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Abstract Industrial robots represent a promising cost-
effective and flexible alternative for some machining
applications. This paper describes the concept of reconfig-
urable robot multi-axis machining systems for machining
the complex parts of light materials with lower tolerances
having freeform surfaces. For the basic configuration of a
five-axis robotic machining system, the robot modeling
approach is shown in detail as well as the prototype of
developed control system with programming in G-code.
The experimental robotic machining system has been
verified by successful machining of several test work
pieces.

Keywords Robotic machining - Robot modeling - Control
and programming system

1 Introduction

Over the last four decades, industrial robots were used to
realize many industrial tasks like material handling, welding,
assembly, spray painting, and auxiliary machining tasks, such
as de-burring, polishing, grinding, etc. However, only 3% to
4% of the overall number of industrial robots is used for
machining [1, 2]. Compared to machine tools, industrial
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robots are cheaper and more flexible with potentially larger
work space.

This is why researchers, robot, and CAD/CAM software
manufactures as well as people from machining shops are
enthusiastic to replace machine tools by robots for certain
multi-axis milling applications. These include milling
materials, such as clay, foam, wax, etc. for new product
design, styling, and rapid prototyping projects [3—8].
Machining of work pieces of traditional materials, such as
wood, stone, aluminum, etc. in which dimensional toler-
ances are low or even middle also produce satisfactory
results [1, 9, 10].

It is widely recognized that poor accuracy, stiffness, and
complexity of programming are the most important limiting
factors for wider adoption of robotic machining in machine
shops. Quite a lot of research in the field of robotic machining
has been done to analyze the robot structure and to increase
accuracy. The major fields of interest for robotic machining
can be subdivided into kinematic, calibration, control,
programming, and process development [2, 4, 9, 11, 12].
Also, the leading world robot manufactures are developing
robotic arms specifically designed for robotic machining
application [13]. The reason for the complexity of robot
programming in machining application is in that each robot
manufacturer uses, for the most part, its own proprietary
robot programming language, because no industry standard
exists. This fact was a strong motivation for both researchers
and leading world robot and CAD/CAM software manufac-
tures to develop versatile software solutions, such as G-code
translators, specific postprocessor solutions, etc. to make the
robot programming close to the programming efficiency of
CNC machine tools [12, 13].

In order to contribute to efficient use of robots for
machining applications, the reconfigurable robotic machin-
ing system controlled and programmed in machine tool
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manner is proposed [14]. This paper describes the concept
of reconfigurable robot multi-axis machining systems for
machining the complex parts of light materials with lower
tolerances, having freeform surfaces. For the basic config-
uration of a five-axis robotic machining system, the robot
modeling approach is shown in detail as well as the
prototype of developed control system with programming
in G-code. Finally, several test work pieces were machined
to demonstrate the effectiveness of experimental robotic
machining system.

2 The concept of reconfigurable robot based multi-axis
machining system

The planned reconfigurable robot-based multi-axis machin-
ing system should provide rapid machining of larger-sized
complex parts of light materials, with lower tolerances and
with freeform surfaces generated by available CAD/CAM
systems and reverse engineering methods.

The concept underlying the reconfigurable robot-based
multi-axis machining system [14] (Fig. 1), presented briefly
in this paper, is based on:

= The development of a specialized five-axis vertical
articulated robot (Fig. la): larger workspace, higher
payload, and stiffness, with integrated motor spindle,
similar to [9] (http://www.staubli.com/en/robotics/
robot-solution-application/high-speed-machining-
robot/). Due to its advantages in respect of stiffness [1]
and singularities [16], such a robot would operate as a
vertical five-axis milling machine (X, Y, Z, A, B)
spindle-tilting type [15].

= The possibilities of reconfiguring the system by
applying the modular system of additional rotation
and translation axes (Fig. 1b and c¢).

= Open architecture control based, at this stage, on PC
real-time Linux platform and Enhanced Machine
Control (EMC2) software system (http://www.isd.mel.
nist.gov/projects/rcslib/, http://www.linuxcnc.org/).

