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The demands for machining by industrial robots have
been increasing owing to their low installation cost and
high flexibility. A novel trajectory generation algo-
rithm for high-speed and high-accuracy machining by
industrial robots is proposed in this paper. Linear in-
terpolation in the workspace and smooth trajectory
generation at the corners are important in industrial
machining robots. Because industrial robots are com-
posed of rotational joints, the joint space has a nonlin-
ear relationship with the workspace. Therefore, lin-
ear interpolation in the joint space, which has been
widely used in conventional machine tools, does not
guarantee linear interpolation in the actual machin-
ing workspace. This results in the degradation of the
machining surface. The proposed trajectory genera-
tion algorithm based on the decoupled approach can
achieve linear interpolation in the workspace by sep-
arating the position commands into Cartesian coor-
dinates and the orientation commands into spherical
coordinates. In addition, a novel corner smoothing
method that generates a smooth and continuous tra-
jectory from discrete commands is proposed in this pa-
per. The proposed kinematic local corner smoothing
generates a smooth trajectory by using a 3-segmented
constant jerk profile at the corners in the joint space.
The sharp corners can thereby be replaced by smooth
curves. The resulting cornering error is controlled by
varying the cornering duration. The simulation results
demonstrate the effectiveness of the proposed Kine-
matic smoothing algorithm in achieving linear tool
motion in straight sections and in generating smooth
trajectories at corner sections within the user-defined
tolerance.

Keywords: robot machining, trajectory generation, cor-
ner smoothing, industrial robots, numerical control

1. Introduction
Industrial robots are increasingly being used for ma-
chining [1-3]. The cycle time and operating costs are im-

portant issues in the machining of large workpieces [4, 5].
This is because the workspace in conventional machine
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tools is limited by the size of the machine. In addition,
the installation of machine tools requires large expenses.
In contrast, industrial robots have various advantages over
machine tools such as a larger workspace, higher flexi-
bility, and lower installation cost. Therefore, machining
by industrial robots has become an alternative machining
technology to machine tools [1, 2,4, 6].

One key issue in the use of industrial robots for ma-
chining is the teaching process. Teaching is necessary to
provide commands to industrial robots currently in com-
mon use. This teaching process is time-consuming and
difficult to apply to actual machining processes. In con-
trast, machine tools are commanded by a computer-aided
manufacturing (CAM) system without a teaching process.
This teaching-less scheme is important for realizing in-
dustrial robot machining.

The tool-path commands generated by the CAM sys-
tem are composed of a series of linear segments [7].
Because the velocity is discontinuous at a sharp corner
composed of two linear segments, an infinite accelera-
tion is required to track the tool-path. To avoid this situa-
tion, the feed-rate must be stopped at each corner. How-
ever, this causes issues in the machining quality and ef-
ficiency [8,9]. Therefore, the generation of a smooth
trajectory from these discrete commands is an important
problem that needs to be solved to achieve high-speed and
high-accuracy machining.

There have been numerous studies on corner smoothing
for 3-axis and 5-axis machine tools [6, 10-21]. In partic-
ular, in many methods, the trajectories of rotational joints
in 5-axis machine tools are smoothed in the joint coor-
dinate system (JCS) [22,23]. However, trajectory gener-
ation in the workpiece coordinate system (WCS) is im-
portant for realizing high-precision machining. Although
linear interpolation in the workspace is also important for
trajectory generation in industrial robots that consist of
rotational joints, research on trajectory generation for in-
dustrial robots has mainly been performed in the JCS [24—
27]. Although previous studies on trajectory generation in
the WCS have also been conducted, they used optimiza-
tion methods based on numerical analysis to generate lin-
ear motion trajectories [28,29]. Because these numerical
methods require a large amount of computation time, an
analytical trajectory generation method is necessary for
real-time systems. In addition, there is limited research
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(a) Six-axis vertical articulated robot

(b) Schematic diagram

Fig. 1. Kinematic structure of the 6-axis vertical articulated
robot.

on trajectory generation by corner smoothing for indus-
trial robots [30].

