having published their own results in papers [1,2,24,25],
which resulted in two patent proposals [26,27]. The novelty of the modular milling cutter
presented here consists in some original and innovative key elements: a new shape of the
shaft, which offers a much higher capacity to transmit torque than the classic shafts, a
new cooling system that distributes coolant on the entire circumference of the cutting tool,
and in the integrated manner of approaching the subject: modularity, symmetry, torque
transmission, and cooling system.

2. Materials and Methods

A CAD model of original modular milling cutting tool is presented in this paper. It is
the outcome obtained as a result of combining the knowledge available in the literature,
the personal experience of the authors, and creative and innovative technical thinking.
Based on a critical analysis of the existing milling cutting tools, a new, technically enhanced
solution was issued. This is a new concept of complex cutting tool. It was carefully designed
to simultaneously meet the requirements of a performant cutting tool, of versatility given
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by the modular concept, and those imposed for manufacturing it. The principles of design
for manufacturing (DFM) were obeyed to create a product that can be manufactured
easily, effectively, and with low costs of production. The product was modelled in a CAD
environment. The assembly was checked to ensure that it is free of interferences between
the adjacent parts. Several variants of the products obtained through assembling the same
set of elements in different ways were studied. At the same time, special attention was
paid to the symmetry of the complex as well, as a necessary condition for a rotating object.
When needed, different variants of the constructive solutions of the parts were analysed to
find the best solution that could lead to a good functioning of the modular complex on the
one hand, and to the product itself being easy to manufacture, on the other hand.

The main drawbacks emphasized when analysing the existing modular milling cutters
are as follows:

• They are usable only for a specific job because of their unchangeable shape;
• The difficulty of aligning the cutting elements to obtain the correct desired profile;
• The lack of coolant needed to properly cool the cutting area and the cutting tool.

This new concept of modular milling cutting tool removes all the above presented
disadvantages.

3. Results

The main results of the research are the concept and the model of a new modular
milling cutter with an enhanced self-cooling system, and a patent proposal [27]. The
mentioned patent proposal is the base of the modular cutting tool presented here. Figure 1
displays the model of the modular tool mounted in the tool holder [27], and in Figure 2
the exploded model is presented so that its elements can be identified and their roles
explained [27].

The special screw (1) is the part that keeps all the other elements together, being
screwed into the tool holder. The front side elementary milling cutter (2), and the elemen-
tary regular milling cutters (3) are assembled by means of their special profiled reaming on
the shaft (8). This, in turn, has in cross section the conjugated profile to the cutters’ reaming.
The distributor (7) leads the coolant provided by the inner cooling system of the machine
tool to the nozzles (6). The nozzles drive the coolant to the side surface of the modular
tool and to the cutting area. The distributor is fixed on the shaft by means of the threaded
pins (6).
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Figure 2. Exploded CAD model [27].

3.1. Grooved Shaft

The shaft is a grooved one, having a particular shaped cross section. The shape is
obtained simply cutting some longitudinal grooves onto the cylindrical surface of the shaft.
The even (symmetrical) distribution on the periphery of the shaft is determined by the
profile of the milling cutters’ holes, which is more sophisticated. In Figure 3 it can be
seen how the two parts—the shaft and the milling cutters—are conjugated. The correct
alignment of the coupled parts is given by the outer diameter of the shaft that forms a
precise fit with the smooth hole of the milling cutters (described in the next subsection) [27].
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The longitudinal grooves on the shaft shown in Figure 4 are easily manufactured by
a ball nose milling cutter [27]. On the front end of the shaft are some radial grooves that
are constrained together with the flange of the central screw, forcing the coolant to flow
to the front cutting edges of the modular milling cutter. The coolant arrives at the front
end of the shaft through the gap between the screw and the hole of the shaft. The conical
surface of the shaft and of the screw ensure the correct centring of the two parts. At the
rear end of the shaft are bored some radial holes that lead the coolant to the distributor. On
the cylindrical outer surface of the shaft’s collar there is a ring groove used to assemble the
distributor on the shaft by means of some threaded pins.

