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Abstract
The smoothness and continuity of the tool path are crucial in high-quality machining. However, many tool paths are described
using only line segments (G01), which inevitably cause discontinuities between blocks. Such discontinuity leads to vibration and
feed rate fluctuation, which ultimately leads to a poor surface finish. This study proposes a novel input shaping-based corner
rounding algorithm that ensure machining accuracy and vibration suppression. Input shaping is a model-based, robust vibration
suppression solution, and it has been widely used in many applications. However, input shaping also distorts the original
trajectory, which limits its usage in multiaxis systems. To ensure position accuracy, the corner rounding algorithm proposed in
this study includes the position deviation regulation module and the distortion compensation module. The position deviation
regulation module limits the position deviation due to corner rounding within the threshold while the distortion compensation
scheme compensates for the distortion due to input shaping. The proposed algorithm has been verified via simulations and
experiments using a two-degrees of freedom (DOF) Cartesian machine.

Keywords Input shaping . Corner rounding . Vibration reduction . Trajectory generation

1 Introduction

Computerized numerical control (CNC) machines are widely
being used in many industrial applications, and extensive
studies have been conducted to improve the efficiency and
accuracy of CNC machines. Trajectory generation is one of
the key elements that determine the performance of CNC ma-
chines, and many studies have been devoted on it. Parametric
curves can be an attractive solution in terms of machining
speed and data management [1, 2]. However, only a few com-
mercial computer-aided design (CAD) or computer-aided
manufacturing (CAM) software are capable of generating a
tool path using parametric curves. In fact, many CNC tool
paths are described only in line segments. With such tool
paths, discontinuities between blocks are inevitable, which
causes a sudden, excessive change in the velocity at the cor-
ner, resulting vibration; vibrations are undesired, and it leads

to poor surface finish, inaccurate dimensions, and reduction of
the overall machining quality. Thus, there is a strong demand
in a trajectory generation algorithm which can cope with tool
path discontinuities and vibrations.

Many studies have been devoted to modify the given tool
path consists only of short line segments to have round corners
to prevent abrupt change in velocity at corners. On the other
hand, corner rounding causes position deviation at corners.
Thus, an additional scheme is often used to keep the position
deviation due to corner rounding within the pre-defined
threshold. Many studies focuses on the fitting a spline at the
junction of two line segments. The under-corner and over-
corner strategies considering the bandwidth of the controllers
are proposed [3]. Another algorithm using a curvature-
continuous B-spline curve is proposed [4]. This research pro-
vides B-spline curve optimization algorithm along with jerk
limited S-shape feed rate profile and real-time look-ahead
scheme. Also, many studies uses Bezier [5], Pythagorean-
hodograph quantic curve [6], quintic and septic [7–9], or
two Bezier curves [10, 11] for corner rounding. In addition,
several studies aim to include additional constraints, such as
contour error [12] or expand the algorithm to a five-axis ma-
chine [7, 10, 11, 13]. On the other hand, several studies aim to
directly plan jerk limited velocity profiles at corners instead of
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relying on geometry-based corner rounding [14]. However,
while these algorithms can provide a continuous tool path,
they do not fully consider the dynamics of the system in re-
ducing vibration.

Input shaping is a model-based vibration suppression
technique that is widely used in many applications. The
basic idea is to create two transient oscillations, which
would lead to the constructive cancelation of vibrations
[15]. Studies have shown that it shows a superior vibration
suppression compensation performance over conventional
filtering techniques [16]. Input shaping has been used in
many applications, including gantry cranes [17], industrial
robots with a compliant force sensor [18], or elastic robot
arm [19]. Input shaping, however, adds a delay to individual
axis; the delay in each axis would result in the distortion of
the reference trajectory in Cartesian space. Due to this rea-
son, the use of input shaping has been often limited to a
single-axis system. Several algorithms have been proposed
to cope with this problem. A contour error compensation
algorithm is proposed [20]. It aims to predict and compen-
sate the contour error due to the shaped trajectory. Another
study imposes an additional constraint in input shaper gen-
eration so that the delay in the ramp response due to input
shaping can be minimized [18]. Also, it has been reported
that the distortion due to input shaping can be reduced by
shaping the velocity profile and then integrating it to obtain
the reference position profile [21].