= The possibilities of programming a robot as a vertical
five-axis milling machine in G-code.

= The possibilities of using the existing CAD/CAM
systems with implemented three- to five-axis machin-
ing for vertical milling machines (X, Y, Z, A, B)
spindle-tilting type.

= Virtual robotic machining system configured in object-
oriented programming language Python implemented
in the control system for program simulation and
verification.

As noticeable, the basic goal of the planned system,
partially presented in this paper, is to be directly applicable
in machine shops by personnel experienced in CNC
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Fig. 1 a—c Conceptual model of reconfigurable robot-based multi-
axis machining system

technology and programming in G-code that is still very
widespread in industry [17].

To verify the concept and for the development of control
and programming system, a standardized six-axis vertical
articulated robot (with payload of 50 kg; Fig. 2) was used
as a testbed, in the way that the axis number 6 was blocked.
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Fig. 2 The experimental five-axis robotic machining system in reference
position

The robot is equipped with a high speed motor spindle with
maximum speed of 18,000 rpm.

As evident from Fig. 2, the experimental five-axis robotic
machining system is further considered as a five-axis vertical
milling machine (X, Y, Z, A, B) spindle-tilting type, where
machining is performed on a work table in front of the robot.
The configured system as well as limited motions in joints
relative to the reference position provide for:

= conveniences related to stiffness,

* taking into account only one solution of inverse
kinematics,

= avoiding the robot singularities.

The problems of stiffness analyses, calibration, and
compensation, even though of critical importance, as it is
well-known [9, 11, 16], are not considered in this paper.

3 Kinematic modeling

The five-axis vertical articulated robot for complex surfaces
machining (Figs. 1a, 2) will be considered in this paper as a
specific configuration of the five-axis vertical milling
machine (X, Y, Z, A, B) spindle-tilting type.

To adequately control the position and orientation of the tool
during machining processes, kinematic model is required to
establish mathematics description for the robot. In this paper,
kinematic modeling involves solving of direct and inverse
kinematics and a brief analysis of the robot workspace for the
cases of three-axis and five-axis machining.

3.1 Joint and world coordinates

Figure 3 represents a geometric model of the robot. The
robot reference frame {M} has been adopted according to

the standard for this machine type [18]. The tool frame {T}
is attached to the milling tool at the tool tip T, so that the
axis zr coincides with tool axis and the frame {W} is
attached to the work piece. Vectors v referenced in frames
{M} and {W} are denoted by v and "v.

To solve direct and inverse kinematics, joint and world
coordinates will be defined first.

3.1.1 Joint coordinates vector

For this five-axis vertical articulated robot, joint coordinate
vector is represented as

0=1[6, 6, 65 6, 65]" (1)

where 0;, i = 1,2,...,5 are scalar joint variables controlled
by actuators.

3.1.2 World coordinates

As it is known, the CAD/CAM system calculates a tool
path defined by a set of successive tool positions and
orientations expressed in the work piece frame {W}
(Fig. 3). The calculated tool path is machine independent
and is known as a cutter location file (CL file). A tool
position is given by the position vector of the tool tip T in
the work piece frame {W} as

WPT =[x » Zt}T (2)

and the tool orientation is given by unit vector associated to
the tool axis direction as

WkT = [kn ky ktz]T (3)

Fig. 3 Tool position and orientation in the work piece frame {W} and
robot reference frame {M}
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As the axes of frames {M} and {W} need not be parallel,
the tool tip position vector and unit vector of tool axis
direction in the robot reference frame {M} can be expressed as

Mpr =[x yur 2] ="pon + 4R "p; (4)

Mr = [k kpy kr:]” = ¥R - "ky (5)

where ¥p,,, = [Xow Yow Zow }T is the position vector of
the origin of work piece frame {W}. It should be noted that
determining of the position vector ¥ p,,, and orientation of
the work piece frame {W} is conducted according to the
procedure for five-axis CNC machine tools and thereafter
the orientation matrix /R in Egs. 4 and 5 is determined and
executed in control system.

