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ABSTRACT Traditional boring dynamic model ignores the effect of the uneven radial stiffness of the shaft
hole of the thin-walled box on the boring vibration characteristic, which will lead to the deviation in the
prediction for both the cutting force and the surface topography of the machining hole. To address this
shortcoming, a new calculation model of the equivalent radial stiffness of the shaft hole is proposed and
then validated by the finite element (FE) method. On this basis, a boring dynamic model of the shaft hole is
developed, and an experimental study on the dynamic characteristics of the shaft hole boring is carried out
to verify the correctness and effectiveness of the proposed dynamic model. Moreover, a prediction method
for the surface topography error of the machined shaft hole is presented based on the proposed dynamic
model. Finally, the comparison investigation on the hole machined surface topography predicted by the
proposed method and measured in practice is carried out. The results show that the proposed theoretical
models and method can achieve accurate predictions for both the boring cutting force and the machined
surface topography error of the shaft hole on the thin-walled box. This study can provide a theoretical basis
for machining error control and process optimization of the fine boring of the thin-walled transmission box.

INDEX TERMS
prediction.

I. INTRODUCTION

High-power density transmission box system has the advan-
tages of compact structure, and precise and efficient transmis-
sion, which is widely used in the transmission equipment of
vehicles, ships and aviation [1], [2], [3]. However, it is easy
to deform or vibrate in processing due to the box-shaped part
structure with lower stiffness. Thus, the machining accuracy
of the transmission box shaft hole is difficult to control [4].
As a key feature of the transmission box, the machined sur-
face topography error of the shaft hole directly determines
the assembly accuracy of the transmission components and
is closely related to the dynamic service performance of
the whole box. The boring dynamic model is an important
theoretical means to study the dynamic behavior of shaft hole
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machining and to develop prediction methods for the shaft
hole machined surface topography error. To establish the bor-
ing dynamic model is the benefit to understand the forming
mechanism of machining error, and be timely controlled to
avoid unexpected phenomena occurrence, but how to improve
its calculation accuracy is a prerequisite for predicting the
cutting force and the surface topography of the shaft hole [5].

The fluctuation of cutting force can lead to the vibration
of the cutter and workpiece, and then affect the machining
precision of the workpiece in process. Accurately modelling
cutting force has become an important theoretical means
for scholars to establish the prediction of machining sur-
face topography error and evaluate the cutting stability [6],
[7], [8]. For example, Sabberwal et al. [9] were the first to
demonstrate that the cutting force is proportional to the chip
load area, and the proportionality coefficient depends on
the workpiece and cutter material characteristics and cutting

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 3129


https://orcid.org/0000-0002-0277-4355
https://orcid.org/0000-0002-2698-7005
https://orcid.org/0000-0001-6417-3750

IEEE Access

D. Peng et al.: Method for Predicting the Boring Topography Error of Shaft Hole on a Thin-Walled Box

conditions. Subramani et al. [10] proposed a simple analyti-
cal model for calculating the cutting force of boring. In their
model, the cutting force components were obtained by using
an equivalent chip flow angle. Based on the work in [10],
Kuster et al. [11] carried out a cutting dynamic model by
considering the regenerative chatter. Then, Atabey et al. [12]
developed two models to predict the cutting force during the
boring process. Young et al. [13] proposed a model for pre-
dicting the cutting force, in which the equivalent cutting edge
was defined and used. Later, Wang et al. [14] improved their
model by considering the influences of inclination and rake
angles. The cutting force depends heavily on the dynamic
parameters of the cutting system and can be obtained from
the dynamic model of the machining system.

Establishing the dynamic model of the machining system
is a basic theoretical method to evaluate the mechanical
properties of machining and predict the precision of the
machined surface topography, which plays an important role
in industrial practices [15]. In recent years, scholars have
paid more and more attention to the dynamic modelling of
machining systems [16]. For example, Lazoglu et al. [16]
proposed a time-domain mathematical model for solving
the dynamics in the boring process and then studied the
influence of boring parameters on cutting force. Ozlu et al.
[17] developed a discretization method of the trapezoidal
differential element to calculate the cutting area and cutting
force, and then to observe the impact of tool nose radius
on machining stability. Moetakef-Imani et al. [18] used the
Euler-Bernoulli beam theory to conduct dynamic modelling
of the boring bar. Miguelez et al. [19] established a dynamic
model to study the flutter suppression performance of a bor-
ing bar. Ghorbani et al. [20] evaluated the vibration character-
istics of the boring bar by changing its dynamic parameters.
Chockalingam et al. [21] established a model to study the
damping capacity and flutter performance of the boring tool.
Fallah et al. [22] proposed a chatter vibration mechanical
model of the boring bar to simulate the nonlinear dynamic
characteristics of the forward path.

In the current boring dynamic modelling, the influence of
the radial stiffness of the cutter rod on the dynamic behav-
ior of the boring system is focused. However, the thin wall
with the shaft hole attached is prone to a large deforma-
tion in the boring process, which will lead to a large dif-
ference in the radial stiffness of the shaft hole in different
directions, and then affect the dynamic characteristics of the
boring system. While this effect can not be considered in
the traditional dynamic model of the boring system, which
is bound to lead to a large deviation in the prediction for
both the boring dynamic behavior and machining topography
error.

Therefore, given the problems mentioned above, the main
contributions and highlights of this paper are summarized as
follows:

« A new analytical calculation model of the radial stiffness

of the shaft hole on the thin-walled box is established,
and its accuracy is validated by the FE method.
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o A dynamic model of the boring system is proposed by
considering the supporting deformation of the shaft hole,
and its correctness and effectiveness are validated by
conducting an experimental study.

« Combined with the established dynamic model, a pre-
diction method for the surface topography error of the
boring shaft hole is developed, and its prediction effect
is proved by actual measured results.

The following structure of this paper is arranged as fol-
lows: The problem that needs to be addressed in this paper
is introduced in Section II. The proposed shaft hole radial
stiffness calculation model and boring dynamic model are
demonstrated in Section III. The established shaft hole radial
stiffness verification FE model and the verification exper-
iment of the boring dynamic characteristics are presented
in Section IV. Then the proposed prediction method for
the surface topography error of the machined shaft hole is
described in Section V. In addition, the results obtained from
the proposed models and method are analyzed and discussed
in Section VI. Finally, some main conclusions are drawn in
Section VII.