In this study, we propose a trajectory generation
method based on linear interpolation in the workspace and
kinematic corner smoothing for industrial robot machin-
ing.

2. Linear Tool Pose Interpolation for Robot
Machining

Figure 1 illustrates the kinematic structure of a typi-
cal 6-axis industrial robot. This type of industrial robot is
called a vertical-articulated robot. This serial manipulator
has six rotational joints, g = [0}, 6, 63, 64,65, 6], which
allows it to place an end-effector on the robot in an arbi-
trary pose (position and orientation), r = [x,y,z, &, ,7]7,
in the workspace.

Linear interpolation of the workpiece coordinates is im-
portant for machining with industrial robots. A tool mo-
tion linearly interpolated in joint coordinates becomes a
fluctuating trajectory in the workpiece coordinates. This
fluctuation of the tool motion in the workspace is caused
by the nonlinear relationship between the joint space and
the work space. Consequently, the resultant machined
surface is distorted.

To realize smooth tool motion for machining, the tra-
jectory must be linearly interpolated directly in work-
piece coordinates rather than in joint space so that high-
precision robot machining can be achieved using indus-
trial robots.

2.1. Decoupled Approach for Industrial Robots

To generate a linear trajectory of the tool motion in
workpiece coordinates, a decoupled approach is used to
generate a smooth tool position and orientation trajectory
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Fig. 2. Decoupled approach for trajectory generation in in-
dustrial robots.

in the workpiece coordinates. Fig. 2 illustrates the decou-
pled approach for generating the trajectory of industrial
robots.

Instead of generating the trajectory in joint coordi-
nates, the decoupled approach generates a trajectory in
the workspace coordinates. As shown in Fig. 2(b), the
tool center point (TCP) commands are interpolated in the
Cartesian coordinate system, and the tool orientation vec-
tor (ORI) commands are interpolated in the spherical co-
ordinate system. The TCP commands in Cartesian coordi-
nates correspond to the first three components of the tool
pose vector. The ORI commands in spherical coordinates
are calculated using the last three components of the tool
pose vector as

i=sin(B)
Jj=—sin(a)cos(B) B €))]
k=cos(a)cos(f)

By generating the TCP and ORI trajectories in each coor-
dinate system with the same interpolation duration 7;, as
shown in Fig. 2(c), synchronized tool pose motion in the
WCS is realized.

Although the tool pose vector has six components, the
position and orientation commands for the decoupled ap-
proach use only five components to define the TCP and
ORI commands in each coordinate system. This is be-
cause only two components, @ and 3, are required to de-
fine the tool orientation in spherical coordinates, as shown
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in Eq. (1). One component, which corresponds to the ro-
tation around the tool orientation vector, is ignored in the
spherical coordinate system. Because the generated tra-
jectory is smooth, the remaining component, ¥, is also
smoothly interpolated in synchronization with the other
interpolated components.

After generating the TCP and ORI trajectories, joint
command trajectories are generated by converting the tool
motion using inverse kinematics. Linear motion in the
workspace can then be realized by sending the generated
joint trajectories as commands to each servo system of the
joint axis.

2.2. Linear Point-to-Point Interpolation

In the proposed decoupled approach for industrial
robots, the TCP and ORI commands are interpolated
in separate coordinate systems for linear motion in the
workspace. To realize linear tool motion in the WCS, the
TCP trajectory is generated in Cartesian coordinates. The
equation for the linear interpolation (Lerp) between the
position vectors Py = [x1,y1,21]7 and Py = [x2,y2,22]7 is

LSOO+ (0P o

where f(z) is the feedrate of the linear TCP motion, and
L is the distance between P and P, defined as L = || P, —
Py||.

Simultaneously, the ORI command is interpolated in
spherical coordinates to realize smooth angular velocity
motion. To generate a trajectory in the spherical co-
ordinate system, spherical linear interpolation (Slerp) is
used instead of Lerp. The equation for Slerp between
01 - [ilajlakl]T and 02 = [i27j27k2]T is

_ Oisin (¢ — o(t)t) + Oy sin (w(1)r)
sin ()

where () is the angular velocity of the angular motion,
and @ is the angle between O; and O, defined as ¢ =
cos~ (0 -0»).