This study aims to apply input shaping to the corner
rounding problem. As mentioned above, this leads to two
major hurdles: position deviation due to corner rounding
and position distortion due to input shaping. Thus, in this
study, a novel input shaping-based corner rounding algorithm
with the position deviation regulation module and the distor-
tion compensation module is proposed. A zero vibration de-
rivative (ZVD) shaper can be used to create a robust,
vibration-reduced tool path which reflects the dynamics of
the system. The position deviation regulation module is used
to limit the position deviation due to corner rounding within
the threshold. On the other hand, to reduce the distortion due
to input shaping, input shaping is applied to velocity com-
mand. Furthermore, the distortion compensation module
compensates for the distortion caused by input shaping while
suppressing vibration. These two modules are used with look-
ahead algorithm to ensure dimensional accuracy and vibra-
tion. The performance of the proposed algorithm is verified
through simulations and experiments using a two-degrees of
freedom (DOF) Cartesian machine.

2 Input shaping

This section provides a brief deviation of a ZVD shaper.
Consider a linear second-order system with input u(s),

output y(s), natural frequency ω0, and damping ratio of
D. An input shaper is a sequence of impulse that yields
constructive cancelation of vibrations. The response due
to an input shaper can be computed by convolution as
follows:

Y IS tð Þ ¼ f tð Þ*y tð Þ ¼ ∑
n−1

i¼0
Aiy t−tið Þ

¼ A ω0;Dð Þexp −ω0Dtð Þsin ωdt þ φð Þ
ð1Þ

where Ai is the amplitude of ith impulse and

A ω0;Dð Þ ¼ ω0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2 ω0;Dð Þ þ S2 ω0;Dð Þ

1−D2

s
ð2Þ

C ω0;Dð Þ ¼ ∑
n−1

i¼0
Aiexp ω0;Dtið Þcos ωd; tið Þ ð3Þ

S ω0;Dð Þ ¼ ∑
n−1

i¼0
Aiexp ω0Dtið Þsin ωdtið Þ ð4Þ

φ ¼ acos Dð Þ ð5Þ

It is important to note that Eq. (1) is the response of a
system for t ≥ tn − 1. Thus, Eq. (2) represents the magnitude
of the residual vibration when t ≥ tn − 1. In order to achieve
zero vibration, Eq. (2) must be zero, which can be achieved
by the following equations:

C ω0;Dð Þ ¼ 0 ð6Þ

S ω0;Dð Þ ¼ 0 ð7Þ

Additional constraints are also required. First, to achieve a
unity static gain, the sum of the impulse amplitude is set to 1.

∑
n−1

i¼0
Ai ¼ 1 ð8Þ

Also, all amplitudes are constrained to be positive and fi-
nite, to avoid actuator saturation [22]. Furthermore, to im-
prove the robustness of the shaper, the derivatives of Eqs.
(3) and (4) with respect to ω0 are set to 0. Equations (1)~(5)
can be used to derive a ZVD shaper. For the detailed deriva-
tion of the ZVD shaper, refer to [16] or [18].
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3 Position deviation estimation

Position accuracy is essential for high-performance CNC
machines. Corner rounding aims to smooth sharp corners,
and thus, position deviation at corners is inevitable.
Figure 1 shows the original and corner rounded tool
paths, where area δ corresponds to the position deviation.
To ensure accuracy, it is desirable to keep the position
deviation due to corner rounding below the user-defined
tolerance.

Many studies have been devoted on jerk limited trajec-
tory generation, in order to create a smooth, continuous
trajectory [23–25]. However, these trajectories are com-
plex and often consist of multiple phases, which make an-
alytic analysis difficult. In this study, a simple trapezoidal
velocity profile is used [26]. Such a profile is known to
include infinite jerk, but the resulting vibration can be sup-
pressed using input shaping. Also, its simple structure en-
ables one to analytically analyze the position deviations.
Note that the position deviation analysis provided in this
section is conducted for each axis, based on the input given
to the axis.

