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Abstract: The paper presents a new approach in the generation of geometrically complex surfaces called
Medial Machining. This is a new, complex, rational and high productivity way to machine surfaces dur-
ing which the center of the real-tool moves on medial tool paths. The medial tool paths are curves equi-
distant to the associated medial surface and to the model surface. The existing contour machining being
only a three-dimensional transposition of the bi-dimensional contouring without observing the additional
features offered by the three-dimensionality become thus a particular case of the new paradigm. Several
new concepts are being introduced such as medial machining, virtual tool, side and center-medial tool
paths. The new concepts are derived from milling but can be applied to any other type of machining us-
ing cutting tools. A particular case of the medial machining is expected to offer unprecedented productiv-
ity and quality of the machined surface.
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1. INTRODUCTION
Fig. 1. The convex shaped “Olduwan” tools.

An object is created from a material and has a&shapyically complex surfaces the surfaces composedagd-p
asthe appearance of something, especially itsoutline[1].  metric patches (including NURBS) and the subdivisio
If this shape is stable enough we can call it @dsdVe surfaces

will not discuss the shape complexjigr se, because it
contains the risk of becoming too phIIOSOphlcthmlt 2. DIFFICULTIES IN THE MACHINING OF THE

actually_ defining an_ything _but we must observe it GEOMETRICALLY COMPLEX SURFACES
geometrical complexity [2] is a common factor among ) i . .
the different kinds of complexity of a product asdun- Despite the huge advances of this domain there stil
damental for technical objects manufacturing [3]. are many difficulties that arise in the milling@CS.

The complexity of the obtained shapes is somehow To solve those difficulties models are requiredjchh
synchronized with the history of the mankind. Thels take into account different attributes of the elataghat

“Olduwan” are 2.5 million years old and are thetfiob- ~ '€ implied into the machining process. The natfre

jects ever manufactured in the history and trace th attributes that have to be taken into account @eoto

boundary between the genus “Homo” and genus “Apeslreproduce, recognize and solve the difficulties can be

(Fig. 1) [4]. Even if those shapes are rather cazaped used to classify these into: geometrical, techriokg

obviously do not pose difficult problems to obtéiiem and economical difficulties. These attributes atso a

because are convex. Therefore the term complexity ¢ concurrent and an industry-robustness solution lehioe:

be associated only to concave shapes. able to meet them more or less all [9]. .
The geometrically complex surfaces (GCS) carried The most known of the difficulties encountered in

names such as sculptural surfaces, free-form msfac Machining the geometrically complex surfaces are:

impossible shapes [5], arbitrary topology shapel [6 ) o

subdivision surfaces [7] or hybrid surfaces [8] budle- ~ 2:1. Geometrical Difficulties .

finitve name was not yet found. Therefore as a re- * Offset and tessellation requires offset-stable

striction of our next statements we will denby  Primitives (Fig 2,c).

geomet- « Uncut and gouging requires that the offset notion

should be split into offset surface (Fig. 2,a) amtance

surface or equidistance (Fig. 2,b).
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Fig. 2. Geometrical difficulties:
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a — dfset; b - equidistance/distance surface; ¢ - offise
stable rational curve (parabola).

+ Exact determination of the pencil curves [9] is a [&

non trivial problem.
e 5 axis machining creates difficulties of interpola-

tion by simultaneous control of the 5 corresponding

joints and joint ranges.

e  Collision and access, cannot be modeled by us

ing C-space [9], tool-center cannot cut due to z=m
ting speed.

2.2. Technological & Economical Difficulties
» High speed machining, precision and thin walls
generate long finishing paths and huge data flows.

¢ NC Simulation cannot be avoided because it re-=.

mains a part ofdirectly involved human processing,
prone to errors.

«  For the dynamic process the determination of«™

chip-load accordingly to the geometry is difficult.

Fig. 3. Distance constraints:-aimplicit volume;
b - distance surface isocontours.

Fig. 4. Rough approximation (grey) of a parametric curve
(black) using a low res. implicit volume slice.

