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Abstract

In flank milling of thin-walled workpieces, machining deformation is a key issue affecting
workpiece accuracy and process stability. Although the traditional finite element method
(FEM) offers high accuracy, its low computational efficiency makes it difficult to meet the
requirements for rapid prediction in engineering practice. For this purpose, this paper
proposes an efficient method for predicting workpiece deformation based on the voxel
octree model. First, based on the analysis of the contact position between the cutting tool
and the workpiece, the thin-walled workpiece is divided into six levels of voxel units,
using a voxel octree model. Then, the stiffness matrix and update model of the voxel
units are established. Finally, the deformation prediction is completed by calculating the
micro-milling force and the voxel stiffness matrix. The experimental results show that the
workpiece deformation predicted by the proposed method is highly consistent with the
actual machining measurement. At the same time, compared with traditional FEM and
voxel model methods, the calculation time is reduced by 90% and 13.2%, respectively. This
method can provide rapid decision support for the optimization of thin-walled workpiece
machining processes and effectively improve the efficiency of preliminary research in
actual machining.

Keywords: thin-walled workpiece; flank milling; deformation prediction; voxel octree
model; milling force

1. Introduction

Flank milling is widely used in the manufacturing of high-end equipment in industries
such as aerospace. Since flank milling involves material removal from the workpiece using
a cutting tool, elastic deformation occurs during contact between the tool and the workpiece,
leading to machining errors [1,2]. To effectively control such errors, it is essential to predict
and compensate for the error through pre-machining simulation. Various methods have
been proposed to predict workpiece deformation during flank milling, among which the
cantilever beam-based models have been widely adopted and applied [3-5]. However, due
to the inherent low stiffness of thin-walled workpieces, they are highly prone to elastic
deformation, resulting in significant machining errors. Therefore, conducting research on
deformation prediction for thin-walled workpieces is of vital importance.

Existing studies on deformation prediction of thin-walled workpieces are often based
on FEM simulation [6-8]. Yan et al. predicted workpiece deformation caused by cut-
ting forces using FEM by constraining the cutting process of thin-walled workpieces [9].
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Landwehr et al. optimized the finite element modeling process of workpieces to reduce cal-
culation time, thereby predicting machining deformation by analyzing residual stresses [10].
Peng et al. improved the traditional FEM and proposed an enhanced finite element method
for detecting data, which accurately predicts workpiece deformation by forming stress
equations [11]. However, in actual milling processes, material removal causes stiffness
changes, and the undeformed chips thickness directly affects the calculation of milling
forces, making milling forces dependent on the current machining conditions. Therefore,
force-deformation coupling must be handled consistently and cannot be replaced by macro-
milling forces alone. In existing finite element simulation studies, macro-milling forces are
often calculated directly, resulting in errors in the prediction of workpiece deformation. At
the same time, although the FEM can effectively predict the deformation of thin-walled
workpieces, it requires a large amount of key data to be prepared in advance. Finite element
division of the workpiece to be processed involves a large number of matrix calculations,
which lead to low prediction efficiency [12-14].

To address this issue, some scholars have proposed methods combining voxel models
to improve the efficiency of the thin-walled workpieces deformation prediction. Nishida
developed a whole-element model based on cutting edges and instantaneous workpiece
deformation, which predicts cutting forces by extracting removed voxel workpiece informa-
tion to prepare for predicting workpiece deformation [15]. Kaneko proposed a voxel-based
milling simulation method that uniformly divides thin-walled workpieces into voxels and
then uses discrete voxels and matrix operations to predict workpiece deformation [16].
Wang proposed a method for predicting workpiece deformation by combining FCM and a
variable voxel model, which introduces global and local stiffness matrix segmentation tech-
niques to improve computational efficiency [17]. Although these voxel-based methods can
effectively improve deformation prediction efficiency, ordinary voxel-based methods often
divide thin-walled workpieces into voxels of equal size or coarse voxels for calculation,
which increases the amount of calculation at undeformed or slightly deformed parts.

Meanwhile, regenerative chatter and other dynamic issues often accompany the
machining of thin-walled workpieces, and we have also conducted relevant research on
this problem [18-20]. However, this paper primarily focuses on the foundational step
preceding dynamic analysis—quasi-static modeling—which serves as the first step in
predicting machining accuracy.

To the end, this study proposes an efficient deformation prediction method for thin-
walled workpiece machining based on a voxel octree model, providing a new solution
for process optimization. First, a micro-milling force model is established, based on the
fundamental assumptions of cutting forces. Then, the contact positions between the tool
and the thin-walled workpiece are analyzed, and a six-level voxel adaptive segmentation
is performed on the thin-walled workpiece using the octree model method. Additionally;,
the matrix update and removal methods are optimized. Subsequently, combining the
micro-milling force model, the voxel octree model, and the optimized voxel stiffness matrix,
the deformation of the workpiece is calculated. Finally, the proposed method is validated
through simulation and milling experiments to demonstrate the accuracy and efficiency of
predicting thin-walled workpiece deformation during flank milling.