The velocity input at the start of a block can be regarded
as a sum of step and ramp inputs. The ramp input is due to
the trapezoidal velocity profile while the step input is due
to the discontinuity at the junction. The step and ramp
response of a typical second-order system can be expressed
as follows:

s tð Þ ¼ 1−
exp −ω0Dtð Þffiffiffiffiffiffiffiffiffiffiffi

1−D2
p sin ωdt þ φð Þ ð9Þ

r tð Þ ¼ t þ exp −ω0Dtð Þ
ωd

sin ωdt þ 2φð Þ− 2D
ω0

ð10Þ

Note that unity gain is used for both responses. The re-
sponses of the system due to shaped step and ramp inputs
can be computed using Eqs. (1), (9), and (10).

sshaped tð Þ ¼ ∑
n−1

i¼0
Ais t−tið Þ

¼ ∑
n−1

i¼0
Ai þ ∑

n−1

i¼0
Ai

exp −ω0D t−tið Þð Þffiffiffiffiffiffiffiffiffiffiffi
1−D2

p sin ωd t−tið Þ þ φð Þ
� �

ð11Þ

rshaped tð Þ ¼ ∑
n−1

i¼0
Air t−tið Þ

¼ ∑
n−1

i¼0
Ai t−

2D
ω0

� �
− ∑

n−1

i¼0
Aiti

þ ∑
n−1

i¼0
Ai

exp −ω0D t−tið Þð Þ
ωd

sin ωd t−tið Þ þ 2φð Þ
� �

ð12Þ

Using Eq. (11), the expression for the error due to shaped
step input can be expressed as follows:

estep tð Þ ¼ S−S⋅ ∑
n−1

i¼0
Ai 1þ exp −ω0D t−tið Þð Þffiffiffiffiffiffiffiffiffiffiffi

1−D2
p sin ωd t−tið Þ þ φð Þ

� �

ð13Þ
where S is the magnitude of the step input. Noting Eqs. (6),
(7), and (8), the error at t ≥ tn − 1 can be expressed as follows:

estep tð Þ ¼ 0 ð14Þ

Similarly, the error due to shaped ramp input can be derived
as follows:

eramp tð Þ ¼ Acc⋅t−Acc ∑
n−1

i¼0
Ai t−

2D
ω0

� �
− ∑

n−1

i¼0
Aiti

� �

þ Acc ∑
n−1

i¼0
Ai

exp −ω0D t−tið Þð Þ
ωd

sin ωd t−tið Þ þ 2φð Þ
� �

ð15Þ
and

eramp tð Þ ¼ Acc ∑
n−1

i¼0
Aiti þ 2D

ω0

� �
ð16Þ

where Acc is the acceleration of the corresponding axis, and
Eq. (16) describes the error for t ≥ tn − 1. From Eqs. (13, 14, 15,
16), note that for t ≥ tn − 1, only the shaped ramp input contrib-
utes to the error, which is a constant. Thus, it can be concluded
that corner rounding is performed for t < tn − 1. Then, the error

Fig. 1 Junction between two consecutive blocks and position deviation
due to corner rounding
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due to corner rounding at the beginning of each block can be
approximated as follows:

δ ̂ ¼ ∫
0

tn−1

eramp tð Þ þ estep tð Þ� �
dt ð17Þ

where δ̂ is the estimated value of δ, the position deviation.
Equation (17) expresses the error induced by corner rounding
as the area. It can be computed for each axis, and the error at
each axis can be combined to obtain a scalar representation of
the error due to corner rounding. Note from Eqs. (13) and (15)
that the size of corner rounding depends on the length of the
shaper, magnitude of the step input, and acceleration. This
implies that the position deviation due to corner rounding
can be controlled by adjusting the length of the shaper, accel-
eration, or junction velocity. However, the length of the shaper
and acceleration are fixed as the shaper length is determined
by the damping ratio and natural frequency of the system
whereas acceleration is chosen considering the capability of
the system. Thus, in this study, themagnitude of the step input,
which is the velocity at corners, is controlled to regulate the
position deviation. The velocity at a corner is determined by
the look-ahead algorithm, and the magnitude of step input and
acceleration can be computed using the junction velocity and
unit vector for corresponding blocks. Thus, by modifying the
velocity at the junction between blocks, the size of corner
rounding can be controlled; a faster velocity would lead to
larger corner rounding.