In order to make a set of world coordinates complete, it
is also needed to determine the tool orientation angles A4
and B which define only the direction of tool axis zz. As can
be seen from Fig. 3, the tool axis zzalso coincides with the
axis of the last link of the robot for which motor spindle is
attached. Since robot has 5 DOF, only the direction of the
zy axis is controllable, while the axes x7 and yr will have
uncontrollable rotation about the axis zx.

The description of the position and orientation of one frame
relative to another e.g. in this case of the frame {T} relative to
the frame {M} can be represented through homogenous
coordinate transformation matrix 4x4, [19-21], as

i]} ij ka S‘XM
wp | AR P i Ko (6)
"o 0 01 i, Jn kp |2y

0O 0 O 1

where rotation matrix %R represents the orientation, while
vector Mp; represents the position of the frame {T} with
respect to the robot reference frame {M}. To bring the tool
axis, i.e., the axis z7 of the frame {T} to a desirable angular
position with respect to the frame {M}, the frame {T} must
be rotated first about the axis x,, by the angle 4, and then
about the axis y,, by the angle B, as prescribed by the
convention for five-axis machine tools (X, Y, Z, A, B)
spindle-tilting type. The derivation of equivalent rotation
matrix 'R can be further derived as

CB SA . SB CA . SB i Tx ] Tx k Tx
YR=Rup-Rua=| 0 cA —sA | = i Jn
—sB sA-cB cA-cB ir. jr kr

(7)

where rotation matrices

1 0 0 cB 0 sB
Rya= |0 c4 —sAd|andRyp=1| 0 1 0 (8)
0 s4 «cA —sB 0 c¢B
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are so-called basic rotation matrices [20]. “c” and “s” refer to
cosine and sine functions.

Given that it is of interest only the direction of the tool
axis z specified by unit vector Ykr = [kre kry kr]"
whose description is above given, by equating the
corresponding members of matrix ¥R from Eq. 7 the
angles 4 and B can be determined as

A = Atan2(—kgy, /1 —kz) 9)

and

ka sz
B=Atan2| —,— 10
a (cA’cA) (10)

Although in Eq. 9, a second solution exists, by using the
positive square root the single solution for which —90° <
A < 90°is always computed [15, 21]. This way, the world
coordinates vector can be expressed as

X:[XM YM  ZIm A B]T

(11)

3.2 Direct and inverse kinematics

To model the robot, the Denavit-Hartenberg (D-H)
notation [19-21] was used in this research owing to its
simplicity and popularity in the robotics community. As
noticeable from Fig. 3, the robot has five moving links
connected together by five rotational joints. The first
moving link is connected with the supporting base, while
the last link is attached with a tool. To perform kinematic
analysis, first, coordinate frames are rigidly attached to each
link. Relative position and orientation between these
coordinate frames can be described using homogeneous
transformations. The homogeneous transformation describ-
ing the relation between one link and the next link is
traditionally referred to as an A matrix. Matrix ~'4
designates D—H transformation matrix relating frame (7) to
frame (i—1). Figure 4 shows D—H coordinate frames for the
experimental five-axis robot from Figs. 2 and 3 in the
reference position.

The D—H model adopts four parameters (a;, «;, d;, ;) to
describe the transformation, including translations and
rotations from link (i—1) to link (7). The first parameter a;
represents the length of common normal of the two link
axes. The second parameter «; denotes the angle between
the two link axes. The remaining two parameters describe
relative position of two adjacent links, which are provided
by their distance, d;, and their rotation 6;.
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Fig. 4 Link coordinate frames A 2y, 2,
for the experimental five-axis
machining robot in the
reference position {M}
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After the D-H coordinate frame is assigned to each link,

the transformation between successive frames (i—1) and (i)
is described as follows:

“lA = Rot(z

6,)-Trans(0,0,d,) -Trans(a;,,0,0) - Rot(x,, c;)

c6, —ca,-s0, sa, -s6, |a -cb,

i—12

s0.  ca,-c0, —sa;-cO. i a;-so,

0 sa; ca, 1 d,
0 0 0 Pl

(12)

