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We present the algorithms to simulate non-linear kinematics of the five-axis CNC
milling machine. The simulator is based on 3D representation and employing the
inverse kinematics approach to derive the corresponding rotational and translation
movement of the mechanism. The simulator makes it possible to analyze an accuracy of
a 3D tool path based on a prescribed set of the cutter location (CL) points as well as a
set of the cutter contact (CC) points. The resulting trajectory of the tool is not unique and
depends on the initial set up of the machine. Furthermore, the simulator can be used to
simulate the milling process, verify the final machining and estimate the errors of
the actual tool path before the real workpiece is actually tested with the real machine.
Thus, it reduces the cost of iterative trial and errors.

Next, we present a series of cutting experiments performed by means of the
proposed software and evaluate the accuracy of milling. We demonstrate that the
proposed graphical 3D software presents an efficient interactive approach to the
interactive modification of a tool path based on an appropriate set of transformations as
well as to verification of the tool path optimization algorithms. The result of the
simulation is tested using the Maho600E Five-Axis CNC Milling Machine at Computer

Integrated Manufacturing Laboratory in Asian Institute of Technology.

Keywords: Five-axis CNC, Inverse kinematics, Tool path optimization



Abstract (UnAnea)

| ™ ]
ITHIVURRIUARDUVUIIRDINIIN W INTDNATDITNT CNC 5 unwu lasly
-y 3 - é I = = | ‘l ‘ll‘:
aaunItaas NI AN 3 i@ BadINISDINRDIUWNINITIARDUNTEY cutter LANIULL
L " IJ - [ 7] [ (™ i : A i
Ta9ananate (CL) wSagaduda (CC) 19 cutter nuBuanla ot nmaiadonn
I ae ) )
¥4I cutter md’“a‘\mmu ﬂuagnuTﬂillniu G-Code W30 Inverse Kinematics 189
d s I‘: L~ [3 = ¢ a d. A
1AT299N5 CNC WK 9 NI 1BUDUIIaaIRaNAIl@as S1aaIn1TIARDRANATE JuUY
a .~ o > a - .~ - - s g |
rildisanisasndauuazdwaindadanataiissanla wazdenisnanaaln
L : .q - d .‘: r- [] [ : b
nsfiafuwuiditadanaianoenda anuudedslisunsn G-Code ludaa3osdns
CNC 5 unwa3a 9aa i
o [] [ 73 - -
38N1591809N 1N ATWIIN M nanalagewidan ladmmniTmadgaunuai
. - : - o s
ataBuunats 93duuy lagldiaioedns CNC 5 unu MAHO 600E 91nWasnljia
=1 [ - » é ] LV ™ =
prsnanwinaluladuvsiowds Fawulrawsanaadafinaravinnmsnauwuulnd
8 L =] > | ; [ 2
1atszurm 5 — 65 % nanvanuw nrsnaswimlaglzisdnisianrsanilanisin
- - 1.t - -~ v & a - [
asuas uazlaifitfgwiiFasnisuaninoas cutter wludasu@sa aswnlarim

nsasdavlaglfuvudraasasuNIt@aINILAD



2. Objectives
1. Develop the algorithms and a new software prototype for simulation,
optimization, and verification of cutting operations of a five-axis milling
machine.
2. Develop methodological principles and recommendations for practical
applications.
3. Publish the results in internationally recognized journals



3. Research Plan

Year 1

Year 2

Research and
Programming

4-6 | 7-9

10-12

10-12

State of art review tn Solid
Modeling, and Simulators of
Robots.

Pilot programming, tool path
Generation, Inverse kinematicyg
Practical machining.

Kinematics error analysis,
Virtual Environment.

Virtual Milling Machine ver. 1
Error Estimator ver. 1.

Solid Model of Five-Axis
Machine,

CL and CC points computation
Practical machining.

Gouging, undercut/overcut,
Practical machining,
Error analysis.

Virtual Milling Machine ver. 2
Error Simulator ver. 2.

Practical machining, Error
analysis, Debugging.

Verfication of the system.




4. Actual Output

1) Publications published in recognized international journals and conferences.

2) Software Prototype of the Virtual Five-Axis Milling Machine (VMM) consists
of the following algorithms:

3)

Inverse Kinematics Algorithms (Interactive Post-Processing Software)
capable of generating a tool path in the five dimensional spaces based on the
inverse kinematics of the five-axis milling machine. The software ecvaluates the
correct orientation of the tool for an arbitrary sculptured surface, including
saddle type regions, multiple extreme, steep regions having a high curvature etc.
The efficient preprocessing includes a user-friendly graphic interface and some
preliminary optimization tools such as the angle adjustment and switching.

The Error Estimator Algorithms. We present the Error Estimator based on
the inverse kinematics of the five-axis Milling Machine. The Ermror Estimator
makes it possible to predict and visualize the milling errors associated with the
trajectory of the tool tip as well as the scallops between the consecutive tool
tracks.

Algorithms for optimization of rotations angle near stationary points
(Errors Minimization Algorithms). We consider a new algorithm designed for
five-axis milling to minimize the kinematics error near the stationary points of
the machined surface. Given the tool orientations, the algorithm optimizes the
required rotations on the set of the solutions of the corresponding inverse
Kinematics equations. We solve the problem by means of the shortest path
scheme based on minimization of the kinematics errors.

Series of cutting experiments. It is plain that debugging the professional software
requires a large series of cutting experiments including elementary surfaces as well
as sophisticated composite surfaces. We present such a series of experiments and

outline the modifications of our software prototype.

The software prototype can be used in the CAD/CAM industries to produce and verify
the NC program (G-Code) of the workpiece before the real cutting operation. In addition,
the proposed software could constitute a supplementary tool for industrial companies to
transfer and develop the new NC technologies (instead of using them). Besides, Thai
academic or corporate research group could encourage industrial companies to:
facilitate renovation of the production schemes by replacing the 3-axis machining by
five-axis machining,
examine possibilities of five-axis NC machining as applied to new industrial

prototypes,
employ the new NC code generation techniques without involving international

software vendors.
Finally, the software may be used in academic institution for teaching and training on

five-axis machine without having to buy an expensive five-axis machine.