In the first variant of the design, the shaft and distributor formed a single part,
as shown in Figure 5 [27]. This part can be considered too complex, as it might pose
manufacturability difficulties, so an assembled solution was finally adopted. This complex
shaft shape also had the disadvantage of the nontechnological shapes of the nozzle and the
pockets they are mounted in. The way they had to be assembled was a difficult one as well.
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3.2. Elementary Milling Cutters

Several types of elementary milling cutters can be assembled to form the modular
milling cutter. The front one, shown in Figure 6a, has the appropriate geometry to be able
to act as a front cutter and to receive the coolant from its inner side. No matter the type of
elementary milling cutter, the geometry of the reaming is important. This is shown in the
detail of Figure 6b. The reaming has two distinctive sections, as can be seen in the cross
sections of the milling cutters—Figure 6a,b. One section is profiled and one smoothed. The
profiled section, conjugated to the shaft profile, fulfils the task of transmitting the torque.
The smoothed section ensures the correct alignment and the centring of the elementary
milling cutter, since its diameter and the outer diameter of the shaft form a precise fit
(H7/H6). The two sections of the reaming are separated by a technological groove.

Symmetry is essential to find the optimal profile of the reaming. The profile must
have certain radii of the internal and external arcs, the value of the internal radius must
have a normalized value, and the two adjacent arcs have to be filleted. The restrictions
mentioned are imposed for technological reasons, so the profile can be easily programmed
and machined using a common cutting tool (end mill for the reaming, and ball nose mill for
the shaft—preferably, the two milling cutters should have the same diameter). Furthermore,
all these restrictions must be fulfilled respecting the condition that the number of pitches of
the profile must be an even integer. It is recommended that the angular pitch of the profile
be a divisor of 90◦ to be able to respect the symmetry, and to obtain a repeated pattern of
the elementary milling cutters along the axis of the tool. The smaller the angular pitch is,
the more versatile the modular milling cutter is, and the more combinations of elementary
cutters are available.
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3.3. Determining the Profile of the Elementary Cutter Reaming

To determine the inner profile of the elementary cutter’s hole are better used the
facilities of a CAD environment. In this case, the center of the arc with Ri radius (equal to
that of the ball nose milling cutter used to machine the grooves on the shaft) should be
placed on the diameter of the shaft for an easy adjustment of the tool when manufacturing
the shaft. However, this leads to the Ri arc having an opening smaller than 180◦. If the
outer arc needs to have the same radius, Ri, as the inner one, they do not fill an angular
pitch of the profile, and they need to be connected by their common tangent (emphasized
in red in Figure 7b. All the stated work correctly in terms of their geometry, but they
pose technological problems: the profile so described cannot be machined because of
some undercuts which produce interference between the shaft and cutter, so they cannot
be assembled.
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In these conditions, another solution must be adopted. It is a little more difficult in
terms of the tools’ adjustment when machining the shaft, but eliminates the reasons for the
undercut while manufacturing the parts, ensuring an assembly free of interferences. Again,
the facilities offered by the CAD environment are helpful. The premises of drawing the
profile are as follows:

• The profile section of shaft groove is an arc with an opening of 180◦; this requires
that its centre is inside of the shaft diameter; the exact position of this arc must be
determined analytically;

• The tangent point of the inner and outer arc on the cutter hole profile must be exactly
on the circumference of shaft, R in Figure 8b. Because of that, the outer arc of the profile
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will have not the same radius like the inner one. This is not important, because it does
not count for the correct assembly of the shaft and elementary cutter; furthermore,
this radius does not depend on the cutting tool diameter, as happens when machining
the groove on the shaft;

• The outer arc will have a bigger opening than 180◦, and its radius will be determined
by either analytical or by CAD construction;

• The angular pitch is determined by the number of grooves on the shaft.
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The necessary mathematical equations are presented below:

Ap = 360/z, (1)

where: Ap = angular pitch of the profile; z = number of grooves on the shaft, and of teeth of
the profile;

A = 2 × arcsin (Ri/R), (2)

where: A = the included angle on the profile of the hole covered by the diameter of inner
arc—see Figure 8b; Ri = radius of the profile inner arc; R = shaft radius;

Yc = R × cos (A), (3)

where: Yc = the Y coordinate of the inner arc center on profile. The X coordinate of the
same center is 0 if we assume that the origin of the coordinate system is in the center of
the profile.