Prior to making the list of D-H parameters complete for

each link of the robot, it is needed to make a few important
remarks and specify constraints:

The robot reference frame {M} adopted according to
the standard for five-axis vertical milling machine (X,
Y, Z, A, B) spindle-tilting type coincides with the robot
base frame (xo,v0,20)-

To make the robot reference position correspond the
reference position for adopted five-axis vertical milling
machine (X,Y,Z,A,B) spindle-tilting type, first joint
was rotated by 6; = —90°, second joint by 8, = 90°,
fifth joint by 65 = 180°and the tool frame {T} was
introduced according to Fig. 3.

= The ranges of joints motions are specified relative to
thus adopted robot reference position and are lower
compared to the experimental robot’s real capacities.
The adopted ranges of joints motions, Fig. 4, enable only
the choice of those solutions of inverse kinematics,
which are logical for machining and avoid singularities.

= For the joint angle 6, the convention has been changed
to facilitate the operator’s work related with the tool
orientation angle B.

Considering the above mentioned remarks and con-
straints a list of D—H kinematic parameters for each link is
shown in Table 1.

Substituting D-H parameters of the links from Table 1 in
Eq. 12 the transformation matrices I~'4, i =1,2,...,5 are
obtained.

Table 1 D-H kinematic parameters

Link i a,[°] a;[mm] d[mm] 0.°]
1 90 0 0 0,-90
2 0 as 0 0,+90
3 90 0 0 0
4 -90 0 dy —04
5 0 as 0 fs+180
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As mentioned above, considering that the robot is
observed in the present paper as a five-axis vertical milling
machine (X, Y, Z, A, B) spindle-tilting type, the importance
is given to the frame {T} whose axis z; must coincide with
the tool axis. As noticeable from Fig. 4, the frame {T} can
be described relative to the frame (xs, ys, zs) by homoge-
neous transformation matrix as

0 0 -1{0
0 -1 0:0
T = : 13
"7 0 00 "
0 0 01

3.2.1 Direct kinematics

Now, as it is well known [19-21], the tool position and
orientation, i.e., the position and orientation of frame {T}
with respect to the robot reference frame {M} (Fig. 4) for
the given joint coordinates vector 6 and specified link
parameters can be determined as

M M . :
R p i, Jn ky iy
r-tndaiadaiair | ol b
0 0 b Jr ki 2y

(14)
where further consideration are of significance only
ka = —s@l . S923 . 094 . 005 + 091 . S04 . 095 — s01 . 0923 . S95

kry = c0y - 5053 - cO4 - cOs5 + 50 - 504 - cOs5 + O - cOy3 - 505
sz = 0923 . 094 . 6‘95 — S923 . S95

Xy = —as - kpe + 56y - (d4 - cly; —ay - S@z)
ym = —as - kpy, — cOy - (ds - cOr3 — ay - 565)
Zy = —as - sz -+ d4 . S923 + aj - 092

(15)

and where 6; = 6, + 0;.

In Eq. 15, apart from the position of tool tip in the
reference frame {M} Mp, =[xy yu zM]T, the third
column of rotation matrix 4 R was also calculated. As the
robot has 5 DOF, only the direction of the tool axis z7 is
controllable, while the axes x7 and y; will have uncontrol-
lable rotation about the axis zz This means that through the
vector Vkr = [kre kpy kre ]T from the Eq. 15, the angles 4
and B can be determined using Eqs. 9 and 10. This way, the
world coordinates vector has been completed, i.c., direct
kinematics problem is solved.

