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Abstract: A novel design of a universal form tool is presented for machining complex planar and
axisymmetric surfaces. The geometric and kinematic flexibility (GKF) of this tool type means that it
can machine a wide range of profiles using a single setup. The operating principle of this multi-insert
tool is its combination of single cutting edges, each of which form the individual details of the
machined surface. The structure and application of both turning and milling multi-insert tools with
combinations of single edges are described in the paper. Complex shapes and forms can be machined
by changing the cutting-edge positions. The number of combinations of a given tool set can be
determined by using the relations detailed in this study. Both turning and milling tools are utilized
in a unique tool holder that clamps the inserts into position and allows their adjustment that is
facilitated by special prepared analytical software to the desired object profiles. It is possible to use
these tools in machining both wood and aluminum alloys. Finally, the design of the multi-insert tools
for turning and milling and its functional features were experimentally verified with positive results.

Keywords: turning geometric and kinematical flexibility; universal form tool; universal profile cutter;
multi-insert cutting edge

1. Introduction

Complex and free form surfaces have become common in aerospace, automobile, and
die/mold-making industries over the past few decades [1]. These types of contoured surfaces are
machined with cutting methods and their manufacture can employ both point tools and special
forming methods [2,3]. The machining of these types of surfaces is frequently done with a single tool
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in computer numerical control machines [4-6]. Erol and Altintas [7] and Altintas and Erol [8] in their
work presented a modular set of tools for designing CNC systems for machine tools and monitoring
the machining process. This solution allows for the generation of relatively complex surfaces using a
single tool and facilitates changes in product geometry through control code modifications. However,
the distance that the tool must move over the surface to form the profile can be significant [9,10], so
the overall operating time might be excessive for mass production. Special form tools are commonly
used in such cases that generate the entire surface profile with a single tool pass. Furthermore, when
the complex profile includes step junctions with short segments of straight lines, circular arcs, and
other curves that can be produced by continuous path machining, there is no alternative to specialized
form cutters [11]. Profile form tools are made both for turning [12-15] and for milling [16-20]. These
tools have a number of advantages: a long service life, which is achieved due to the high number
of re-sharpening cycles; the exact profile of a part is ensured for the same initial setting with a
re-sharpened cutter during its entire service life; and the possibility of using one cutter instead of
several cutters operating sequentially, to machine segments of a complex profile. These profiles require
coordinated settings during the initial configuration, tool re-sharpening, and replacement, which
results in a reduced number of changeovers, and tool heads are required for automatic lathe machines.

Conventional manufacturing techniques with profile form tools are relatively expensive and
time-consuming [21-25]. Nevertheless, forming tools are still substantially effective in high volume
production runs where the use of numerical processing is impossible [26,27]. The profile of rectilinear
surfaces is machined by milling using a profile cutter. For the machining process, special cutters are
used, for example, gear cutters and special shapes such as angular, semi-circular profile cutters, etc.
The profile cutters are mainly designed in one of three ways:

e  profile cutters with a shaped cutting edge,
e  profile cutters with multiple folding plates, and
e multi-edge cutters.

The first category represents the main types of industrial profile cutters. These tools are often
customized for specific jobs. They are designed for the surface profile that will be machined, in
accordance with the geometry of the rake face, so that the surface of action corresponds to the
machined surface [28]. These tools are the product of computer-aided design. Shape milling cutters
can form grooves, and squeegee-type cutters are effective for the continuous machining of, for example,
sprockets. The machining of complex surfaces consisting of rectilinear profile sections can be effectively
done using multi-edge cutters. These tools are made from several profile cutters assembled together
to form one profile. Changing the shape of the cutting-edge profile of these cutters requires the
replacement of individual cutting sections of the tool. It makes sense, in the high-volume machining of
objects with rectilinear outline shapes, to use specially designed cutters. For example, form-milling
cutters with multiple inserts were used to manufacture screw rotors in [29].