4 Proposed corner rounding scheme

4.1 Position deviation regulation module

As discussed in previous section, the size of corner rounding
depends on the velocity at each junction. Figure 2 shows the
junction between two blocks. It is desired to have the velocity
at the junction inversely proportional to the angle between

blocks, q. Also, if q is 180 degree, the machine should stop
at the junction. Thus, in this study, the following dimension-
less scalar is used to adjust the junction velocity.

η qð Þ ¼ −1þ exp c1 qj j þ C2ð Þ
1þ exp c1 qj j þ C2ð Þ ð18Þ

where

c1 ¼ 2c
π

ð19Þ

c2 ¼ 2c ð20Þ

and c is a constant. The proposed function at different c values
is shown in Fig. 2.

As can be seen from Fig. 2, the scalar η(q) becomes zero as
q approaches 180°. The junction velocity is determined by a
look-ahead algorithm, which will be discussed later. A junc-
tion velocity candidate can be computed as follows:

Vi;exit ¼ η qð ÞkVmax ð21Þ

where Vi,exit is the exit velocity of block i, Vmax is the maxi-
mum feed rate of the machine, and k is a constant. To keep the
deviation due to corner rounding below the tolerance,
δtolerance, the following scheme is proposed:

1. Set k to 1.
2. Perform look-ahead to select junction velocity and com-

pute the position deviation at the corner using Eq. (17).
3. If the deviation is smaller than the tolerance, terminate.
4. If the deviation is greater than the tolerance, decrease k by

a certain amount and repeat step 2~4.

The proposed scheme iteratively decreases k and thus the
junction velocity until δtolerance is satisfied and is also depicted
in Fig. 6.

4.2 Distortion compensation module

Input shaping distorts the reference trajectory. For precise ma-
chining, it is desirable to compensate the distortion. Also, it
must be ensured that the compensation signal does not induce
vibration. To directly compensate for the distortion in the po-
sition command, the position commands obtained by integrat-
ing the velocity commands of each axis are used for the com-
pensation. Note fromEq. (16) that eramp(t) is the delay induced
by input shaping. This can be resolved by adding a zeroFig. 2 Proposed junction velocity regulation function
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padding to the integrated position command and shift them
according to the delay expressed in Eq. (16). Then, between
the shifted original position profile and the shaped position
profile, the distortion due to input shaping can be estimated.
Distortion compensation can be done using the estimated
distortion.

However, to prevent the compensation signal from causing
vibrations, the compensation signal must be low pass filtered.
In this study, a fourth-order low-pass Butterworth filter with
the cutoff frequency one fifth of the system natural frequency
is used to filter the vibrational components from the estimated
distortion. Then, the delay due to the filtering is again com-
pensated, and the resulting signal is added to the shaped ve-
locity signal to compensate for the distortion due to shaping.

The proposed distortion compensation algorithm is exper-
imentally verified using a two-DOF Cartesian machine shown
in Fig. 3.

The Cartesian machine (ADR-SX441-V1, Alpha Robot,
Korea) consists of three joints, but it is controlled as a two-
DOF system by only controlling its X and Yaxes. A 200WAC
servo motor (MSMD022G1S, Panasonic, Japan), 400 WAC
servo motor (MSMD042G1S, Panasonic, Japan), and a
200 W AC servo motor (MSMD022G1S, Panasonic, Japan)
are installed in its X, Y, and Z axes, respectively.