The center of the outer arc (Re) of the profile is also determined using the CAD
environment. In Figure 6b, Pos indicates the center position of circle Ri inside the shaft
diameter. In Table 1 are presented the data determined for different grooved assemblies.
The symbols in the heading of Table 1 represent: D = shaft diameter; z = number of grooves
(teeth on the inner cutter profile); R = radius of cross section of the groove on the shaft;
Ri = radius of the inner arc on the profile, as input data; Ap = angular pitch of the profile;
Re = radius of the outer arc on profile; Pos = position of center of Ri inside the diameter of
shaft, as output data. Ap, Re and Pos are collected from the CAD system.
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Table 1. Geometrical data of some profiles of milling cutter’s reaming.

D (mm) z Ri (mm) Ap (◦) Re (mm) Pos (mm)

40 20 1.5 18 1.663 0.168
40 10 3 36 3.425 0.276
20 12 1.25 30 1.408 0.078
20 8 2 45 2.058 0.202
32 16 1.5 27.5 1.669 0.070

3.4. Determination of Capacity to Transmit Torque of the Grooved Shaft

When thinking about the capacity to transmit the torque of the new grooved shaft, a
comparison to the classical key and keyway assembling might be interesting. The capacity
to transmit the torque is limited by the shear stress the key is subjected to. The torque
transmitted depends on the tangential force and the diameter it is applied on. Since
the diameter of the shaft is the same in the two solutions compared, it follows that the
comparison must be applied to the capable tangential (shearing) force. Furthermore, if we
accept that the material the shaft is made of has a similar admissible shear stress as the
material of the key, the ratio of the shearing stress for the two studied cases is given by the
ratio of the shearing surfaces.

Case study. Comparison between the transmitted torque by the grooved assembly vs.
the classical one, that with key and keyway. The hypotheses are (in Equations (4)–(12), N
and K, indices pointing to the features of the new grooved shaft and those of the classical
shaft, respectively):

• Radius (diameter) of the shaft—the same for the two solutions;

Rn = Rk, (4)

where: R = the radius of the shaft; the significance of the indices was explained above;

• The admissible shear stresses of the shaft and key material have (roughly) the same
value;

σaN = σaK, (5)

where σ = the admissible shear stress;

LN = LK, (6)

where L = the reference length (let us say 24 mm, which covers the width of three adjacent
elementary milling cutters);

TcN = FsN × RN, (7)

FsN = σaN × AsN, (8)

AsN = z × BN × LN, (9)

BN = 2 × Re, (10)

where: Tc = the capable torque; Fs = shearing force; R = shaft radius (according to Figure 8b);
σa = admissible shear stress; As = total area of shearing section; z = number of grooves on
the shaft; B = width of shearing section; Re = radius of the outer arc on the profile of the
groove (according to Figure 8b).

Equation (10) is a reasonable approximation, since the included angle of the Re arc
falls in the range of 175–185◦.

Similarly, the capable torque of the classical assembly is calculated, with the single
difference that B is the key width.
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The ratio, RNK, of the capable torque of the two assemblies is given by Equation (11):

RNK = TcN/TcK, (11)

Replacing Equations (7)–(10) and the similar equations for the classical assembly in
Equation (11), one gets (12):

RNK = σaN × z × 2 × Re × LN × RN/(σaN × BK × LK × RK), (12)

After mathematical processing is operated, is obtained the Equation (13):

RNK = 2 × z × Re/BK, (13)

For the present case study the values bound to the symbols are: z = 20 mm, Re = 1.663
mm, according to the data in line 1, Table 1, and, according to standards, BK = 12 mm. By
introducing these values in Equation (13) we obtain:

RNK = 2 × 20 × 1.663/12. (14)

RNk = 5.543, that is Tcn is 554.3% of Tck. This means that the grooved shaft increases
the capacity to transmit the torque over five times relative to the classical shaft, which uses
the key and the keyway to transmit torque.