Profile cutters are manufactured using classical methods: rough cutting, followed by machining,
and grinding for finishing [30-35]. However, efficient approaches are needed to reduce the
manufacturing time of profile form tools and their costs, to meet the current industrial requirements
for low-carbon, energy-saving production. Mikolajczyk [36] applied a computer-assisted system for
the rapid production of form-edge cutting tools, using carbide tool materials. In this system, an
electro-discharge machining (EDM) process was used for cutting edge shaping. Starting with a CAD
model of the workpiece surface, the desired surface geometries of the rake and clearance surfaces were
computed along the outline surface of the form tool edge. The form tool edge geometry is using in
the EDM process for G-code control file generation. Khan and Tandon [17] proposed a novel design
for a generic multi-profile form milling cutter for machining various complex surfaces with reduced
machining time and high accuracy. They described a mathematical model that applied non-uniform
rational B-spline curve(s) and sweep surfaces to control the shape of the cutting flutes of the generic
multi-profile form milling cutter. Further optimum rake angles of the profile cutter were guaranteed
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by the geometric mapping relationship of the screw coordinate system. It generated a milling cutter
coordinate system, using the coordinate transformation theory in a graphic software package authored
by [9]. Form tools produced by conventional techniques are relatively expensive and time-consuming
to manufacture. A strong disadvantage of the commonly used forming tools mentioned above is the
fixed shape of their cutting edges that limits their use to a single surface. Furthermore, in some areas,
e.g., in the furniture industry, there are demands for efficient manufacturing methods, to produce
complex profiles with different patterns [36,37]. The application of profiled rotary tools with current
solutions means that, in the majority of cases, large numbers of tools are necessary to manufacture a
wide variety of patterns [38]. Multi-insert tools can be an interesting alternative in many branches in the
manufacturing of brittle materials [39]. Special tools can improve the whole cutting process, reducing
cutting time [40,41]. Prime Turning™ [41] is a new methodology that enables one to perform turning
in all directions in a much more efficient and productive (>50%) way as compared to conventional
turning. This concept is comprised of a new turning method, dedicated CoroTurn® Prime tools,
and a code generator. This methodology enables the use of longer lasting inserts and higher metal
removal rate that translate into more parts per run by doubling the speed and feed. CoroPlex® MT [40]
combines two valuable tool concepts - CoroMill® 390 and CoroTurn® 107. It can be used in rotary
applications as an efficient milling tool or in different settings for external and internal turning using
two CoroTurn 107® inserts. The idea of universal tools capable of producing various profiles has
emerged, in order to reduce the number of tools, thereby meeting current industrial requirements
for material and energy savings [42,43]. This functional aspect of the universal tool turns it into a
multi-insert instrument with replaceable cutting edges. Each cutting-edge element produces only a
part of the entire profile. The range of functions can produce a large number of profiles with a limited
number of simple cutting-edge profiles.

Universal form tools with multiple cutting edges for both turning and milling processes are
presented in this paper. The outlines from this strategy allow one to use a single tool that helps in
machining various contoured surfaces. This article is organized as follows: Section 2 presents an
innovative idea of form tool with a multi-insert profile, the principle of the build outline of the tool,
and the computer-aided system of profile design. Section 3 presents the design of example tools for
turning and milling and the experiment results. Section 4 provides a summary and conclusion.

2. Methods and Materials

2.1. Universal Form Tool with a Multi-Insert Profile

The design of the universal form tool presented in this paper is based on the concept of
variable tool configuration, which is achieved by changing the cutting-edge elements and their
geometry [39,42,43]. Multi-edge tools are constructed with the ability to change their geometrical
characteristics and this feature distinguishes them from conventional fixed geometry tools. This
concept is referred to as geometric and kinematic flexibility (GKF) of the tool [42]. Sandvik’s solution
is an example of implementation [40,41].

New tool designs that incorporate the GKF concept could potentially replace many current designs
available on the market. The GKF tool concept is based on the assumption that the outline of an object
consists of simple single profiles. When those profiles are combined in different configurations, new
surface profiles can be generated. Examples of the surface division of axisymmetric and planar objects
into single profiles are presented in Figure 1a,b, respectively.

In traditional forming tools, the entire profile is a single tool, limiting its use to a single profile
(see Figure 1c). This principle applies to both axisymmetric and planar surfaces.

The cutting edges in the concept of the universal profile tool are assembled from severalsingle
multi-inserts, to create the desired profile, as indicated in Figure 1d. The modular design concept
of the cutting edge can be processed by the same set of single inserts for the machining of a wide
class of surface contours. For example, assuming a single application of the single insert with a
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different profile number, N, of different machined surface profiles can be determined as the variances
without repetition:

n!

where 7 is the number of multi-inserts, and i is the number of surfaces.

axisymmetric

Elementary parts

Elementary pans of contured surface

of contured surface

(a) (b)

’ L
. L
\ / 4
2 E S SR [ R S T 1 ) IR S S [ {E— 41 R w—— |
X
\ \ /

Single profile edge Elementary profile edges
(0) (d)

Figure 1. An example of (a) an axisymmetric contoured surface, (b) a planar contoured surface, (c) a
single edge profile, (d) a profile combining from another multi-insert.

