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Abstract

5-axis high speed machine tools are widely used in indubtogt of the time, the tool path is described with linear segiséG1)
which leads to tangency discontinuities between block® dim of this paper is to smooth the tool path geometry usinguaid
corner rounding method suitable for acceleration and jemkéd feedrate interpolation.

Several methods have been developed in 3-axis but 5-axieicovunding is still a challenge due to thdhdiulties linked to the
smoothing of the orientation. The proposed corner rounaiiadel allows to control precisely the contour and orieptatolerances

in the workpiece coordinate system for 3 and 5-axis tool pattrsmooth the tool tip position and the tool orientationhia torner,
5-axis tool paths are represented by two B-Spline curves.

The main dfficulty is the connection between the initial tool path andniberly inserted smoothing portion. To obtain a smooth
connection of the orientation a parametrization splinedgiired to link the bottom and top B-Spline parameters. @lysrithm is
integrated to a feedrate interpolator which controls a i5-ailling machine equipped with an Open CNC.

Keywords: 5-axis, G1 discontinuity, smoothing, feedrate, jerk, C@ner rounding

1. Introduction Depending on the context, two main methods are available to

) o . ) smooth the tool path geometry, respectively the global $hroo
Whilst major improvements in Computer Aided Manufactur-ing and the local smoothing. If a portion of the tool path is

ing (CAM) and machine tools design have been observed, adssmposed of a high density of short segments, it is possible t
vances in the design of Computer Numerical Control (CNC);55roximate all the segments by a curve. On the other hand, if
have been limited. Even if polynomial and B-Spline represenne 1o0| path is composed of long segments, it is important to
tations of the tool paths have been introduced in the in@istr fqj0 precisely these segments and thus each transitisticha
CNCs, most of the milling tool paths are still defined by G1 pe |ocally smoothed. This paper focuses on the latter proble
blocks (linear interpolation). However, this descriptigen-  \yhich has been studied by several authors for 3-axis tobispat
erates tangential discontinuities at each transition eetwthe i which is still a challenge in 5-axis milling.

linear segments. Considering that the machine tool axes hav g smoothing has been studied in 3-axis where the main

acceleration and jerk limitations, the only solution to i@va it ity is to respect a given contour tolerance around the pro-

full stop at each transition is to smooth the geometry toiobta rammed segments, see Siemens compressor [3] and other pub-

a continuous tool path. That means that the CNC has to moqgi'cations like [4—6].

ify the geometry given in the part program using user toleean |, 5_ayis global smoothing techniques are also widely stud

parar\]m?terj. ) lation is closelv linked h ied. Different solutions can be used to smooth the orientation:
The feedrate interpolation is closely linked to the geognetr ,o4arnions [7, 8], spherical B-Splines [9, 10], position ari-

of t.he tqol 'path. It, s possiple to use a decoupled approdch [Tgniation curves [11, 12], drive movement smoothing [13-15]
which will first design a continuous tool path geometry arehth Global smoothing techniques cannot be applied for local cor

find an adm|s§|ble motion law along this fixed geometry. Thener rounding because several requirements cannot beddlfill
other solution is to treat the problem globally with a congaln

. . . First the contour and orientation modifications have to be co
approach which will compute both the geometry and the motion . - S
Holled locally and precisely avoiding oscillations. Sedpthe

law at once. This approach requires some hypotheses aleout t . -
. : o corner rounding curve has to be connected to the initial tool

feedrate and acceleration which are not always verified. The . I
ath. Thus our research not only brings new contribution for

rest of the paper will focus on the decoupled approach. oncE-axis local tolerance management but also for the orilemtat
the geometry is smoothed, the feedrate planning can be P& onnection of two portions of 5-axis tool path defined by B-
formed using, for example, the previously developed Véjoci