5 axes machines require special maintenancel #

high qualified operators and expensive high preaisi
tools.

3. IMPLICIT MODELS

3.1. Implicit Volumes
An implicit function f is a continuous real function

on2. Using fwe can define ammplicit surface §

3
Sf:{xDD |f&):qcuu} 1)
and anmplicit volume V;
v —kmm%f@%m} @)
f - =~ .

For each setA [ (0*we can define an implicit dis-
tance functiord, associated to the implicit volume

da@={a0v, 1dp =inf{lp-d|IpO A} @

Where”p—q” is the Euclidean distance between two

points p and g. The functiond, is called the unsigned
distance function té [2].

Although the distance constraints can be expresse

analytically the defining function can bgrocedural [2].
The surrounding space @&f can be modeled as a three-
dimensional matrix that contains in each cell tistaohce
from the cell centre to the object. We will caletmatrix
(by notation abusedmplicit volume (Fig. 3,a).

Fig. 5. Stream lines of the gradient field.

3.2. Implicit volume applications

The implicit volume approach has/can have a number
of applications such as:

Milling model for complex surfaces. The implicit sur-
faces may also be seen as the union of spheresrednt
in each cell centre of the implicit volume matrixdahav-
ing as radius the corresponding distance to thdidgihp
surface. Therefore another definition of the imiplgur-
faces may be seen also lasit-milling with continuous
variable radius mill. [10] (Fig 4)

Computing the equidistance. In order to compute the
offset surface — distance surface of A, we hawetdour
the implicit volume with a non-zero value (corresgimng
to the offset distance) (Fig. 3,b).

Measuring of a complex surface. The measuring of a
complex surface is ultimately the constructionhaf tm-
plicit volume with a bigger or smaller procedurasolu-
tion [11].

Distance field gradient. The implicit volume can be
seen as a scalar fiekl (4) of the scalar distance function
&12] and we can associate, to each cell of the iaipl
volume matrix, a gradier® as a vector that point in the
direction of maximum distance function increase.

G=0F. (4)

The gradient can be visualized using stream livés.
see that their density is maximal in zones situatear
the concave edges as they converge. We can fileer t
streams and obtain the main access directionsh{Fig

4. MEDIAL OBJECTS

In many applications we need information such as:
how flat is the object how many branches it hasy h@
could define a symmetry axis (Fig. 6) for an objbett is
not completely symmetric, how we can define a sinil
ty and apply group technologies. These are thihgs t
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cannot be found out by representation of boundabes of the Euclidean distance function to the boundary. In the
by structural shape properties which ggobe the  following (Fig. 8) the medial surfaces are obtainsihg

Fig. 6. Medial Axis as maximal discs and offsets seifeisec-
tions locus (grassfire).

Fig. 7. Medial surface between a point and a plane is a
paraboloid and two thori have one medial surface. Fig. 8. A slice through an implicit volume : the distarfoac-
tion as greymap (a), distance function plot astsrasd valleys
simple visible limits. However those can be addrddsy (b), plot of the distance function vs. gradient miagde (c) and
introducing themedial object (Fig. 7) [13]: the medial surface as contour of the points hagnaglient

Definition. The medial surface/axig(S of O is the magnitude 0.98 (d).
locus of centers of maximal spheres/discs in O. gaxe
that a sphere is maximal if no other sphere costéin
completely) [14].

The medial object was originally proposed many
years ago [14] and has been the subject of research
different fields. Interest for the medial surfaceniachin-
ing comes from a number of useful properties [15]:

1. is a homotopy to the original shapg¢huscan be
continuously deformed into the model surface;

2. is a thin set i.e., it contains no interior points
thereforedoes not need another mode!;

3. s invariant under Euclidean transformations Fig. 9. Warping is allowed by the medial surface homotopy
of the volume (rotations, translations);

4. given the radius of the maximal inscribed spherea variation of the distance function SingularitrﬂethOd
associated with each medial surface pdim¢, volumet-  as contour of the points that have a gradient ntageiof
ric object can be reconstructed exactly. the distance field different than 1.

