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Robot-type machine tools are characterized by the
ability to change the tool posture and machine itself
with a wider motion range than conventional machine
tools. The motion of the robot machine tool is real-
ized by simultaneous multi-axis control of link mech-
anisms. However, when the robot machine tool per-
forms a general milling process, some problems that
affect the machining accuracy occur. Moreover, it
is difficult to identify the motion errors of each axis,
which influence machining accuracy. Thus, it is dif-
ficult to adjust the servo gain and alignment error.
In addition, the machining performance is unidenti-
fied because of the rigidity differences when the pos-
ture changes. In this study, the focus was on robot-
type machine tools consisting of a serial and a parallel
link mechanism. A geometric model is described, and
the forward kinematics model is derived based on the
geometric model. Machining tests were then carried
out to evaluate the machining accuracy by measuring
the machined surfaces and the simulated motion of the
tool posture based on the proposed forward kinemat-
ics model to identify the mechanism that affects the
machined surface roughness and surface waviness. As
aresult, it was shown that the proposed model can sep-
arate and reproduce the behavior of each axis of the
machine. Finally, it was clarified that the behavior of
the second axis has a great influence on the tool pos-
ture and machined surface.

Keywords: robot-type machine tools, parallel link mech-
anism, forward kinematics model, positioning accuracy,
machining performance

1. Introduction

With the advocacy of “Industry 4.0”” and recent changes
and trends in production equipment, robots are expected
to be used widely not only for conventional transportation
but also for processing because of the diversification of
processing machines. Considering the control and high
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precision of these robots as well as the connection be-
tween physical space and cyber space, modeling of ma-
chine tools has become an extremely important issue [1,
2].

Robot-type machine tools are expected to be used not
only for machining and grinding, but also for welding.
Robot-type machine tools have the feature that the tool
tip posture can be directed in any direction by a paral-
lel mechanism. Furthermore, various processes are made
possible by attaching a spindle, a spot welding device, a
grinding wheel, etc. to the end effector. By using this fea-
ture, it is possible to machine a large product, such as the
wings of an aircraft, by positioning the robot-type ma-
chine tool on a large guide-way because some robot-type
machine tools are lighter than conventional machine tools,
and it is easy to change their position [3—-6]. Robot-type
machine tools have two main types of mechanism. The
first is a serial link mechanism. In this mechanism, the
tool posture and position are determined by the links and
joints of the robots connected in series. The other is a par-
allel link mechanism, which often determines the position
of the link plate by driving multiple links in parallel. As a
result, the tool tip can be positioned in various directions.
Thus, a parallel mechanism is used in various machines
for robots and manipulators, not only machine tools [7-
12].

However, the positioning accuracy may be reduced ow-
ing to the complexity of the machine structure and errors
in the assembly and motion of each part. Therefore, many
researchers have studied their application and use. Be-
cause motion accuracy directly affects machining accu-
racy in machine tools, many precision measurement tech-
niques for machine tools with multiple axes, such as five-
axis machine tools, are currently being studied [13-18].
Because the parallel mechanism is a more complicated
axis mechanism, it is possible for not only the motion ac-
curacy but also the rigidity to change depending on the
mechanism and posture of the machine.

Several studies have been conducted on parameter cor-
rection to improve the accuracy of parallel mechanism
machine tools [19-24]. In the present study, a kinematic
model and a method of calibrating mechanical parame-
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Fig. 1. Schematic diagram of robot type machine tool.

ters using an arm coordinate measuring machine are pro-
posed [25]. The effect of calibration was evaluated by
simulation and by machining and motion tests. In this
method, the motion accuracy is improved by calculating
the correction value repeatedly. However, in this method,
because the correction values for all the mechanisms are
calculated and converged at the same time, it is unknown
which parameter has a large influence to machine errors.
This method is expected to be useful to determine the ma-
chining performance of the machine and its characteristics
separately and to improve it.

Thus, in this study, a three-dimensional (3D) geometric
model was derived for a robot-type machine tool having
a structure combining the serial and parallel link mech-
anisms described above, and the mechanism of the ma-
chine tool was modeled. Based on the model, a forward
kinematics model to calculate the tool chip position was
derived. Then, to evaluate the machining performance of
the machine tool, machining tests were performed. From
the machining results and the motion of each axis of the
machine tool, the factor that influences the machined sur-
face characteristics was revealed.