Remark: By the “software prototype™ we understand a code capable of performing the
required task, but not endowed with a commercial interface. Given the high computational
complexity of the problem, this ponderous task can only be achieved by an extended
software engineering team.



Summary of the Actual Qutput according to a Research Plan

Year

Month

Actual Qutput

1-6

1.

Solid Modeling, Simulators of Robots. State of art survey. — Done

2. Inverse kinematics algorithms. — Done
3. Post processing programs for G-Code generation. — Done
4. Results: Practical Machining. — Done

7-12

DL s

Virtual Milling Machine ver. 1 (without machine movement). —
Done

Error Estimator ver. |. — Done

Results: Practical Machining. — Done

Technical Report. — Done
Paper: International conference on Production Research. — Done

Paper: IEEE Intemational Conference on Industrial Technology. —
Done

1-6

1. Interactive Virtual Milling Machine with 3D simulation of machine
movement and runtime G-Code modification. — Done

. Results: Error analysis of CL-points and CC-Points — Done
. Results: Error Minimization — Done
. Results: Practical Machining — Done

7-12

wWON (s W

AR
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. Results: Gouging. undercut/overcut — Done

Results: simulation compared with practical machining and other
commercial CAD/CAM systems — Done

Virtual Milling Machine and Error Simulator ver. 2 (with machine
movement). — Done

Debugging and verification of the system — Done

Technical report. — Done

Paper: 19" Intemational conference on CAD/CAM and Robotics
(CAR&FOF) 2003. — Done

Paper: Computer Aided Design (CAD) Jounal — Done

Paper: Mathematics and Computer Simulation Journal - Done
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6. Simulation of Non-Linear Inverse Kinematics and Error Estimators of a Five-
Axis Milling Machine

6.1 Introduction

The errors introduced during five-axis machining are common. Several physical
phenomena, such as machine kinematics, thermal effects, static and dynamic loading
and common-cause failures are errors that often affect the quality of the surfaces
produced by five-axis machining. There are a number of error components such as
thermal errors, dynamic errors, spindle errors, reference point errors, toolpath
generation errors, and inverse kinematics errors [1,2,3,4,5]. However, the particular
effect of machine kinematics and geometric errors seems to be the most significant
[6,7,8]. These errors, however, may be detected and minimized in advance before the
real workpiece is being machined. In order to compute and estimate such errors, the
simulation of five-axis milling is 2 must. The software must include tool-path tracing,
dynamic display of all moving elements combined with realistic solid modeling. This
paper introduces software for calculating and estimating the inverse kinematics errors
and constructing a G-Code from a given toolpath (or CL-points) and simulating the
milling operations of a five-axis milling machine. The G-Code is constructed based on
the inverse kinematics of the machine. The inverse kinematics of the machine
combined with the geometric constraints constitutes a basis to develop a solid
modeling system for simulation, verification and optimization of the cutting
operations. In particular, the system allows for an efficient simulation of inverse
kinematics of multi-axis-milling machines. Moreover, it makes it possible to build a
virtual environment that enables the user to interactively evaluate the kinematics of the
mechanism and estirnate the geometric and kinematics errors.

Consider a typical configuration of the five-axis milling machine with the rotary
axis on the table (Fig.1). The machine is guided by axial commands carrying the 3
spatial coordinates (X, ¥, Z2) of the tool-tip in the machine coordinate system M and the
two rotation angles (4, B). The supporting CAM software generates a successive set of
coordinates (X, Y, Z I, J, K, called the cutter location points or CL-points) in the
workpiece coordinate system W. Typically, the CAM software distributes the CL-
points along a set of curves which constitutes the so-called zigzag or spiral pattern
(Fig.2). An appropriate transformation into the M-system generates a set of the
machine axial commands which provides the reference inputs for the servo-controllers
of the milling robot.

12
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Figure 2. Zigzag (a) and spiral (b) tool path

In order to ensure a prescribed tolerance, the standard CAM software “estimates™
the local errors and incorporates additional cuts (if applicable) into a single G-Code
block. However, such a strategy invokes a substantial increase of the CL-points and
consequently a substantial increase of the machining time [7]). Therefore, recent
papers have displayed a number of sophisticated methods to optimize a zigzag or
spiral pattern combined with techniques dealing with the geometric complexity of the
workpiece [8,9,10]. Besides, there exist a variety of off-line methods to generate a
suitable non-uniform tool-path, for instance, the neural network modeling approach
[11] and the Voronoi diagram technique [10]. Verification of this method requires an
up to date software involving appropriate non-linear kinematics as well as a solid
model of the milling machine.

13



6.2 Non-Linear Inverse Kinematics of a Five-Axis Milling Machine

A five-axis machine designed for high quality manufacturing offers the highest
degree of freedom with regard to the orientation of the workpiece and the cutting tool.
However the current CAD/CAM commercial software is not capable of optimizing
the removal of the material. We outline the following open problems: (i) Optimization
of the tool angle at each cutter contact points (CC points with tool inclination) so that
undercut/overcut are avoided and the geometric errors are minimized, (ii) Detection of
the errors and collisions including side milling effect. The tool path between two
consecutive points on a five-axis machine is not a straight line. The real CC-point
path is a space curve, which needs to be compared with the reference surface. Only
this operation produces a real geometric error.

Furthermore, the reference surface must be presented in the IGES format
compatible with professional CAD/CAM systems. The tool geometry is a cylinder
(flat end mill). Since we employ a parametric model of the surface, the corresponding
equations produce the point coordinates and the normal vector. The CL point is
positioned at the centerline of the tool along the surface normal. Such a representation
must be changed to a CC point positioned in the tool tip plane and on the circle
produced by intersection of the tool cylinder and the tool tip plane. This is shown in
Fig. 3. However the input to the five-axis CNC machine is the sequence of CL-points
transformed to the machine
coordinate system by means of the inverse kinematics. The algorithm to compute this
location must be integrated with tool path optimization software and with a solid

model of the material removal.
___ReaL CL-PATH

I‘ Vitl T30
vied K T J/{/
< AN ' .

Y ~ N I {/-\ INCHNatcn anJe
\'
N\ | ¢ |

Maheca versar

L CREPIFCT !