2. Workpiece Deformation Analysis Based on the Voxel Octree
Model Method

2.1. Micro-Element Milling Force Model

Based on the proportional relationship between cutting force and instantaneous un-
deformed chip thickness, this study employs an equivalent shear force model to establish
a micro-element milling force model. This modeling method can effectively characterize
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the force—thickness relationship during machining, providing accurate mechanical input
for subsequent deformation analysis [21]. This model was proposed by Professor Yusuf
Altintas and is widely used in the field of mechanical processing. Recent studies have
pointed out certain limitations of this method, primarily focusing on the qualitative anal-
ysis of stress during plastic deformation, which leads to inaccuracies in the cutting force
coefficients [22]. Since the experimental subject of this paper is planar side milling, which
does not involve complex surface machining, and the accuracy of the milling force model
has already been validated in previous work, this paper selects this milling force model as
the foundation for subsequent research [3,23]. Specifically, this model achieves an accurate
calculation of cutting forces by discretizing the tool into a series of axially distributed
micro-disk elements, as shown in Figure 1. Here, 4, is the cutting depth, 4. is the cutting
width, d, is the thickness of the chip micro-element, and dF;, dF,, and dF, are the tangential,
radial, and axial cutting forces of the cutting edge micro-element A; ;, respectively.

(a) (b)

Figure 1. Micro-element milling force model. (a) Tool micro-element;(b) Cutting diagram.

Based on this modeling method, the equivalent shear force theory is used to establish
a micro-element milling force model for the tangential (dF;), radial (dF,), and axial (dF,)
cutting force components on each micro-disk element, as shown in Equation (1).

dFt[(pi,j(t)] = [Ktc . tn(i,j, t) + th] -dz
dFr[(Pi,j(t)] = [Krc . tn(i/j/ t) + Kre} -dz (1)
dFa[@;j(t)] = [Kac - tu(i,j,t) + Kge] - dz

where t,(i, j, t) represents the instantaneous undeformed chip thickness at time ¢ for the
j-th cutting edge micro-element A;; on the i-th cutting edge; Kic, Krc, and K, are the
tangential, radial, and axial shear force coefficients related to the undeformed chip thickness
ty, respectively; K, Kye, and K, are the tangential, radial, and axial cutting edge force
coefficients, respectively, and are generally constant terms. These six coefficients will be
determined by milling experiments, with units in N/mm?. d, is the thickness of the cutting
edge micro-element; 75 is the spindle speed. ¢; ;(t) denotes the position angle of the cutting
edge micro-element A; ; on the i-th cutting edge at height z when the tool rotation angle is
wt. The micro-element cutting edge height z can be expressed by Equation (2).

z= %dz 2)
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Based on the transformation relationships between the dF;, dF,, and dF, and the axes
of the rotational coordinate system, the components of the micro-element cutting force in
each axis are expressed by Equation (3).

dF)(i,j,t) = — cos pdF, — sin ¢ cos ydF, + sin g sin ydF,
dFy) (i,j,t) = sin ¢dF; — cos ¢ cos ydF, + cos ¢ sinydF, 3)
dFY (i,j,t) = sinydF, + sin ydF

where ¢ and 7 represent the radial and axial position angles of the cutting edge micro-

element, respectively, as shown in Equation (4).

— 2i-m | 7«

g=nst+ =g —+73-9 (4)
7=0

where N is the number of cutting edges, i indicates the cutting edge number, and ¢ is the
lag angle of the cutting edge micro-element. Since a flat end mill is used in this paper, 7 is
0 degrees.

2.2. The Voxel Octree Model

In finite element static structural analysis, the workpiece is modeled as an elastic solid
and discretized into a finite element mesh. Based on the small deformation assumption,
this study assumes that the deformation of the workpiece remains within the elastic range
and follows Hooke’s law. In the FEM model, nodes are classified into two categories:
(1) retained nodes located on the machined surface; (2) reduced nodes on the non-machined
surface. By concentrating the solution of the displacement field on the retained nodes, it
significantly improves computational efficiency while maintaining accuracy.

The octree model is a tree-based data structure based on spatial division. In the octree
model, three-dimensional space is represented by a regularly arranged set of cubes, which
are recursively divided into several subspaces. Each node represents a three-dimensional
region, and each node can have up to eight sub-nodes. Specifically, the octree model divides
a cubic space into eight sub-cubes, so that each layer is divided more and more finely until
a specific condition (such as maximum depth or minimum spatial scale) is met. Due to this
advantage, this paper proposes a method based on the voxel octree model to simulate the
deformation of workpieces during milling. In actual simulations, fixed-size voxel models
are often chosen to simulate the workpiece, but the size of the voxels can have a certain
impact on the milling results, as shown in Figure 2.