Table 1 shows the number of different machined surface made from single inserts based on
Equation (1). Calculation results indicate the possibility of creating many different surface profiles
using a limited number of edges as shown in Table 1.

Table 1. Number N of different profile of machined surface calculated using Equation (1).

Number of Inserts, n

1 2 3 4 5 6 7 8
Number of 1 1 2 3 4 5 6 7 8
Surfaces, i 2 - 2 6 12 20 30 42 56
3 - - 6 24 60 120 210 336
4 - - - 24 120 360 840 1680
5 - - - - 120 720 2520 6720

In the case of form tools for turning, the cutting edges should have one rake surface and in the
case of milling tools, shaped edges should be arranged on the circumference of the tool, to avoid tool
vibration and shock during simultaneous operation of all cutting edges.
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2.2. Principle of the Build Outline of the Multi-Insert Form Tool

Form tool outline synthesis requires a special procedure. Each individual cutting-edge shape is
represented by two side control points as shown in Figure 2a. Control points are used to align different
cutting elements, in order to create a continuous outline. Each profile is described in the Cartesian
coordinate system. Coordinates on the y-axis represent the distance from the direction of the tool base
to the workpiece. Direction x represents the workpiece axis (in case of an axisymmetric object). The
base of the individual insert is described with coordinates: x; = 0 and x, = b, where b is the width of
the single insert. Figure 2b,c present the idea of profile assembly from individual cutting edges.

Left control point
Right control point

\ £

(x,'\' y‘\):(x|\ii* y‘wh)

(x"\' )!f\) (‘\"ll‘ ‘vllt)

(-\:‘v )":\)

(.\":“. y'.‘n)
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Figure 2. Concept of setting form tool: (a) the coordinate system of the single insert, (b) the control point
of the example profile of two inserts, and (c) the cutting edge settings on a continuous multi-insert line.

Achieving continuous outline profiles requires an adjustment of the y coordinate of the tool to align
it with the neighboring sections. The required offset can be calculated using the following equation:

yl/ B = Y24. 2)

Displacement d of point B of the edge can be calculated as follows:

d =Y — Y1B- 3)

These values are calculated and presented as the tool setting in the self-made software Tool_Shape.
The value of the x coordinate remains unchanged.

2.3. Computer-Aided Selection of the Outline of the Cutting Edge

A software program was developed using Visual Basic version 6.0. in order to select an outline of
the folding cutting edge. The software tool is called Tool_Shape and it allows a virtual synthesis of the
cutting edge of form tool using the number of inserts stored in a database (see Figure 3).
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Figure 3. Screenshot of the Tool_Shape software for insert selection and positioning.

Multiple insert selection is shown in the main window of the software. The outlines of the edges
are introduced into the software knowledge base in the lower part of the software window. Single
edges may be contained in the form of graphic files, which can be either simple sketches or photos
of the actual single edges. The offsets of the edges are calculated after pressing the synthesis button.
The software automatically calculates the necessary tool position to generate a continuous outline
according to the scheme presented in Figure 2c. It permits manual changes to the position of the edge
using the axial movement of the edge d by using the + and — buttons. The resulting outline can be
printed, together with information on the edge settings.

The customized software is suitable for the selection of the insert to match the desired outline and
for presentation of the form tool specification and outline. Future additions to the Tool_Shape software
are planned by enabling automatic single profile selection for the multi-edge tool based on the desired
outline shape. Some further discussion is needed here on the mathematical expression/tools required
to select the profile shape with either some specific curve types or arbitrary types.

3. Results and Discussion

3.1. Universal Form Tool for Turning

The design concept of the form tool presented in Figure 1b was turned into a prototype of a
new turning tool. Examples of single profile edges are presented in Figure 4a. All edges have the
same rake angle, v, = 0°, and clearance angle, oy = 10°. The values of k, are presented in Figure 4a.
Figure 4b visualizes the surfaces machined with the example of the proposed tool. The multi-edge tool
holder clamps the single inserts in place with fixing screws. The holder also has adjustment or setting
screws along the radial direction for single cutting-edge position adjustment. Assembly of the tool is
possible with a set of extra screws for increasing tool stiffness. Radial adjustment of the edge position
is therefore possible, while the width depends on the dimensions of the single cutting edge, which in
the prototype design is equal to the distance between the screws. The height of the holder was selected
for installation on a universal lathe. This innovative solution is registered under a Polish patent [39].