3.5. Distributor with Nozzles and Threaded Pins

The distributor spreads the coolant to the nozzles. The coolant comes through the
radial holes in the shaft and floods the space in the distributor emphasized in Figure 9 in
red [27]. From here, the nozzles lead the coolant to the side teeth of the modular tool and
to the cutting area. The distributor and the shaft form a precise fit. They are assembled by
means of the threaded pins coloured in green (Figure 9).
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Figure 9. Distributor with nozzles and threaded pins. A quarter of the shaft is also represented to
show the space for the coolant on the upper side of the section [27].

The way the nozzles are placed on the periphery and above the complex tool ensures
a better cooling of the entire tool than the tool holder presented in reference [16] can do.
That tool holder sends jets of the coolant parallel to the axis of the cutting tool, in contrast
to the proposed solution, which sends the jets (or curtains) of the coolant towards the side
teeth of the tool.

3.6. Nozzles Used for Coolant Jets

The nozzles are designed to lead multiple jets of the coolant to the side teeth of the
modular milling cutter and to the cutting area. In Figure 10 several variants of the nozzles
are shown. The conical and the spherical ones form a curtain of coolant that is oriented to
the axis of the complex tool [27]. The nozzles are threaded in the body of the distributor.
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3.7. Needed Accessories

Some accessories are needed to complete the assembly of the modular milling cutter.
The most important of them is the screw. Its main role is to keep all the parts together. It is
screwed into the tool holder, and its flange presses the package of the elementary milling
cutters to form a block. The flange also constrains the coolant to flow to the front teeth of
the tool. The conical side ensures the correct centring of the screw to the shaft. The spacer
is an important part, which contributes to enlarging the versatility of the modular milling
cutter. Its utility will be emphasized in the following section. The threaded pins that fix the
distributor on the shaft, some seals are used to insulate the coolant circuit inside the shaft,
and a distributor completes the set of accessories. All of them can be seen in Figure 2 [27].

Elementary milling cutters with different sizes and or shapes, but having the same
shaped reaming can be assembled on a shaft to form profiled gang cutters.

The complex tools obtained by the reconfiguration of the initial modular milling cutter
were checked for overlapping the components. No intersections were found between the
neighbouring parts. With some restrictions were imposed by the overlap of the adjacent
parts, elementary milling cutters may be joined together to form new variants of milling
cutters according to particular needs.

4. Discussion

The modular milling cutter presented here offers a large range of solutions for different
particular processes. Symmetry plays an important role from many points of view, such
as the possibility of building milling cutters with the bending angle of the side edges, to
control the direction of the global axial force, as shown in Figure 11 [27].
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Furthermore, exploiting the symmetry of the tool and its versatility adequately mount-
ing the elementary cutters on the shaft, a balanced milling cutter (in terms of axial force)
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can be obtained, as shown in Figure 12 [27]. The elementary milling cutters are differently
rotated each from the next one at the two ends of the shaft.

Symmetry 2021, 13, x FOR PEER REVIEW 11 of 14 
 

 

  
(a) (b) 

Figure 11. Modular milling cutters with different bending of the side cutting edges: (a) right; (b) 
left. 

 
Figure 12. Modular milling cutter balanced in terms of axial force [27]. 

The modular milling cutter can be used for different jobs that involve machining 
parts with low stiffness. In Figure 13 are presented two such cases [27]. The tool’s active 
length can be adjusted by replacing the elementary milling cutters with spacers. 

  
(a) (b) 

Figure 13. Processing parts with low stiffness: (a) thin parts processed simultaneously, being 
clamped in a package; (b) slender symmetrical part [27]. 

In Figure 14 two possible combinations of the elementary milling cutter and the part 
machined by them are shown [27]. The spacers are important for the shape of the mod-
ular tool, or for the adjustment of its active length. A symmetrical cutting tool plays an 
important role in machining asymmetrical parts. 

