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ABSTRACT
High-speed and high-accuracy machining have become indispensable requirements in modern
manufacturing, particularlywith thewidespread use of computer numerical control (CNC)machine
tools in precision engineering applications. However, one of the key challenges in achieving high
machining accuracy is the deviation between the programmed feedrate and the actual feedrate
during operation, caused by the acceleration and deceleration (Acc/Dec) behavior of the machine
tool's servo control system. These discrepancies lead to deviations in the toolpath, which in turn re-
duce the dimensional accuracy and surface quality of the machined components. Compounding
this issue, the cutting forces acting on the tool during high-speed milling operations—especially
with square-end mills—cause elastic deflection of the tool, further compromising the geomet-
ric precision of the final product. To address these challenges, this study proposes an integrated
methodology that combines modeling of actual feedrate variation with predictive estimation of
cutting force and tool deflection. The feedrate model is developed by considering the Acc/Dec
characteristics of the control axes in the machine tool, enabling accurate prediction of real tool
movements. Simultaneously, a cutting force model is constructed based on machining parame-
ters and tool geometry to estimate the magnitude of tool deflection. By integrating both models,
the proposed approach allows for the accurate prediction of the actual toolpath and compensa-
tion for deviations arising from control limitations and mechanical deflection. The effectiveness
of this method was validated through machining experiments conducted without high-precision
contour control. The results demonstrated a strong correlation between predicted and measured
toolpaths, confirming the reliability and practicality of the proposed method. This study highlights
the importance of accounting for dynamic feedrate behavior and cutting mechanics in improving
machining accuracy, offering a valuable solution for enhancing dimensional control in high-speed
CNC milling applications.
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INTRODUCTION
When operating with CNC machine tools, there is a
problem that the actual feedrate and the actual tool-
path are different from the programmed values owing
to the machine tool’s Acc/Dec processing, leading to a
decrease in accuracy1 2 3. In addition, deflection oc-
curs due to the cutting resistance applied to the tool,
further increasing the machining error. Currently,
there are many studies on calculating tool deflection
errors, but none of them takes into account the pre-
dicted actual toolpath and feedrate change based on
the Acc/Dec processing of the machine tool. In gen-
eral, the design of the Acc/Dec control method is in a
black box, and has not been made clear4. In order to
solve these problems, it is necessary to predict thema-
chined surface while taking into account the machin-
ing error, and to correct the machining error based
on the prediction and generate a tool path that real-
izes high-precision machining. In this study, we per-

formed the following (a) to (e) to predict the machin-
ing shape and proposed amethod to improvemachin-
ing accuracy, and confirmed its usefulness through
experiments.
a) Identification of change in actual feedrate due to
Acc/Dec processing of machine tool.
b) Proposal of a method for improving the toolpath
accuracy based on the actual feedrate change.
c) Tool deflection calculation method based on cut-
ting force prediction.
d) Prediction of machined surface based on predic-
tion of tool deflection.
e) Proposal of machining accuracy improvement
method to correct tool deflection.
In this study, the cutter–workpiece engagement is
evaluated based on the tool deflection of square end
mill considering feedrate change of the machine tool.
The cutting tool was modeled as a cantilever, and the
tool deflection error was predicted. By correcting the
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calculated deflection error, a method to improve ma-
chining accuracy was proposed.

RESEARCHMETHOD FOR
IDENTIFYING ACTUAL FEEDRATE
AND PREDICTING TOOLPATH IN
CNCMACHINING
Overview
Acc/Dec processing in CNCmachine tools differs ac-
cording to the machine tool, machining conditions,
control method, and control axis5. In this study,
we identified the feedrate change of the machine tool
with and without FANUC’s artificial intelligence con-
tour control function (AI function), which is a con-
trol method that realizes high speed and high preci-
sion machining and compared it with the measured
feedrate.

When not using AI function
When AI function is not used, the feedrate change is
approximately one stageFigure 1a. The overlapping
Acc/Dec time between the speed in the X-axis and
Y-axis causes the inner cornering error of the tool-
path and leads to machining errorsFigure 2b. There-
fore, we determined the time required for the feedrate
change of each axis using the parameters set in the
machine tool controller. From this, the actual fee-
drate was predicted and compared with the measured
feedrate to confirm the usefulness of the proposed
method.

Figure 1: Feedrate change without/with AI func-
tion.