Because the translational and orientational motions of
the tool are synchronized, the durations of Lerp and Slerp
are set to the same values. For example, for a given con-
stant feedrate F', the duration of Lerp, T, is calculated
using the traveling distance and feedrate as
L [[P,—P
=t )
F F

Then, to realize synchronized tool motion, the angular
velocity for the orientational motion is modulated as

-1
=0 01:0)
T, T,
based on the interpolation duration of the translational
motion. Using the same interpolation duration results in
synchronized TCP and ORI trajectories in the workspace.

After generating the trajectories in each coordinate, the
components of the pose vector are determined. The first
three components of the pose vector define the tool posi-
tion, which is equivalent to the components of the TCP

P(t) =

O(1)

RN €)

7;):
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trajectory in Cartesian coordinates. The last three compo-
nents are the rotational components, for which the com-
ponents & and 3 are determined from the ORI trajectory
in spherical coordinates as

- J
a=tan"! | —=
a (k> L ®
B =sin! (i)
The last component ¥ is interpolated in synchronization
with the tangential velocity f(¢) and angular velocity @(z)

profiles to generate a smooth synchronized pose trajectory
as follows:

):%ﬂrf@0+n0@0
L

_nle-emnine) o
9

The trajectory of the joint commands is then derived

using inverse kinematics from the generated pose-vector

trajectory.

(1

2.3. INlustrative Example

An example of a simple linear tool-path interpolation
using the decoupled approach for a 6-axis industrial robot
is provided in this section. Fig. 3 shows the simulation
results for the linear point-to-point tool-path interpolation
in the workspace coordinates. The tool-pose vectors rq
and r; are listed in Table 1. From these pose vectors, the
position and orientation commands, [P, 0] and [P;, 03],
in each coordinate system are determined, as shown in
Fig. 3(a). Using Lerp and Slerp in Egs. (2) and (3), tool
trajectories are generated in each coordinate system.

Figure 3(b) shows the tangential and angular velocities
of the interpolated trajectories in each coordinate system.
When the feed F and angular velocity w are constant val-
ues in Egs. (2) and (3), the tangential velocities of the
generated trajectory become square shaped, as shown in
Fig. 3(b) as dashed lines. This results in non-zero ve-
locity and acceleration values at the edges of the inter-
polated trajectories. To generate smooth motion at both
edges of the trajectories, smooth feed and angular veloc-
ity commands are used for the Lerp and Slerp calculations
in Eqgs. (2) and (3) instead of constant velocity and angu-
lar velocity commands. The solid lines in Fig. 3(b) show
the generated profiles with S-shaped velocity and angular
velocity commands in the workspace. As a result, smooth
displacement, velocity, and acceleration profiles are gen-
erated in each coordinate system, as shown in Fig. 3(c).

The trajectory of the tool pose vector is calculated from
the interpolated trajectories of each coordinate, as shown
in Fig. 3(d). The remaining component of the command
pose vector v is interpolated in synchronization with the
other generated profiles. Finally, joint kinematic pro-
files are calculated using inverse kinematics, as shown in
Fig. 3(e).

As shown in Fig. 3, the proposed decoupled approach
for industrial robots can generate smooth joint trajectories
to realize linear tool pose motion in the workspace.
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Fig. 3. Linear point-to-point tool-path interpolation using
decoupled approach for industrial robots.
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Table 1. Tool pose command vector for point-to-point tool-
path interpolation.