Figure 12. Modular milling cutter balanced in terms of axial force [27].

The modular milling cutter can be used for different jobs that involve machining parts
with low stiffness. In Figure 13 are presented two such cases [27]. The tool’s active length
can be adjusted by replacing the elementary milling cutters with spacers.
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Figure 13. Processing parts with low stiffness: (a) thin parts processed simultaneously, being clamped
in a package; (b) slender symmetrical part [27].

In Figure 14 two possible combinations of the elementary milling cutter and the
part machined by them are shown [27]. The spacers are important for the shape of the
modular tool, or for the adjustment of its active length. A symmetrical cutting tool plays
an important role in machining asymmetrical parts.
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5. Conclusions

The paper presents an integrated approach of designing the modular milling cutters.
Some novel aspects can be found, such as the new particular way to assemble the elemen-
tary milling cutters on the shaft, the cooling system of the complex tool, and the exploitation
of symmetry to obtain constructive and technological advantages for manufacturing.

The new shape of the shaft and reaming of the milling cutters brings several advan-
tages, including the high capacity to transmit torque, about five times higher than the
similarly sized classic assembly. What is indeed important is that the grooves, both on the
shaft and in the milling cutter hole, do not need special cutting tools or special machine
tools. They can be machined using common end mill and ball nose cutters. The high
capacity to transmit torque is accompanied by a high precision of centring the elementary
milling cutters on the shaft, facilitated by the smoothed cylindrical section of the hole,
which forms a precise fit with the outer diameter of the shaft. The shape of the grooves and
of the hole profile are very easy to manufacture with common technological means.

The self-cooling system feeds the entire cutting area with coolant. The particularity of
the proposed solution is that by their design, the nozzles are able to send jets or curtains
of coolant towards the axis of the milling cutter, instead of sending jets parallel, as other
systems [16] do. In this way the inserts are permanently cooled, even when they are not
engaged in the workpiece. The coolant is delivered by the inner-cooling system of the
machine tool, that is, at high flow and pressure. One can appreciate that the new cooling
system is superior to other existing classic outer cooling ones [16], because the coolant is
distributed simultaneously on the entire side surface of the cutter, not only focused on a
narrow area.

Symmetry is highly exploited to obtain multiple advantage including balanced forces
in cutting process and the possibility of controlling the direction of the axial cutting force.
The multiple symmetry of the profile of the milling cutter hole does not pose technical
difficulties for its processing: there is no need for a complex dividing device, since the
profile is controlled through the CNC program used to process it.

As designed, the modular milling cutter benefits from high versatility, being a unitary
concept that is able to provide users with multiple choices of exploitation.

Due to its versatility, the modular milling cutter is very useful mainly for workshops
or plants where small batch production is predominant. The same complex cutting tool
can be reconfigured to fit to different specific machining cases, as can be seen in Figures 13
and 14. Furthermore, elementary milling cutters with different diameters but same sized
reaming can be mounted on the same grooved shaft. This extends the range of applications
the modular milling cutter can be used for.

Further developments are foreseen for the project. They refer to using additive man-
ufacturing for building some parts, e.g., the distributor. Benefitting from the capabilities
of additive manufacturing technologies, the nozzles could be integrated in the distributor
body so they form a single part. Using additive technologies, the shape of the network of
channels in the distributor could be optimized to minimize the hydraulic losses that occur
at the drastic change in the flow direction of fluid.

Once the new concept has been turned into a laboratory experimental demonstrator,
the modular milling cutter will be subjected to mechanical tests, including vibration trials.
The possible influence of the improved cooling conditions on the cutting forces will be
investigated as well.

6. Patents

The work presented in the present manuscript had as its outcome a patent proposal,
recorded under the title Modular Mill and Gang Mill Constructions with Adjustable
Dimensional and Geometric Parameters and Interior Cooling System in Double Version
and number RO132084 (A0)—30 August 2017. The authors of the patent proposal are the
same as those of the present paper.
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