: G Spline curves.
Profile Optimization [2] Local smoothing has been widely studied in 3-axis. Indeed,

different methods which give similar results are detailed in the
*Corresponding author literature. They all give a satisfying corner rounding @iim
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terms of contour error and continuity management. Indg@ed the Machine Coordinate System [13-15] have two main draw-
continuity is assured to allow jerk limited feedrate intglgg ~ backs. First, it is dficult to control the geometrical deviation
tion. Yutkowitz and Chester [16] registered a Siemens pateron the workpiece resulting from a modification of an axis move
describing a 3-axis corner rounding method based on o 4ment. Then, those solutions require the machine kinematica
order polynomial curves. Erkorkmaz et al. [17] usé'adider  transformation, so they are dedicated to a specific machaie t
polynomial curve to round the corner. A cubic B-Spline with 8 That is why solutions based on a modification of the tool path
control points is used by Pateloup et al. [18] whereas a dbic in the Workpiece Coordinate System are preferred here.
Spline with 5 control points is used by Zhao et al. [19]. Etoes Rotation smoothing can be carried out using spherical B-
and Farouki [20] employed a Bezier conic and optimized theSplines on the unit sphere [9, 10] or smoothing the orienati
feedrate along the curve under acceleration bounds. Bi et atomponents j k. Other solutions using quaternion have also
[21] used two cubic Bezier curves to round the corner. Nondeen developed [7]. But here again, the use of these teabsiqu
of these papers tried to extend their solution to 5-axispath  does not allow a precise control of the resulting workpiege g
which brings new challenges. To the best of our knowledgepmetry. Another important need for corner rounding is toi@gvo
no previously published work has tackled the problem of §-ax the oscillations which could be generated by these methods.
corner rounding. To avoid the oscillations and to control precisely the getwime

It is possible to broaden the context of corner rounding. Incal deviations, a representation of the 5-axis tool pathway t
deed, most of the publications are focused on the need for thaurves is chosen. The bottom curve defines the locus of the too
CNC to round corner using generally a small tolerance of theip locations and the top curve defines the locus of a second
order of a few hundredths of a millimetre. However, as inpoint belonging to the tool axis [11]. Thus the corner roungdi
Pateloup et al. [18], it can also be applied in a CAM contextis performed on both 3D curves which leads to apply a 3-axis
with a fairly large geometrical deviation. Within the frame corner smoothing method twice.
work of the Step-NC standard development which is a high
level intelligent programming environment, it could befuse 2 2 3-axis corner rounding method
to be able to locally round a CAM tool path. The solution pre- ) ) .
sented in this paper is multi-scale and can be applied to both AS We have just seen, 5-axis corners are defined by two
contexts. curves which have to be rounded as for 3-axis corner round-

The aim of this paper is to propose a new 5-axis corner roundl'd Problems. The aim of the 3-axis corner rounding alganith
ing method. 5-axis corners are rounded using two B-SplindS t0 obtain &G continuous geometry along which the jerk lim-
curves which define the tool tip and tool orientation. Thiiso  itéd feedrate profile will further be computed, Fig. 1.
tion is especially suited for flank milling as the contour amd 1€ modified geometry has to satisfy the specified contour tol
entation tolerances are precisely controlled. The maficdity ~ €rances. Many 3-axis methods have been proposed in the lit-
is coming from the orientation smoothing and more specifical €rature, the model presented here is simple and suitabitor
from the connection between the initial tool path and thelpew €Xtension to 5-axis. _ . .
inserted smoothing portion. The orientation connectiasbpr ~ BY construction with 3 control points aligned, the connexti
lem between two 5-axis portions is addressed in details anbetween the rounding curve and the previous and followigg se
solved using a third B-Spline curve for the parametrizaton Ments isG2. The definition of the cubic B-Spline used to round
the tool orientation. the corner is given in Eq. 1 witR; the control pointsB;3 the

The rest of the paper is organized as follows. First, the 5basis functionsand = [0000051 11 1] the knot sequence,
axis corner rounding geometry is presented in section 2n;The S€e Fig. 1.
the problem of the continuous variation of the orientatoad- .
dressed in section 3. Experiments and simulations areedarri _ , _
out in section 4 to demonstrate thfigiency of the proposed Cu) = ;.: Bis(L)P: (1)
method. Finally, the paper is concluded in section 5. =

Taking Eg. 1 and the definition of the basis functidss,
Eq. 2 can be obtained (further details are given in Appendix A
With this construction of a cubic B-Spline with 5 control pts,

