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Abstract

Machining and tracking of 3D surfaces using industrial robot is not a new

method, but the new in this paper is the use of simple trigonometric relations in
the calculations of robots joints variables by using the inverse kinematics
approach rather than the previous conventional methods like forward kinematics,
decoupling, and sensor based machining. Calculations of the joints variables are
mainly based on knowing the raobot reference point (origin point) and the
coordinates of the tip of the end effectors which is the cutter contact point (CC-P)
at the surface. The coordinate of the cutter location point (CL-P) is the coordinate
of the norma vector that passing through the intended cutter contact point. The
joints variables are calculated based on simple trigonometric relationships. The
results of the proposed method are verified based on hand-made simulation
programs organized for this purpose. The simulation results explore the high
accuracy and efficiency of the proposed method and its high speed in prediction of
joints variables.

Keywords 3D surface machining, Inverse Kinematics, Surface tracking,
CL-Points, CC-Points, NURBS surface, Tool Path Generation.
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1. Introduction method in recent industry [1-4].
Using industria robot in tracking The machining of 3D surfaces is
a 3D contours is a widely used usualy done on 3-axes or 5-axes
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CNC milling machines [5]. The
main objective of using robot
instead of CNC machines in
machining or finishing of 3D
surfaces is to increase the
machining flexibility  thought
increasing the degree of freedom
DOF. The previous works related
to the use of robots in 3D contour
tracking which utilizes the inverse
kinematics method were based on
converting the transformation
matrices to a system of explicit
equations or based on decoupling
methods [6,7]. These methods are
iterative and hence they are
unstable from the numerical point
of view and they are not easy to
be solved especially for 3 or more
than 3 DOF. Fortunately, the
machining of 3D surfaces with the
aid of robots not -in general-
requires a force or moment
sensors to In this paper a new
method for using a 6 degree of
freedom (6-DOF) articulated robot is
used for the machining of 3D
surfaces. The method is based on
position control aone utilizing the
cutter contact data CC-data of the
surface to be machined and cutter
location data CL-data of the end-
effector. The proposed method uses
the trigonometric relations to extract
the joints variables. Therefore, a
unique solution can be obtained for
each CL-data rather than many
solutions obtained by previous
iterative methods.

2. The Proposed Setup and
M achining Strategy

The proposed articulated machining
robot is the same as the well known
industrial articulated robots which is

also known as anthropomorphic arm
asit is closely resembles the human
arm [10]. The proposed setup of the
machining robot isshownin Fig.2. In
this setup atoroidal cutter is attached
to the end effector enabling it
tracking the required contour and
rotating though a suitable cutting
speed. The robot reference point
(RRP) is coincide with the origin of
the globd coordinate system (0,0,0) ,
while the work piece reference point
(WRP) is located so that the end
effector can reach any point in the
designed surface. The zigzag motion
is the trgjectory fashion nominated in
this paper due to its simplicity and
widdy used compared with the other
tool motion strategies as shown in
Fig.3. The machining tool firstly
sinks at the WRP and directed to
move dong the forward motion (red
paths) towards point P, (see Fig.2).

The tool is then reverses its motion
towards the point P; to follow the
cross motion and so on till the cutting
tool finishes its motion at point P.

3. The  Proposed Inverse

Kinematics Method

The proposed inverse kinematics
method is purely based on
trigonometric relationships of the
given reference frame (robots arms).

Therefore the geometrical approach
is used for solving the positioning
problem rather than inverse matrices
transformations method which entails
iterative search method which leads
to multiple solutions. The proposed
geometrical method has a closed
form solution; hence, it gives a
unique solution for a given CL-data.

Therefore, the closed form solution is
preferable in 3D curve/surface
tracking [11]. In our inverse
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kinematics method the knowing
variables are (see Fig.4):

A,=[ab cd P, CC-P]..(

Where: ab, and, ¢ are the lengths of
the robots arms, d is the length of the
end effector (containing the
unclamped tool length),P, and CC-P
is the position vector of the robot
reference point RRP and the given
cutter contact point (CC-P) on the
required surface.

The required four unknown variables

are.
A,=(aByP2) (2)

Where: q, B, y are the shoulder, elbow
and wrist angles joint respectively.
The following steps are followed to
find the unknown variables of the
final configuration.