Il. PROBLEM FORMULATION

The force analysis of the boring system is shown in Fig. 1 (a).
The complex time-varying cutting force is generated due to
the extrusion motion of the insert and the hole wall. The cut-
ting force is decomposed into three mutually perpendicular
components, namely Fy, F, and F;, along the axial, radial
and tangential directions of the boring rod.

Fig. 1 (b) shows the error generation process analysis
during the boring process. The point Oy is the fixed reference
point of the relative machine coordinate system {G}. On the
plane XYOp, the boring cutter is deflected by the radial force
F,, and tangential force F., which makes the center point
Oc of the boring bar deviate from the position Oy and form
the displacement e.. According to the third law of Newton
mechanics, there are equivalent inverse forces Fj, and Fy;
acting on the hole wall to cause additional deformation of the
box wall, which makes the center point Oy of the shaft hole
away from the position Oy and then the offset e, occurs. The
offset e, and ey, together constrain the change of instantaneous
chip thickness in the boring process.

Combining with Fig. 1 (a) and (b), the transformation
relation of cutting component forces in two coordinate forms
that describe box wall deformation by cartesian coordinates
and boring bar deflection by polar coordinates, is established,
namely:

Fry cosf cos(@ —m/2) O Fp,
Fpy | = sin@ sin(0 —n/2) 0 |- | Fpn (D
F; 0 0 —1 Fiy

Fig. 2 shows the simplified cantilever beam model of the
shaft hole on the thin-walled box. In Fig. 2, points A and B
denote ectopic two points on the circumference of the shaft
hole and point C refers to the endpoint of the shaft hole
attached to the thin wall. Since the shaft hole is contained in
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FIGURE 1. Force analysis of the boring system: (a) boring processing
schematic; (b) topography error formation analysis.

the suspended beam structure, it is assumed that the compo-
nent of the cutting force in the X direction is always collinear
with point C, thus the bending moment of this component on
point C equals zero. Therefore, when the cutting force acts at
points A and B, the bending moment of point C is,

C A
{MA =Fjl I

c @)
Mg =Fp - lp

Assuming that the bending strength of the box wall at
point C is Ic, Fj* = FP and F}’fy = F,];. Since I < Ig,
then |MAC| < |Mg|. The angle of the wall-attached sus-
pension beam caused by MAC and M BC refers to q&f and qbg,
respectively. Thus there is ¢>f < ¢g. In these two cases, the
offset of the hole axis point Oy can be expressed as,

{ Axjp = (pl.c -L -sin ((plc)
Ayig = ¢f - L - cos (¢f)

The equivalent directional stiffness of points A and B rela-
tive to the hole center Oy can be expressed as,

3

kie _ £ ilnx

hx — Axip+Axc

= B @)
kie — hy

hy Ayip+Ayc

VOLUME 11, 2023

SX1
B
hx
E > X
=)
£
S
H
~ ' Shaft hole
E’xz
E’y2

FIGURE 2. Physical model of the cantilever beam of shaft hole on thin
wall.

where i =A or B, Axc and Ayc are the directional offsets at
point C of the box thin wall caused by the cutting force.

Due to Axay # Axpy and Aysy # Aypy, there is
k;l‘xe # kff and kﬁyg * k}lfye . Therefore, through the above
derivation, it can be seen that due to the influence of the shaft
hole’s own structure and the deformation of the thin wall,
the directional stiffness of the shaft hole changes with the
variation of the machining position. However, this effect has
been ignored in the existing boring dynamic models, which
will inevitably lead to deviation of the prediction in both the
dynamic responses of the boring system and the machined
shaft hole surface topography error.

IIl. BORING DYNAMIC MODELLING OF SHAFT HOLE ON
THIN-WALLED BOX

In this section, the analytical expression of the cutting force of
the boring system is established, and the calculation model of
the directional stiffness of the shaft hole is proposed. On this
basis, the boring dynamic model of the shaft hole of the thin-
walled box is finally developed.

A. ANALYTICAL EXPRESSION OF CUTTING FORCE

The analysis of cutting forces expressed in different coordi-
nate systems for a single-insert boring is presented in Fig. 3.
The rotating coordinate system (7 ¢, f ) is fixed to the boring
rod and rotates with the machine tool spindle. The coordinate
axis symbols r, ¢ and f successively represent the radial,
tangential and feed direction of the boring rod, in which the
tangential coordinate axis ¢ is parallel to the cutting speed
direction V but opposite. The three-dimensional cutting force
in boring is simplified as a concentrated force and acted on
the primary cutting edge. The cutting force decomposition
reference frame (u, v, w) of the inclined cutting force model
is introduced to describe the state of cutting force decom-
position. The three-dimensional (3D) Cartesian coordinate
system (u, v, w) is defined as: fixed on the front cutting
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surface, the origin falls on the primary cutting edge, the v
axis is parallel to the cutting speed V direction, the w axis is
perpendicular to the plane formed by the straight line between
the v axis and the primary cutting edge, and the u axis is
perpendicular to the v axis and the w axis respectively. The
coordinate axis direction follows the right-hand rule.

End cutting -~ o
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edg - N
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\
, The tool nose™
/ \
/ \

/ \
/ | \
| Rake face \

! f
| |
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FIGURE 3. The boring single insert geometry and the cutting force
analysis.