After an analysis of the dlierent orientation smoothing so- the pointC(u = 0.5) does not depend on the control poiRts
lutions, a representation of the 5-axis tool path based an twandPs. The pointsP; andP; are positioned symmetrically so
curves is chosen. The typical 3-axis corner rounding prable the distance; = PP, = PoP3 (Fig. 1). This curve definition
has to be solved using a model which is then extended for th@llows to have the maximum contour error exactly in the medd
5-axis corner rounding problem. Finally, it is shown that th Of the rounding curve at = 0.5.
main dificulty comes from the orientation connection which is

2. 5-axis corner rounding method

.- 1 1 1
an original problem. C(u=05)= Zpl + EPZ + ZPg (2)
2.1. Analysis of the gierent orientation smoothing solutions Finally, an advantage of this model is to have a simple equa-

Several solutions are available to smooth the tool orientation of the contour error as a function of the corner angénd
tion. The solutions based on a modification of the tool path irthe lengthLy, Eq. 3.
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Figure 2: 5-axis corner rounding method

2.3. 5-axis corner rounding method

Similarly to the tangency discontinuity problems encoun-
Figure 1: 3-axis corner rounding method tered in 3-axis, 5-axis linear programming (G1) brings digc
nuity problems on the position and orientation of the todhpa
To the best of our knowledge, no extension to 5-axis corner
rounding has been presented before.
1 The proposed model is based on the representation of the 5-
&= ELl COS(%) (3)  axis tool path by a bottom curve defining the tool tip movement
and by a top curve defining the tool orientation. So the 3-axis
fporner rounding model presented in previous section isegpl
to both 3D curves, see Fig. 2. The entrance (in) and exit (out)
f the corner rounding portion are defined by the bottom curve
hus the point® andPy are positioned to respect the orien-
tation interpolation on the linear segment. Then, the posst
of Py; andPy3 are given by the tolerance on the top curve.
This orientation tolerance&yientation IS Well suited for tolerance
management in flank milling. Indeed, it allows to specify the
b geometrical deviation in millimetres at the top of the wadqe
with the given flank heightt. The geometry of the smooth tool
t path is completely controlled in the Workpiece Coordinate-S
tem and the construction ensure the avoidance of oscitlgtio
A smooth surface containing the tool axis is thus defined by

The contour error constraint allows to determine the lengt
L1, but the length4., andL; can still be optimized. It will be
shown later that when this model is used on the top curve, th
lengthslL, andL3 are defined by the interpolation of orientation
on the segments.

However, in 3-axisL, = Lz is chosen to have a symmetrical
corner. Thus the ratio betweén andL; is the last parameter
to be optimized. To solve a similar problem, Pateloup etld] [
used a criterion based on the curvature. Neverthelessgetéte
criterion for the optimization would be to minimize the maeh
ing time and thus it requires the use of a feedrate interjoola
algorithm. A detailed presentation of this optimizatioig of

the topic of this paper. But numerical experiments have show h Both d GRontinui
that 14 < % < 1.75 gives satisfying results in terms of ma- those two curves. Bot curves are connecte .ont|nl_J|ty
but a degree of freedom still exists for the tool orientatigis

- . . . . . B o 2 .

chining fume minimization. Indeed, Pt_l IS too clo§e to 1 the sgown in Fig. 2 with the black dash lines, even if the surface
connection between the curve and the segment is not SmOOthgonnection i$32, it is possible to have an important variation of
enough. If% = 1,Py = Py andP3; = P4 and a jerk limited ’ P P

feedrate interpolation would lead to zero feedrate becthese Er;itongr'ii?é?t'glggé:]hgﬁﬂ:aonr?:n?ggoix;aﬂtgerorgrt:giﬂmg
connection would b&® and notG?. Increasing the ratio more ' P "

than 175 is useless regarding the machining time reduction?Ion plays a key role for the smoothness of the tool path. This

Another problem appears with small G1 segments. If the Seqmaln ?ﬂicglty for 5-axis corner rounding is studied in details
ments are too small, it is impossible to use the whole contour >E¢tion o
error tolerance. So the ratio is set td &ndL; is chosen to use

only half of the shortest segment in order to have indepe‘nder%'A"
corner rounding curves. Bi et al. [21] showed that it is plolgsi Along the linear segments, the tool path is interpolated so
to avoid this restrictive approach but if many short segmant  that the orientation vector runs in a plane created by the sta
used, a global interpolation method is probably more approp and end vectors. The rotation an@detween the start vec-
ate. torV and an intermediate orientation respects the ratio between
Finally, as it has been said in the introduction, this 3-axiglel  the angle and the linear displacement covered. The intéateed

is multi-scale. Thus it can be useful both for small cornerorientation vectoN . is given by the Rodrigues’ rotation for-
rounding carried out in the CNC or for larger corner roundingmula, Eq. 4, withk the unit vector defining the axis of rotation
performed in the CAM stage. (cross product of the start and end vectors).