To design input shapers, the natural frequency and
damping ratio of each axis are required. Thus, an accelerom-
eter (MP6050, InvenSense, USA) is attached to the axis out-
put and the acceleration data is recorded by an embedded
board running real-time Linux (BeagleBone Black, Ti,
USA). Each axis is given an aggressive trapezoidal velocity
profile with acceleration of 1000mm/s2 and fast Fourier trans-
form is performed on the resulting acceleration to estimate the
natural frequency for each axis. The damping ratio can be

estimated from the encoder data, by observing the decay of
the error. It is found that the damping ratio and natural fre-
quency for X and Yaxes are 0.0641, 23.9 Hz, 0.081, 39.74 Hz,
respectively. Then, the previous experiment is repeated for
three times, with unshaped position profile, shaped position
profile, and distortion-compensated profile. The results are
presented in Fig. 4 (X axis) and 5 (Yaxis), respectively (Fig. 5).

It should be noted that the original reference trajectory
caused vibration at 23.9 and 39.74 Hz for X and Y axes, re-
spectively. Using the ZVD shaper, the vibration is successful-
ly suppressed, and the distortion compensated command
yields a result similar to the ZVD. Thus, it can be concluded
that the proposed compensation scheme does not induce vi-
bration. Note that another peak at 7 Hz can be observed; this is
caused by the dynamics of the controllers.

4.3 Look-ahead

Look-ahead is an important algorithm in CNC machine con-
trol [27, 28]. The overall flow of the proposed algorithm,
including look-ahead, the position deviation regulation mod-
ule, and the distortion compensation module, is depicted in
Fig. 6. It consists of a backward pass and forward pass, and it
computes three junction velocity candidates V1, V2, and V3.
For a trapezoidal velocity profile, V1 (backward pass) and V2

(forward pass) can be computed using Eq. (22):

Ventry ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
exit þ 2⋅Acc⋅ΔX

q
ð22Þ

where ΔX, Ventry, and Vexit are the length of the block, entry
velocity, and exit velocity, respectively. On the other hand, V3

Fig. 3 Two-DOF Cartesian machine used for experiments
Fig. 4 Fast Fourier transform plot for X axis for unshaped, shaped, and
distortion compensated command

Int J Adv Manuf Technol (2018) 97:105–116 109



is calculated using Eq. (21). The minimum of three candidates
is used to ensure that the generated trajectory is realizable and
position deviation is kept under the threshold.

Once look-ahead is complete, the algorithm performs ve-
locity trajectory generation, input shaping, integration, and

distortion compensation. This yields the shaped position pro-
file with corner rounding error within the tolerance and dis-
tortion compensated, which is then sent to the CNC machine.

5 Simulation

Simulations have been conducted onMatlab (Natick, USA) to
illustrate the effectiveness of the algorithm. A five-point star is
used as the target trajectory, and the natural frequency and
damping ratio of each axis are the same as that of the two-
DOF Cartesian machine. As X and Y axes have different
damping ratio and natural frequency, the shaper created by
convolving the shapers for X and Y axes is used to shape the
trajectories. To demonstrate the regulation of the position de-
viation due to corner rounding, the simulation is repeated
twice, with δtolerance set to 10 and 3 mm2.

The overall trajectories are shown in Figs. 7a and 8a, and
the close-up view of a corner is given in Figs. 7b and 8b. As
can be seen from the results, the corners have been success-
fully rounded and the position deviation at the corner is regu-
lated by modifying the value of tolerance. The corresponding
feed rates are plotted in Fig. 9, where Fig. 9a, b corresponds to
δtolerance set to 10 and 3 mm2, respectively.

Fig. 5 Fast Fourier transform plot for Y axis for unshaped, shaped, and
distortion compensated command

Fig. 6 Proposed corner rounding
scheme, including distortion
compensation module and
position deviation regulation
module
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It should be noted that when a smaller value of δtolerance is
used, the feed rate at the junctions is reduced to induce a
smaller position deviation.