Properties 1, 2, 3 are needed for the modelinghef
complex surface and the property 4 allows us teehmv 4.2. Medial Surface Applications

reconstruction of the object starting from its nadiur- The applicability of this kind of approach rangerfr

face(e.g. by machining with spherical tools). pattern recognition, robotic motion planning, tinele-
ment mesh generation, surface reconstruction from u

4.1. Obtaining the medial surfaces structured point clouds, analysis and quantificatid the

Despite its popularity, the numerical computation Shape in medical images to the fields of mecharical
remains non-trivial. Most algorithms are not stabe = Materials engineering. In manufacturing in paricuhis
small boundary perturbations, and heuristic meastme ~ has many applications such as: A warp transforrthef
simplification [15] are often introduced: The maspwn  Mmedial surface on the direction of the gradientifral to

methods to obtain the medial surface are: the machined Surface) allows the obtaining of thal t

on the surface and also which areas of the todl bl

e Voronoi diagram / skeletonthe vertices of the - :
machining each area of the model (Fig. 9).

Voronoi diagram of a set of boundary points coneexy
the exact skeleton as the sampling rate increases.

» Distance Functions[15] as the locus of skeletal
or medial surface points coincides with the singtiés

5. THE MEDIAL MACHINING
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In manufacturing the medial surfaces have two im-
portant applications: the Virtual Tool and the Madi
Machining.

—_———

4 Virtual Tool
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Fig. 10.The virtual tool, virtual tool trihedron and vigltool
decomposition into left and right medial paths.

5.1. The virtual tool

Definition. Thevirtual tool is defined as a hypothet-
ical sphere that touches the machined surfaceeipdmt
that is being machined, and has its centre locatethe
associated medial surface (Fig. 10)

Let F be the scalar field associated to the impdiis-
tance function. We can write the gradi€htas (4). We
define theunit speed vector V as being the vector product
between the medial surface normland gradientG.
Similarly unit vector A is the axis of the virtual tool:

V=NxG and A= NxV . (5)

This defineghe virtual tool trihedron that allows es-
tablishing the position of the real tool relatiwethe vir-
tual tool (Fig 10). A machining procedure can thogs
sufficiently described by the medial paths of thel ten-
ter and the tool axis inclination relative to thigual tool
trihedron.

The radius of the virtual tool is greater or equathe
radius of the real tooEach tangency of the virtual tool
transforms into a cutting edge of a real tool. Wesin
also observe thahe virtual tool model can be applied
also for all other types of machining using cutting edges
because the virtual tool is associated to the model sur-
face and not to the tool.

5.2. The Medial Machining
Motivation. Using a large radius BERUtting directly
at the model surface would solve the problems of: tool

bending, obtaining the HSM using standard machines

roughness of the surface and also considerablyceetihe
length of the tool paths. Following the larger toshall-
er tools can be used but only for the areas wherdarg-
er diameter BEM, due to interference, was unableuto
(Fig. 11).

Fig. 11.Medial machining: & contouring machining principle;
b — medial machining principle.

Definitions

The Medial Machining is a complex, rational and
high productivity way of machining surfaces during
which the center of the real tool moves on medial t
paths, being always tangent to the final surfacahef
model.

The Medial Tool paths can be center-medial or side-
medial tool paths.

The center-medial tool paths are composed of curves
belonging to the medial surface associated to the m
chined model located at a distance equal to thecaded
radius of thevirtual tool. Thereal tool has the size of the
virtual tool and is therefore tangent in minimum two
points to the machined model surface.

Center-medial machining is defined as the position of
the real tool axis relatively to the virtual toeihedron
(of course limited by the access conditions [10]):

Normal medial machining — the axis of the tool is the
virtual tool axis A.

Tangential medial machining — the axis of the real
tool is perpendicular to the gradient vector beiingre-
fore tangent to the machined surface. This tooltijoos
generates high quality surfaces (Fig. 12).