Interpolation of the orientation



Viot =V cosd + (kxV)sind +k(k - V)(1-cosd) (4)

In the rounding portion, the orientation of the tool is giv®n

the diference of the top and bottom points, Eq. 5. So the orien- grientation in orientation OUt  orientation
tation is not only given by the geometry of the curves whighar i the in the in the
fixed but also by the parametrization of the curves. Dependin |inear portion rounding portion linear portion

on the parametrization, the orientation is changing insifdbe
rounding portion and it can bring a severe orientation diti€o
nuity at the connections with the linear segments.

T

- dOrif : dOri dOrif : dOri
Ori (UbOtmm) _ Ctop(Utop) Cbottorr(UbottonD (5) E E'E E e E 8'5 E e
lICtop(Utop) — Chottom{Ubottom . R
d?Ori| : d?Ori d?Ori 1 d?Ori
2.5. Parametrization spline ds? |t ds? le* ds® le} ds? le*
The link between parameteuig, andupetom defines the tool d3Ori ! d2Ori d2Ori ' d2Ori
orientation. For the rest of the paper, the bottom curve is ds® et ds® et ds® le-1 ds? le*
parametrized according to its arc length. This parameiniza A
is fixed, and the aim is to find the correspondirgg which will 14 _ '
allow a smooth connection at the entry and exit of the rougpdin Ugp U

portion. Fig. 3 gives a schematic representation of the con-
nection problem. The interpolation of the orientation og th
previous segment is given by Eq. 4 so the derivatives at tHe en
of the previous segment are fixed. To have a smooth transition
it is necessary to control the derivatives at the beginnirt®
rounding portion which are given by the link betwesg), and
Unottom T Ne easiest link is a linear parametrizatiggp = Upottom

but this parametrization leads to a zero feedrate at theazwnn
tion as it will be demonstrated in the application. So an-opti 0
mized cubic B-Spline parametrization curve is used to @dntr 0 U, ottom
the boundary conditions at the entry and exit of the rounding

portion.

As the feedrate interpolation performed along this geoynetr Figure 3: Parametrization spline for the orientation catine
considers the jerk limitations, it is necessary to contrel¢on-

nection up to the third derivatives. The equations are gareh

explained in Appendix B.

The important derivative is not the derivative with resgedhe

parameter of the curve but it is the derivative with respect to

the path displacemerst(cumulative arc length of the tool tip

movement). Indeed, this derivative called geometricaivder

tive is directly linked to the feedrate as it is shown in satti

3.1.

/ ’6ptimizeﬂ
parametrization
cubic B-Spline

Y

— o - -

The problem of orientation connection presented for the
5-axis corner rounding can be generalized. Indeed, the same
problem is encountered to connect two general 5-axis BAagpli
tool paths, Fig. 4. For 5-axis machining, it is possible te us
a polynomial tool path format [3, 11] but no attention was /
paid to the parametrization link between the bottom and top (u )
curves. Hence the default linear linkgp = Upottom gENETates bottom\ ~bottom
a discontinuous variation of the tool orientation and thus a
really low feedrate at the connection even if the curves lzave
good geometrical connection. Using a parametrizatiomspli
section 3 presents a new contribution to obtain a smooth
orientation connection.