\ \ \

| - | B AosBr
/)' EEEEREE] | |- EEEE

(a)

(b) (c)

Figure 2. Relationship between the cutting edge and the voxel model. (a) Coarse voxel model;
(b) Fine voxel model; (c) Voxel octree model.
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As shown in Figure 2, regardless of whether the model is based on coarse or fine voxels,
material removal along the tool envelope surface can be effectively achieved during milling.
However, in the coarse voxel model (Figure 2a), due to the larger voxel blocks, the cutting
edge is farther away from the actual uncut voxel units, which may result in significant
errors in stiffness and deformation calculations. In the fine voxel model (Figure 2b),
due to the smaller voxel blocks, the cutting edges can be closer to the uncut voxel units,
but this greatly increases the computational load of the stiffness model. Therefore, this
paper proposes the voxel octree model. It uses large voxel units at locations far from
the cutting edge and divides them into smaller voxel units as they become closer to the
cutting edge, thereby achieving an efficient and accurate stiffness model and workpiece
deformation calculation.

Thin-walled workpieces are typically regarded as elastic bodies, and the radial cutting
depth (a,) during the milling of thin-walled workpieces is generally small. Within the
elastic limit of the workpiece, the deformation of the workpiece can be calculated using
Hooke’s law, based on the milling force and stiffness model. As shown in Figure 2c, in the
voxel octree model, octree nodes can be further divided into three types: red completely
removed nodes (CR), yellow cutting edge micro-element nodes (ER), and green unremoved
nodes (UR). In order to solve the accurate deformation of thin-walled workpieces based
on the voxel octree model, this paper further studies the construction and updating of the
stiffness matrix.

Since the unit size of the voxel octree model directly affects the accuracy and efficiency
of workpiece deformation calculations, selecting the appropriate octree depth is essential.
According to the computational complexity of the octree model (nlogn), it can be seen that
the number of units increases to n * 8 for each additional level of depth, resulting in a
tenfold increase in computational complexity [24]. Based on the size of the thin-walled
workpiece and the axial difference in the micro-element milling force in this paper, it can be
calculated that the octree depth should be selected between five and seven. The accuracy
of the five-level octree model is relatively low, and the computational complexity of the
seven-level octree model increases tenfold. Therefore, this paper chooses the octree model
with a depth of six.

2.3. Stiffness Matrix Construction and Update Method

Each voxel octree node is connected to adjacent octree nodes using the same beam
elements as in traditional FEM, as shown in Figure 3. The center points O1 and O2 of
adjacent voxel octree models correspond to eight vertices, but in the actual voxel calculation
process, the two center points correspond to twelve vertices, as shown in Figure 4.

Z 4
S 7 {
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T_
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Vo

i~ /

»

Figure 3. Vertex subdivision of the voxel octree model.
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Figure 4. Adjacent voxels and deflection relationships.

As shown in Figure 4, the center points of the voxels and the corresponding nodes are
regularly distributed in the x-y-z directions. Therefore, only three types of unit matrix need
to be considered, which are the x-direction stiffness matrix K.y, the y-direction stiffness
matrix Ky, and the z-direction stiffness matrix K. K,y links two adjacent voxel units in
the x-direction. For voxel units in the y and z directions, the K., and K, are obtained by
applying a rotation matrix to Key. Then, the stiffness matrix K of the entire workpiece is
calculated based on the voxel connectivity and the three stiffness matrixes Ky, Ky, and K.
Assuming that the force vector between octree voxel units is F,, the relationship between
K,x and the displacement vector is given by Equation (5).

F, = K,y - d, ®)

Each node has six degrees of freedom, consisting of three translational and three rotational
degrees of freedom. Therefore, the corresponding vectors F,, d., and K.y can be expressed
by Equations (6)—(8).

T
Fo=|F¢ Fi Ei M; Ni Qi Fy F; Fj M N; Q] (©)
d€:|:xi vi zi o Bi vi Xj Yy oz oaj B %} 7)
K1 Kip
Koy = 8
=k Knp 8)

Substituting the moments of inertia I, I, I; and section modulus | of the aluminum

alloy thin-walled workpiece into the stiffness matrix K;;, Equation (9) can be obtained.

ijs
[ Kyx ny Kz KxGX Kx(?y KxGZ |

Kyx Ky Kz Kyp, K Kye.
Kzx sz Kz Kz(),( Kz(?y KZGZ

ij —
" |Kex Koy Koz Koo, Koo, Ko,

)
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The bending stiffness (y-z plane) is expressed by Equations (10) and (11).
12E1
6EI
KyQy = B9, = 12 (11)
The shear stiffness (x plane) is expressed by Equation (12).
EA
Kxx - T (12)
The torsional stiffness is expressed by Equation (13).
GJ
= — 13
Koo, = = (13)