Pose Position [mm] Orientation [deg]

No. X y z o B Y
1 550 30 700 30 -25 -10
2 590 10 710 -20 -30 -5

3. Kinematic Local Corner Smoothing for
Industrial Robots

For high-speed machining, it is necessary to generate
smooth trajectories from the given commands. Usually,
machining commands are given as a series of discrete
points, such as G-codes. Therefore, the given command
trajectory is continuous only in position and discontinu-
ous in velocity and acceleration, and the tool motion is re-
quired to stop at the junction of each command to change
the velocity direction. Otherwise, an infinite accelera-
tion would be required to follow the command trajectory.
Stopping the tool machine increases the control time and
decreases productivity.

3.1. Kinematic Smoothing for Local Cornering
Motion

The principle behind the kinematic local corner
smoothing algorithm is to generate a trajectory by directly
smoothing the kinematic values in the joint coordinates
instead of the workpiece coordinates. Fig. 4 illustrates
the proposed kinematic smoothing strategy for local cor-
ner smoothing. Smoothing the joint kinematics in the JCS
leads to smooth tool motion in the WCS.

To generate a smooth kinematic profile at each joint,
synchronized 3-segmented jerk profiles are used to gen-
erate each joint trajectory, as shown in Fig. 4(c). The
details of the 3-segmented jerk profiles are explained in
Section 3.2.

As shown in Fig. 4(b), a cornering error appears when
the trajectory is modulated for local corner smoothing.
Therefore, the maximum deviation from the original cor-
ner must be controlled to keep the deviation within the
user-specified cornering tolerance. In the proposed kine-
matic smoothing algorithm, this cornering error can be
controlled by tuning the cornering duration of the kine-
matic profiles. The details of the error control strategy are
described in Section 3.3.

3.2. 3-Segmented Jerk Profile for High-Speed
Machining

Local corner smoothing is effective for achieving high-
speed machining. A 3-segmented jerk profile to gener-
ate a smooth kinematic profile between the start and end
points of the corner is proposed here. Fig. 5 illustrates
the proposed 3-segmented jerk profile for kinematic local
corner smoothing. This smoothing profile is composed of
three jerk commands. The cornering duration is divided
into three phases, each of which has a piecewise constant
jerk value.

Int. J. of Automation Technology Vol.15 No.5, 2021



(a) Cornering motion of industrial robot
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Fig. 4. Kinematic local corner smoothing strategy for in-
dustrial robots.

To generate a trajectory with the proposed 3-segmented
jerk profile, the displacement, velocity, and acceleration
values at the start and end points of the cornering mo-
tion are required as kinematic boundary conditions. The
boundary conditions for each axis are determined by the
tool pose vector in the workspace. From the tool pose vec-
tors at the start and end of the cornering motion, the po-
sition, velocity, and acceleration values for each axis are
calculated using the inverse kinematics of the industrial
robot. Based on the calculated kinematic values of each
axis, smooth trajectories are generated using the proposed
3-segmented jerk profile.

As shown in Fig. 5, the acceleration increases from the
initial value Ag with a constant jerk value during the first
phase. This acceleration is also controlled during the sec-
ond and third phases with a constant jerk value in each
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Fig. 5. Trajectory generation based on 3-segmented jerk profile.

phase until the end acceleration value A, is reached.
The jerk profile for each phase of the cornering motion
can be expressed as

Ji (0§t<Tl)
](l‘) = J (Tl <t< T1+T2) , . (8)
Ji (+L<t<Th+DhH+T;)

where Ji, J», and J3 are the jerk values at each phase,
and 71, 1>, and T3 are the time durations of each segment.
The sum of the time durations equals the cornering dura-
tion: 71 + 7> + T3 = T¢. The acceleration, velocity, and
displacement profiles are calculated by integrating Eq. (8)
with respect to time 7. The displacement profile becomes

A J
Ss+ Vst + 7St2—|—glt3 0<tr<T)

A
&+m@—n%&§@—ﬁf

J
+€2(I—Tl)3 (Tl <t < T1+T2) )

A
&+w@—n—n}w§@—ﬂ—%f

+%3(z—T1—T2>3 (T +T <1 <Te)
where Sg, Vs, and Ag are the initial kinematic values of
the cornering motion, and Sy, Sz, Vi, V2, A1, and A; are
the kinematic values at the end of each phase. Here, the
final displacement value can be obtained from the third
equation by setting t = 71 + T, + T3 = T¢. This implies
that the initial displacement value Ss has to become the
final displacement value Sg at the end of the third phase.
Similarly, the initial values of the velocity and accelera-
tion, Vs and Ag, must reach the final values, Vg and Ag, at
the end of the cornering profile.