2.6. Generalization to the orientation connection problem Ctop(ulop)
~ !

Figure 4: General orientation connection problem



3. Smooth orientation connection

axis axis axis
i i -axi i §< min|Fpp, -2 e (10)
In the previous section, the 5-axis corner rounding model ha i=1..5[ P" "l Isd Issd

been presented. It has been shown that it leads to a general

problem of smooth orientation connection between two S-axi  This upper limit of the feedrate has proven itiaency in

tool path portions, see Fig. 4. Indeed, if the evolution @llto predicting the feedrate slowdowns, further informatiomuwto
orientation at the connection is not smoothed enough, the je its usefulness can be found in [13]. For a given machine, the
limited feedrate interpolation generates an importanicédn  parameters/24S A24s and J24s are fixed so to increase the
of the feedrate. So first, it is important to understand wiey th feedrate, it is necessary to minimize the magnitude of tig ax
feedrate is reduced and then a criterion is constructeddafin  movement geometrical derivatives. But all this is basedhen t
optimized orientation connection avoiding the feedratevsl axis movement in the Machine Coordinate System which de-

down. pends on the geometry of the machine, workpiece setup, tool
length... To obtain a solution independent of these parmset
3.1. Approximation of the upper limit of the feedrate a criterion based only on the Workpiece Coordinate Systesn ha

o . : . tobe constructed.
The feedrate is limited by the kinematical characterisbics

thg mach__ln_e_z_drlves. The velocity, accelerapon andjerlkjeﬁ 3.2. Criterion based on the norm of the third geometrical
drives @,0, d) can be expressed as a function of the axis move- derivatives of the tool orientation

ment geometrical derivatives|d, gss Jss9 and of the motion o ) . ) o
law (3, & '§), see Eq. 6-8. Itis interesting to point out that these. '_rhe fee(_jrate is I|m|te.d by thq machine drive kmematu_:alllm
its in velocity, acceleration and jerk. However, the masiting

equations are valid for linear and rotary axes, which alltavs X - X i
compare the constraints on the 5 axes= [X Y ZAQ is a parameter is the axis jerk. So according to Eq. 10, the main ob

vector containing the evolution of the geometry on the 5 @xes jective would be to minimize the third geometrical derivat

the Machine Coordinate Systemis the path displacement, so dsss AS the connection problem comes from the orientation,
sis the feedrate the tool tip is fixed and the tool orientation will be optimikze

The link between the Machine Coordinate System and the
. dq dqgds ) Workpiece Coordinate System is given by the kinematical
=gt dsdt  9sS (6)  transformation which is non-linear but which preservestre
tinuity (trigonometric functions). Thus in the Workpiece@-
dinate System the last degree of freedom is the evolutioneof t
tool orientation on the surface containing the locus of toas.
In the Workpiece Coordinate System, the orientation of tloé t
U =(Qsss8 +30ss58+0s S (8) s represented by the orientation compongits. Finally, the
minimization ofqgsssis linked to the minimization of the third
Each drive has its own kinematical limits in terms of velpcit geometrical derivatives of the tool orientation. As no comp
acceleration and jerk, respectivelfes, ARk andJRes . The  nent should be privileged, a criterion based on the normef th
role of the feedrate interpolator is to create the motiondew  third derivatives of the tool orientation with respect te thath
specting all the kinematical constraints (Eq. 9) along t® t displacement is constructed, Eq. 11.
path and especially the axis jerk [2]. The axis jerk ofteritém
the actual feedrate, it is an important parameter to avoig&x T j 24K\
sive vibrations in high speed machining. Criterion = (@) + (@) + (@)

q=q3332+qs§ (7

(11)

- axis . |5 axis . | axis
1Al < Vinax; 101 < Amax; 191 < Jmax ©) 3.3. Optimized orientation connection

The feedrate interpolation is a complex process but with Using the criterion previously defined, it is possible to run
some approximations it is possible to obtain an upper lirhit o the optimization of the orientation connection in the Waeke
the feedrate according to the velocity, acceleration arictjen- ~ Coordinate System. The objective is to minimize the ciiteri
straints of the machine drives. This approximate feedmatié | in order to have the smoothest connection and thus the high-
is correct in the areas where the feedrate has to be decreasest feedrate. As it is explained in section 2.5, the lastek=gr
which are the most interesting areas for us. Indeed, during af freedom is the parametrization of the top curve. As it has
feedrate slowdown, the feedrate is decreasing to a minimurbeen shown in Fig. 3, a parametrization spline is used to link
and then increasing. So when the minimum feedrate is reachetthe bottom and top parameters. To compute the discrete third
the tangential accelerati@and jerk’s are equal to zero which derivative, a backward Euler method is used so the thirdideri
justifies the approximations. tive at one point is based on the three previous points. For th
Finally, the feedrats has to be lower than the minimum of the 5-axis corner rounding problem, to control the boundarydton
programmed feedraté,, and of the limitations given by the tions the three first and last points of the parametrizatine
kinematical constraints of each axis of the machine tool, Eqgare optimized using a Newton-Raphson method. The procedure
10. starts by finding the best first point, then this point is fixed a