By combining the above equations, four stiffness matrixes, K11, K1p, K1, and Ky, can

be obtained. Specifically, as shown in Equations (14)—(17):

[EA 0 0 0 0 0]
o 2 o o o S
oo |0 0B o e

"lo o o & o o

o o =% o # o0

o 0 0 0 4
-0 o 0 0 0]
o B o o o S

12E1 6EI

kp=|% 0 o O - 0

0 0 o < 0 o
6EI 2EI

0 o % o 23 o

o 0 0 0
K1 = Kjp
[EA 0 0 0 0 0|
o Bl 0o o o -%
12E1 6EI

Kp— |0 O F (é L0

o o o -¢ 0o o

o o & o % o0
o~ 0 o 0

(14)

(15)

(16)

(17)

where A is the area of the cross section; E is Young’s modulus; G is the shear modulus;

I, and I are the moments of inertia of the cross section; and | is the torsional constant of

the cross section.

The shear modulus G can be calculated with Young’s modulus E and the Poisson’s

ratio v, as shown in Equation (18). The moments of inertia I and the torsional constant |

are calculated with Equations (19) and (20).

E

¢ =30+

L4
I=—
12

(18)

(19)
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L4
6
In the milling process, the shape of thin-walled workpieces constantly changes, causing

the stiffness matrix of the workpiece to be continuously updated. Using traditional FEM
to update the stiffness matrix requires frequent mesh division based on the shape of the

J (20)

workpiece, which reduces the efficiency of the calculation. This paper updates the stiffness
matrix by removing voxel units based on the voxel octree model method. This method
avoids redividing the finite element mesh of the workpiece, making the stiffness matrix
update simpler and more efficient.

Kit1 =Ki—1 — Ky (21)

The stiffness matrix update method used in this paper is shown in Figure 5. As
mentioned above, when the tool collides with the voxel octree node, the node is removed,
and the stiffness matrix of the node is also removed. Assume that the stiffness matrix of the
voxel octree model is K;_1, and the upper right voxel is cut off. Then, the stiffness matrix K,
of this node must be removed from the original model stiffness matrix. Finally, the updated
stiffness matrix is obtained, as shown in Equation (21).

Octree voxel model Stiffness model element Stiffness matrix

A4

Before
\
ke

Octree voxel model Stiffness model element  Stiffness matrix

Remove
>

Octree voxel model Stiffness model element Stiffness matrix

/

After
ke
5

/

Figure 5. Matrix update method.

2.4. Rapid Calculation of Workpiece Deformation

According to the voxel unit distribution of the proposed voxel octree model, the oc-
tree depth is six. Then, the voxel units of the voxel octree can be divided into six levels,
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namely, overall units (level 1), coarse voxel units (levels 2 and 3), and fine voxel units
(levels 4, 5, and 6). The deformation amount of the workpiece can be calculated in
two steps, which are the initial deformation calculation and the accurate deformation
calculation. Specifically, the flowchart for calculating the deformation of thin-walled work-
pieces based on the voxel octree model method is shown in Figure 6.

kcr=kcr+1

4

Update Cutting
tool feed position

4

Calculation of micro milling force

}

Analyze collisions between cutting
tools and workpieces
Successively segmenting
l level 3 - 5 voxel units

Subdivision of level 2 voxel units and
construction of stiffness matrix

] <>

Calculate the deformation of the level
2 voxel units

Constructing the
stiffness matrix of
level 3 - Svoxel units

‘ Level 5 voxel units are segmented

v into level 6 voxel units. (Figure 7)
Segmentation of level 3 - 6 voxel l
units based on the octree voxel model
i Node remove (Figure 5)
Constructing and combining the l
stiffness matrix of voxel units
i Update stiffness matrix
Calculate the deformation of voxel l
units of levels 3 - 6.
l Combine stiffness matrix
Update the overall deformation of the
workpiece
L<Lmax?

Summary of overall deformation

Figure 6. Flowchart of workpiece deformation calculation.