These conditions provide kinematic constraints for de-
termining the parameters of the cornering profile. To sat-
isfy the kinematic boundary conditions imposed by the
displacement, velocity, and acceleration at the start and
end of the cornering motion, the kinematic constraints for
the acceleration, velocity, and displacement are derived as
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Acceleration constraint:
Ap =As+ /T + LT+ 315
Velocity constraint:
w:w+mn+%ﬁ
J
2
J3,
+ (AS +h T+ L) T+ 5T3
Displacement constraint:

A J
Sg =Ss+ VT + 75T12 + ngf

+(As+I1Ty) Th + =T}

As+ I Th
2

J
T} + 2715

T
+ <VS AT, + %Tf) T+ s

J J
+ <VS +AsT) + %le—ﬁ— (AS +J4N) T+ %Tzz) T3

AT AL o T

T- T3
2 it

(10)

Note that there are three constraints in the constraint
equations in Eq. (10) for determining the six unknown
parameters: the jerk values at each segment, Ji, J», and
J3, and the time duration of each phase, 71, 75, and T3.
To compute the parameters for the cornering motion, the
durations of each segment are set to the same value of
T =T, = T3 = T¢ /3. Suitable jerk values for each seg-
ment can then be obtained to satisfy the kinematic con-
straints in Eq. (10).

By solving the three constraint equations in Eq. (10) an-
alytically as a set of simultaneous equations, the constant
jerk values for each segment are computed as

 54(Sg —Ss)+ 18 (2Vs+ Vi) Te + (1145 — 2Ag) T2

g 273
Iy 108 (Ss — Sg) + 54 (Vs + Vi) Te + (TAs — TAE) T2
218
e 54 (Sg —Ss) +18 (Vs +22v§) Te+ (2As — 11Ag) T2
TC

Y

where T¢ is the total cornering time. The jerk values of
the 3-segmented jerk profile can thereby be computed to
generate a smooth local cornering trajectory. Here, the to-
tal cornering time needs to be determined to compute the
jerk values, and this total cornering time will also affect
the cornering error. The determination of the cornering
time to control the cornering error for precision machin-
ing is described in the next section.

3.3. Error Control for Precision Machining

Controlling the cornering error caused by corner
smoothing is important for high-precision machining. In
the proposed kinematic local corner-smoothing algorithm
for industrial robots, the cornering error can be controlled
based on the time duration of the cornering trajectory.

As shown in Fig. 6, a cornering error occurs when the
original sharp corner is replaced by a smooth cornering
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trajectory. The cornering error is defined at the middle of
the cornering motion. The proposed kinematic smooth-
ing algorithm generates a cornering trajectory by grad-
ually changing the entry velocity into the corner to the
exit velocity. This gradual change in the feed direction
can be represented by the velocity of the block when it
decelerates before the corner. This deceleration occurs
over the same time duration as the acceleration of the
block velocity after the corner. Here, the proposed kine-
matic smoothing method generates a velocity profile with
a 3-segmented piecewise constant jerk. The represented
velocity profile for calculating the cornering error at the
middle of the cornering trajectory is therefore assumed
to have a trapezoidal acceleration profile, as shown in
Fig. 6(b).