The virtual model of the form tool as shown in Figure 4b is especially convenient for GKF tool
analysis [39]. Changing the surface contour can be achieved by changing the position of the edges or
replacing them with other edges. The number of achievable profiles is shown in the relationship (1)
and is illustrated in Table 1.
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b

Figure 4. Multi-edge form tool with single cutting edges: (a) examples of single edges of the multi-insert
form tool (geometry of cutting edge for each part from left to right (axial feed): k, = 90°, k; = 45°,
ky =45°,k,/ =45°, ¢, =90°, k,// = 45°, r, =5 mm, and re = —5 mm), (b) view of the virtual model of the
tool, and (c) a sample object turned with the proposed multi-insert tool (CAD model and real object).

The setting screws also allow for accurate positioning of the edge in the radial direction. The
geometry of the flank, however, must always be checked. The cutting edges were prepared with a rake
angle of 7y, = 0°, to facilitate the application of the edge and its insertion. These settings are in most
cases sufficient for the machining of a variety of materials. The rake angle can be increased by setting
the edge above the axis, but care must be taken to maintain the appropriate value of the clearance
angle. The prototype tool was manufactured based on the CAD model using individual inserts that
were machined from a 10 x 10 x 60 mm blocks of HSS SW18 steel.

First, a CAD model of an object with multiple profiles was generated, as shown in Figure 4c, to
validate the design performance of the form tool. Turning tests were then conducted on PA4T material
at a cutting speed of v = 100 m/min and at a feed rate of f = 0.067 mm/rev. A sample outline of a
machined surface (Ra = 1.02 m) is presented in Figure 4c. The tests validated that the design and the
machined surfaces had the same contours. For the used feed rate, the cutting time was much shorter
than for longitudinal turning (about 4 times).

A significant value of the rake angle was used for wood processing. When using a rake surface
made of single edges, this angle can be obtained by positioning the edge above the turning axis.
However, the resulting shape of the surface will therefore deviate from the shape of the contour of
the cutting edge. Further examples of different shapes (at least in the CAD model) using the same
tool must be shown for validation of the universal form tool in the turning operation. A new problem
specific for the presented tools, in the field of turning where a common folded rake face is used, is the
wear of the edges in the area of contact of neighboring edges of the folded profile. This should be the
subject of further research.

3.2. Universal Form Tool for Milling

A universal shaped cutter prepared in accordance with the concept shown in Figure 1d is
presented in Figures 5 and 6a. The tool, shown in Figure 5a, consists of a holder (1), sockets (2),
and inserts (3) that are positioned in the sockets, arranged around the holder, and offset from each
other. A clamping screw (4) fixes each insert in place. The inserts (3) are made with different
outlines of the multi-insert tool to form specific contoured features on the work piece (5). Use of a
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cylindrical holder in the tool enables tool rotation [42]. Each single edge shapes a fraction of the surface,
machining only one type of detail. An example is shown in Figure 5b of a machined surface with a
multi-insert configuration.

The main advantage of the multi-insert tool presented here is its capability to machine a large
number of complex surface contours using only a limited number of single edges. A virtual model of
the tool-work object interaction was prepared and is presented in Figure 5c.

>
(a)

o)

(b)

Clamping screws
i Holder

Workpiece

Elementary edges

Figure 5. Universal profile cutter with single inserts: (a) a sketch of the cutter [43], (b) an example of
multi-insert configuration, and (c) virtual model of profile cutter in contact with the machined surface.

Changes in the cutting tool outline were achieved by adjusting the insert position of the cutting
tool in the holder and its location. These features of the GKF milling cutter distinguish it from the
conventional shape cutter that can only be used for obtaining one particular surface shape. Sometimes
multi-edge tools are used with a single cutter; however, currently available solutions are not as
universal as the GKF tool presented in this paper. The multi-insert tool prototype is shown in Figure 6a,
while the examples of single edges are presented in Figure 6b. The design of this novel tool is
patented [43].