Sabberwal [9] pointed out that the cutting force is propor-
tional to the cross-sectional area of the chip load. According
to the boring experiment in [23], it is found that the cutting
force is related to the cutting speed, and there is a certain
critical value. Therefore, to improve the prediction accuracy
of boring cutting force, a quadratic polynomial cutting force
coefficient correction term based on the change of cutting
speed is carried out, and the cutting force calculation formula
of a single-insert boring cutter can be expressed as [17],

F, = (aro2 +anV + au2) - Kye - Ac
F, = <av0V2 +anV+ av2> <Ky - Ac
F, = (aW0V2 +anV + aw2> “Kye - Ac

&)

of which, K., K, and K, represent the cutting force coef-
ficients along u, v and w directions respectively, and their
values depend on the boring insert geometry parameters and
the material properties of the workpiece and the cutter [24].
A, refers to the load area of the chip in contact with the rake
face without deformation. a;; denotes the quadratic polyno-
mial coefficient of cutting force modified based on the cutting
speed, and its subscript symbols i = u, v, w and k = 0,1, 2.
The boring insert geometry parameters, such as the cutting
edge inclination of the primary cutting edge A, the rake angle
of the tool yy, the normal rake angle y;, and the cutting edge
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angle k, can be expressed as,

As= arctan [tan (a;) - cos (Cs) — tan (ap) - sin (Cy)]
Yo = arctan [tan (&) - sin (Cs) 4 tan (op) - cos (Cy)]
yp = arctan [tan () - cos (Ag)]
tan (o) - tan (o) — tan (o) - tan (Ag)
tan? (yp) + tan? (i) }

Ky = arccos [
(6)

Since the reference coordinate system (u, v, w ) describ-
ing the cutting force and the rotating coordinate system
(% t, f) of the boring cutter movement is fixed to the cutter,
the transformation relationship of the cutting force in the two
coordinate systems can be established, namely,

F.r sin (k) 0 cos (k) F,
Fe | = 0 1 0 | Fy @)
Fer —cos (k) 0 sin (k) F,

Substitute Eq. (7) into Eq.(1), and the expression of the
cutting force in the coordinate system can be obtained,

Fpy cos@ -sin(k,) sinf cosf - cos (k)

Fpy | = | sin@ -sin (k,) —cosé siné - cos (k)

Fp; cos (k) 0 —sin (k)
Fu
F, ®)
Fy

(b)
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FIGURE 4. Formation analysis of the instantaneous chip load area.

According to Egs. (5) and (8), the cutting force is related
to A., namely the area of the undeformed chip in contact
with the rake face. Fig. 4 shows the formation analysis of
instantaneous chip load area A, when the single-insert boring
is adopted. Boring process is a periodic rotary movement,
when the cutting vibration is slight, it can be considered
that the instantaneous cutting area of the current cycle is
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jointly constrained by the actual cutting contour of the current
and previous cutting cycles, which is represented in the blue
shadow in Fig. 4.

Since the boring tool tip has a geometric circle shape,
the fluctuation of cutting depth /g in the adjacent feeding
period will cause the nonlinear change of the load area of
the instantaneous chip in the current period. To calculate the
dynamic change of cutting force accurately, the effect of
the cutting rotation period delay should be considered. The
instantaneous chip load area A, can be expressed as,

A =A1 — Ay + A3+ Ay ©)

In Fig. 4, xO1y is the established plane local coordinate
system. The origin of the coordinate system coincides with
the center of the tool tip at time 7-7, and the X -axis and Y -axis
directions are parallel to the axial and radial directions of the
boring bar respectively. Suppose the angle between the line
from point O as the starting point to any point on the edge
envelope curve DABE at time ¢-T and the positive direction
of the X-axis is ¢, the sign shows a positive value when
angleg; is in the counterclockwise direction. According to
the value range of ¢, the equation g1(x1, y1) of the envelope
curve DABE of the cutting edge can be expressed as,

g1 (x1,y1)

_X] i _ 1o CoS ¢

1|  cos(Cy — ¢1) . singy |’

o ¢1 € (—m + Ce, Cy)

X1 _ r0.|:c?s¢1:|’

| 1] sin g (10)
¢1 €[Cs, /24 Ce]

-xl | _ ro cos @1

|y | sin@—Co | singy |
¢ e (@24 Co,m +Cp)

According to Eq. (10), the corresponding azimuth angle of
points B, E and S in Fig. 4 can be obtained separately: (p]13 =
arccos(f/2rp), (p]E =n/24+C, and gols = Cs. The cutting point
of the insert at the circular contour of the shaft hole is point D,
and the parameter pp = hy(t-T)-ro(1-sinCs) is used to judge
whether point D is on the primary cutting edge of the boring
tool,

. (ro—he(t—T)
arcsin [ —— |,
¢D _ ry
L= [ro—hg (t —T)]-cos Cy
arctan - , pp>0
ro—[ro—hg (t = T)]-sinC;
eY)

pp =0

According to the principle of coordinate translation, the
coordinate system xOpy is translated by a feed f in the
positive direction of X-axis, and then another local plane
coordinate system x(Oy can be established, where the equ-
ation g»(xy, y2) of the envelope curve CB of the cutting edge
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can be written as,

g2 (x2,¥2)

E3 _ "0 .[cosm}_[f]

V2 cos (Cs — ¢2) | singy 0]’
o 2 € (—7 + Ce, Cy)

X2 coS ¢ f

n| ro{sind)z}Jr[O]’ (12
- ¢ € [Cs, 70/2 + Co]
[, | _ 0 '[cowz}r[f}

2 sin (¢ — C,) | singy 0|
- ¢ € (1/2+ Co, 7 + Cp)

The azimuth angle of points B and C in the coordinate
system xO3y can then be deduced as,

@5 = 7/2 + arcsin (f /2ro)
¢5 = o7
Using the curve equation in Eq. (12), the arc length of BC
can be obtained as,

13)

g1 (x1,y1)

_xl ] _ o cos ¢

|y | cos(Co—¢1) | singy |
¢1 € (w7 + Ce, Cy)

_xl i |:cos¢1:|

= ro- ,

| V1] sin ¢ (14)
¢1 € [Cs, /2 + C,]

_xl ] _ 70 cos @1

v | sin@@—Co) | singy |’
¢1€@/24+Co,m+C,)

Similarly, the coordinate system xOjy is translated by
Ah = hyg(t-T)-hg(t) along the y-axis direction to construct the
local coordinate system xO3y, then the equation g3(x3, y3) of
the boring tool edge envelope curve C’ MAB’ in the current
cutting cycle can be given as,

83 (3, y3) )

B 0 _|:COS¢3 +|: f }

3 cos (Cs — ¢3) | sings —Ah |’
. he(m+CC)

o] [¢H P

3 sin ¢3 —Ah (15)
o #3 € [Cs, /24 Ce]

X3 _ 0 .|:cos¢3:|+|: f i|

3 sin (¢3 — C,) sin ¢3 —AR |’
s e@24Can+Co)