2. Forward Kinematics Model of Robot-Type
Machine Tool with Parallel and Serial Link
Mechanisms

2.1. Geometric Model and Origins of Robot-Type
Machine Tool

Figure 1 shows a schematic diagram of the robot-
type machine tool (XMini, Exechon Enterprises, LLC).
The machine tool was controlled by SINUMERIK 840D
(Simens AG). The machine tool consists of a parallel
link mechanism (1st-axis, 2nd-axis, and 3rd-axis), which
moves with linear motion and is set to the base platform.
The serial link mechanism of the rotational C- and A-axes
is set on the moving platform.

There are three coordinate systems to represent this ma-
chine tool with a forward kinematics model. The first one
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Fig. 2. Geometric model of machine tool.

is the basic coordinate system (BCS) on the base plat-
form. The second is the internal coordinate system (ICS)
that takes into account the tilt of the entire machine. This
coordinate system has been rotationally transformed by
A-axis rotation, which is the rotation around the X-axis of
the BCS, and the origin Ojcs exists at the intersection of
the base platform and the first axis. The third is the mov-
ing platform coordinate system (MPS), which takes into
account the tilt of the moving platform as shown in Fig. 1.
The inclination of this coordinate system changes in var-
ious directions depending on the lengths of the first, sec-
ond, and third axes, which are the linear motion axes. This
change in the slope of the coordinate system has a signif-
icant effect on deriving the C- and A-axis angles. The ori-
gin Oyps of this coordinate system is on the C-axis, and
the line connecting the origin and the A-axis is perpendic-
ular to the C-axis.

2.2. Forward Kinematics Model

The 3D geometric model of the machine tool is shown
in Fig. 2 to visualize the parameters with the direction
and offset value considered in the motion controller pro-
gram. Here, q1, g2, ¢3, g, and g, are parameters that can
be specified numerically on the controller, and the other
rotational axes are free. They vary depending on the pos-
ture. Parameters g;, di, dz, ds, e, f, A1, A2, and A3 indicate
the offsets between the axes. The FARO Gage, which is a
3D measurement device for the offsets and coordinate ac-
quisition, was used based on XCAL software provided by
Exechon Enterprises, LLC. Previous research has shown a
calculation method to simply this offset value calculation
and improve accuracy [25].
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The forward kinematics model is derived based on the
shape generation theory using a homogeneous coordinate
transformation matrix A,, [26].

First, a forward kinematics model for the first axis and
the B coordinates are derived. The first axis is expressed
by Eq. (1) because the origin of the ICS coordinate system
is on A and there is no offset on the base platform. Here,
R(0y) indicates the rotational coordinate of the first axis
around the X-axis, D is the offset from the outer joint to
the inner joint, and R(f;) is the rotational coordinate of
the first axis around the Y-axis. In addition, @, indicates
the stroke of the first axis.

By = R(a1)DiR(B1)Q,

1 0 0 0Qrt 0 0 O
10 cos(eay) —sin(oy) O[O 1 0 O
~ |0 sin(a;) cos(a) 0| |0 O 1 —d

L0 0 0 1J]10 0 0 1

fcos(By) O sin(By) O 0

0 1 0 0 0 )

—sin(B;) 0 cos(Bi) Of |—q

L 0 0 0 1 1

Similarly, the B, and B3 coordinates of the second axis
and the third axis are expressed in Egs. (2) and (3).

By = AR (02) D2R(B2) EFR () Q>

M 0 0 ATl 0 0 0
(01 0 A3| |0 cos(op) —sin(op) O
10 01 0| |0 sin(ap) cos(a) O

100 0 1] 10 0 0 1

0 0 O 7 rJcos(B) O sin(Br) O

010 O 0 1 0 0

0 0 1 —dy| |—sin(B) O cos(f) O

0 0 0 1 | 0 0 0 1

1 0 0 —f] [cos(9) —sin(¢) 0 07O
01 0 e sin(¢) cos(¢) O O 0
0 01 O 0 0 1 Of [—g,
0 0 0 1 0 0 0 1 1
B3 = A3R (03) D3R (B3) Q3

1 00 O 1 0 0 0
1001 0 0| [0 cos(az) —sin(oz) O
10 0 1 A| |0 sin(os) cos(oz) O

0 0 0 1 0 0 0 1

1 00 07f[cos(Bs) O sin(Bs) 070
01 0 O 0 1 0 0 0
0 0 I —d3| |—sin(Bz) O cos(B3) O| |—q3
0 0 0 1 0 0 0 1 1
(3)

First, the Oy coordinates are derived using the B; co-
ordinates shown in Eq. (4). This is done using the defined
tilt of the moving platform and the distance from Oy, to
B in MPS. In addition, the Oy, coordinates are derived in
the same calculation process in the B; and B3 coordinates.
Because the external rotation angle ¢ and the internal ro-
tation angle 3 are required, they must be derived. Because
the same coordinates are obtained regardless of the axis,
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the Oy coordinates are obtained, and simultaneous equa-
tions are derived.