As shown in Figure 6, first calculate the micro-element milling force and analyze
the collision between the milling cutter and the workpiece. Divide the workpieces into
level 2 voxel units and calculate the deformation. Since the unit grid of the level 2 voxel
units is relatively sparse, the initial deformation of the workpiece can be calculated more
quickly. This step can quickly approximate the actual deformation of the workpiece
and effectively reduce the complexity of the calculation efficiency. Then, voxel units at
appropriate positions are divided according to the voxel octree model. Stiffness matrixes
corresponding to level 3-6 voxel units are constructed, and deformation is calculated in
combination with microelement milling force. Finally, the deformation of level 2, 3, 4, and
5 voxel units is uniformly subdivided into level 6 voxel units, and the overall deformation
of the workpiece is obtained by summarizing them.
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The appropriate location for voxel unit segmentation needs to be discussed on a case-
by-case basis. The segmentation strategy for level 2 to 5 voxel units is different, and the
specific rules are as follows. As defined by the voxel octree model, the next level of voxel
units can be obtained by dividing the previous level of voxel units using the octree method.
First, the level 1 voxel units of the workpiece are divided into level 2 voxel units. When
a voxel unit contains a cutting edge, the level 2 voxel units are divided into level 3 voxel
units using the octree theory. The voxel elements are further traversed. If the level 3 voxel
unit does not contain any cutting edges, retain this level. Otherwise, continue to divide
the level 3 voxel unit into level 4 voxel units through octree theory. Continuing from the
previous step, divide the level 4 voxel units by determining whether the unit contains a
cutting edge. The division rules for level 5 voxel units are determined by the distance from
the center point of the unit to the cutting edge, as shown in Figure 7. When the distance 4
between the center point of the level 5 voxel unit and the cutting edge is less than the center
point spacing ds of the voxel unit, the level 5 voxel unit is further divided into level 6 voxel
units according to the octree theory. Furthermore, a sensitivity analysis was performed on
parameter d, as shown in Table 1. 0.8d5 lead to a decrease in the number of voxel units
but improved computational efficiency; 1.2d5 lead to an increase in the number of voxel
units but reduced computational efficiency. Through comprehensive analysis, it was found
that only at one time, ds, can both efficiency and accuracy be balanced. Therefore, when
the distance d between the cutting edge and the center point of the level 5 voxel unit is
less than ds5, octree segmentation should continue. As can be seen in Figure 7, the green
dotted line indicates that the distance d between the center point of the level 5 voxel unit
and the cutting edge does not meet the octree division condition, so the original voxel unit
is retained. The red dotted line indicates that the distance d meets the division condition,
so the level 5 voxel unit is further divided into level 6 voxel units through octree theory.

B \\
. ) \ e | o —/’,»'
3 ° } bl ./" [ 2 “/,,.
i ° / o | e
. o | o | @ / o | o 1
o | o o | o ._‘\\... o. Tt-e
§ o | o / ° . T

(a)

A

(b)

Figure 7. Segmentation rules of level 5 voxel unit octree. (a) Upper half of a level 5 voxel unit;
(b) Lower half of a level 5 voxel unit.
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Table 1. Sensitivity analysis of distance d.
Distance Judgment (d<x) Number of Voxel Units Computational Time (ms)
1*ds 1684 523
0.8*ds 1428 392
1.2%ds 1940 715

After modeling thin-walled workpieces with the voxel octree model, the stiffness
matrix of each level of voxel units needs to be divided. According to the division rules, the
stiffness matrices in the X and Y directions of the previous level voxel units are divided
into four submatrices, as shown in Equation (22).

KXup =

KXnextl KXneth (22)
KXnext3 KXnex’t4

where Ky, is the stiffness matrix of the x-direction of the previous level voxel unit;
Kxnexti—Kxnexta are the sub-stiffness matrices of the x-direction of the next level voxel
unit. The sub-stiffness matrices in the Y and Z directions are obtained by rotating and
splitting Kx,p. The rotation matrix of Kxy to Ky is R;, and the rotation matrix of Kx,, to
Kzup is Ry, which are expressed in Equations (23) and (24).

0
R.=[1 0 0 (23)
0

Ry =

0
10 (24)
0

From the rotation matrices R; and Ry, Kyup and K Zup can be obtained, as shown in
Equations (25) and (26).

KYup = RZKXMPRZ (25)
KZup = RyKXupR; (26)

Since the octree segmentation method involves multiple levels of voxel units, the
stiffness matrices of each voxel unit are not consistent. This paper ensures the continuity
of the stiffness matrix by sharing nodes. Specifically, the stiffness contribution of shared
nodes is obtained by weighted summation, as shown in Equation (27).

Kshare = w1 - Kg1 +wp - Kep + -+« + wy - Ky (27)

where K, is the composite stiffness matrix of the shared node; K1, K, ..., and K, are
the stiffness matrices of the n individual voxel units connected to this node; w; is the weight
coefficient of the i-th individual voxel unit, which is determined by the proportion of the
voxel volume. When a voxel unit is removed, its volume becomes 0, and it is automatically
removed from Equation (27).

As described above, once the micro-element milling forces and the stiffness matrix
splitting rules for each level of voxel units are determined, the deformation of thin-walled
workpieces can be further calculated. First, the deformation of the level 1 voxel unit is
calculated, as shown in Equation (28). The deformation of the subsequent voxel units is
calculated according to Equation (29), and the solution is continued until the deformation
of the level 6 voxel unit is obtained. Since this paper selects side milling of thin-walled
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workpieces, the proportion of the main cutting force is much greater than that of the
lateral cutting force, which reduces the risk of plastic deformation caused by bending
moment. Therefore, this paper simplifies the workpiece deformation to elastic deformation
for analysis. Finally, the complete deformation of the thin-walled workpiece is obtained by
combining the deformation amounts using Equation (30).