3.1 Surface Generation and Cutter
Location Data CL-Data
Extraction

The NURBS surface is used for the

generation of the required 3D

parametric surface due to its widely
used in CAGD. The required 3D

NURBS surface is constructed using

MATLAB programming

environment according to the

following mathematical format [12] :

$ d
a a B|,m(u)'Bj,n(V)'Fi),j VVIJ

r bt
Su,v) = |=°;°q
a BB, (Mw,

i=0 j=0

Where p,q are the number of control
points (4 in this study), R; is the
control points, wi; the weight being

associated with them, and Bi,n is the
basis function defined by:

_ 1if t; £t<tyy
Bo() =1{0 ae

t

t-t
"k>0,B ,(t)=———B,.(t)
' L -G 7
Lo - T
+ : Bi+l,k—1(t)
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The cutter contact data CC-Data are
generated based on isoperimetric
decartelization approach [13]. The
decartelization isoparametric
increment are (Au=Av=0.05),
accordingly the whole surface is
descretized to 441 CC-point, 21
forward paths and 20 traverse paths
as shown in Fig.5. To generate the
cutter location data (CL-Data), the
normal vector at each cutter contact
point CC-point must be determined.
The CC-Data is then trandated along
the unit normal vector at a distance
equal to the length of the end effector
(d) asfollows (see Fig.4):

CLP = S(u,v) + d.N e
|\r| :E' E E E

u v fTull| v

...... (5)

Where S(u,V) is the instantaneous
I

cutter contact point, N is the unit

normal vector and E‘”—S is first
fu v

partia derivative of the NURBS
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surface with respect to the parameter
u and v respectively. It is worth
pointing that tranglating the CC-point
aong with the normd vector
guarantee the perpendicularly of the
tool over the surface.

3.2 Calculation of the Robot’s
Arms Orientations

Thejointsvariables A ;=[a B v P,
] of the generd situation o the robots
arms (see Fig.6) can be caculated

according the following
trigonometric ~ formulation  (see
Fig.6):

a =90+f +W —(5)]
b=18-h .. @)

g = arcCos ( ...(8)

M "Vz”

Now we are about finding ¢, Q, n
to find the required joints
variablesA ;. Applying Cosings
law to the triangle PP, CL-P
gives:

=b’ +¢® - 2bcCos(b)

Or L? =b®+c*+2bcCosh)

\ h= arcCos(L_—_)

Substituting Eq.9.c in Eq.7 yields:

2 M2 _ A2
b =180- arcCos(Lb—C)
2b.c

........... (10)
Applying the Sine law to the same
triangle gives:
SnW) _ Snlfb) (113
C

\ W=arcS n(E Sn(b)) ..... (1Lb)
Substituting Eq.10in Eq.11.b yields:

\ W= ArcS'r{ES’n{180— arcCos

L2- b?- c?
ST

...... (11.0)
f —arctan( ) coe(11.d)
L, =|Zce - zpl| e (11€)
L =[Xap- Xg| e (11.)

Substituting Eq.11.f and Eg.11.e in
Eq.11.d gives:

Z -
a :90+arctan(| e — ) +arcSn
| cLp ~ Pl|
C . L? - b%- c?
—3Sn{180- arcCos(———
[L n{ ( 2 bo )}
. (12)

To find the elbow joint variable ) it
is necessary to find the coordinates of
the elbow joint as follows:

Xp, =bCos(f +W) ... (139
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Y, =bSinf +W)  ..(13h)
V, =CLP- P, .(13.0)
V,=P- P, .(134)

Equation 13.c and 13.d can be used
with the aid of Eq.8 to fid the elbow
orientation (y). It is worth pointing
out that our mathemati cal
formulation is a function of two
variables namely: the cutter location
points CL-P and the length between
the shoulder joint and wrist joint (L)
(see  Fig.6). Accordingly the
experimental runs show that thee the
joint variables A  can be updated

very fast within 0.187 second which
is a very important task in contour
tracking using robot.

3.3 Singularity

It is worth noting that from previous
mathematical formulation and some
other equations that the following
deliverance condition should be
satisfied to avoid singularity:

2 K2 _ 2

L-b-c 4y . (143)
2b.c

\ 2bc3 L2-Db?-c? ... (14b)

let b=1,L;c=1,L ... (14.0)

\ 2bc=211,l% &
L>-b?-c?=L2-1,%-1,°17

....(14.d)
Substituting Eq.14.d in Eq.l4.b

gives.

20,0 ,31-12-12 ... (14.€)

Let A= A= A so that a=b, this
will lead to:
| 305pP b=c=05L

Since that L is variable and depend
upon the joints variables (see Eq.9)

and to ensure machining the whole
surface, the length of the arms a and
b should be related to the longest L.
Therefore the arnislength is selected
to be 725 mm as the maximum length
(L=2400 mm) according to our 3D
surface.

4. Implementation and Results

In order to explore and test the
validity and efficiency of the
proposed inverse kinematics method
an experimental example has been
presented as follows:

41 Surface and Tool Path

Generation

The proposed inverse kinematics
approach is tested and applied to a
3D NURBS surface shown in

Fig.5. The required surface is

generated using MATLAB

programming software while the
required zigzag tool path using

linear interpolation is generated
using the well known professional

CAD/CAM software UGS NX

5.0. The selected scallop height is
0254 mm to attain 0.05 mm

chordal deviation.