Tanger:| pflarre

Figure 3. Tool Workpiece Contact Zone
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Figure 4. Simulation of non-linear tool path

Consider how the axial command translates the centers of rotation and
simultaneously rotates the W-coordinates (Fig.4). Let W,=(x,yp,2p) and Wp.=
(xp+1Vp+1.2p+1) be two successive spatial positions of the tool path and (a,,bp),
(ap+1,b,+1) the corresponding rotation angles given by a,=arctan(jy/ip), b= - acrsin(k,),
where (i,,j,,k;) denotes the normal to the required surface at #,. In order to calculate
the tool trajectory between W), and W,.,  we first, invoke the inverse kinematics [7] to
transform the part-surface coordinates into the machine coordinates M,=(X,,Y,,Z,) and
My 1=(Xp+1,Yp+1,Zp+1). Second, the rotation angles a(7),b(¢) and the machine coordinates
M = M) = (X(2),Y(1),Z(t)) are assumed to change linearly between the prescribed
points, namely,

M@)y=tM , 1 +(-0OMp,

a(t)=ta ,, 1 +(-Nap. 1)

b(t) = tbp+1r+ (1-0)bp,
where ¢ is the fictitious time coordinate (0 < ¢ < 1). Finally, invoking the
transformation from M back to W yields W(&)=(x(2){(#),z(1)).

The kinematics are represented by the functions A=A4(a(¢)),B=B(b(t)) associated
with the rotations around the primary (the rotary table) and the secondary (tilt table)
axes respectively. They are specified by the structure of the machine. For the five-axis
machine in Fig 1, the kinematics involving two rotations and three translations are
given by

M(ty=B() AW ()+R)+T)+C, (2)
where R, 7, and C are respectively the coordinates of the origin of the workpiece in
the rotary table coordinates, coordinates of the origin of the rotary table coordinates in
the tilt table coordinates and the origin of the tilt table coordinates in the cutter center
coordinates. The general inverse kinematics are given by

W= (4(B"' (M-C)-T))-R. 3)

In this work, we use the following sequence of transformations to calculate the
inverse kinematics of the five-axis machine.

15



1. Transform a CL-point P, (x, v, z, i. j. k) into the local coordinate system (LCS)
of the rotary table by means of the rotation matrix R, and the translation
vector Ty. The new position is given by P; = R ((P;+ T)).
2. Transform P;into the LCS of the tilt table by translation vector T and rotation
R: and R;. The new position given by is P: =R: R (P+ T»).
3. Transform P; until it is coincident with the LCS of the tool tip by translation
T3. The final position is given by P; = P+ Ts.
The translation vectors are given by T = [t1x, fiy 11:], T2 = [t21, L2y, £2:], T3 = [t35, U3y,
13:]. where ¢, 4, t. are the corresponding offsets which depend on the reference
position of the machine (Fig 1).
The rotation matrices are given by
cos(A) sin{A4) O

R, =|-sin(4) cos(4) O] )
., 0 0 1
0 0 -1

R.=[0 1 o0 | (5)
! 0 0
cos(B) 0 -sin(B)

R,=| 0 1 0 (6)

sin(B) 0 cos(B)

The rotation angles are

A =tan "' (j/i),0 < A < 2m. )

B=-sin"' (k),0< B <w2. (8)

Furthermore, given the M-coordinates of two consecutive CL-points P=(xy, y.
z) and P>=(x-, v2, 23) and the two rotation angles representing an orientation of the
tool, the virtual machine will perform the required motion by means of the
constrained-based algorithm [12]. At this stage, it may seem that the virtual machine
performs nothing (does not yet show the movements of each machine’s axis) more
than the inverse transformation given by R '(R;'R;' (P, —T,)—T,)—T,. Nevertheless,
the results of the inverse kinematics can be visualized and used to inspect whether or
not the virtual machine performs the correct actions. According to our experiment, all
surfaces have been machining with satisfactory result in a single cut. Finally, it is
worth noting that the results surprised the technician who had been running the
machine for many years. He rarely witnessed machining in a single cut by means of
other post-processing software.

16



6.3 Ervors Estimation and Minimization

The CAD software generates the CLpomts i the workprece coordinate system
whereas the CAM software geanerates the G Code i the machie coordimte system
trom the prescnbed CLpomts.

The G-Code guides the catting tool of the five-axis mache o travel along @
nonlincar tryjectory to reach the required CLoopomt. The nonhincar  tagectones
constitute a trajectory surface, which is shightly difterent from the actual surtace. The
error surlace s estimated by computing the ditference between the actual
trajectory surtaces,

Let tour poants WIEF), W2+ 1 ) WA+ +1) and WA+ 1) in Vigure S be the
gnd {(ev)i, ] which wepresents the actual suctace Sgev). Bst, we apply the inverse
Kinematics (see section 6.2) to transtforim cach pomt into the conesponding machme
coordinate A/, M2, Ms, and M4 respechively. Then, we perform the hinew
interpolanon procedure on the machine coonrdinate M and  mvoke the inverse
transtormation from M back o W (for every 1) yields the tool path WO- (w0 v, o).
Next, the calculated toolpath s mapped on the prid [ (), ). Finally, using the
bilincar interpolation procedure on the grid ()} viclds an approximation of the
machined surtace 7 v). ‘The ervor surface is then caleulated by

Wy (V) = | S(uv)-Tav) ). ("
where S(uv) = (x(uv). viuv).z(wv)) 1s the actual surface and 1{wv) = (aq(uv) vy
(w.v).2y (u.v)). is the trajectory surface as shown in Figure 5. These crrors e
estimated and visualized graphically by the virtual machine. We  propose  two
algorithms, namely “angle adjustment” and “angle switching” to oinimize such

CIrors.