The side-medial tool paths are composed of curves
parallel to the medial surface and located on #aser
equidistant to the model surface. The equidistgoéle
set) of this surface is equal to the radius ofrerad tool
that is cutting the model surface. These can be-sid
medial left or side-medial right tool paths (Fig)13

Sde-medial machining real tool has a radius smaller
than the associated virtual tool. Its displacemeadjus
and orientation in the plan®&, G (relative to the virtual
tool trihedron) define the particularities of theopess.
This is the procedure used to reduce the numbtyobd
needed for medial machining.

Contact surface vs. real tool. If the real tool is in con-
tact with the surface of the model this will tantact full
else the machining montact less (Fig. 14).

Virtual Tool

Virtual Tool

Fig. 12. Normal and tangential center-medial toolpaths.



Fig. 17. Transforming large radius tool center- medial too

dial machining. paths into affordable radius tool side-medial tatihs.

virtual

Fig. 18.Machining: a— exterior side-medial machining;
b - thin walls machining.
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Fig. 15.Clipping and punch side-medial machining.

The classical contouring is therefore a contacs les
case of medial machining as result of the three-

dimensional transposition of the bidirectional @aming Fig. 19 The double tangential side-medial machining.
without fully exploiting the additional featuresfefed by .
the three-dimensionality. The surfaces in]° have two sides (obviously) and

Clipping occurs during contact full medial machining everything (with some restrictions) that was saidilu
if the diameter of the real tool is smaller thae tdius  now on the medial machining of concave surfacesbean
of the virtual tool (Fig. 15). extended to convex surfaces (Fig 18,a).

The side medial tool paths can be obtainedy cutting Machining is being done starting with big radiusl$o
the surface equidistant to the model (obtainedHertool  and progressively decreasing their diameter thezefo
radius) with several surfaces equidistant to theliasle medial machining has no difficulty in the machiniafy
surface. The result consists in curves that are &bl the thin walls (Fig 18,b).

avoid interference and ,parallel” to each otheetmble The inclining angle towards (in the plaAg/, the so
scallop overlapping (Fig. 16). called sturz/plunge angle is an important variaifl¢he
] medial machining. Its limit values (when the toash
Observations minimum two points of tangency to the machined sur-

Transforming the center-medial paths into sets offace) allow huge increases in the speed of chipowein
side-medial paths decreases the size and numlteolsf  5nd the obtention of a good quality surface. If tthe is
used but increases the tool path length (Fig. Tfidis an  conjcal then we could combine more operations @n th
optimization time—quality-cost [9] is needed. same tooleg. an HSM medial machining with a grind-
ing). This type of medial machining is expectedédhe
most efficient machining ever attained both as produc-
tivity and as quality of the obtained surface.

6. EXPERIMENTAL CONSIDERATIONS

Our goal was to find out how many of the difficaki
arising in the machining of the complex surfaces ba
solved by using medial machining. The problems that
have been addressed by this experiment are thanfoll
ing: offset, uncut, access, modeling, surface guplob-
lem, thin walls machining and productivity. The nsbd
chosen is a rose model (Fig. 20) downloaded fro6j [1
and carries all these difficulties

Fig. 16.Side medial toolpaths for a complex model and the
side medial toolpaths distribution scheme.
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eting, contouring etc. have no meaning for medial m
chining.

Phases such as roughing, finishing, clean-up have n
longer a meaning in medial machining. Planningrttze
chining process using shape features, heurisicpath
topologies (such as zigzag, parallel, strip parate..),
repeated entry and exit of the tool, tool path itigkop-
timization are no longer needed because the mebal
paths are simply optimal.

This new view on the generation of the surfaces ena
bles new approaches to the old problems and ahanot

level, adds problems such as HSM for big radiudstoo
deep cutting, access problem, new type of toolsfiaad

Fig. 20.The rose model.

[/

ly new types of completely automated machines &ble
really help in the machining of complex surfaces.
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