Table 1 shows the technical

parameter of the robot used to

machine the intended surface (for

the simulation purposes). The
cutting tool diameter (D=10 mm) is
selected to avoid gauging so that its
diameter is smaler than the
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minimum  Gaussian radius of
curvature over the whole surface.

4.2 Reaults Verification

In order to verify the results of our
inverse kinematics method, the
forward kinematics method is used.
To insure that the tip of the end
effector (milling cutter) touch the
surface a each given CC-P for a
given joint variable, the well known
forward kinematics procedure is
used. The results of the joints
variables of the designed surface
based on the aforementioned
descretization approach (section 2.1)
arelisted in Table 2. Thereisno error
measured between the calculated
position of the end effector and the
verified position.

4.3 Performance Simulation

The purpose of the robot simulation
isto evaluate how the robot will react
to the calculated joints variables. The
proposed simulation method is
realized utilizing MATALB
software. The cutter contact file,
cutter location file, and the joints
variables are processed and the
Figure 7 shows the output of the UG
software and the selected machining
parameter. The coordinates of the
five positions shown above in the
previous Fig.6 are shown in previous
Table 2. This table aso includes the
joint variables calculated through
applying the proposed inverse
kinematics gpproach (Egs.6-13). In
order to verify these results, the
system of verification egquations (see
Appendix A) is used and the

Appendix A

coordinates are listed in the same
table. The verification results reflect
the robustness of our inverse
ki nematics approach in the extraction
of joints variables from the given
robot’s tip position.

simulation results (sample of result to
avoid ambiguity of the simulation)
areshownin Fig.8.

5. Conclusions

An inverse kinematics approach
was proposed in this paper in
order for machining of 3D
surfaces rather than the use of
CNC milling machine. From the
experimental runs it could be
concluded that very small time is
needed for the calculations of the
joints variable (0.187s). The
gathered  results show the
accuracy of the proposed method
where the error between the
required and verified CC-P is zero
for al the end effector postions.
The use of industria robot in the
machining of 3D  surfaces
facilitates the machining process
compared with the ordinary CNC
milling machine. The verification
results exhibit the high precision
in the calculations of the joints
variable from the given CL-data
The proposed method establishes
for the concept of portable milling
machine which very important
task for many industries such as
marine applications.

The forward kinematics equations used to verify the results of the proposed inverse

kinemati cs method.
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Xeep =[bCos(f +W) +c.Cos(f + W+h) +d.Cos(180+f +W+h - g)].Cos(z)
Yeep =[b.Cos(f +W) +c.Cos(f + W+h) +d.Cos(180+f +W+h - g)].Sn(z)
Zeep =[b.SN(f +W) +c.Sn(f + W+h)+d.Sn(180+f + W+h - g)]
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Table (1) The Experimental Technical Parameters of the Proposed Robot.

a (mm)

b (mm)

¢ (mm)

d (mm)

D (mm)

250

700

700

100

10

Table (2) The Resultsand Verifications of the Joints Variables

of the Five Paositions Shown in Fig.6.

Required End Verified End

Effector CC-Points The Five Joints Variables Effector CC-Points
# | X Y Z |[f+w]h g z X Y z
1|945.15 | 950 300 | 26 17 87 45.14 | 945.15 | 950 300
2 1960.49 | 600 350 | 54 81 55 31.99 | 960.49 | 600 350
3| 7738 | 756.3 | 290 | 63 100 39 4434 | 773.8 | 756.3 | 290
4 | 601.96 | 600 200 | 71.97 | 125.65 | 26.28 | 44.90 | 601.96 | 600 200
5] 585.43 | 950 300 | 70 1135 | 32.76 | 58.35 | 585.43 | 950 300
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Figure (1) Deburring of 3D surfaces.

5]

1 Elbow -]

End Effecter
dilling Cutter)

Eobot Reference
Point (REP)

Work piece Eeference Point

(WERF)

Figure (2) The Proposed Setup of the Machining Robot,
(a) Front View, (b) Top View.
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Figure (3) The Proposed Zig-Zag Tool Path Method.
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Figure (4) Schematic Representation of the Proposed Robot Showing the
Known and
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Figure (5) The Descretization method o the 3D Surface Showing
the CL-Points and Surface Normal.

Figure (6) TheJoint’sVariablesin General Situation and
their Notations
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Figure (7) Simulation the Results of the Robot’s Arms Pasitions
at Different Locations.
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Figure (8) Thetool path and the machining parameter using UG system
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