Tool-trajectory [[+0.54+1
Su,v) %
' " Cl-points

it
Nuy) o
z y 1 111y
E Tool-trajectory T1+05,
L

Figure 5. Error surface computation

6.3.1 Angle Adjustment
If the a-angle jumps unexpectedly {rom minimum to maximum (e from §

degree to 355 degree) or vice versa, this may cause an expected collision anmong each
machine’s axis. Therefore, the angle adjustment algorithm ax introduced to produce
the continuous variation of the angles. The sequence {a, ) should be adjusted i order
10 minimize the difference between the successive values. For instance ol a angle
changes from 355 1o 5 the algorithm must replace 5 by 365, cte. The following C++
program illustrates the angle adjustment algonthn,

1/



for(i=0;i<N;i++) {
/] get vertex
al = a(i); a2 = a(i+1); ak = a2;
/l compare a(i) and a(i+1)
if(a2 -al >PI){
/! adjust the angle
for(k=i+1; k<N; k++)
ak = ak - 2*PI;
H
else if(a2 - al <-PI) {
/! adjust the angle
for(k=i+1; k<N; k++)
ak = ak + 2*PI;

6.3.2 Angle Switching

According to our initial setup of the five-axis machine, the a-angle is given by a
= tan ~' (j/), 0 < a < 2n. However, the normal vector i and j can be in any of the four
quadrants. Therefore, we can define

YA -
tan (=),ifi=0and j >0,
i

A

abase=

7 +tan'(2),if (f <0 and j > 0) or(i <0 and j <0),
i
(10)

27 +tan” (i_), otherwise,
i

.

Furthermore, there are four sets of a-angle and b-angles within the range [0,27]
that can rotate the tool vector into the required orientation. The set of the a-angles is
defined by {a,,..a,, —27,a,, —7.a,,. +7}. Note that, after the rotation by a,_,

or a, . — 2 the tool is positioned in the same quadrant with the original orientation
whereas the rotation by a,,, —7,a,,, + 7 corresponds to the tool being in opposite
direction. The set of the feasible b-angle (bpase..- T-bpase) is required to transform the
tool vector into the require orientation. It is not hard to demonstrate that a,,, or
a,,.. —27 requires the rotation b=5b,, = —sin™' (k) whereas the rotation
a,.. —7r,a,,  +7n corresponds to another solution » = -7 - b,,,. Therefore, we have

four paths represented by four pairs of feasible (a, ) to transform the tool vector p;
into the required location p;+;. That is,

18



(xi+|ayi+1s2i+1=ai+1~bi+1
Xitlr Yi+lr Zis1>@iy) — 27,b4
Xit1> Yie1>Zi4158iy] — T—bj ) — 7

(Xit15 Vit Zig 1 @ip1 + T=bpy — 7

Pi+1 = 5

(11)

We can determine the path by examining the minimum errors at each point along
the tool path. According to our experiment, every line on the tool path ncar or cross a
stationary point such as minimum or maximum or saddle generates the loop
trajectories. These loops represent the larger errors than any other points due to the
longer distance the tool has to travel to cross the stationary point. Therefore, we may
perform the optimization with regards to this set. We will minimize the distance
traveled by the tool in the space (a, b) with the Euclidean distance:

(api -—ap)2 +(bp4) —bp)2

distance(p + 1, p) = 3 3 5
(xp+l _xp) + (yp+l - yp) + (Zp+l - zp)
(12)
The total distance traveled by the tool within the vicinity of the large errors is
given by

A (ap+l-—ap)2+(bp+l—bp)2

2 2 2
o Xpar = Xp)" + (Ypa1 = ¥p) +(2pa1 — 2p)

13)

Note that, we consider only the distant between (a,b) because the position (x,v.2)
of pi and p;,; does not change. However, we have four set of feasible (a.b) between p;
and p;.; and only one set of (a,b) with the smallest distant is selected to optimizec the
errors. The actual errors, however, are computed using equation (9) which takes into
account both (x,y,z) and (a.b).

When the tool enter the zone of large milling errors, we apply the angle-
switching algorithm to select the shortest distance for the tool to travel from the
current point to the next. Figure 6 illustrates the graphical result of this algorithm in
which errors are clearly decreased. The errors displayed in Figure 6 enable the user
to locate the “problem areas” where the loops exist or the errors are greater than the
tolerance.

Note that a procedure to compute the rotation angles may become ill-conditioned
in the regions |i + jl< £ (£is a small number). For instance for “flat™ surfaces or ncar
the points of maximum or minimum. As a matter of fact, small vanations of the
normal vector in the above mentioned regions produce sharp vanations of the rotation
angles and numerical instabilities. However, the algorithm from section 6.3.1 only
eliminates unwanted variations of more than 180 degree. We still face the problem of
large variation of the angle between O to 180-degree producing the loops due to the
non-linearity of the inverse kinematics of the machine. This phenomenon may cause
an unexpected motion of the machine and even collisions with the tilt table. We,
therefore, introduce an algorithm called “Angle Switching™ to select the shortest juth
from the feasible sequences {a..1} in such a way that Y|ap. - @p+Z|b,. - byl s



minimized using possible cquivalent angles. For instance, # position {a,.b,} could he
followed by cither {a;, .00}, calculated by means of the formula above, or {a,,,
HT,—hj  —=T) o (aiy T,~byyy -0 The loop detection and climination method is bascd
on the following two ideas. 1) Since the loops usually oceur near a mnmum or i
maximum of the concave or convex surface, the Anple Switching alporithm must be
applicd only in the vicinity of an cxtrema. 2) In order to obtain the optimal path, the
graph bascd shortest path algorithin must be cmployed.

Figure 6b. Error surface with angle switching

The “Angle Switching™ algorithms for optimizing the tool path by computing the
smallest distance within the vicinity of the errors are described by the following steps:

1. Locate the vicinity of the large milling errors (o determine the source (s) and
the destination (7) vertices. In this work, we demonstrate the tool path optimization
based on the distant optimization using the saddle surface that contains both convex
(maximum) and concave (minimum) arcas. We use our virtual five-axas simulator to
graphically visualize the errors near the maximum and minimmum of the saddle surface
and determine the source and the destination vertices as well as the arca of vicinity for



optimization. The large circle or loop (Fig 10a) represents the maximum error of the
saddle surface.