According to Eq. (15), the corresponding azimuth angles of
points B and C in coordinate system xO3y can be obtained:
<p§’ = (p2B and (pg’ = (pg. The azimuth of M is judged
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according to pyr = hy(t)-ro(1-sinCy), that is, ZMO3x can be

expressed as,

83 (x3,3) )
X3 _ 10 . |:COS¢>3 +|: f :|
N cos (Cy — ¢3) | sings —Ah |’
o $3€ (- +CoC)
I cos ¢ ;o]
v | = " sings | 7| —an | (16)
. pelCom2+C)
X3 _ 10 .|:COS¢)3:|+|: f :|
NE! sin (¢3 — Co) | sings —Ah |
¢3€ (/24 Co,m+ Ce)

Through simultaneous Egs. (10) and (15), the intersection
point A of the envelope curve of the cutting edge at time
t-T of the last cycle and the time ¢ of the current cycle can
be solved. The azimuth angle [ga’l“, <p’34]T corresponding to
coordinate system xO1y and xO3y can be calculated according
to the positive and negative signs of the radial cutting depth
fluctuation A# in the current boring machining cycle:

@ When h>0, that is, the cutting depth hg(¢) in the cur-
rent cutting period is less than hg(¢-T) in the last cutting
period. The parameter py = Ah-ro(1-sinCy) is constructed
to determine whether point A is on the primary cutting edge
of the tool tip circle. Then, the piecewise functions applied in
Egs. (10) and (15) can be selected by the positive and negative
signs of p4 to solve [d:f, ¢§‘],

(oA ] i Lo NI
(08 _ arctan -z — arcsin 770
A o o NfARf2
L 93 | arctan - + arcsin VAR
L Ah 2ro
pa =<0
- E B ro singd —Ah
A ik Wi
¢1 _ arctan rQ COS ¢§\+f
A - inCo_
i ¢3 ] Cs + arccos <r0+Ahsmr€: -f cos CS)
pA > 0
(17)

@ When Ah<0, the discriminant parameters are set as
follows,

(f — rosin C,)?

— (f — rosin Ce)2
(18)

pA = Ah—rocong—l—\/rg—
pas = —f tan C, — rg cos C, +\/r§

Here, P4s denotes the discriminant parameter to judge
whether the cutting point of the insert is on the tool nose when
point A is on the cutting edge of the boring tool pair, and its
value is negative.
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Similarly, [<p1 > 93 41 can be calculated as,

2 2
[qf;? ] Z — arctan ATh arcsin —"AzhroJrf
Al= 5 | »
5 Z — arctan T + arcsin —"A2h+f
. 10
0 <pa
B T ro—Ahcos C,—f sin C, N
[¢f‘ 7+Ce—arccos< o )
A = . A-‘rAh s
d’ 7o Sin ¢y
3 7 + arctan ocos i
Pas <pa <0
_ = -
Al — N E—
¢3 _71 + arctan (tan C, — TFrosin C) cos Ce) |
PA < PAs

19)

Through simultaneous Egs. (10), (15), (17) and (19), Ay,
A, Az and A4 can be calculated as follows,

2
A =f hg(t—T)— f.,o_g rg_(]%)

_rg ar051n<£0)i| (20)
Az = lh (t =) = ho ()] (x2 —f) @
¢ d d
As =/¢Bl 1G5~ / yaﬁdqs @2
o
Ay = /¢ o (t—T)—ro—y3]—¢d¢ (23)

Substituting Eqs. (20)-(23) into Eq. (9), the chip area A,
can be obtained, and then the cutting force can also be solved
in Eq. (5) accordingly.

From the above derivation, when the fixed boring cutter
type and cutting feed f are given, A, can be expressed as a
function of the time variable cutting depth hg(¢) and hy(z-T)
of the adjacent cutting periods, namely,

Ac(t) =g (hg (1) ,hg (1 —T)) (24)

B. MODELLING OF RADIAL STIFFNESS OF SHAFT HOLE
ON THE THIN-WALLED BOX

From Fig. 2 we can know that the directional stiffness of
the shaft hole changes with the variation of the machining
position, which will affect the dynamic characteristics of the
boring system. To more accurately express the directional
stiffness of the shaft hole, Eq. (4) can be written as,

0
fe __ th
hoe = Axpy + Axc
0 (25)
fe __ hy

hy = Aygyp + Ayc

where, kg)f and kgye denote the equivalent stiffness of the shaft
hole along the X and Y axes at position angle 6, respectively.
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F gx and kg‘ refer to the cutting forces acting on the cutter site
at position angle 6. The direction offsets Axc and Ayc at the
point C shown in Fig. 2 can be expressed as,

Axc = Fy, /Ky,
0 . C (26)
Ayc = th/khy

Here, khcx and khcy represent the directional stiffness at
point C, respectively.

Considering that the box wall structure is usually character-
ized by asymmetry, uneven wall thickness and irregular dis-
tribution, a parameter ‘/’1(/:0 that is only related to the structural
form of the box wall is proposed and added into the shaft hole
radial stiffness model and makes it generally representative.
Here, ¢>§,:0 represents the unit angle of line segment COy
caused by the unit force acting on the Y direction of point C
in Fig. 2. Replace ¢§ in Eq. (4) with ¢¢c = ¢g + ng . ¢)§;0,
and get,

: Axgp = ¢c - L - sin(pc) 27
Aygp = ¢c - L - cos(pc)

Combining with Eq. (2), the bending deformation angle
¢C=M9C /I¢c can be rewritten as,

Fﬁy -(L+ RcosH)

= 28
@c Ic (28)

Usually, ¢¢ is a small rotational angle, thus sin(¢c) & ¢c
and cos(¢c) ~1. Eq. (27) can then be simplified as,

Axpy = (pc)* - L

(29)
Aypp = @c - L

Since (¢c)? is a higher order minimum, we can consider
Axgp ~0. Substituting Eqgs. (26), (28) and (29) into (25), the
calculation formula of the radial equivalent stiffness of the
shaft hole on the thin-walled box can be finally obtained as,

e _ 1.C

khx - khx c

e M (30)
hy 1+L.k}g_(L+1]3Ccns(9)

C. PROPOSED DYNAMIC MODEL OF BORING SYSTEM
Fig. 5 displays the proposed spring-damping system model
for boring the shaft hole. In this model, the boring cutter and
the shaft hole are assumed to be the concentrated mass objects
with two degrees of freedom respectively. Under the exci-
tation of the cutting force fluctuation, the boring cutter and
the shaft hole will produce dynamic displacement responses
along the X and Y axis respectively, which will cause periodic
fluctuation of radial instantaneous cutting depth /g (t).