_h
dlle (28)
di+11
[K‘ K1 Ko K ] div| _[r . F.. F... F 29
i+1 i+1p i+13 i+1y di+1 - [ i+1p i+1p i+13 z+14] ( )
3
di+14
dy ... dy dy dy dy do dy dy dp ... dq]
dy ... dy dy ds ds dg dg dg dg ... dy
dy ... dy dy ds ds dg dg dg dg ... dy
dy ... dy dy ds ds dg dg dg dg ... dy
dy ... dy dy ds ds dg dg dg dg ... dy
dohole = 30
whole = Vg ... ds ds ds dg dg dg dg ds ... dy (30)
dy ... ds ds dg dg dg dg dg ds ... di
dy ... ds ds dg dg dg dg ds ds ... d
dy ... ds ds dg dg dg dg ds ds ... d
dy ... dy dy dy dy dy dy dy dy ... di]

where F; and Kj are the milling force and stiffness matrix corresponding to the level 1 voxel
unit; K; 1, to K1, are the stiffness matrix of the next level voxel unit; d; 1, to d; 1, are the
deformation amount of the next level voxel unit; and F;; 1, to F; 1, are the milling force
corresponding to the next level voxel unit. d. is the overall deformation amount, and
dq to dg are the deformation amounts of each level voxel units, respectively.

Based on the proposed stiffness matrix update method, the local heat map of the
thin-walled workpiece stiffness can be further obtained, as shown in Figure 8. It can be seen
that the bottom of the workpiece is fixedly constrained, so the stiffness is maximum, and
along the positive z-axis direction, the stiffness gradually decreases. After side milling, due
to material removal, the stiffness matrix of the voxel element is removed, and the stiffness
matrix is also updated accordingly.

x10°
22

Before flank milling

0 05 1 15 2 25 3 0 05 1 15 2 25 3
y (mm) y (mm)

After flank milling

30 30

2

1.8

1.6

14

1.2

z (mm)
o
(N/mm)
(N/mm)

5

0

Figure 8. Local heat map of thin-walled workpiece stiffness.
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3. Workpiece Deformation Simulation

In this paper, a 2.4 mm thin-walled workpiece made of 7075 aluminum alloy and a
@16 mm flat-end milling cutter were selected for flank milling simulation experiments.
The specific experimental parameters are shown in Table 2, where the milling depth is
20 mm, the milling width is 0.4 mm, the spindle speed is 6000 r/min, and the feed rate
is 1800 mm /min. Since the calculation of machining deformation requires milling force
simulation, the specific simulation parameters are shown in Table 3. The six cutting force
coefficients in Table 3 were obtained by eight sets of flank milling orthogonal experiments
on thin-walled workpieces [21,23,25,26]. In order to facilitate the deformation solution, the
thin-walled workpiece is regarded as a cantilever beam model: that is, the bottom of the
thin-walled workpiece is treated as a fixed end.

Table 2. Processing experiment parameters.

Length (mm) 200
Thin-walled workpiece parameters Width (mm) 24
Heigh (mm) 30
Diameter (mm) 16
Length (mm) 120
Helix angle (°) 25
Material H10F
Tool parameters Number of teeth 2
Radjial rake angle (°) 17
Axial rake angle (°) 1
Normal rake angle (°) 8.3
Edge inclination angle (°) 65
Milling depth (mm) 20
Processing parameters Milling width (mm) 04
&P Spindle speed (r/min) 6000
Feed rate (mm/min) 1800
Table 3. Model simulation parameters.
Levels of the voxel octree model 6
. . Young’s modulus (GPa) 6.9
Workpiece material parameters Poisson coefficient 0.25
. Flexural strength (N/mm?) 4300
Tool material parameters Young’s modulus (GPa) 59
Kze (N/mm) 0.83
Kre (N/mm) 16.07
. - Kie (N/mm) 7.59
Cutting force coefficient K, (N/mm?) 8251
K,e (N/mm?) 321.49
Kie (N/mm?) 1173.41

According to the simulation conditions, the flank milling process was simulated, as
shown in Figure 9. The red color represents the flat-end milling cutter model, and the
green color represents the thin-walled aluminum alloy workpiece. It can be seen that the
thin-walled workpiece is divided into six levels of voxel models according to the octree
theory. The voxel units far away from the tool are divided into low-level voxel units, and
the closer to the tool, the higher the level of the voxel units.
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x-direction Milling Force (Simulation)

Flank milling based on the voxel octree model method
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Figure 9. Simulation of flank milling based on the voxel octree model method.