2. Construct the graph to represent four feasible paths from s to ¢ using the
adjacency list. The graph nodes represent the vertices and the arcs represent the
distance between two adjacent nodes of all four paths as illustrated in Figure 7. We do
not create the error graph because error computation is much more expensive than the
distance computation. However, the average error from s to ¢ is proportional to the
average distance from s to ¢ such that distant optimization gives the result
proportional to error optimization,

xy.za 2l b

xy.za M, -b-R

X,y.%8, b

xyzat . -b-N

Figure 7. Distant graph represents four feasible paths fromstot

3. Apply the Dijkstra’s shortest path algorithm [13] to compute the smallest

distant from s to 7, from the distant graph in Figure 7. .
4, Update all vertices from s to ¢ using the output shortest path from the previous

step. o
5. Increase the number of vertices from s to ¢ until the total errors are minimized.

Note that the position of s and ¢ on the surface is the same, although their new vertex
indices are different. The new vertex indices are computed using the following

equation:

(new_size —1)
(old _size—1)

new_id =old _id *

(14)



6.3.3 Exnmple

The obpective o the pitol cutting expenments s the calibiation ol the
parameters ivolved i the inverse kimematies. The mverse kinematwes ttanslonms the
tool relerence vectin (vove o 4, 40 k) hixed to the workpiece into the manchine
coordinates X, ¥, Z, A, B tixed to the nachine liame. A parametne saddle sunfoaee
designed for o telephone set, wlnch continns both convex (maxsmum) and concive
(mintmum) reprons s used as a case stody 1o demonstnate the enor estimation and
mintmization. ‘The expenment constitides the basie test of how owe praphic simulation
software would detect such kincmaties entors, locate the problem meas, as well as
mimmize the crrors. The parametne phone surlace s given below,

20 10O
Plu.v) 20v 1D
2 2 2 2
M (e OV} (v 0.9 200 (e 0O v (v O
¢ [

(18)
The normal to the surlace is computed using the detivative with regard to u and v.

P ou <O ov
|0I Y/ O x O 1 ov

N(u,v) -

(16)
We then construct a zipzag tool path of 40x40 points.
n; =40, .39
n; =40, 0.39
The original CL. points (X, Y, 7, 1, 1, K) are calculated lrom;
Xij Py lij NWivi
Y,'.j : I’(H,-.Vj)l 'll'-_l' : N(H’,—.\’j)l
Z‘-] = I,(u,'.v"')?_ K" N("‘;,v." )2
(N

The a-angle and b-angle are computed using machine inverse kinematics described 1n
section 6.2. A and B axis are rotating simultancously ranging from 0 1o 360 and brom
0 10 -90 respectively. Fig 8 shows the requaired saddle surface. Fig 9 shows the
corresponding graphs of the a angles and the angle adjustment. Note thit the angle
adjustment is required to climinate sharp varnations ot the rolation angles ncw
minimum or the maximum of the surface. Note that although the general case requares



an adjustment of B as well, the case of th
Therefore the adjustment is not required.

¢ saddle surface implies that B €[-90,0].

New angle
40 -
Jump from max to min requires
angle adjustment
200 - .
Driginal angle :: h\;.l-:::’;:':;; ;'-;'_. ;
. ] et J.'n“."u" - we e,
—_— .‘ll. 1Y ".‘ll-'l.l‘."'“".~..ll ITYIrLS
..II' 14, .|.\.."fll-'l.l-'.' Gy ke
0 | Y NN
1] 500 1000 1500 2000

Figure 9: Angle adjustment for the saddle surface

Figure 10a illustrates the saddle surface produced by the virtual machine without

angle switching. Figure 10b shows that the

maximum error is at vertex number 272

and the virtual machine automatically locate the vicinity of the large milling errors to

determine the source vertex as 268 and the

destination vertices as 285. Note that, the

large circle or loop represents the maximum error of the saddle surface at vertex

number 272.
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Figure 10a. Error identified by the virtual machine for the saddle surface

|Data Sheets

GCods | L. | NewGC | NewCL | IGE | NewlGC |

N yd A |B [F | Dist | Exrox
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Figure 10b. Maximum error identified for the saddle surface



A non optimized tool path characterized by the loop-like trajectories induced by
large gradients of the rotation angles near the stationary points is shown in Figure 10a.
The loops produce a considerable error. However, the optimization makes it possible
to substantially increase the accuracy.

In order to minimize such errors, First, we apply the angle switching algorithm to
the above mentioned regions by constructing the graph to represent four feasible paths
from vertex 268 to 285 and apply the Dijkstra’s shortest path algorithm to compute
the smallest distant for this region. The result is given in Figure 11 and Table 1. The
large circle that makes up maximum errors has disappeared. We can apply angle
switching to other regions in a similar manner.
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Figure 11. Optimized tool path with minimum error of the saddle surface

Consider Table 1, which displays some results of optimization. For instance,
optimization of the tool paths consisting of 400 and 800 points leads to an error
reduction of about 65% and 20 % respectively.

It should be noted that the optimization may make sense only for the so-called
rough cutting or for cuts characterized by sharp gradient_s. For instance3 Tabl; 1
presents the case of a rough cut when the number of the required cutter loc_-atlo_n points
is not very large. Increasing the number of points alon_g tl_le cutting direction (see
Table 1) shows that small angular steps make the optil_mzz_ltlon superfluous (see_the
path 130 x 20). When the angular step is small, switching between the feasible
trajectories increases the step and therefore amplifies the error. _

Finally, it should be noted that we consider only smooth surfaces. However, in the
case of sharp comers of the required surface (e.g. when one or both of the first
derivatives are discontinuous) inserting additional CL points does not decrease the
jump in the rotation angles. In this case the proposed me-thod must be combined with
either smoothing the angles or the surface itself near the singular points.



Figure 12 shows the finished part of the saddle surface using 100x100-mm
workpiece and 6-mm tool size. The result is a good surface quality, with an average

undercut.
Number of the No optimization | Optimization The max error Path length
CL-points error {mm) crror (mm) decrease (%) Non-opt/opt(mm)
avg/max avg/max
20x 20 0.245/15.838 0.185/5.541 65.01 2508.88/2241.74
30x 20 0.125/12.841 0.103/5.405 57.91 2330.73/2180.67
40 x 20 0.079/6.997 0.073/5.555 20.61 2217.96/2168.54
50x 20 0.060/9.287 0.053/4.105 55.80 2191.15/2108.12
60x 20 0.049/10.144 0.043/4.341 57.21 2166.09/2078.01
70 x 20 0.042/8.673 0.038/5.449 31.17 2131.56/2070.28
100 x 20 0.032/5.969 0.031/5.725 4.09 2068.25/2063.25
130 x 20 0.028/3.254 0.028/3.254 0.00 2029.41/2029.41

Table 1 Kinematics error for the optimized and non-optimized tool path.