Shatft hole

6m ki

FIGURE 5. The spring-damping system for boring the shaft hole.

According to Newton’s law, the differential equation of
cutting vibration of the shaft hole and boring cutter can be
expressed as follows,

mpXn + ChxXn + kgth = Fjy 31)
Mp¥h + ChyVh + kifye Vi = Fpy
MeXe + CexXe + kexXe = Fex (32)
meye + Ccy)"c + kcy)’c =Fey
of which,
Fipe = —F
_)hx _)cx (33)
Fpy = —Fy

In Egs (31) and (32), my, and m. mean equivalent mass of
the shaft hole and boring cutter, respectively. cpy, Cpy, Ccx and
ccy represent the equivalent damping of the shaft hole and
boring cutter along the X and Y directions separately. k7¢,
kgy" , kex and k¢, denote the equivalent directional stiffness of
the shaft hole and boring cutter along the X and Y directions
respectively. Fpy, Fpy, Fex and F, respectively represent the
cutting forces acting on the shaft hole and boring cutter along
X and Y directions.

In Fig.1 (b), the displacement vector e, and ej, of the center
of the boring cutter and shaft hole can be calculated as,

éc| = \/x2 + 2
| C| (ol yc (34)
lénl = \/xi + ¥}

The azimuth angles 1¢,39 and 1¢h9 of e, and ey, projected
on the XOY plane in coordinate system { W} are expressed as,

Yoeg = arctan (yc/xc> (33)

Yone = m + arctan (yh/xh) (36)

B =R = lec )] cos [00) = (7 + g 1) ] = %o ()] cos [0 () = 2 (0]

- \/r2 — [lec ®1sin (6 (1) = (7 + Loc (1)) + e ()| sin (6 (1) — g (t))]2 (37)
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The relation function between the radial cutting depth A(6)
and e., e, has been given in Eq. (9). To facilitate the unified
description of variables in the time domain, it can be rewritten
as in (37), shown at the bottom of the previous page, of which,

2
20| = {\Oéh\ + len®)P = 2| - lea o)
. Cos [71 — o) + 1900]} 2 (38)
03 iq (0
5 B %] - sin (@n) + ya(t)
op(t) = arctan (|02h| . cos (0<Ph) + xp(2)

Substituting Eq. (37) into Eq. (24), the instantaneous cut-
ting force can be obtained by parallel establishing Eqgs. (5)
and (8). In this study, the dynamic parameters of the boring
bar are assumed to be the same, namely, kex = key = ker = ke
and ¢y = ¢¢y = ¢ = Cc. Finally, the dynamic model of the
boring system in the form of the matrix can be described as,

MQ+CQ+KQ=F (39)
of which

[ my, Chx
m Chy

M=|"c=|"MP

me Ce

me Ce

C ke (1) (D)
ko | | o
ke |27 | 0
ke Velt)

[ Fpe()
th(t)
Fex(t)

| Fey(®)

IV. VERIFICATION FOR THE PROPOSED DYNAMIC
MODEL

To verify the correctness of the proposed boring dynamic
model, the FE model of the directional stiffness of the shaft
hole on the thin-walled box is firstly conducted. Then the
experiment set for validating the dynamic characteristics of
the boring system is described.

A. FE VERIFICATION MODEL FOR THE DIRECTIONAL
STIFFNESS OF THE SHAFT HOLE
The FE is a universal method to identify the dynamic param-
eters of complex components [25], [26], [27]. In this section,
the radial deformation of the shaft hole under static action is
obtained through FE statics analysis, and then the radial stift-
ness of the shaft hole in different directions can be calculated.
The proposed stiffness calculation model, namely Eq. (30),
can be verified by comparing with the results obtained from
the FE model.

The FE calculation process of the equivalent directional
stiffness of the shaft hole on the thin-walled box is displayed
in Fig. 6. The specific steps are as follows,
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1) Establish the 3D model of the thin-walled box, and
define the parameters such as material properties and
element type, then generate the FE model of the box.
In this simulation, the main parameters are set as: the
box material is aluminium alloy 6061-T6, its density
o =2770 kg/m3, elastic modulus £ = 70 GPa and
Poisson’s ratio u =0.33.

2) Fix the bottom plane of the box, and apply the load on
the surface of the shaft hole along different directions.

3) Calculate and extract the displacements of the shaft
hole center in X and Y directions under the load,
and then the directional stiffness of the shaft hole in
the two directions can be obtained. Finally, verify the
correctness of the proposed model by comparing its
calculation results with the results obtained from the
FE method.

(b) 0.10574

0093983
0082227
0070472
0058717
0046562
0035206
0023451
0011696
-5.9332e-5

Grid model
(d (©)

Statics analysis

Calculation of directional

Stiffness prediction stiffness k7% and kZ;

FIGURE 6. FE calculation process of the directional stiffness of the shaft
hole.

B. EXPERIMENT SETTING FOR VALIDATING THE
PROPOSED BORING DYNAMIC MODEL

The experiment system for verifying the proposed boring
dynamic model is shown in Fig. 7, which mainly includes the
boring processing system and signal acquisition system.

For the boring processing system, the boring tool used in
the experiment is WNC (Winock) four-axis horizontal boring
and milling machine. The repeated positioning accuracy of
the machine tool is £0.005 mm, and the effective working
space range is 1200 mmx 1500 mmx 1000 mm. The param-
eters of the boring tool are presented in Table 1.

For the data acquisition system, the cutting force was
acquired using the dynamometer, its type is 9257B, and its
measuring range and sensitivity is +5 KN and 7.5 pC/N,
respectively. The spatial coordinates of the characteristic
points on the boring machining surface are measured by using
FARO manipulator three-coordinate measuring instrument.
The sampling frequency of cutting force is 25000 HZ.
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Cutting force
collector

FIGURE 7. The boring dynamic test system.

TABLE 1. Parameters of the boring tool.