@ Springer

3.2.2 Inverse kinematics

The method for closed-form solution of inverse kinematics
of 6 DOF robots with the last three joint axes intersecting at
a point or with three consecutive parallel joint axes is
referred to as Pieper’s method. This method enables the
decoupling of inverse kinematic problem in two simpler
problems known as inverse position kinematics and inverse
orientation kinematics. A detailed description of this
method has been given in [21, 22]. A closed-form solution
of general 5 DOF robots with revolute joints has been
considered in several papers. In [23], the possibility is
considered, in general, of finding the closed-form solution
of inverse kinematics of five-revolute-axis robots with two
intersecting joint axes by applying Pieper’s method. In [24],
similar possibility is also reported.

As noticeable from Fig. 4, the last two joint axes z; and
z4 intersect at point C (wrist center). This fact and the above
presented remarks and constraints make possible to consid-
er this 5 DOF robot as a special case of 6 DOF robot with
the last three joint axes intersecting at a point. The solution
of inverse kinematics will be partially geometric and
partially algebraic.

As it can be concluded from Fig. 4, the position of wrist
center C is influenced only by joint coordinates 6, 6>, and
63. For the specified position vector of tool tip Mp, =
[xv ym zZm ]T and specified tool orientation angles A4
and B the rotation matrix 'R from Eq. 7 is calculated first.
Then, by using only unit vector ¥k; from calculated
rotation matrix 4/ R, the position vector of the wrist point C
can be calculated as

Xc Xy + as - kry
Moo= |ye | =Ypr +Ypre ="pr+as-Mkr = | yu +as - kp
zZc zy + as - kr:

(16)

Based on the calculated components of position vector
Mp. from Eq. 16, inverse position kinematics will be
solved using the geometric approach. Considering again the
above explanations related to the reference frame {M},
reference robot position, and constraints of the ranges of
joints motions to avoid multiple solutions and arm
singularities, the angles 6;, 6,, and 03 are geometrically
solved from Fig. 5.

Observing the projection of the wrist center C in plane
(xa—yar) and considering the robot reference position it is
measured relative to, the angle 8, can be calculated as

0, = Atan2(x¢, —yc) (17)

As 6, is in the range (—90°, 90°), i.e., as it is always
yc<0, it means that arguments in the Atan2 function
unambiguously determine the value of the variable 6.
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Fig. 5 Projection of the wrist center C onto (x,,—yas) plane and onto
shaded plane formed by links 2 and 3

Observing the projection of the wrist center C in the
shaded plane formed by links 2 and 3, joint variables 6, and
03 can be calculated. From the triangle OCE, sf5 can be
determined through the law of cosines as

2 2 2 2 2
_Xetyetze—a —d

0
53 2-a2-d4

(18)

Considering that 03 is in the range of (—38°, 89°), the
only solution to be adopted is

0; = Atan2(s63, /1 — 562) (19)

As it is known, the solution for the angle 65 influences
the solution for the angle #,. Using the adopted solution for
05 and for the angles o and (3 that can be determined from
the triangles OC'C and OCE;, the angle 6, can be
determined as

92 :Atan2(—1/xzc +y2C7ZC) —|—Atan2(d4 . 003,612

+dy - S03) (20)

where it is taken into account the robot reference position
that the angle 6, is measured relative to, which is within the
range of (—61°, 43°).

For the calculated values of joint coordinates 6;, 8,, and
05, it is then shown the algebraic manner of solving inverse
orientation kinematics, i.e., calculation of joint coordinates
04 and 95.

It is started from the Eq. 14 written as

T 00 0 o1 o0 0 i1

(21)

Substituting the matrices "'4, i = 1,2,3, Eq. 12, with
previously solved joint variables 6;,6,, and 03, it is obtained

YR(6,.6,,0,) |*
MT =04 1A 2A = { L3Nl (22)

0 0 051

Thereafter, substituting the matrices f‘lA, i=4,5,
Eq. 12, with unknown joint variables 6, and fs it is

obtained

* 0k

k,(6,,0.) | *
= A4 = { e 23)

oo 0 1

The elements of matrices in preceding equations denoted
by asterisks are not shown because they are not of
importance for these considerations. As it is possible to
control only the tool orientation axis zz from Egs. 21 to 23,
it is obvious that

Mkr =4R(61,6,,63) - *kr (64, 05) (24)