6 Experiments and results

Experiments are performed using the two-DOFCartesian plat-
form introduced in previous section to further demonstrate the
feasibility of the proposed algorithm. The proposed algorithm
is implemented in an offline manner, such that the trajectory
generation is done before executing the motion. Considering
the capability of the Cartesian platform, acceleration and max-
imum feed are chosen to be 300 mm/s2 and 100 mm/s, respec-
tively. Two tool paths are considered, each has the shape of

Greek letter π and μ. The target trajectory and close-up view at
a corner are illustrated in Figs. 10 and 11.

For both cases, the tolerance for the position deviation is set
to 10 mm2, and it can be seen from Figs. 10b and 11b that the
corner rounding is successfully achieved at corners for a
smooth motion.

Figures 12a and 13a show the composition of line seg-
ments, and Figs. 12b and 13b depict the resulting motion of
the Cartesian platform, reconstructed from the recorded en-
coder data. Note that the target tool path consists of short line
segments, and the Cartesian platform successfully executed
the given tool path using the proposed algorithm.

The planned feed rate when δtolerance is set to 10 mm2 and
3 mm2 for drawing π are shown in Figs. 14a and 15a. The
reduction in the velocity at junctions can be noted when a

Fig. 7 Simulation results with δtolerance = 10 mm2. a Overall trajectory. b
Close-up at corner

Fig. 8 Simulation results with δtolerance = 3 mm2. a Overview of
trajectory. b Close-up at corner

Fig. 9 Resulting feed rate. a δtolerance = 10 mm2. b δtolerance = 3 mm2

Fig. 10 Tool path for experiment. aOverview of trajectory. b Close-up at
corner
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smaller value of δtolerance is used. The estimated deviations are
presented in Figs. 14b and 15b. The results show that the
proposed algorithm successfully kept the deviation below
the pre-defined threshold. The data for μ are presented in
Figs. 16 and 17, which show similar results.

The performance of the distortion compensation module is
also evaluated. To analyze the distortion of the tool path due to
input shaping, the differences between the shifted, original
position command, and shaped position command are com-
puted. Figures 18a and 19a show the difference for drawing π
for X and Y axes, respectively. This difference represents the
distortion caused by input shaping at each axis. Figures 18b
and 19b show the difference between the shifted original po-
sition command and shaped position command with compen-
sation. The same results for drawing μ are presented in

Figs. 20 and 21. As can be seen from the results, the distortion
is greatly reduced by using the proposed distortion compen-
sation module. The difference should not be zero; then the
trajectory can no longer guarantee vibration suppression.
The shaped trajectory and shaped trajectory with distortion
compensation can both suppress the vibration, as can be seen
from the results presented in Figs. 4 and 5. However, with the
distortion compensation module, vibration suppression can be
achieved while minimizing the distortion of the trajectory due
to input shaping. Thus, precise trajectory tracking can be re-
alized while suppressing the vibration.

Lastly, to further validate the feasibility of the proposed
algorithm, an acetal block has been machined using the
Cartesian platform. A spindle is attached at the Z axis of
the Cartesian machine, and utilizing the full three-DOF of

Fig. 13 Target and resulting motion. a Composition of line segments. b
Actual platform motion

Fig. 12 Target and resulting motion. a Composition of line segments. b
Actual platform motion

Fig. 11 Tool path for experiment. aOverview of trajectory. b Close-up at
corner

Fig. 14 Scheduled feed rate and position deviation due to corner
rounding for πwhen δtolerance = 10mm2. a Feed rate. b Position deviation
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the Cartesian machine, the tool path given in Fig. 12a is
executed. Figure 22 shows the machined acetal block, and
it can be seen that the desired shape is successfully ma-
chined using the proposed algorithm. Note that input shap-
ing is not performed in Z axis; Z axis is controlled using a
simple position controller.

7 Discussion

Many studies aimed to place a parametric curve between
two line segments to obtain a smooth transition. However,
while these algorithms are capable of creating a smooth,
continuous trajectory, most of these algorithms do not con-
sider the dynamics of the system to be controlled. Thus,

these algorithms cannot guarantee the suppression of vi-
bration. Input shaping, on the other hand, is a model-
based method. It can be viewed as a more direct way to
reduce the vibration of the given reference trajectory. Also,
by adding derivative terms, its robustness against model
uncertainties can be increased. Thus, input shaping-based
corner rounding offers an attractive way of generating a
smooth tool path from line segments.