Item Value
Material 45Cr
Type TPGT110304 PCD
Tool rod length 165 mm
Radius of tool rod 11 mm
Cy 2°
C. 32°
7 0.2 mm
a, 0°
a, 0°

V. PROPOSED SURFACE TOPOGRAPHY ERROR
PREDICTION METHOD

As described in Section II, the dynamic behavior of the bor-
ing system has an important influence on the surface topog-
raphy of the machined shaft hole. In this section, a cutting
scanning surface trajectory model of the single-insert boring
cutter is proposed to realize the visualization of the machined
surface topography shaft hole. On this basis, a surface topog-
raphy error prediction method for the boring shaft hole is
proposed.

A. MODELLING FOR CUTTING SCANNING SURFACE
TRAJECTORY OF THE SINGLE-INSERT BORING CUTTER

To establish the analytical expression of the cutting scan-
ning surface trajectory of the single-insert boring cutter,
the layout of each local reference coordinate system of the
boring system is established as shown in Fig. 8. Five ref-
erence coordinate systems are set in the figure to describe
the relative motion relationship between the boring cutter
and the shaft hole. In Fig. 8, {G} is the global reference
coordinate system (machine tool coordinate system), {W}

VOLUME 11, 2023

refers to the workpiece coordinate system, {S} represents
the spindle translational coordinate system, {C} denotes the
local reference coordinate system of the boring insert cutting
edge, and {F),;} means the local pose coordinate system of
any characteristic point p; on the surface of the shaft hole to
be machined. The characteristics and relations of coordinate
systems are described as follows,

1) {W} belongs to the static coordinate system, also
known as the program coordinate system. After the
position coordinates (xfw, yOGW, z((,;w) of the origin O,,
at {G} are determined by the tool setting process, the
relative pose relationship between {W} and {G} is
unique.

2) {S} is a moving reference system, its origin is fixed
on the axis of the nominal boring tool bar and along
the axis with the feed speed f relative to the axis
hole for translational movement, the coordinate axes
OsXs, OsYs and OsZs are correspondingly parallel or
coincide with the 0, X,,, O,,Y,, and O,,Z,, coordinate

axes of {W}.
Y,
w
{ }Ow
Zw \
X S—=>f
V(.
7
Y y\_Boring bar
(G} |
P o
X

FIGURE 8. The layout of different local reference coordinate systems of
the boring system.

3) {C} is a moving reference system to describe the cut-
ting edge. Its origin is fixed to the actual knife cen-
ter point, and the line of coordinate axis OcY¢ and
the knife center point and the knife tip center point
are merged through the point Og. The coordinate axis
OcYc makes a rotary cutting motion with the spindle
velocity €2, and the angle between the coordinate axes
OcYc and OgYs is 6 =-Qt + 6y, where 0 is the initial
angle of entry.

4) The coordinate axis of {F);} is defined by the unit
normal vector 7; of the point p; on the surface and two
mutually perpendicular tangent vectors &; and &;. Due
to the circular symmetry of the characteristic surface
of the shaft hole, the normal vector n; generally points
to the hole axis, &; is parallel to the cutting velocity
direction of the current cutting point, and the tangent
vector &; is on the plane formed by n; and the hole axis.

In the coordinate system {W}, the regular two-parameter

expression of the hole surface can be written as,

H=H(u,v), (u,v) € D C R? (40)
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For the nominal feature point p; on the hole-forming sur-
face, its two-parameter motion coordinate system can be
described as,

H; (u, v) 2 {Gi (u, v) , & (u, V), mi (u, v)} (4D)

To establish the relation between coordinate system { W'}
and { F; }, an orthogonal coordinate network is established on
the hole-forming surface. H(x,v) is carried out to represent the
radial diameter on the surface, and the orthogonal unit vectors
ni, & and ¢; are selected as the coordinate axis directions of

{Fpi}, namely,
. ( oM /o \"
i\Tir1» lll’ Tig1 ) = W

(il =
LAY

(ltz’ Ti2: T 1t2) <H8H/3V”)

()

rl ’ l}’l’rl

_ ( (91 / du)
| (911 0u)

P P

oH /3v) )T
oH/av) |
(42)

In Eq. (42), n;, & and &; all belong to the 3D vector 3.

The parameters «;, 8; and y; are constructed to represent
the rotation angles of {F),;} around the X, Y and Z axes
of {W}, respectively. Then the rotation transformation matrix
of coordinate system {F),;} relative to { W} can be obtained,

{F }R e (ai, Bis Vi)

cBicyi saisBicyi — caysy; capsBicy + saisy;
= | cBisyi sasBisyi + caicy; caisBisyi — saicy;
—sBi saicBi ca;cpi
(43)

where so; = sin o, co; = cos «;, and other parameters are
analogous.

From the given rotation matrix (43), find the equivalent
rotation angles «;, B; and y; around x-y-z, let,

T
{Fy }Re(ai,ﬂi,yi)= & | =|rg rip T
7 I E T S

! itl it2 in

(44)
Combining Eqgs. (43) and (44), it can be concluded that,

11\2 12)2
(i)™ + (ra7) (45)
Introduce the bivariate inverse tangent function Atan2(y,x).
According to the value of B;, the values of «;, ; and y; can

be described as following three cases,
1) When cosB; # 0

o; = Atan2 ( 33)

Tit2s Tin
o= a2 (~ 4 0R)) a0
Atan2< 11)

cos B =

Tit1» Tl

3138

2) When 8; = /2
o = Atan2( 3%, 12[%)
="y @7)
vi=0

3) When 8; = -n/2

o = —Atan2( 35’ 3%)
Bi=—-m/2 (48)
yi=0
The homogeneous transformation matrix of {W} relative
to {Fpi} is.
(witbsil
(w) T (w T
= [({Fpi}Re (ai, Bi, Vi)) _<{Fp,-}R€ (i, Bi, Vi)) . rpi:|
01

(49)

where, Vr,; = (x(le, yZn, ZZ,)T
origin of {F);}in {W}.

Taking into account the deformation of the box wall in the
boring process, it can be,

is the position vector of the

x(,% =x§Z + Rcosu + fit + xpo + xp
Vopi = You + Rsinu+ £ + yio + yi (50)
ZZn‘ =20 +fit + 200 + 2

Here, f= (fs, fy, £)T is the feed velocity vector of the cutter
center point, and OF = (x2, y¥, z)7 refers to the initial
position vector of the origin Og of {S} in {W}. O¢), = (xn0,
yro, zho) denotes the coordinate of the deviation vector of the
shaft hole position in the initial clamping state. e;, = (xp, yp,
zn)! represents the instantaneous eccentric vector coordinate
of the origin of {F);} deviating from its nominal position,
which is related to the vibration of the box wall.