4. Application

~u_=u
top bottom
0.8}| o optimized points ] The new algorithms for 5-axis corner rounding are applied
+parametrization spline on two examples. First, a 5-axis corner is rounded in a CAM

context (with a large tolerance). It emphasizes the ort@nta

connection problem studied in section 3. In this first exampl

S comparisons with an industrial CNC are possible and show the
04 1  benefits of the optimized orientation parametrization.afyn

a second example on a CNC context (with small contour toler-

0.2y 1 ance) demonstrates that a jerk limited feedrate interjpolagn

be performed on the smoothed geometry.

0.6

top

0 0.2 0.4 u 0.6 0.8 ! 4.1. 5-axis pocket with large corner rounding

botiom To demonstrate the need for the special attention paid to
the derivatives of the tool orientation, an experiment heanb
carried out on a 5-axis high speed milling machine equipped
with a Siemens 840D CNC. The kinematical limits of the
the procedure is repeated for the next point. Finally, tkepi  drives can be found in [2]. A 5-axis corner is rounded usireg th
timized points are interpolated by a cubic B-Spline, see ig proposed method with the bottom and top B-Spline curves. For
The smoothness of the cubic B-Spline ensures to have a smodifis example, the contour and orientation tolerances drtose
variation of the parametrization along the curve. Praliiche =~ 3mm This large tolerance emphasizes the problems linked to
criterion based on the third derivatives is super sensttva  the linear parametrizationigp = Usotton). Moreover, it makes
tiny variation of the parametrization as it is shown in thetne possible to carry out experiments on an industrial CNC while
paragraph. controlling exactly the tool path with two B-Spline curves.
Indeed, the Siemens 840D allows to programme a 5-axis tool
path with a native cubic B-Spline format using the following
code [3].

To demonstrate the high sensitivity of a tiny variation of
the parametrization both on the criterion and the uppertlimiBSPLINE SD=3 F
of the feedrate, the example detailed in section 4.1 is use=Y=Z= XH=YH=ZH=PL=
As shown on the left plot of Fig. 6, we are focusing only on
the first orientation after the connection. So the first tompo The parameter "SD” gives the degree of the B-Spline
corresponding take, has to be optimized. Indeed the bottom curve, "F” gives the programmed feedrate along the curve,
parametrization is fixed, so the bottom points are givercfbla "X= Y= Z=" specifies the position of the bottom control
dots in Fig. 6). points which defines the tool tip position. "XHYH= ZH="
To study the sensitivity, thefiect of the modification of the specifies the position of the top control points which defines
parametety on the criterion and on the upper limit of the the tool orientation. Finally, "P£” is the node vector. In this
feedrate is presented in Fig. 6. One can see that with a lineéormat, only one parameter is used for the nodal sequence
parametrizationykopr = Unottont, the criterion has a really high so the bottom and top curves have the same parametrization
value and the feedrate is limited to almost zero. An optimunup = Upottom
can be found which allows to increase a lot the maximum
reachable feedrate. However, a really tiny variation of the The 5-axis corner of an aluminium aeronautical pocket has
parameter induce a huge drop of the maximum reachableeen machined with a flat end m#2Ommand a programmed
feedrate, see Fig. 6 right. Indeed, the third derivativeslired  feedrate ofF,, = 3000mnymin, see Fig. 7. The results are
by the jerk limitations are really sensitive to a tiny vaigatof  presented on the left side of Fig. 8. On the top left plot, it is
orientation. Because of this sensitivity, a special caceikhbe  clear that the third derivatives of the orientation withpest
paid to the Newton-Raphson optimization. But as the vanmati to the path displacement are really high at the entrance and
of the criterion is almost linear with only one minimum, this exit of the rounded portion. The middle left plot presents
problem can be handled. the upper limits of the feedrate, at the entrance and exit the

measured feedrate on the 840D CNC is limited by the jerk

To conclude, this section presents a solution to solve theonstraints which lead to an almost zero feedrate at these
problem of orientation connection. Indeed, a special car@oints. Finally, the bottom left plot represents the meadur
should be paid to the continuity of the orientation even & th feedrate on the surface swept by the tool axis. The localized
bottom and top curves are connected witB%continuity, see  feedrate slowdowns at the entry and exit of the transitien ar
Fig. 4. Using a parametrization spline linking the bottond an harmful for the surface finish because the cutting condition
top parameters, this paper presents fiitient solution to the are changing drastically along the flank of the workpiece.
general problem of smooth orientation connection.