Conventional corner rounding algorithms, which are based
on geometric or kinematics smoothing of the trajectory, re-
quire complex mathematical models. Thus, while effective,
these algorithms have limited flexibility and often ill-suited
to be implemented to conventional systems. On the other
hand, the proposed corner rounding scheme is highly flexible
and can be used for any conventional trajectory generation or

Fig. 15 Scheduled feed rate and position deviation due to corner
rounding for π when δtolerance = 3 mm2. a Feed rate. b Position deviation

Fig. 16 Scheduled feed rate and position deviation due to corner
rounding for μwhen δtolerance = 10mm2. a Feed rate. b Position deviation

Fig. 17 Scheduled feed rate and position deviation due to corner
rounding for μ when δtolerance = 3 mm2. a Feed rate. b Position deviation

Fig. 18 Distortion at X axis due to input shaping for π. a Without
compensation. b With compensation
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CNC control algorithms. Input shaping would guarantee vi-
bration suppression of the generated trajectory, and the posi-
tion deviation regulation module and distortion compensation
module ensure precise trajectory tracking.

In this study, the position deviation due to corner
rounding is estimated using Eq. (17). However, it should
be noted that it is an approximation. The current algorithm
simply assumes that the input for every block consists of
step and ramp inputs; however, it is not always the case.
For example, if the next block is cruise-only, there would
be no ramp input. As can be seen from the simulation and
experimental results, the approximated value is sufficient
to control the position deviation. However, if needed, more
accurate position estimation is possible at the increased
computational load.

Input shaping may cause errors when the length of the
velocity profile is shorter than that of the shaper. This is an
unlikely case, as often, the length of the shaper is kept short in
order to reduce the distortion. However, in such a case, an
additional step can be added in look-ahead routine to prevent
errors. The shortest possible length of a block would be ΔX/
(Vmax ⋅ T), where ΔX is the length of the block and T is the
sampling period. Thus, by computing the shortest possible
length of the block and disable input shaping of the block it
if its length is shorter than that of the shaper, such errors can be
avoided.

In this study, input shaping is used for the corner rounding
problem. However, input shaping requires considerable

Fig. 19 Distortion at Y axis due to input shaping for π. a Without
compensation. b With compensation

Fig. 20 Distortion at X axis due to input shaping for μ. a Without
compensation. b With compensation

Fig. 21 Distortion at Y axis due to input shaping for μ. a Without
compensation. b With compensation

Fig. 22 Machining of Greek letter π on acetal block
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computational load and memory. To efficiently convolve a
long signal, overlap-add method can be employed [29]. This
method divides the signal to be convolved into m segments of
length L and convolve them one by one. Convolution tends to
lengthen the original signal by the length of the kernel. The
overlap-add method overlaps the lengthened part of the first
convolved segment and adds it to the first part of the second
convolved segment, allowing a piece-by-piece convolution,
which is much easier to implement.

In this study, the proposed algorithm has been implement-
ed offline due to the difficulties associated with performing
Butterworth filtering in real-time. However, previous studies
have shown that a similar control algorithm can be imple-
mented in real-time using a more advanced controller [20].
Thus, it is expected that with a more sophisticated hardware
and optimized control algorithm, real-time implementation of
the proposed algorithm can be done.

8 Conclusion

Along with increasing interest and demands for high perfor-
mance machine tools, many studies have been devoted to
improve the efficiency and quality of CNC machines. Tool
path continuity is one of the important factors to achieve good
machining quality and several corner rounding algorithms
have been proposed. In this study, a novel input shaping-
based corner rounding algorithm is proposed for smoothing
a tool path consists of line segments. Additional modules have
been included to regulate the position deviation due to corner
rounding and distortion caused by input shaping. The results
from the simulations and experiments verify the feasibility of
the proposed algorithm.
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