To obtain the relationship between the cutting point of the
boring cutter and the nominal feature point to be processed
on the hole-forming surface, the position relationship of the
cutting point in the coordinate system {C} of the boring
insert, that is, the position relationship of any cutting point
E;in {C} is established and shown in Fig. 9. In Fig. 9, O, is
the center of the tool nose circle of the boring insert and its
radius is rg. k, denotes the cutting edge angle of the boring
insert, x| means the trail edge angle, R represents the nominal
radius of the finished hole and A refers to the nominal depth
of cut.

The position coordinates of point E; in coordinate system
{C} are described as,

c

XE; 0

e | = | ®—ro)+|0:Eil - sing; (51)
z&; — |0, Ej| - cos ¢;

where ¢; represents the angle between unit vector -Z, and
vector O, E,.
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FIGURE 9. Position of the cutting point E; in the coordinate system {C}.

Combining with Eq. (10), the length value |O,E,| can be
expressed as,

ro ) _ , _
sin (i, 4 ¢7)” i€ (= 5,7 [2—x)
|0,E;i| = { ro. pi€n/2— ke [24 k)]
rO !/ !/
sin (¢ — k7))’ bi&n /2w ti)

(52)

The homogeneous coordinate transformation matrix of
{C} relative to {W } is,

cosf —sin® 0 xW +fir+x
W sin 0 cosf 0 y¥ + it +ye
T= o 53
¢ 0 0 1 zz‘; + fzt + z¢ (53)
0 0 0 1

of which, e. = (x¢, ye, ze)T is the instantaneous eccentric
vector coordinate of the origin O, of {C} in {S}, which is
related to the vibration of the boring bar and can be obtained
according to the vibration displacement calculated by the
dynamic model of the boring system proposed in Section III.

After combining Egs. (42)-(50) and (53), the universal
coordinate transformation matrix of {C} with respect to
{F); }can be obtained, namely, as in (54), shown at the bottom
of the page.

Usually, the axis of the lathe spindle is parallel to the direc-
trix of the shaft hole cylinder when fine boring. Therefore, the
pose unit vector of the directrix of the shaft hole cylinder with
respect to { W} is assumed to be (0, 0, DT. Then Eq. (40) can
be further described as,

H (14, v) = (Rcosu, Rsinu, v)
= (Rcosu, Rsinu, 0)

Taking the external normal direction of the shaft hole
surface as positive, and substituting Eq. (55) into Eq. (42),
then combining with Eq. (44), we can get,

T .
Gi O N sinu 0 —cosu
& | =|r5rB3 2| =] —cosul —sinu
‘ 3 595 %5
Ni Tiel Tie2 Tin U

(56)

In the actual boring process, the edge point E; and the hole
surface characteristic point p; should have the same position
azimuth angle in the corresponding time domain, and the hole
radius value R is much larger than ej, and e, then we can set
u = m/246. Considering that the axial stiffness of the cutter
rod and shaft hole is relatively large, all small quantities in
the Z direction can be omitted, then Eq. (54) can be further
simplified as,

1 0 0 [xc—(xp+xp0)]cosO+[ye— yutyno)]lsing

pip [0 01 0
E" 710 —1 0 R+[xc —(xp+xp0)1sind — [ye—(yn+ yrollcosd
000 1

(57)

To obtain the position vector (xg., y’gl Ell) of any cutting
edge point E; of the boring cutter in {F;;i}, through pre-
multiply Eq. (5§7) by (51), the cutting scanning surface tra-
jectory of the boring cutter can be finally expressed as,

Xl = [ — (% + %301 €08 6 + [ve — (v + yho)] sin 0

Vg, = = |0,Ei] - cos §;

Zp. =10 — |O,E;| - sini + [xe — (X3 + xp0)] cos 6

+ e — On + yno)1sin @

58)

B. PROPOSED SURFACE TOPOGRAPHY PREDICTION
METHOD FOR BORING SHAFT HOLE

Due to the vibration of the cutter and shaft hole in the boring
operation, the end cutting edge near the tool nose may be cut
to the machined contour of the last cycle and then form a new
shape contour. Therefore, it is necessary to take the minimum
cutting residual height scanned by the insert as the contour of
the final forming surface. Based on Eq. (58), the problem of
solving the local residual height of the boring cutting-formed
surface can be transformed into a nonlinear programming
optimization problem, namely,

Minimize
{Ap = Zp (nyv h()’ ¢i9 rO’ K}” K:,, R, ec: el’l? Oeha t)} (59)

+v(0,0,1),u,v) eDC R (55) Subject to ¢; € [pa, Px]

Fpi Fpin W

ST =0T YT
rilcosd +rl2sing  —rllcosd +rl2sing )3 & (OF +ft +ec—Vry)
rlzl]2 cosf + ’"3% sin 6 —rl% cosf + rl%% sin 6 rl%?z’ & (OEV +ft+e — Wr,,i) (54)
r3lcos® +r32sing  —rilcosd +ri2sing Py (0 +ft +ec —"ryi)

0 0 0 1
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FIGURE 10. Validation results of the radial stiffness of shaft hole.
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FIGURE 11. Comparison between simulated and measured values of the
force: (a) Case #1, (b) Case #2.

where, @; is the azimuth angle in {C} of any cutting edge
point that may participate in cutting, which is a range value.
The initial deviation of box hole position ‘e is a constant when
the box workpiece is clamped. The instantaneous position
offsets ey, and e, of the shaft hole center and the cutter center
can be obtained by the proposed boring dynamic model.
By solving the nonlinear programming problem of Eq. (59),
the residual height of each nominal feature point along the
normal direction can be obtained, and then the envelope
surface is constructed based on the residual height of each

point to form the surface topography of the machining shaft
hole.