Figure 5: Parametrization spline

3.4. Sensitivity analysis
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agement of the evolution of the tool orientation. On the top & , | ¥ | e o
right plot, one can see that the optimization procedurensllo  © =
to avoid the large peaks on the derivatives of the oriematio @ 1 ! § 1 ¥ 00 feedrate
the middle right plot, a higher upper limit of the feedratelan ™ easured |+ ’
: . 20 40 60 80 20 40 60 80
thus a higher feedrate along thg tool path are o'btalned. The displacement s (mm) | displacement s (mm)
VPOp feedrate presented here is computed within the context !
of an Open CNC. So the Velocity Profile Optimization soft- feedrate
ware (VPOp) previously developed has been used to compute (m/m?"”)

a feedrate which respects all the kinematical constraiitiseo
5 drives. It has been demonstrated in [2] that this feedrate i
terpolation algorithm isficient and that the feedrate obtained

is very similar to the feedrate measured on an industrial CNC L,

. . 20
Finally, the bottom rl_ght plot shows that the programmed fge X(mm) 55 50 Y%mm) 1
drate can be maintained at the entry and exit of the transitio o
Of course, in the middle of the corner there is no choice but to measured feedrate 0 optimized feedrate
reduce the feedrate because the machine axes are not dynamic ~ Siemens 840D VPOp
enough to handle the change of direction required by the tool
path. Figure 8: Presentation of the results for the 5-axis aericadpocket. Left:

Utop = Unottom Parametrization, right: optimized parametrization.
The optimized parametrization can reduce the machining
time by half, see Fig. 9. So the productivity is increased as
well as the surface finish as the feed marks are avoided.
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Figure 9: Comparison on the machining time for the aeronaliocket.
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Figure 10: Pyramide surface with VPOp coloured feedrate.

4.2. Pyramide with small corner rounding
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Figure 11: Presentation of the results for the pyramide.t: Ligfp = Upottom
parametrization, right: optimized parametrization.

jerk limitation is difficult to meet by the feedrate interpolation.

This example demonstrates that the proposed 5-axis corner
rounding algorithms can be integrated in an industrial oe/®p
CNC for a precise control of the workpiece geometry in the
discontinuities.

5. Conclusion

In this example, a pyramidal shape is machined in flank To conclude, the most usual format used to programme 5-
milling, see Fig. 10. Thus the tool path is described only byaxis tool path is the linear format (G1). Thus the discorities
four segments. The contour tolerance is 0.02 mm which is @reated at each transition between segments have to beadund
typical value used in the CNCs. The orientation tolerance isn order to perform the jerk limited feedrate interpolation
also 0.02 mm. Unfortunately, with this kind of tolerance no After thorough study of the literature, thefiirent tool path
comparison can be made with the Siemens CNC. Indeed, defigmoothing techniques are presented: local smoothing tech-
ing a tiny native cubic B-Spline is not appropriate here &s th niques are focused on 3-axis tool path and 5-axis tool pa&th ar
industrial CNCs are not designed to handle such a small geonanly smoothed globally. Thus, in a first part, a 5-axis locatc

etry due to the interpolation cycle time for example.

ner rounding model is proposed. This model is based on two

Similarly to the previous example, the linear and optimizedB-Spline curves to describe the tool path in the corner. By us
parametrization are compared in Fig. 11. A zoom is madéng this description, the contour and orientation tolegancan
around one corner as the others are identical. At this scalée controlled precisely. In a second part of the paper, the or
the only limiting parameter is the axis jerk. One can see thagntation connection between the linear portion and theerorn

the linear parametrization creates problems at the erdrand
exit of the discontinuity both for the orientation derives and
for the upper limit of the feedrate. Using the parametramati
spline, it is possible to smooth the orientation connectind
to remove these peaks.

is studied. Indeed, it is shown that the connection of two 5-
axis portions is critical and can lead to zero feedrate. So to
solve the orientation connection problem, an optimizeéreri
tation parametrization is obtained with a parametrizasigne.