From Eq. 24, the vector k7 can be determined now as

kr =R Mky (25)
i.e., according to Egs. 21 to 23 as
094 . 6‘95
—504 - cOs
—S05
—501 - 5623 - kry + Oy - 5023 - kTy + cO3 - kg
= —6‘91 . ka — S@l . kTy
01 - cOr3 -k, — O - O3 - kTy + 5653 - kry
(26)

Having in mind that —30° < 85 < 89°, from Eq. 26, the
joint angle 65 can be determined as

65 = Atan 2(S057 6’95) (27)
where
§0s = —s6 - cOy3 - ke + O - cOy3 - kTy — 5623 - ko (28)

and
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cOs = /1 — 562 (29)

From Eq. 26, it is also calculated the joint angle 6, as
04 = Atan2(s64, cO4) (30)
where
cO4 = (=50 - 5623 - kpy + €6, - 5033 - kpy, + cO3

< krz)/ cOs (31)
and
564 = (—cO; - kyx — s6y - kry,) /(—c65) (32)

whereby the solution of inverse kinematics problem is
completed.

3.3 Workspace analysis

Based on inverse kinematics, it is possible to determine the
position and orientation workspace of the robot considered
here as a vertical five-axis milling machine. The applied
approach proved to be very useful despite being based on
the definition of position and orientation workspace for
parallel kinematic chains [25].

In the case of the robot considered in this paper, the position
and orientation workspace

Ws(xy,ym, 20,4, B) = {0,1} (33)

is a Boolean function whose value is equal to 1 if the tool
pose-defined by the quintet (xps,yar,zu, 4, B) is reachable
without exceeding the limited motion range of the joints.
Starting from the selected point in workspace volume, the
estimation is made by specific step-by-step strategy that

Fig. 6 Workspace in the case of three-axis machining (4=0°, B=0°)
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Fig. 7 Workspace in the case of five-axis machining with tool
orientation angles in the ranges of 4 [-30°, 30°] and B [-30°, 30°]

locates tool in one pose in the workspace and that determines
whether the pose is reachable or not by taking into account a
limited motion range of the joints given in Fig. 4.

The first step was to determine workspace for three-axis
machining (4 = 0°, B = 0°). A portion of workspace within
boundaries logical for machining (zyy = —400 mm, zZp. =
100 mm) is shown in Fig. 6. Thereafter, for the adopted
ranges of tool orientation angles A4 [—30°,30°] and
B [-30°,30°], workspace for five-axis machining was deter-
mined. A portion of workspace within boundaries logical for
machining (zpi, = —350 mm, zy,x = 100 mm) is shown in
Fig. 7. As it is well-known from practice, this workspace can
be extended beyond this shape in the cases when intensive
work should be done within narrower boundaries of orienta-
tion angles 4 and B.

For programmers and operators familiar with CNC
machine tools, both of these workspaces can be reduced
to the parallelepiped as indicated in Figs. 6 and 7.

4 Control and programming system

This section gives a brief description of the first prototype
of the open architecture control (OAC) system for robotic
machining system from Fig. la, implemented in the
experimental five-axis vertical articulated machining robot,
Fig. 2. One of the distinctive features of the concept of
reconfigurable robot based multi-axis machining system,
described in Section 2, is that it is applicable directly by
CNC machine tool programmers by using the existing
CAD/CAM systems and programming in G-code. Among
several proposed OAC solutions, the development of the
first low-cost control system prototype is based on PC real-
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time Linux platform with EMC2 software for computer
control of machine tools, robots, parallel kinematic
machines [26], etc. EMC2 was initially created by the
National Institute of Standards and Technology and is a free
software released under the terms of the General Public
License (http://www.isd.mel.nist.gov/projects/rcslib/, http:/
www.linuxcnc.org/).

The development of the machining robot control system
prototype comprised a number of stages. For testing the
functions of inverse and direct kinematics, robot offline
programming, control system behavior testing in real-time
and collision detection, a virtual robot is configured.