The proposed trapezoidal acceleration profile for error
estimation can be expressed using Egs. (8) and (9) where
the initial and final accelerations Ag = Ag = 0, and the jerk
values of each segment are set as J; = —Jz and J, = 0. If
the time duration of each segment is set to identical values
as T} =T, = T3 = T /3, the peak acceleration value A p,g
will then be determined by the variation value AV of the
initial and the final velocity, which is equal to the velocity
of the block, as

3AV

2

The remaining and added distances can be calculated

. (12)
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from Eq. (9) using the intermediate time of the cornering
motiont =Ty +T15/2 as

T;
Spiad = S (Tl + ?2>

1A 1 o1 B\’
= Z Peak Tl3 + _APeale —+ _APeak (_>

6 T 2 2 2 2

13 7o\ 2
g —A —_
24 Peak<3>

Finally, by substituting Ap,,; in Eq. (12) into the mid-
distance S,;;4 in Eq. (13), the remaining and added dis-
tances, Lggy and Lapp, can be calculated from the ve-
locity variation AV (or F) and the cornering duration 7¢

as

13 (3AV [Te\?  13AV 13F

L= (222 ) (2X€) = Te = —T¢ (14)
24 \ 2T¢ 3 144 144

As shown in Fig. 6, the cornering error € can be deter-
mined from the remaining distance of the block before the
corner Lggy and the added distance of the block after the
corner Lapp as

. (13)

€ = ||[Lappta — Lremtil|, - - . (15)

where ¢ and ¢, are the direction vectors of the block be-
fore and after the corner, respectively. Using the remain-
ing and added distances from Eq. (14), the relationship
between the cornering error and the cornering duration is
expressed as

13F, 13F
=22 7ty — 2 g
€ ‘ 124 7 ag
13

|F2t2 — Fity || Tc . (16)

144
Therefore, the cornering duration 7¢ for the target cor-
nering error € can be expressed as
B 144 c
13 ||F2t2 —Fity ||
Kinematic local corner smoothing for industrial robots
can then be realized by using this calculated cornering du-

ration for the proposed 3-segmented jerk profile and con-
sidering the cornering tolerance.

Te . (17)

3.4. Ilustrative Examples

The application of the proposed kinematic local cor-
ner smoothing strategy to acute-angled and obtuse-angled
corners is illustrated in this section.

Figure 7 shows the application of the proposed kine-
matic smoothing algorithm to smooth acute and obtuse
corners. The pose vectors for both corners are listed in
Table 2. As shown in Fig. 7(a), the corners are defined
by two linear translational motions on the XY plane with
constant tool orientation commands. The cornering toler-
ance for both corners is set to 2 mm, and the feedrate is
set to 100 mm/s.

As shown in Figs. 7(a) and (b), the original com-
manded sharp corners are replaced by smooth corner-
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Fig. 7. Kinematic smoothing of acute-angled and obtuse-
angled corner.

Table 2. Tool pose command vector for single corner tool-
path interpolation.

(a) Acute-angled corner

Pose Position [mm] Orientation [deg]

No. X y z a B Y
1 570.0 | 20.0 | 710.0 5 -25 -5
2 590.0 | 20.0 | 710.0 5 -25 -5

3 572.7 30.0 710.0 5 -25 -5
(b) Obtuse-angled corner

Pose Position [mm] Orientation [deg]

No. X y z a B Y
1 570.0 | 20.0 | 710.0 5 -25 -5
2 590.0 | 20.0 | 710.0 5 -25 -5
3 604.1 | 34.1 | 710.0 5 -25 -5

ing feed motion within the defined cornering tolerance.
Fig. 7(c) shows the joint kinematic profiles of the corner-
ing motions. The trajectories of each joint are generated
using the smooth and continuous 3-segmented accelera-
tion profiles.

As shown in Figs. 7(b) and (c), the duration of the cor-
nering motion is adjusted according to the corner angle
to satisfy the cornering tolerance. When the corner angle
is acute, the cornering duration becomes shorter to en-
sure adherence to the cornering tolerance. In comparison,
when the corner angle is obtuse, the cornering duration
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becomes longer so that the amplitude of the acceleration © © ® ®
profiles becomes moderate. As shown, the duration of the 0.486mm 0.489mm
cornering motion is adjusted according to the corner angle 0.480mm 0.492mm

to achieve precise robot machining.

These results demonstrate that the proposed kinematic
local corner smoothing algorithm for industrial robots can
generate smooth cornering motions according to the cor-
ner angle and cornering tolerance.