When using AI function
When AI function is used, the control of feedrate
change is carried out approximately in two stages Fig-
ure 1a. The first stage of deceleration in X-axis or
second stage of acceleration in Y-axis is controlled
without creating a toolpath error (hereafter referred
to as accuracy maintenance control) and the smooth
simultaneous control of each axis during the second

Figure 2: (a) Programmed toolpath with three
points; and (b) measurements of inner cornering er-
ror in case of AI control function is enabled (blue
line) and disabled (red line)

Figure 3: Comparison of predicted and measured
feedrate in case the AI function is disabled (a) and
enabled (b)

stage of deceleration in the X-axis or the first stage
of acceleration in the Y-axis leads to the generation
of a toolpath error caused by overlap time (here-
after referred to as smooth movement control). The
smooth movement control time was determined by
the parameters set in the controller. The relationship
between the programmed feedrate and the accuracy
maintenance control timeTmswas determined using
the regression function (1) derived from the experi-
mental values. Based on these, the actual feedrate was
predicted and compared with the measured feedrate
inFigure 3 to confirm the usefulness of the proposed
method.

T = 0.0062 × ν f +39.226 (1)

Evaluation and discussion of actual tool-
path prediction
The actual toolpath was derived from the identifica-
tion of the feedrate change with and without AI func-
tion Figure 4a shows the predicted andmeasured tool-
paths without AI function at the programmed fee-
drate of 900 mm/min, where the tool moves in the X
direction then changes to theYdirection. Experimen-
tal results show that the difference between the two at
the corner is about 15 µmFigure 4b shows the pre-
dicted and measured toolpaths with AI function, and
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the difference between the two at the corner is about
3 µm. From these, we observed that toolpath predic-
tionwas accurate, and confirmed the usefulness of the
proposed method.

Figure 4: Comparison of predicted and measured
toolpaths in case the AI function is disabled (a) and
enabled (b).

TOOLPATH ACCURACY
IMPROVEMENTMETHOD
In corner machining, there is a change in the move-
ment direction in the programmed toolpath (for ex-
ample, the tool movement on X- axis to the Y- axis in
our experiment), the actual toolpath at the corner is
greatly affected by the feedrate change of the machine
tool (Figure 2a). Especially on machine tools without
AI function, the inner cornering error is even larger
(Figure 2b). In instances where the AI function is not
employed, we proposed amethod aimed at enhancing
the accuracy of the toolpath at points of directional
change point based on the identification of the actual
feedrate and confirmed its usefulness through exper-
iments.

Figure 5: Improvement toolpath accuracy method.

In our experiment (Figure 1a), the toolpath usually
consists of three programmed points including the
start point A, corner point C and end point E. In
the proposed method, as shown in Figure 5, the

Figure 6: Measurement toolpaths obtained by pro-
posed method and AI function

toolpath consists of five programmed points, and
the programmed feedrate between BC and CD was
reduced. The distance between BC and CD and
the programmed feedrate are determined so that the
movement time is the value set by the parameters
in NC controller Figure 6 shows the measured tool-
paths obtained by the proposed method and AI func-
tion. We observed that the accuracy of the measured
toolpath without using AI function by the proposed
method is improved, and it approximately matches
the measured toolpath of three programmed point
with AI function. The experimental results confirmed
the usefulness of the toolpath accuracy improvement
method.

TOOL DEFLECTION CALCULATION
METHOD ANDDISCUSSION
Overview
In this study, the tool deflection is calculated using a
cantilever beam model. The deflection amount d (z)
shown in Figure 7 is obtained from (2) and (3) by the
cutting force F the position where the cutting force is
applied a, the secondmoment of area I, Young’s mod-
ulus, E and the tool overhang length h6.
When 0≤ z ≤ a

δ (z) =
F(h − a)3

6EI

{
3(h − z)

h − a −1
}

(2)
When a≤ z ≤ h

δ (z) =
F(h − a)3

6EI

{
3(h − z)2

(h − a)2 − (h − z)3

(h − a)3

}
(3)

        
        

          
       

          

          
          

         
        

The  second  moment  of  area  is  determined  based  on
the  second  moment  of  area  of  the  cantilever.  Because
the  shape  of  the  cutting-edge  part  is  complex,  it  is  dif-
ficult  to  calculate  accurately  the  second  moment  of
area.  According  to  a  study  by  Fujii  et  al.  6,  L.Kops  et
al.7,  the  second  moment  of  area  of  the  square  end  mill
is  equal  to  a  cylinder  0.8  times  the  tool  diameter.  The
second  moment  of  area  I  [mm4]  of  the  tool 
diameterd  [mm]  can  be  represented  by  the  following
(4).
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Figure 7: Tool deflection model in square end-mill