But, as it is shown in the first application, industrial CN@sHK

Finally, once the geometry is optimized, it is possible tothe possibility to use a non-linear parametrization betwibe

carry out the feedrate interpolation using VPOp as destiie
[2]. With a small contour tolerance, the feedrate interpota

bottom and top curves. Furthermore, the examples also demon
strate that the proposed solution is multi-scale.

is more dificult and without the optimized parametrization the Finally, this paper brings two main contributions. Firsh-axis
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corner rounding model is proposed whereas in the literahise
problem was solved only in 3-axis. Second, the general prob-
lem of orientation connection of two 5-axis B-Spline toottm

is solved using the parametrization spline.

Further work could emphasize the need for an Open CNC abl
to control completely and precisely the geometry of the tool
path in 5-axis. Thus the limitations brought by the CNC de-
scription formats could be overcome.

Utop = f(Ubottom) > Ubottom= 9(S) (B.2)

From Eq.B.5, it is clear that”” should be bounded because
Ciop # 0. Thus, at least a cubic polynomial form is required for

e parametrization curve. Then, practical tests have sttloat
none of the terms in the equation can be neglected compared to
others. So the Newton-Raphson optimization procedure pre-
sented in section 3.3 is required to obtain a smooth oriemtat

connection.
Appendix A. Details on the 3-axis contour error
. . ' . i 1
The basis functionB;; can be defined using the Cox-de Boor ddOn =C c “(Clopf" = Chottomd’ (B.3)
recursion formula, Eq. A.1. S lICtop = Coottonil
BiO(U) _ {1, if E € [ljli, ui+l[ Al dZOri _ 1 .
Bii(u) = u(—)zji Oé. erv(vtlji Uit U B (u) (A ds ICtop — Chottonl
1) T U i,j—-1 Ui js1—Ures i+1,j-1 [(C;(/)pffz + C{opf// _ fj/ott()m) . g/2 (B4)
With the nodal sequence, degree and number of control (Cgopf’ bottom) g"]
points used in the model presented in section 2.2, the fellow
ing equations are obtained.
d0ri 1
d$  |[Cwp-C '
B (U) (1 ZU)3 ifue [0’ 05[ ” t(?/p/ 73 bonon{l ’ 17 ’ " ’"r ]
03 ifue [0 5 1] [(Ctop]c + ‘?’Ctop]c f” + Ctop]c - Cbottom) g
Bus(l) = 2u (1 22+ (L-u(2- 3u)] ?f ue[0,0.5] (C{épf’z + Ciopf” = cbonom) 39'g’
2(1-u), if ue[0.5,1] v »
Bys(U) = 2U2(3 - 4u), if uel[0,0.5] +(Clopf’ = Chonom) "]
23 2(1- u?(4u-1), ifue0.5,1] (B.5)
B 203, if ue[0,0.5]
33(U) = 2(1-u) u(3u 1)+ (2u- 1)2] ifue[0.51]  Acknowledgments
if 0,05 . . -
Baa(u) = { (u—1), :f 32 {0 5 1][ This work is supported by the French Ministry of Research
" (A2) and the Digiteo foundation (2010-47D).
Bo3(0.5) = 0 andBy3(0.5) = 0 so Eq. 2 can be obtained and
the position of the pointBy andP, does not fiect the contour References
error. [1] G.Pardo-Castellote, R. H. Cannon, Proximate timerogatialgorithm for

Without loss of generality, the poift, can be the origin of
the local coordinate system. Finally, the contour erroeférebd
as follows and Eq. 3 can be obtained. The units vectasd
w are in the direction oP,P; andP,Ps3, respectively.

(2]

(3]
(4]
(5]

£ = IZLa(v+ W (»3)

Appendix B. Geometrical derivatives of the orientation

Starting from the orientation vector defined in Eq. 5, the firs
second and third geometrical derivatives are obtained.
The notatior’ stands for the derivative of a function with re-
spect to its own parameter, Eq. B.1. The functibis the
optimized parametrization which is unknovgreprensents the
link between the parameter of the bottom curve and the patH®
displacement, see Eq. B.2.
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