In addition, the tilt on the base platform is not consid-
ered in the above equations. Therefore, the fact that the
Oy coordinates can be obtained from the B;, B;, and B3
coordinates is used to derive the tilt using the following si-
multaneous equations, where Oyp; is the Oy coordinate
obtained from the first axis, Oypy is the Oy coordinate
obtained from the second axis, and Oyp3 is the Oy, coor-
dinate obtained from the third axis.

Oy = BiR(6ypyz) R (6upxz) OMBi

1 0 0 By
101 0 By
|0 0 1 Bz
0 0 0 1
1 0 0 0
0 cos (eMpyz) —sin (eMpyz) 0
0 sin (eMpyz) COS (eMpyz) 0
10 0 0 1
[ cos(Bypxz) O sin (GMpxz) 07 [OmuBix
0 1 0 0| | OyBiy
—sin (GMpxz) 0 cos <9MPXZ> 0 OMBiZ
L 0 0 0 1 1
(i=1,23) . . . . ... ... ®
OMBIZOMBZZOMB3 e e e e e e e (5)

When the By, B,, and B3 coordinates have been cal-
culated, the inclination of the moving platform and the
position of the origin on the moving platform can be de-
rived. Based on these results, it is possible to derive the
tool tip coordinates S, as described in Eq. (6).

S =R (90) OMR (ecyz)R (ecxz)R (qC)LCR (C]A) T

M1 0 0 0771 0 0 Owux
|0 cos(By)) —sin(6) Of |0 1 O Opmy
“ |0 sin(6y) cos(6y) 0| |0 O 1 Oz

10 0 0 1[0 0 0 1

1 0 0 0

0 cos (9cyz> —sin (9cyz) 0

0 sin (ecyz) COS (Qcyz) 0

10 0 0 1

i COS(chz> 0 Sin(ecxz) 0

0 1 0 0

—sin (ecxz) 0 cos (ecxz) 0

L 0 0 0 1

rcos(g.) —sin(g) 0 071 0 O O

sin(g.) cos(ge) O 0| |0 1 0O A¢
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0 cos(qa) —sin(ga) O |—ty ©)
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0 0 0 1 1

The behavior of the tool tip can be confirmed by in-
putting encoder information during the actual operation
of a specific axis in this model. Furthermore, the error
in each direction is estimated by comparing it with the
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Fig. 4. Schematic diagram of cutting area.

commanded position of the tool tip. A linear motion of
420 mm was performed at 5 mm intervals in the X- and
Y-axis directions. Fig. 3 shows the error in the simulated
results of the tool tip position for the linear motion in X-
and Y-axis directions. These results show that the maxi-
mum error is less than 5 ym in the X-axis direction, which
is a high simulation accuracy. These results demonstrate
that the proposed model can simulate the tool tip position
from the motion of each axis.

3. Machining Tests and Evaluation of
Machining Accuracy

Machining tests were carried out with a square end mill
in the X- and Y-axis directions on the BCS, and the sur-
face properties were measured to evaluate the machin-
ing performance. Fig. 4 shows the area processed by the
square end mill. Table 1 lists the machining conditions.
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Table 1. Machining condition.

Conditions Value Unit
Spindle speed 5000 min’!
Feed 150 mm/min
Cutting 92.4 m/min

Coolant Dry cut -

End mill diameter 6 mm

Depth of Axial 1 mm

cut Radial 1 mm
Milling direction Down cut -

\ . | Machining direction
———)

Fig. 5. Machined surface by end mill in X-direction.

3.1. Machining Result in X-Axis Direction

Figure 5 shows the machined surface and the max-
imum height roughness of down-cut machining in the
X-axis direction on the BCS. From this result, the ma-
chine elements that affect the machining surface proper-
ties are specified by observing the behaviors of the ma-
chine tool and the tool tip point.

The part surrounded by the square in Fig. 5 in the ma-
chined surface in the X-axis direction shows the cutter
mark (between 10 and 11 s of machining). The mark is on
the surface machined by the bottom blade of the end mill.
This contact mark also appears on the surface machined
by the side blade. The maximum height of this contact
mark is 10.2 um, which is not good for a machined sur-
face.

To investigate the cause of cutter marks, the motion of
each axis of the robot machine tool was measured using
an external encoder and the internal function of the con-
troller. Fig. 6 shows the motion of each axis. As a result,
the reversal motion of the servo motor was observed on
the second axis and the A-axis around the representative
cutter mark. Figs. 7(a) and (b) show the enlarged view of
measured motions of the second and A-axis during rever-
sal motion, respectively. The second axis moves approxi-
mately 10 ym.