In actual machining, flank milling deformation of thin-walled workpieces mainly
occurs in the radial direction of the tool. Therefore, this paper mainly investigates
the deformation of the flank milling end of the workpiece, i.e., the deformation in the
x-direction. The milling force in the x-direction is obtained according to the simulation
parameters in Table 2, as shown in Figure 10. As can be seen from the figure, the peak
milling force information for tooth 1 and tooth 2 is shown. Since the two-tooth milling tool
used in this paper has uneven tooth load issues, there is a difference in the peak milling
force between the two teeth [27].

400

300
~ 200
ke

100

309 - st tool tooth

o o |
| il . .Y306.9
306
Z 305
| & 304
303 |
i 302 20 tool tooth 24 tool tooth
301+ X3.1565 | |X3.1665
300 + Y 299.9 ! .Y299.8
1.9 3.9 5.8 11 -

t/s

Figure 10. Simulation of milling force in the x-direction.

The overall deformation of the aluminum alloy thin-walled workpiece in the
x-direction was calculated using the voxel octree model proposed in this paper, as shown
in Figure 11. It can be seen that the overall deformation of the workpiece is not uniform.
Along the y-direction, the deformation at the edges of the workpiece is significantly greater
than that at the center, which is due to the weaker stiffness of the edges compared to the



Machines 2025, 13, 803

15 of 21

z-direction (mm})

(&)}

-
o

-
&3}

20

L. _\_| v
Thin-Walled L«“ Thin-Walled Workpiece

Workpiece

Dynamometer
(KISTLER 9257B)

center. Along the z-direction, the deformation at the bottom is smaller, which is caused by
considering the workpiece to be a cantilever beam model.

Overall deformation value of thin-walled workpieces

0.16
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y-direction (mm)

Figure 11. Simulation results of overall deformation of thin-walled workpiece.

4. Processing Experiment Results and Discussion

In order to further investigate the effectiveness of the voxel octree method in predicting
workpiece deformation during actual flank milling, this paper selected the SMC125u
five-axis hybrid machine tool to perform milling experiments on thin-walled aluminum
alloy workpieces, as shown in Figure 12. To avoid randomness in a single experiment,
a total of 10 thin walls were milled in this experiment, and the measurement results
were averaged.

SMCI125u

Figure 12. Flank milling experiment on thin-walled workpieces.

During the machining process, the KISTLER 9255C dynamometer was used to simul-
taneously measure the x-direction milling force, and the milling force results shown in
Figure 13 were obtained. The dynamometer settings are as follows: the sampling frequency
is 4000, the filter type is a low-pass filter, and the average force calculation is the period
average. The simulation results and experimental results of the x-direction milling force
are shown in Figure 14. Since the cutting coefficients provided in Table 3 were calibrated in
advance using the same machining method as the machining experiment, and Figure 14
shows that the amplitude of the simulated milling force and the experimental milling force
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are basically consistent, it can be concluded that the milling force model in this paper
is correct.

400 x-direction Milling Force (Experiment)

300

200
Z
R

100

-100 ' '
0.0 1.9 3.9 5.8 7.7

t/s

Figure 13. x-direction milling force measured during processing experiment.

x-direction Milling Force (comparison)

400

I '“'W‘WWWMWMW |

200 ” 1

F/N
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0.0 1.9 3.9 5.8 7.7

t/s

Figure 14. Comparison of simulated and actual measured values of x-direction milling force.

The thickness of the thin-walled workpiece is obtained by measuring the machined
thin-walled workpiece with a coordinate measuring machine (CMM), and the amount of
deformation can be further calculated, as shown in Figure 15. This CMM is Hexagon's
EXPLORER 07.10.07, which uses a standard ball to calibrate the touch-trigger probe. The
CMM'’s uncertainty is 3 pum. The CMM measured 10 points along the y-direction and
5 points along the z-direction of the thin-walled workpiece, as shown in Figure 16. The
measurement results of the thin-walled workpiece deformation along the y-direction are
shown in Figure 17a, and those along the z-direction are shown in Figure 17b. It can be
seen that along the y-direction, the actual measured deformation of thin-walled workpieces
decreases and then increases; along the z-direction, the actual measured deformation of
thin-walled workpieces increases and then decreases, which is consistent with the trend of
the simulated deformation of thin-walled workpieces.
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Figure 15. Measurement of the thin-walled workpiece.
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Figure 16. Distribution of measurement points.
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Furthermore, the deformation results of the simulation and actual measured values
in Row 3 and Column 4 were randomly selected for comparison, as shown in Figure 18.
As shown in the figure, the maximum deformation difference in Row 3 is 0.02 mm, and
the minimum deformation difference is 0 mm; the maximum deformation difference in
Column 4 is 0.02 mm, and the minimum deformation difference is 0 mm. Regardless of
whether the deformation in the simulation and the actual measured deformation differs by
less than 0.02 mm, it can be proven that the voxel octree model proposed in this paper for
predicting deformation is accurate.