4. Simulation Result

The effectiveness of the kinematic smoothing algo-
rithm proposed in the previous sections for a test tool path
is demonstrated in this section.

Figure 8 shows the tool-path used in the simulation and
the interpolated trajectory. The tool-path consists of seven
linear motion commands with eight command points for
the tool position and orientation. The command pose vec-

tors are presented in Table 3. The feedrate in each linear ©
translational motion is set to 80 mm/s. For the original 3.70mrad
commands, which includes six corners, the proposed tra-
jectory smoothing method is used to generate a smooth
trajectory. The maximum tolerance between the original @
command and the generated trajectory is set to 0.5 mm. 3.82mrad 3.60mrad 3.29mrad
As shown in Figs. 8(a) and (b), the proposed algorithm $— 2:87mrad
generates a smooth motion trajectory at each corner for
both TCP and ORI motions. The smooth motion trajec- (b) Smoothed trajectory of tool orientation vector
tory is indicated by the tangential feedrate and angular
velocity profiles shown in Fig. 8(c), where the tool mo- Cornering Duration of 1st Corner
tion speed is decelerated in the cornering portion. The 50 O'Q?GCOrnering Duration of 2nd Corner— 05
resulting errors at each corner are controlled by adjusting 4 | Position i1 0.264 1oa
the cornering duration according to the corner angle. The g I ' %
trajectory at each corner of the ORI motion is smoothly E 30 — 10373
interpolated in synchronization with the TCP motion. g 20 | [orientati on! ! Jo2 %
Figure 9 shows the kinematic profiles of the end- 2 ol o4 %,
effector in Cartesian and spherical coordinates. As shown g
in Fig. 9(a), a smooth and continuous trajectory is gen- % ‘ p ‘ 2 Timels 3 2.885
erated from the discrete command pose vectors given in (c) Tangential feed-rate and angular velocity
Table 3. Fig. 9(b) shows the contouring error between
the original tool-path and the smoothed trajectory gen- Fig. 8.  Multi-segmented test tool-path and generated
erated by the proposed kinematic smoothing algorithm. smooth trajectory.
As shown, the errors at each corner are controlled to be
smaller than the cornering tolerance. In addition, the in- Table 3. Tool pose command vector for multi-segmented
terpolated trajectory falls on the original tool-path in the tool-path.
straight sections, except at the corners. This means that _ _ _
there are no errors in the straight sections. These results I;?se Position [mm] Orientation [deg)
Qemqnstrate that the generatgd trajectory of the tool mo- 1 ; 55’6.0 13’.0 7030 (; _55 IYO
tion in the workspace is continuous and accurate. ) 5900 | 100 | 704.0 3 45 10
Finally, Fig. 10 presents the kinematic profiles of each 3 590.0 | 26.0 | 708.0 15 45 15
joint in the JCS. As shown in Fig. 10, the proposed in- 4 582.0 | 42.0 | 708.0 | 25 -40 15
terpolation strategy smoothly generates the trajectory of 5 5700 | 30.0 | 7080 | 20 -35 15
each joint. Additionally, the acceleration profiles show 6 558.0 | 42.0 | 7040 | 25 -30 15
that synchronized cornering joint motion is generated 7 5500 | 26.0 | 700.0 15 -25 15
8 550.0 10.0 | 700.0 5 -25 10

with the 3-segmented constant jerk profile.

The results for the multi-segmented tool-path, show
that the proposed kinematic smoothing algorithm can gen-
erate a smooth kinematic trajectory to achieve high-speed
and high-accuracy robot machining.
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(a) Kinematic profiles in workpiece coordinates

Kinematic Tool-Path Smoothing for
6-Axis Industrial Machining Robots

piecewise jerk profile. The cornering error is considered
by controlling the duration of the cornering motion.

The simulation results validate the effectiveness of the
proposed kinematic smoothing strategy for generating
smooth robot machining trajectories within the error tol-
erance.
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