Figure 8: Z-map model

I =
π(0.8×d)4

64 (4)

Cutting force calculationmethod
The cutting force F is obtained as the resultant force
of the force N applying on the rake face and the fric-
tional force µN, as shown in (5). As shown in Figure 9,
the forceN applying perpendicular to the rake face of
cutting tool is calculated from the cutting area S and
the cutting force coefficient KS as shown in (6). The
cutting area S is obtained from the axial depth of cut,
radial depth of cut, diameter of the cutting tool, helix
angle, and feed per tooth.
In actual machining, the cutting area changes due to
the curvature variance of curved surface. Therefore,
the machining simulation is performed, and the cut-

ting area of the cutting tool and the workpiece is de-
rived at the tool position and the cutting-edge rotation
angle. The simulation method is constructed with a
relatively simple Z-mapmodel. As shown in Figure 8,
the Z-mapmodel is a two-dimensional array (X and Y
grid points by a meshing operation) that stores the Z-
value of each grid point according to the cutter tooth
position during the milling process. In Figure 8, d is
the grid size, and a smaller value will result in higher
accuracy but a longer calculation time. The grid size
is 10 µm which is a balance between the required ac-
curacy and calculation time.

Figure 9: Components of cutting force

The axial depth of cut and the radial depth of cut are
calculated using the Z-map model. As shown in Fig-
ure 10 , the cutting force coefficient KS is obtained
from the approximate formula determined from the
measured cutting force in cutting experiment.

F =
√

1 + u2 × N (5)
N = KS × S (6)

Figure 10: Relationship between cutting force coef-
ficient and cutting area

Evaluation and discussion of the tool de-
flection calculationmethod
Themachined surface was predicted from the tool de-
flection calculated based on the predicted actual tool-
path and feedrate obtained by proposed method. The
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Figure 11: Predicted toolpath and measured tool-
path

experimental conditions were a square-end mill with
a tool diameter of 10 mm and a helix angle of 30◦, a
workpiece S55C, a rotation speed of 2000 rpm, an ax-
ial depth of cut of 2.5 mm, a radial depth of cut of
2.0 mm, a feedrate of 300 mm/min, a tool overhang
length of 50mm. The corner path was set to move
the tool in the positive direction of the X-axis and
change the angle by 90◦ in the positive direction of
the Y-axis at the corner point Figure 11a shows the
predicted toolpath and the measured toolpath at the
corner when AI function is not used, and Figure 11b
shows the enlarged view of the toolpath at the corner.
The prediction error at the corner is about 8 µm. The
machined shape was predicted using this predicted
toolpath and the tool deflection amount consider-
ing the feedrate change. The coordinate measuring
machine (CMM) was used to measure the machined
shape of theworkpiece. Themeasurement pointswere
those where the heights from the tool tip were 0.5, 1.0,
1.5, and 2.0 mm and were in contact with the work-
piece Figure 12 shows the predicted machined shape
and themeasuredmachined shape at different heights
from the tool tip when AI contour control is not used,
and the maximum error is about 20 µm. This error
is considered to be mainly due to the toolpath predic-
tion error. This confirmed the usefulness of the tool
deflection calculation method.

Figure 12: Measured and predicted machining
shape

RESULTS ANDDISCUSSIONON THE
MACHINING ACCURACY
ENHANCEMENTMETHOD
We proposed a method for improving machining ac-
curacy by correcting the amount of tool deflection in
side milling with a square-end mill. In this study, the
amount of tool deflection was corrected by rotating
the B-axis in the five-axis machine tool.
The tool deflection amount increases approximately
linearly with the tool overhange length. Therefore, in
the proposed method, the B-axis is rotated by the an-
gle of the tool axis, which changes according to the
amount of deflection generated at the tool tip.
Figure 13 shows the measured machined shape of
the workpiece with and without angle correction at
the height from the tool tip of 0.5 mm to 2.0 mm.
Themachined shape error without angle correction is
about 25 µm at the height from the tool tip of 0.5mm,
whereas it is about 3 µm in the proposed method.
From this, themachining by the proposedmethod re-
duced the machining error between the tool heights
caused by tool deflection, and confirmed its useful-
ness.