Single inserts were fitted into the sockets of the holder that permit radial distance adjustment
for each edge individually. These single edges are made from cylindrical HSS. The rake angle and
the clearance angles were set at yp = 0° and &y = 10° £ 0.5, respectively. The value of the k; area is
also listed in Figure 6b. The body of the multi-insert cutter (Figure 6a) has 12 transverse holes that
are radially spaced out at 45° with respect to each other. The distance along the axis of the main body
between apertures spaced at 90° intervals is equal to the diameter of the hole, and the openings are
offset at angles of 45° with respect to the preceding hole. All holes have diameters of 0.5.

In the experiments, 12 wooden surfaces were machined using the universal form tool for milling
to validate its performance, and the machined surfaces are shown in Figure 6¢c. A cutting speed of
v = 150 m/min and a feed rate of f = 100 mm/min was used in the machining process. Employing a
small number of single edges, we can achieve many other profiles by repositioning the single insert.
In this case, the edges form a coverage area of the cutter that forms the contoured surface. Precise
alignment of the characteristic points of the single edges common to neighboring edges is required for
accurate machining results.
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(©)

Figure 6. View of (a) the multi-insert cutter prototype and (b) the inserts (geometry of the cutting edge
for each part from left to right (axial feed): k, = 90°, k, = 45°, k, = 45°, k; / =45°, ¢, =90°, k, / = 45°,
re =5 mm, and re = —5 mm); (c) examples of 12 shaped surfaces machined with the proposed universal
multi-insert profile-cutter.

4. Summary and Conclusions

The innovative design of a universal form tool for surface machining based on elementary
shapes of the surface profiles is presented in this paper. The presented tools are innovative and are
patented [39,43]. The shape of the multi-insert tool can be quickly adjusted by manipulating the order
and the type of the single inserts. This idea can be applied to the machining of both axisymmetric
and planar surfaces using turning and milling, respectively. The application of the tool in turning
and milling operations is presented with examples of achievable profiles. The proposed solution of
form tool design with multi-insert configurations is capable of machining a large number of different
surface shapes with a limited number of single edges.

The following conclusions can be formulated:

e Anaddition to an array of GKF tools, this tool permits the replacement of a few fixed geometric
tools with a multi-insert- cutting edge tool. The feature may be particularly important for flexible
production in small series. The use of this tool type can reduce the cost of tool manufacturing
required in traditional form tool designs.

e A special feature of the proposed tools is the ability to obtain many different profiles using a small
number of single inserts with other profiles. A working prototype was tested under practical
working conditions, in both turning and milling.
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e The given equation allows for prediction of the number of different profiles using several
components of a multi-insert tool.

e Virtual modeling of the tool was extensively used during the design process of the tool. These
CAD models entail the opportunity for virtual analysis of the model prior to physical testing. This
feature is especially important in the case of GKF tools, where it is possible to change the form of
tools and adjust or replace single edges after visualizing the resulting surface profile without any
need for physical tests.

e  The Tool_Shape software can generate an outline and provide the settings for single inserts for the
proposed tool solutions for both turning and milling.

e An example of machining using the presented innovative tool is presented with a multi-insert
cutting edge. These tools can be used both for turning and milling. It is possible to use these tools
in both the woodworking and machining of aluminum alloys.

e In the cutting process using these tools, the range of the cutting speed effect on the wear of
individual edges and the influence of cutting speed on the surface roughness could be found.

e In turning, profile diameters along the turning axis are key in determining contact segments
during machining. Offsets perpendicular to the axis of symmetry affect profile dimensions and
can double the tool shape error. To increase the rake angle, it is advisable to cut above the axis.

e In milling, shape errors still need to be investigated in future research. Definition of the contact
points of machined material with compound multi-insert cutting edges is a problem. In case the
tool’s stiffness is insufficient, vibrations may occur resulting in poor surface quality. A multi-insert
tool is particularly suitable for use in the furniture industry and can produce complex shapes by
moving single inserts.
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Nomenclature

n Number of single edges

i Number of surface profiles

N Number of different machined surface profiles

b Single edge width

X1, Y1 Coordinates of the left control point

X2, Y2 Coordinates of the right control point

d Vertical distance between neighboring edges control points
v Control point y coordinate after offset is applied
Yn Rake angle

foon Clearance angle

Te Nose radius

k.’ Primary main cutting angle

k// Secondary main cutting angle

Ve Cutting speed

f Feed rate

ft Feed rate
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