4.1 Structure of the control system

Figure 8 shows a simplified structure of the first prototype
of low-cost control system where EMC2 software as a basic
component is indicated.

EMC2 software system (http://www.linuxcnc.org/) is
composed of four modules:

= Motion controller (EMCMOT),

= Discrete I/O controller (EMCIO),

= Task coordinating module (EMCTASK), and
* Graphical user interface (GUI).

Of these four modules, only EMCMOT is a real-time
module. The communications between a real-time module
EMCMOT and non-real-time module EMCTASK are
implemented either by shared memory or RT-Linux FIFO
mechanisms.

EMCMOT module performs trajectory planning, direct
and inverse kinematics calculations, and computation of
desired outputs to motor drivers. All I/O functions, which
are not directly related to the actual motions of machine
axes, are handled within EMCIO module.

EMCTASK module is a task level command handler and
program interpreter for the RS-274 NGC machine tool
programming language, commonly referred to as a G-code.

Several user interfaces have been developed for EMC2
software system. AXIS is the most advanced GUI, featuring
interactive G-code previewer. It is expanded to specific
application needs of the proposed robotic machining
system.

Hardware abstraction layer provides transferring of real-
time data from EMC2 to robot control hardware or to
virtual robot. During control system startup, a choice is
made for a corresponding configuration between real or
virtual robot control (Fig. 8). It is common to start up first
the control system configuration for a virtual robot to
visually detect possible collisions and to make final
verification of the program. Connections to drivers from
PC side are done via appropriate machine control interfaces
including ADC, DAC, and 1/O channels.

N10 G55
N20 53000 M03

N30 GO Z30.

M40 X-18.943 Y-T0.888 A-25.075 B6.461

N50 X-20.818 Y-77.906
N60 Z15.

Graphical Users Interface
(GUT)

!

RS-274 NGC Sequencing
Interpreter logic
Shared memory EMCIO
B buffers iEzen Spindle, Coolant,
RT Linux FIFOs Aux, 10 Controler

[

!

EMCMOT

HAL pins

¢HAL pins v

‘ Hardware Abstraction Layer (HAL)
3 3

HAL pins! HAL pins

' HAL pins
v ; v r

»

Real-time
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Fig. 8 Structure of the control system

4.2 Virtual robot

The virtual robot is configured using several predefined
Python classes in EMC2. Based on inverse kinematics
Egs. 17, 19, 20, 27, 30 and direct kinematics Egs. 15, 9,
and 10, kinematic module is programmed in C language
and is integrated in EMC2 software system (Fig. 8).

Figure 9 shows a detailed structure of the programming
system and control system configuration for virtual robot
control.

As obvious from Fig. 9, the part programming is very
conventional with the use of a postprocessor to convert CL
file into G-code. This means that the programmer starts
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Fig. 9 Virtual robot control and programming

from the work piece CAD model in a common way, in this  the configured postprocessor for the vertical five-axis milling
case in CAD/CAM system Pro/Engineer, generating CL file.  machines (X, Y, Z, A, B) spindle-tilting type, post-processing
The generated tool path is tested through the NC check  of CL file is done to obtain the robot program in G-code,
(animated display of tool path and material removal). Using  which is transferred to the robot control system.
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In this stage of development, the system makes possible
to work with parallel coordinate frames {M} and {W} only
(Fig. 3). In this case, the tool tip position vector and unit
vector of tool axis zy in robot reference frame {M},
according to Egs. 2 and 3, become

Mpr =[xy yu ZM]T ="po.+"pr (34)

Myr ="ky = [kne ky k)" (35)

where ¥p,,. = [xow Yow Zow ]T is the position vector of
the origin of work piece frame {W}.

If the robot is initialized and tool and work piece setting
is done, the program can be tested in two ways (Fig. 9).
First, during G-code loading, EMC2 software displays the
programmed tool path. However, the second way is of
crucial importance, because it employs a virtual robot. The
virtual robot enables final verification of G-code that
includes the following:

= Check if the robot can execute the specified paths
within the limited joints motions ranges and speeds

=  Visual detection of collisions between the robot and
tool with work piece and jigs and fixtures

After these verifications, the program can be safely
executed on the real robot.