VI. RESULTS AND DISCUSSION

A. VERIFICATION RESULT ANALYSIS OF THE PROPOSED
HOLE DIRECTIONAL STIFFNESS MODEL

The comparison between the analytical stiffness model and
the FE model is displayed in Fig. 10. As can be seen that the
curve variation of the predicted stiffness value obtained from
the proposed model converges with the FE simulation value.
It can be calculated that the prediction deviation rates of kg;
and k,fy" within the period (0, 27r) are within 7% and 11%,
respectively. The comparison results verify the correctness of
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FIGURE 12. Comparison results obtained from different dynamic models
and the experiment.

the proposed calculation model of the radial stiffness of the
shaft hole.

B. ANALYSIS OF VALIDATION RESULTS OF THE PROPOSED
DYNAMIC MODEL

Table 2 shows the equivalent dynamic parameters of the bor-
ing system used in the simulation and test. Based on the data
in Table 2, the proposed boring dynamic model is solved to
obtain the dynamic cutting force and displacement response.
Then the results are compared with the experimental results
to verify the effectiveness of the proposed dynamic model.

TABLE 2. Dynamic parameters of the hole boring used in simulation and
test.

Parameters Boring cutter Shaft hole
Equivalent mass (kg) m=4.5 mi=10.7
lent d (N-s/m) cex =102.7 cne=81.3
Equivalent damping (N-s/m
coy=101.4 cry=110.6
kex =1.439E6 ke =1.139E6
Equivalent stiffness (N/m)
key =1.365E6 kny=(2.33-0.61cosO)E7

Stable cutting condition is the desired boring state. How-
ever, when the selected combination of cutting feed and
cutting speed parameters is distributed in the unstable cutting
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FIGURE 13. Comparison of measured and predicted results of the surface topography of shaft hole.
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region of the Lobe diagram of the boring shaft hole, the
chatter will occur and further affect the machining quality of
the hole surface. Therefore, to verify the proposed dynamic
model universality, both cutting states are considered in this
comparison study, which are shown in Case #1 (chatter) and
Case #2 (stable) in Table 3.

TABLE 3. Boring parameters of the stable and chatter cutting cases.

Parameters Case #1 Case #2
Cutting feed f/(mm/min) 70 70
Cutting depth 4, (mm) 0.3 0.3
Cutting speed (Rev/min) 400 800
Hole-formed radius (mm) 13.5 13.5

The comparison results of cutting forces in the stable and
chatter cutting cases obtained by the proposed model and the
test are shown in Fig. 11. It can be seen that the changing
trend of the cutting force calculated by the proposed dynamic
model fits well with that of the measured value in both the
stable and chatter cutting cases, which indicates the effective-
ness and universality of the proposed boring dynamic model.

To validate the influence of the radial stiffness of the
shaft hole on the boring cutting characteristics, the cutting
force obtained from the traditional model in [18] without
considering the stiffness, the dynamic model proposed in
this paper and experiment are compared and presented in
Fig. 12. The prediction results of the traditional model show
that the cutting force will appear chatter phenomenon, while
the proposed model and test results present that the cutting
force are both in a stable cutting state. Due to that considering
the flexible support of the shaft hole will produce a vibra-
tion absorption effect when boring, thus the results obtained
from the proposed model are more consistent with the actual
situation.

C. ANALYSIS OF MACHINING TOPOGRAPHY ERROR
PREDICTION RESULTS

On the basis of verifying the proposed dynamic model, the
surface topography of the shaft hole to be machined is pre-
dicted based on the proposed topography prediction method,
and then the predicted results are compared with the mea-
sured results to verify the correctness of the proposed models
and method.

The comparison between the measured results and the
predicted results based on the proposed method is displayed
in Fig. 13. In the surface measurement experiment, the VHX-
7000 ultra depth of field 3D micro-graph (see Fig. 13(b)) is
used to measure the surface topography of the shaft hole,
which can observe and obtain the point cloud data of the
measured surface, and then the topography reconstruction of
the measured surface can be realized by using 3D software.

It can be seen in Fig. 13 (a), the 3D topography and contour
of the hole surface predicted based on the proposed model
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have high similarity with the measured results. From the
comparison of contour residual height results in the stable
cutting case (pictured in Fig. 13 (dl)), it can be seen that
the residual peak-valley difference values of the hole profile
at the same azimuth angle 6 =45 are roughly similar. The
predicted maximum peak-valley difference is 5.088 wm while
the measured one is 4.232 um, and it can be calculated that
the measured peak-valley value is 16.82% smaller than the
predicted one.

Fig. 13 (c) and (d2) show the comparison results between
the measured and predicted topography and the residual peak
heights. It can be observed that the predicted and measured
hole surface topography both agree well and the topography
amplitude of the peak-valley difference of the residual profile
under this condition both increase exponentially compared
with that under the stable cutting condition. The predicted
maximum peak-valley difference is 16.351 pum and the mea-
sured one is 13.501 pm, their difference reaches 17.27%.

On the whole, the measured and predicted residual heights
of the hole profile fluctuate around the mean residual heights
under both the stable and chatter cutting conditions, which
indicates the correctness of the proposed surface topography
error prediction method for the boring shaft hole.

VIi. CONCLUSION

The traditional boring dynamic model ignores the influence
of the radial deformation of the shaft hole of the thin-walled
box on the boring dynamic characteristics, which will lead
to a deviation in the prediction of the machining topography
error of the shaft hole. To solve this problem, a new radial
stiffness calculation model of the shaft hole on the thin-walled
box is established and verified by the FE method. Moreover,
a dynamic model of the boring system is developed, and the
experimental verification of the presented dynamic model
is also carried out. Combining with the proposed dynamic
model, a prediction method of machining topography error of
the shaft hole is proposed, and the prediction and measure-
ment analysis of the shaft hole topography error are finally
carried out. Through this research, some main conclusions
can be drawn as follows:

o The proposed radial stiffness calculation model of the
shaft hole on the thin-walled box can achieve high cal-
culation accuracy, the FE verification shows that the
calculation errors of the hole radial stiffness in the X
and Y directions of the proposed model are within 7%
and 11%, respectively.

o The experimental results of boring dynamic character-
istics show that the proposed boring dynamic model
can accurately predict the real cutting force fluctuation
state of the boring system, and the influence of the
radial stiffness of the shaft hole on the boring dynamic
behavior can not be ignored.

o The proposed surface topography error prediction
method shows good performance by comparing with the
measured surface topography error.
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