Figures 8(a) and (b) show the calculated results of the
tool tip position around the reversal motion based on the
proposed forward kinematics model. It was calculated by
inputting the measured motion of each axis (as shown in
Fig. 7) into the equations. As a result, it was clarified
that a displacement of approximately 30 um occurs in
the Y-axis direction, as shown in Fig. 8(a). Furthermore,
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Fig. 7. Measured motion of each axis around cutter marks.

as shown in Fig. 8(b), a displacement of approximately
15 um occurs in the Z-axis direction.

Thus, to clarify which axis, the A-axis or the second
axis, has a greater effect on this motion error, one axis
substitutes the theoretical motion and the other axis sub-
stitutes the measured motion of each axis.

Here, theoretical motion means that it is assumed
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Fig. 8. Calculated results of tool chip position.

that the axis motion does not cause the protrusion phe-
nomenon at the time of reversal motion as shown in Fig. 7,
and it is processed by an approximated curve. Figs. 9(a)
and (b) show the simulated results of the tool chip posi-
tion obtained by the above method. Fig. 9(a) shows a case
where only the motion of the second axis is predicted,
and Fig. 9(b) shows a case where only the motion of the
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Fig. 10. Machined surface in Y-direction process.

A-axis is predicted.

These results demonstrated that a small movement er-
ror of approximately 3 yum in the vicinity of 10-10.2 s
was the influence of the A-axis, and a large movement
error of approximately 30 um in the vicinity of 10.6 s
was the influence of the second axis. Furthermore, simu-
lating the movement of each axis in the Z-axis direction,
revealed that there was almost no error in the movement
of the A-axis, and the movement of the second axis had a
great influence. Thus, the motion error of the second axis
caused by reversal motion greatly affects the cutter marks
generated in the BCS coordinate system.

3.2. Machining Result in Y -Axis Direction

Figure 10 shows the machined surface and the undu-
lation of the processed surface. As shown in the figure,
the cutter mark of stripe patterns was observed on the ma-
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Fig. 11. Enlarged surface in Y-direction process.
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chined surface in the Y-axis direction machining. Fig. 11
shows the machined surface (an area enclosed by squares
in Fig. 10) magnified by a digital microscope. The cause
of the stripe pattern on the machined surface is considered
to be the small change in the tool posture, which causes
the feed mark to change on machined surfaces A and C.

To clarify the cause of the cutter mark, the change
in the velocity of each axis of the machine tool was
measured using the internal linear encoder and the con-
troller of the machine tool. As a result, the velocity of
the 2nd-axis accelerated and decelerated periodically, as
shown in Fig. 12. Fig. 13 shows the relationship between
the undulation of the machined surface and the velocity
of the second axis. During motion (1) shown in Fig. 13,
the angle of the tool changed from back to front in the
feed direction. During motion (2), the angle of the tool
was inclined forward. It is considered that a change in
the velocity of the second axis during motion (3) caused
the tool to tilt forward again. Thus, the machined surface
changed, as shown in C in Fig. 10. In motion (4), the tool
angle changed from forward to backward as the velocity
of the second axis increased rapidly. As a result, the sur-
face undulation also rapidly increased.

The cause of the velocity change in the second axis can
be detected but is still not clear in the present situation. It
is planned to continue this study by applying the forward
kinematics model in this case.

4. Conclusions

A 3D geometric model was derived for a robot-type
machine tool with a structure combining serial and par-
allel link mechanisms. Based on the model, the forward
kinematics model was derived to calculate the tool coor-
dinates.
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The simulation results of the tool tip coordinate when
linear motion was performed and the measurement results
from the coordinate measuring machine were compared.
It was found that the tool tip position coordinates can be
simulated with sufficient accuracy by the proposed model.

As a result of machining tests, different types of cutter
mark were found on the machined surface in each X- and
Y-axis directions. The calculated results of the motion
using the forward kinematics model and measurement re-
sults of the velocity of each axis clarified that the cause
was the reversal motion of the second axis and A-axis. In
particular, the irregular speed change of the second axis
generated a unique cutter mark on the machined surface.
The proposed model can clarify the influence of the mo-
tion of each axis separately. To use this robot-type ma-
chine tool for contouring in face milling, it is necessary to
suppress such speed change or reversal motion with suffi-
ciency accuracy.

In future work, from the simulation results of the arc
motion and the machining result obtained by the actual
machining test, it is planned to confirm the roundness and
quadrant protrusion and to evaluate the machining perfor-
mance of this machine and the validity of the model. An
inverse kinematics model, the control of a machine that
combines both models, and higher precision machining
should be investigated in further work.
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