Deformation comparision (Row 3)
T T T T T I

0.164 —6— Simulation 1N
—A— Experiment

1 2 3 4 5 6 7 8 9 10
Column number
(a)

.05 % Deformation comparision (Column 4)
B T T T
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—6— Simulation
0.045 - —A— Experiment ]

0.03¢ &
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o
o o
@ =)
& i
T
|

0.0254 n
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1 1.5 2 25 3 3.5 4.5 5

Row number

(b)

Figure 18. Comparison of simulated and measured values of workpiece deformation for random
matrices. (a) Comparison results for Row 3; (b) Comparison results for Column 4.

~d

Meanwhile, this paper compares the efficiency of deformation prediction using tra-
ditional FEM, the voxel model method [16], and the voxel octree model method, with the
results shown in Table 4 and Figure 19. The hardware configuration of the computational
platform is Windows 11 with an Intel Core i7-13700 processor. The simulation software
based on FEM is Workbench 23 R1. The tool is treated as the rigid body, and the bottom
of the workpiece is fixedly connected. The element type is a quadratic element, the mesh
size is 0.2 mm, the material removal is element erosion, the time step is 1.5 x 107, the dis-
placement residual is 0.5%, and the stopping criterion is tool displacement of 200 mm. As
shown in the table and the figure, the voxel octree model method demonstrates significant
improvements compared to the other two methods, achieving more than a 90% increase
compared to the traditional FEM and a 13.2% increase compared to the voxel segmentation
method. Specifically, the computational complexity of the three methods is compared in
Table 5, where n represents the number of cells/voxels, n. and n f represent the number
of coarse and fine voxels, respectively. It can be seen that the computational complexity
(memory occupation, single step solution time, and preprocessing time) of the method
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proposed in this paper is significantly lower than that of the other two methods. This is
because although traditional finite element methods are highly accurate and particularly
suitable for stress—strain analysis of continuous media, the computational complexity in-
creases sharply with mesh density (). The voxel model method is simple to model, but it
increases computational complexity during the detailed calculation stage. The voxel octree
model method proposed in this paper achieves a balance between accuracy and efficiency
by performing local refinement in the cutting area and thin-walled critical locations, and
using coarse voxels in areas far from the cutting area.

Table 4. Simulation time for deformation prediction.

Method Time
The traditional FEM 24h
The voxel model method 965 s
The voxel octree model method 837s

Solution efficiency comparison

The traditional FEM (End: 2.4 h) /
The voxel model method (End: 0.269 h)

2r The voxel octree model method (End: 0.233 h) 8

2.5

0 20 40 60 80 100
Completion rate (%)

Figure 19. Comparison of the computational efficiency of the three methods.

Table 5. Computational Performance Comparison.

Method The Voxel Octree Model Method The Voxel Model Method The Traditional FEM
Time complexity O (n-logn) O((n, + nf)-njl(/S) O (n*/3)
Memory occupancy (MB) 320 368 2413
Single step solution time (um) 89 101 803
Preconditioning time (s) 2.8 1.9 43.2

Finally, the Introduction notes that milling thin-walled workpieces often involves
dynamic instability, particularly regenerative chatter. This phenomenon arises from the
coupling between tool vibration and the periodically varying chip thickness. The voxel oc-
tree model method proposed in this paper introduces a strategy for removing and updating
the stiffness matrix, enabling accurate predictions for the thin-walled workpiece deforma-
tion under quasi-static modeling conditions. This work lays the research foundations for
subsequent dynamic analysis.

5. Conclusions

This paper proposes a voxel octree method for efficiently predicting flank milling de-
formation of thin-walled workpieces. First, a micro-element milling force prediction model
is established based on the equivalent shear force model. Then, through tool-workpiece
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collision detection analysis, a construction strategy for the voxel octree model is proposed.
For thin-walled workpieces, voxel unit adaptive division is performed from coarse to fine,
and a corresponding voxel unit stiffness matrix is established. Finally, the workpiece defor-
mation is accurately calculated through the milling force model and stiffness matrix. The
experimental results show that the proposed method is highly consistent with the actual
measured value in predicting the deformation of thin-walled workpieces. At the same time,
compared with the traditional FEM and the voxel model method, the calculation time is
significantly reduced, and the efficiency is improved by 90% and 13.2%, respectively. This
method provides an effective solution for the rapid prediction of workpiece deformation
and can significantly improve the efficiency of process preliminary research.

This paper mainly focuses on the prediction of flank milling deformation of thin-
walled workpieces with a fixed tool axis. In future work, this method will be further used to
predict the thin-walled workpiece deformation under five-axis machining with a variable
tool axis. At the same time, the influence of tool deformation on the thin-walled workpiece
deformation during machining will be further considered. Finally, since some scholars have
pointed out certain shortcomings in Altintas’ milling force model, subsequent studies will
use this model dialectically and further investigate a more accurate milling force model.
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