Figure 13: Comparison of machined shape error

CONCLUSION
In this study, with the aim of improving the accu-
racy of machining by NCmachine tools, we identified
the actual feedrate based on the Acc/Dec processing
of the machine tool, and proposed a toolpath accu-
racy enhancementmethod based on the identification
method. We also proposed a method for enhancing
machining accuracy by compensating the machined
shape error based on the tool deflection calculation
method. The following results are presented below.
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• We identified the actual feedrate considering
the Acc/Dec characteristic control of the ma-
chine tool, both with and without using the AI
function. Comparison of the measured feedrate
and predicted feedrate obtained by proposed
method showed the usefulness of the identifica-
tion method of the actual feedrate change.

• A method was proposed to improve the accu-
racy of the toolpath at directional changes dur-
ing movement by identifying actual changes in
feedrate, which was validated through experi-
mental confirmation, particularly when the AI
function is disabled.

• We also proposed a tool deflection calculation
method for square-end mill tools, which calcu-
lates the tool deflection from the cutting force.
The tool deflection calculated by the proposed
methodwas used to predict themachined shape,
and compared with the machined shape mea-
sured in the machining experiment under the
same conditions, the usefulness of the tool de-
flection calculation method was demonstrated.

• Amethod for improvingmachining accuracy by
correcting the amount of tool deflection in side
milling with a square-end mill was proposed.
The effectiveness of the machining accuracy en-
hancement method was confirmed by compar-
ing the measured machining shape with pro-
posed method and without angle correction.

LIST OF ABBREVIATIONS
Acc/Dec: Acceleration and Deceleration.
AI: Artificial Intelligence.
CAD: Computer-Aided Design.
CAM: Computer-Aided Manufacturing.
CAPP: Computer-Aided Production Planning
CMM: Coordinate Measuring Machine.
CNC: Computer Numerical Control.
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TÓM TẮT
Gia công tốc độ cao và độ chính xác cao đã trở thành những yêu cầu không thể thiếu trong kỹ
thuật chế tạo hiện đại, đặc biệt với sự phổ biến của máy công cụ điều khiển số (CNC) trong các
ứng dụng kỹ thuật chính xác. Tuy nhiên, một trong những thách thức chính trong việc đạt được
độ chính xác gia công cao là sự sai lệch giữa tốc độ chạy dao được lập trình và tốc độ thực tế trong
quá trình vận hành, nguyên nhân do đặc tính tăng tốc và giảm tốc (Acc/Dec) của hệ thống điều
khiển servo của máy. Những sai lệch này dẫn đến sai khác trong quỹ đạo dao, từ đó làm giảm độ
chính xác kích thước và chất lượng bềmặt của chi tiết được gia công. Vấn đề càng trở nên nghiêm
trọng hơn khi lực cắt tác động lên dao trong quá trình phay tốc độ cao — đặc biệt với dao phay
ngón — gây ra biến dạng đàn hồi của dao, làm giảm độ chính xác hình học của sản phẩm cuối
cùng. Để giải quyết các vấn đề trên, nghiên cứu này đề xuất một phương pháp kết hợp giữa mô
hình hóa sự thay đổi thực tế của tốc độ chạy dao với việc dự đoán lực cắt và độ biến dạng của dao.
Mô hình tốc độ chạy dao được xây dựng dựa trên đặc tính tăng/giảm tốc của các trục điều khiển
của máy CNC, cho phép dự đoán chính xác quỹ đạo thực tế của dao. Việc tích hợp hai mô hình
này giúp dự đoán chính xác quỹ đạo chạy dao thực tế và đưa ra phương pháp bù sai lệch do giới
hạn điều khiển và biến dạng dao. Từ đó, một phương pháp cải tiến độ chính xác gia công được đề
xuất, dựa trên việc dự đoán lực cắt và sai số do biến dạng của dao phay ngón, có xét đến sự thay
đổi tốc độ tiến dao trong quá trình gia công. Tính hiệu quả của phương pháp đã được xác thực
thông qua các thí nghiệm cắt gọt thực tế, trong điều kiện không sử dụng chức năng điều khiển
biên dạng chính xác cao (AI contour control). Kết quả cho thấy sự tương quan cao giữa quỹ đạo
dao dự đoán và quỹ đạo đo được, qua đó khẳng định tính khả thi và giá trị ứng dụng thực tiễn của
phương pháp đề xuất.
Từ khoá: Gia công NC, mô hình Z-map, lực cắt, độ biến dạng dao cắt, bù sai số
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