Figure 12. The final cut of the phone surface
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6.4 Computation of CC Points and Tool Inclination

The CAM software usually generates a successive set of CI. points. which arc
converted into the G-code to represent the machine motion in which the tool tip
coincides with the CL. point. In the case of a non-planar surface cutting with CI.
points usually generate undercut and overcut. Therefore optimization of the tool angle
position at each cutter contact point (CC point) is required to minimize the undercut
and overcut. The tool gecometry is a cylinder (flat end mill). Since we employ the
paramctric model of the surface {x(u,v), y(u,v), z{u,v)}, the paramectric equalions
produce the point coordinates and the normal vector. The CL. point 1s positioned at the
centerline of the tool along the surface normal. Such a representation must be changed
to a CC point positioned in the tool tip plane and on the circle produced by
intersection of the tool cylinder and the tool tip plane as shown in Fig 3.

Therefore, In practice, five-axis machining requires that the tool is slightly inclined
with regard to the surface normal. The inclination improves the quality of the surface
and makes it possible 1o eliminate the so-called surface and curvature interference. [f
the surface is convex then a surface interference is eliminated by shifting the tool in
the direction opposite to the motion vector by the tool radius (Figure 3). In the convex
case the tool may be or may not be inclined. It depends on the technological
characteristics of the cutting process. Usually a small lcad angle of about 5"-10" is
recommended [14] . However, a concave surface requires an inclination to eliminate
the undercut (see Figure A15 in Appendix). In this case the region characterized by
large kinematics errors is shifted with regard to the stationary point in the direction of
the tool movement. However, if the curvature of the machined surface is small then
the inclination angle required to avoid the undercut is also small. Therefore, the
optimization is required only in the neighborhood of the stationary points. However,
in the case of large inclinations the algorithm must deal with regions where & (the z-
component of the orientation vector) is close to 1. We outline the algorithm for

constructing a CC point as the following:

1. Construct the tangent plane perpendicular to the tool vector (normal vector)

r(x,yy= "X E) SOy, (18)
k k

where CC =(x,.y,,z,) represents the CCC point and (i, j, k) is the tool
orientation.
2. Compute two coplanar vectors v ,v, at the tangent plane given by

v =(L0—itk).vy = (00,—jlk). (19)
3. Compute a projection of the motion vector M onto z.

P=(Meovv+(Mevyy, (20)

where M =(x, —x,.y, - ¥,.2, — %) and where (x,,y,.z,) the next successive

point of the tool path.
4. Translate the CC point by r in the direction opposite to the positive direction of the

projection vector to get the new CL point, where r denotes the tool radius.
CL=CC -rP. (21)
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Smaller loops represent fewer errors.

Figure 13. Tool path simulation of CC points

Fig 13 tllustrates graphical view of the CC points of the saddle surface.

In case of the concave surface, the translation of the tool along the tangent plane
may not eliminate the undercut. We tackle the problem by changing the tool
inclination with regard to the tangent plane (see Fig 3).

It should be noted that advanced algorithms [15,16] are required to compute the
curvature interference between the tool and the surface to determine the optimal tool
inclination angle a. However at this stage we use an heunstic a-degree inclination
and compare the errors with the case without inclination. An algorithm for
constructing the CC point and tool inclination given a CC point is presented below.

1. Compute vector O orthogonal to both projection vector P and normal vector V.

O=NxP
2. Rotate the tool about O by a degree using transformation matrix 7
Pe Of i) costa) O sina)
T=|P, O j| o 1 0 (22)

P, Oy, k)-sinta) 0 cos(ax)

3. Translate the CC point by the distance of the tool radius r in the opposite
direction of the projection vector to get the new CL point

P, O, iYf costa) 0O sma)y-r
CL=|P, O, j 0 | 0 0 |+CC 23)
P. O, k}-sin(e) O cos{ax) 0



Figure 14. Tool path simulation of CC points with 10° tool inclination

Fig 14 illustrates graphical view of the CC points with 15°tool inclination.

Note that, generation of tool path using CC points reduces the size of loops at the
surface stationary points. This implies that the errors have also been reduced. The CC
points with tool inclination further reduce the errors as illustrated in Fig 14.

Table 2 and 3 show the error before and after optimization performed for the
saddle surface when the tool is inclined by 5° and 15° lead angle respectively.
Although the error decrease is no longer monotone it is of the same order. The tables
clearly show that our optimization scheme is applicable to the case of an inclined tool
as well. Finally, it is clear that with the kinematics error that large, errors due to
curvature interference, local gouging as well as the thermal errors are negligible.

Number of the

No optimization

Optimization

error decrease

Path length

CL-points error (mm) error, (mm) (%) Non-opt/opt (mm)
avg/max avg/max
20 x 20 0.236/13.986 0.180/5.199 62.83 2485.82/2224 .49
30x20 0.128/7.871 0.098/4.299 45.38 2368.56/2160.61
40 x 20 0.084/7.981 0.065/3.652 54.24 2288.54/2117.87
50x 20 0.060/5.655 0.053/3.629 35.83 2192.93/2113.41
60 x 20 0.049/6.117 0.043/2.678 56.22 2165.54/2084.19
70 x 20 0.041/5.235 0.037/2.276 56.52 2135.49/2070.56
100 x 20 0.031/3.062 0.031/3.062 0.00 2070.54/2070.54
130 x 20 0.028/1.886 0.028/1.886 0.00 2034.90/2034.90

Table 2 Kinematics errors for the optimized and non-optimized tool path with
the inclination angle 5°.
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Nu_rnbe.r of the | No optimization Optimization | error decrease Path length
CL-points error (mm) error (mm) (%) non-opt/opt (mm)
avg/max avg/max

20x 20 0.249/11.174 0.194/4.569 59.11 2555.35/2286.40
30x 20 0.129/6.293 0.121/4.374 30.49 2326.21/2265.82
40 x 20 0.091/8.515 0.084/4.471 47.49 2293.42/2218.14
50x 20 0.071/7.906 0.065/3.430 56.62 2256.84/2179.24
60 x 20 0.057/5.402 0.056/2.840 47.43 2199.05/2174.77
70 x 20 0.050/6.537 0.048/3.383 48.29 2182.04/2149.31
100 x 20 0.039/5.051 0.038/3.247 35.72 2136.00/2123.82
130 x 20 0.034/3.941 0.034/3.941 6.00 2106.55/2106.55

Table 3 Kinematics errors for the optimized and non-optimized tool path.
The inclination angle 15°.