5 Experiments

Experiments were conducted to machine three test work
pieces of light materials using experimental robot from
Fig. 2. The setting of robot reference position and
elementary calibration was performed by robot manufac-
turer’s experts as their contribution to this research. The
main goal of the experiments was to test capabilities of the
developed control system prototype. The CAD/CAM
system Pro/Engineer was used for the experiments with
the idea that the programming of machining robot and
machining itself is done in exactly the same way as it is
done on a five-axis vertical milling machine (X, Y, Z, A, B)
spindle-tilting type.

Prior to machining, the programs are tested in two ways:

= by graphical simulation of tool paths in EMC2

= on virtual robotic machining system to perform the final
verification of the program and to visually detect
possible collisions, because virtual machining system,
apart from virtual robot, involves virtual work piece and
jigs and fixtures

Fig. 10 a—d First test work piece machining >
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Fig. 11 a, b Second test work piece machining

The experiments were organized to embrace three- and
five-axis machining of analytical and freeform (or sculp-
tured) surfaces. For these three test work pieces (Figs. 10,
11, and 12), Styrofoam was used, which is especially suited
to this kind of experiment as the process forces are rather
low, minimizing the possibility of damage due to unex-
pected vibrations.

The first test work piece (Fig. 10a) was designed similar
to the test pieces suggested by various standards to enable a
simple test of robot programming ability to produce
standard features. Figure 10b shows three-axis machining
which also involves pre-machining for five-axis machining
of calotte (Fig. 10c). In both cases, a flat endmill (tool/flute
length 60/30 mm, diameter 12 mm) was used. The finished
test work piece is presented in Fig. 10d.

Figure 1la shows the second test work piece with
complex analytical surface consisting of two spherical
surfaces whose connection is rounded, with a toroidal
surface. Figure 11b displays five-axis finishing which is
executed after three-axis pre-machining. In both cases, a
ball-endmill (tool/flute length 140/80 mm, diameter 11 mm)

@ Springer

was used. This example was interesting because of
intensive changes in tool orientation in a wide range, when
machining the rounded surface between concave and
convex spherical surfaces.

Figure 12 shows three- and five-axis machining of
freeform surfaces on the third test workpiece having the
shape of human face. Figure 12a presents the pre-machined
work piece during the three-axis roughing, while Fig. 12b
presents five-axis finishing in the final stage. For this test
work piece, the tool used in the previous example was
employed.

Fig. 12 a, b Third test work piece machining



Int J Adv Manuf Technol

These experiments confirmed that it is possible to realize
the low-cost robotic machining system for the complex-
surface parts of light materials and lower tolerance, which
can be directly used by CNC machine tools programmers
and operators.

6 Conclusion

The paper presents the concept of reconfigurable robot
based multi-axis machining system for machining in one
place complex parts of light materials with lower tolerances
having freeform surfaces. The proposed concept is based on
five-axis vertical articulated robot considered as a specific
configuration of five-axis vertical milling machine (X, Y, Z,
A, B) spindle tilting type and possibilities of programming
in G-code. For basic configuration of the five-axis robotic
machining system, robot modeling approach is shown in
detail as well as the prototype of the developed low-cost
control and programming system based on EMC2 software
system. Verification of the experimental robotic machining
system is presented using the examples of machining of
three test work pieces of light materials. The shown
examples of test work pieces comprised three- and five-
axis machining of analytical and freeform surfaces, where
programming and the machining itself were performed
according to the procedure applied for CNC machine tools.
The developed and investigated experimental robotic
machining system indicates that such commercial system
may be superior to the compatible robotic machining
solutions, considering the G-code is still very widely used
in industry. The subsequent stages of research will involve
the development of specialized five-axis vertical articulated
machining robot and control system that will enable three-
and five-axis machining by various combinations of robot’s
axes and additional rotational and translational axes.
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