7. A Prototype Virtual Five-Axis Milling Machine (VMM)
The virtual five-axis milling machine has been developed based on the machine

kinematics described in section 6. It consists of five components: Tool Path
Optimizer, Inverse Kinematics, Modelling Kernel, Virtual environment and

Error Estimator as shown in Figure 15.

Inverse Modeling
Tool Path Kinematics " Kemel
Error Virtual
Estimator Environment
5-Axis Milling Machine Simul ator

Figure 15: Virtual Five-Axis Milling Machine

7.1 Tool Path Optimizer: This is the output from the tool path generation program
(such as Grid Generation) and will be the input to the simulator. However, In the early
stage of the research, we first need to solve the problems of geometric (e.g. the tool
tip position and orientation, tool size, undercut, overcut and the cutting step) and
kinematics errors (e.g. nonlinear movement between two successive CL points). It
may not worth to make use of an optimized tool path while we still have lots of
geometric errors. Therefore, we will employ a parametric surface as simple as plane
to the complex surface like parabolic, exponential and NURBS surfaces as the nput
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to the simulator which in turn produce the G-Code for the five-axis milling machine.
A number of practical machining will be carried out using these surfaces. A number
of examples are given in Appendix.

7.2 Inverse Kinematics: This component is already described in section 6.2.

7.3 Error Estimator: This consists of error computation and optimization algorithm
to reduce the geometric and kinematics errors by modifying the existing tool path in
the vicinity of large milling errors such as the surface stationary point. It will link with
the tool-path generation program so that a further optimized tool-path can be
regenerated. This component is already described in section 6.3.

7.4 Modelling Kernel: This represents the underlying data structure including the 3D
~model of the five-axis milling machine and the workpiece for constructing a 3D
virtual five-axis milling machine. The simulation of the workpiece is accomplished by
incorporating the trajectories generated by the VMM with the Unigraphics solid
modeling system. The VMM (Figure 16) was developed based on the aforementioned
machine kinematics. At present, VMM is capable of transforming any set of CL-
points into the machine G-Code that can be visualized and modified using a 3D
graphical user interface (GUI). It also allows the user to modify the machine
parameters (such as the workpiece and tool offset) interactively. Thus, the preliminary
result can be verified using the VMM before actually milling with the real machine.
Therefore, the kinematics errors may be reduced beforehand. Moreover, the existing
tool path can also be modified (e.g. increase/decrease the number of points and the
cutting step) by the VMM. A number of surfaces will be post-processing by the VMM
and then feed to the real five-axis machine for machining. Our experiments (see
Appendix) have shown that the results simulated by the VMM are exactly the same as

the one produced by the real machine.
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Figure 16: A solid model of the VMM



7.5 Virtual Environment: This component provides a 3D graphical environment for
displaying the visual representation of the machine and the workpicce and the
interaction between the user and the system (Figure 16). The OpenGL is used to
build the 3D environment. Visual C++ is used to build all GUI interfaces (menus.
buttons, toolbars, status bar, and dialogs). The 3D five-axis machine model is
represented using polygon data structure. Simultaneous simulation of each machine's
axis is done by applying the appropriate transformation from a given NC program or
G-Code. The 3D interaction within the virtual environment is implemented using a
quaternion-based trackball interface to allow 2D input devices such as mouse to
behave like a 3D trackball so that the user can manipulate (translate, zoom, and
rotate) the virtual machine freely in 3D space in any position and orientation.

The VMM is implemented using object-oriented programming on IBM
compatible personal computers. The end result is the interactive simulation software,
which can process any CL points and transform into the machine G-Code. The uscr
can simulate, verify, and regenerate the G-code until the errors are minimized. The
final G-Code will then be delivered to the real five-axis machine for the real
machining in a single cut. Obviously, the result may be invaluable for the current
CAD/CAM commercial software where they normally provide the CL-points as the
input to the VMM.

8. Conclusions and Future Work

We have developed 3D interactive G-Code post-processing and tool path
simulation software capable of generating and simulating a tool-path of a five-axis
milling machine. The software provides 3D graphical environment to manipulate
(translate, rotate, zoom) the tool path as well as the G-Code.

We also developed 3D interactive error estimator software for a five-axis milling
machine. The software evaluates a correct position of the tool in the five-dimensional
space, i.e. the location and the orientation of the tool and computes the kinematics
errors for an arbitrary sculptured surface. The software is also capable of visualizing
errors graphically and numerically. This makes it easy to locate the “problem areas™
where the loops exist or the error is greater than the tolerance. Thus, large milling
errors are detected and can be correct beforehand. Each CL-point may be analyzed
and edited manually. It is also possible to reduce the error by modifying the CL-
points manually. Besides, two algorithms called “Angle Adjustment” and “Angle
Switching” is capable of minimizing of such errors during the runtime simulation.
The software has been verified by surfaces having the saddle type regions, multple
extreme, steep regions with a high curvature etc. |

Currently, the simulator provides preliminary results that can be used to esimate
and minimize the errors graphically. The inverse kinematics combined with the 3D
solid model of the machine and the error estimators will provide the realistic and
powerful simulator for simulation, verification and optimization of the cutting
operations.

Future work includes the development of more accurate numerical error
computation method to simulate and estimate the kinematics errors. We are also stili
working on an algorithm called “Angle Smoothing™ to minimize the shifting angles
and eliminate all the loops for an arbitrary surface having an arbitrary number of
extreme. Other constraints such as the scallop height, machining strip width and
dynamic tool inclination will also be taken into account so that total errors are
minimized. Finally, advanced data structure will be developed to represent the cutting

simulation of the workpiece.
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10. Appendix

10.1 A SERIES OF CUTTING EXPERIMENTS

The objective of the palot cutting experiments is calibration ol the parameters
involved in the mverse Kincmatics. The mverse kmematics tansform the ool
reference vector (a v, 204, 40 &) tised to the workpieee mto the naclhine coorduites
ALY, Z. A, B hixed to the machine frame. Since (the inverse transtorm contains specitic
machine dependent geometne parameters, cutting two mclined plnes allows fo
calibration of the rotaton angles A and B, Contmuous varatton ol the angles s
veriticd a convex parabolic surlace. The three expenments resalt i the excellem
surlace quality without an undercut. Next we analyze effects of undercut/overcut in
the case of a convex/voncave amd the siaddle surfiwee. We observe that the tool
interferes with the workpicce and removes an excessive amount of the material, The
experiment constitutes the basic test ol how our graphie sunulation software would
detect and avoid the undercut/overcut by tinding the optnnal tool inchination.

EXPERIMENT 1. Cutting a planc.
The plane 1s characterized by inclination angles « - 0. 3 30 (B s the anple
between the pliane normal and the z-axis). The plane equation is then given by
Ix tJy t Kee O
si{P)x teos()z O
7 -tan(|}) x
The corresponding zigzag tool path generated by means of the graphical software
is shown in Figure Al. Next, the program pertorms post processing il generates a
G-Code for the five-axis machine. Figure A2 displays a graphical representation of
the Gi-Code. Figure A3 shows the final cut of the real workpieee.
Workpicce 40x40mm, ‘Tool size 10mm
Surface quality: Excellent.
Overcut: NO. Undercut NO.

Figure Al. Plane graphical Cl.-Points

A4



= - -

Figure A3. Finished Plane

EXPERIMENT 2. Cutting a curvilinear tool path.

This experiment shows the capability of the virtual milling machine to
generate a G-code corresponding to a curvilinear path. Observe that this feature is
crucial since the software will be linked to a grid generator.

The plane equation is identical to that introduced by EXPERIMENT 1, namely
Ix+Jy+Kz=0
cos(a)sin(B)x + sin(ce)sin(P)y + cos(B)z=0
z = -tan(p)cos(c)x — tan(B)sin(a)y

However, the tool path in the (1,v) consists of parabolic curves.

Figure A4 displays the zigzag tool path for the plane produced by the virtual machine.
Figure A5 displays a graphical representation of the G-Code. Figure A6 shows the

final cut of the real workpiece.
Workpiece 40x40mm, Tool size 10mm

Surface quality: Excellent.
Overcut: NO, Undercut NO.
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Figure A4. Curvilinecar graphical CL-Points
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Figure A6. Finished Curvilinear
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EXPERIMENT 3.Custom Tool path (Adaptation to a sinus- shaped zone of large
milling errors, equivalent to 3 Axis Milling)

This experiment is pertormed to debug the virtual machine as applied to gencrate
a curvilinear tool path produced by the grid generation procedure. In order to suppress
an impact of the overcut or undercut we perform a 3-axis milling on the five-axis
milling machine. The rotation angles are fixed, namecly A=0, B=-90. Note that
although we obtain a better surface quality in the zone of sharp vanations, the total
quality of then surface is average (due to 3-axis machining).

However the experiment clearly shows that the virtual machine is applicable to
any curvilinear zigzag pattern.

Figure A7 displays the corresponding zigzag tool path. Figure A8 displays a
graphical representation of the G-Code. Figure A9 shows the final cut of the real
workpiece.

Note that in the case of 3-axis milling the graphical CL-Points and G-Code must
produce the same pattern. This can be used to vernify the errors of the NC program

before the real machining,

Workpiece 40x40mm, Tool size 10mm
Surface quality: Average.
Overcut: NO, Undercut NO.
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Figure A8. The graphical G-Code of the custom tool path
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Figure A9. Finished custom tool path

EXPERIMENT 4. Calibration of simultaneous rotation of A and B axis. A bell

shaped surface.
The experiment introduces a convex parabolic surface shown. A and B axis

are rotating simultaneously ranging from 0 to 360 and from 0 to -90 respectively. Fig
A10a shows the required surface, Fig A10b shows the corresponding graphs of the
rotation angles A. The A-angle requires an adjustment shown in Fig A10c. Note that
the angle adjustment is required to eliminate sharp variations of the rotation angles
near 0 or 360°. For instance if A changes from 5 to 355 the procedure replaces 355 by
—5 etc. Note that although the general case requires an adjustment of B as well, the
case of a bell shaped surface implies that B €[-90,0]. Therefore the adjustment is not

required (see Fig Al11).
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Figure A10: the bell surface
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Figure All. The B angle of the bell surface

Figure A12 displays the corresponding zigzag tool path produced by the virtual
machine. Figure A 13 displays graphical representation of the G-Code. Figure Al14
shows the final cut of the bell surface.

Workpiece 60x60mm, Tool size 10mm

Surface quality: Excellent.

Overcut: NO, Undercut NO.

&

Figure A12. The graphical CL-Points of the bell surface
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Figure A13. The graphical G-Code of the bell surface
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Figure A14. Finished bell surface

EXPERIMENT S5.Calibration of the tool size

Cutting a parametric two bell surface allows for an analysis of an overcut in
the case of a convex-concave surface. The experiment displays saddle type regions
may lead to substantial milling errors. The first type of the error is due to the large
size of the tool. The second type is due to the removal of the material by a side of the
tool. (The tool removes the material from the first bell while cutting the second bell
(see Fig A15).

Note that the two-bell case requires a substantial adjustment of the angle
shown in Fig A16. Figure A 17 displays the zigzag tool path for the parametric surface
produced by the virtual machine. Figure A18 displays a graphical representation of
the G-Code that guides the machine. The real surface is shown in Figure A19.

Undercut  gjde milling effcct

Figure A15. Undercut and the side milling effect
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