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Abstract

There are common features such as the tool path curvature and torsion, and cutter-orientation change in sculptured surface
machining, which bring new challenges to the accurate prediction of cutting force. Aiming at the tool path curvature and torsion,
and cutter-orientation change, a cutting force prediction method based on the screw theory is proposed in this paper. For the first
time, the screw theory is used to describe the cutter spatial motion, which includes the feed motion considering the tool path
curvature and torsion, and cutter-orientation change. Combining with Frenet frame, the analytical formula of the screw of cutting
edge elements is derived through the homogeneous coordinate transformation. Then, the instantaneous uncut chip thickness
(IUCT) of each cutting edge element is calculated by the vector projection method. And the cutting state of the cutting edge
element is determined by its [UCT and position relative to the workpiece surface, which is updated by the cutter envelope surface
along the machined tool path derived with the screw. To verify the effectiveness of the proposed cutting force prediction method,
amilling experiment is conducted on a conical surface workpiece along a tool path with curvature and torsion characteristics, and
changing cutter-orientations. Then, the effects of the tool path curvature and torsion, and cutter-orientation change on the cutting
force are simulated and analyzed. The results show that the proposed cutting force model based on the screw theory has higher
prediction accuracy for the sculpture surface machining with curving and torsional tool paths and changing cutter-orientations.

Keywords Five-axis machining - Cutting force - Tool path curvature and torsion - Screw theory

Nomenclature N Number of cutter flutes

K, K; Tool path curvature 1] Helix angle of the cutter flute

T, T Tool path torsion 0 Cutting edge element

IUCT Instantaneous undeformed 0; Cutting edge element whose

chip thickness coordinate in FCS is (xg, Y, zr, 1)

CWE Cutter-workpiece engagement (Fesi) at time ¢,

H Effective axial cutting length o " The coordinate of Q; in FCS;

of the cutter flute Ol(flcs(’m) The coordinate of O, 1 ; in FCS; 4 1,
D Cutter diameter z Axial position of Q
r Cutter fillet radius r(z) Effect cutting radius of O
K, K; Axial contact angle of O
P Radial location angle of O

>< Rong Yan P Cutter rotation angle

yanrong @hust.edu.cn U(z) Radial lag angle
n Unit normal vector of the

' National NC System Engineering Research Center, School of tool surface at O
Mechanical Science and Engineering, Huazhong University of Ow-Xw-Yw-Zw Workpiece coordinate
Science and Technology, 1037 Luoyu Road, Wuhan 430074, China system (WCS)

2 State Key Laboratory of Digital Manufacturing Equipment and Or-Xt-Yr-Zt Tool coordinate system (TCS)
Technology, Schoql of Me.chanical Science and Engineering, Op-Xp-Ye-Z: Feed coordinate system (FCS)
Huazhong Unlversny of Science and Technology, 1037 Luoyu Road, DS Design surface of the workpiece
Wubhan 430074, China
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lead, lead; Lead angle ves Cluster of the points on the
tilt, tilt; Tilt angle cutter envelope surface of
/ Lead angle change rate each time period in a tool path
t Tile angle change rate dF, dF,, dF, The tangential, radial, and
Of Tangent point between the axial chip load of cutting
(TCS) tool surface and DS edge element O
Ok The cutting contact point O in TCS K, K, K, The tangential, radial, and
?gg R Rotation transformation matrix axigl cutting fOfCF coefficients
from TCS to FCS dF,, dr,, dF, Chip loads of Q in TCS
E(C:S T Homogeneous coordinate F, F, F, Instantaneous milling force
transformation matrix from
FCS to TCS
;VCCSS T Homogeneous coordinate 1 Introduction
transformation matrix from
FCS to WCS In the aerospace industry, five-axis end milling is widely used
K(s) Natural parameter equation in the machining of complex structural and surface parts such
of tool path I' as aero-engine impellers, blisks, and blades, to avoid the in-
{r oy, B, Vi Frenet frame of T" at point Oy terference between cutters and workpieces. In the above-
Fra;, Cartesian coordinate system mentioned processing, such as the turning and milling of
formed by {r;, v;, 3, v:} aero-engine blades [1] and the machining of aero-engine
FCS; - Homogeneous coordinate blisks with cycloidal trajectories [2], the tool path curvature
FCS(iyn . i d torsion, and cutter-orientation change often appear, which
transformation matrix and torston, g ppear,
- from FCS; . 1, to FCS;, could be a considerable influence on the cutting force [3, 4].
O r Homogeneous coordinate Taking the milling of an aero-engine blade in Fig. 1 as an
Frag;) transformation matrix from example, it can be seen that the cutter-orientation changes
Fra, to FCS; dramatically. In the close-up on the right, {r; &, 3, y} is the
Fra; T Homogeneous coordinate Frenet frame of the tool path curve, and K and 7 are the cur-
Frag) transformation matrix from vature and torsion, respectively. The tool path curvature de-
Fra; . 1, to Frag, scribes the bending degree of the tool path curve, and the tool
Frag) T Homogeneous coordinate path torsion describes the degree of distortion of the tool path
FCS(iyny transformation matrix from curve away from the osculating plane. The cutting force is an
FCS , 1 to Fra; . 4 important factor that affects the machining accuracy [5], tool
Aa, AB, Ay, Ar  Change in coordinates of life, and machining vibration. The prediction accuracy of cut-
Frenet frame {r;, cv;, B:, v:} ting force is of great significance to the optimization of pro-
As The arc length differential cess parameters [6]. Therefore, it is necessary to establish a
of the tool path five-axis milling force model that can take into account the
vy The tool feed rate tool path curvature and torsion, and cutter-orientation change
At Time step for sculptured surface machining.
[Vel, [V The screw representing the The mechanistic models are widely used in the five-axis
cutter spatial motion in FCS, TCS milling force modeling, the most important of which are the
Ve, V1 Line velocity of [Vi], [Vx] modeling of [UCT and cutter-workpiece engagement (CWE).
W, Wr Angular velocity of [Vg], [Vi] The tool path curvature and torsion, and cutter-orientation
hg, hy Pitch of [V5], [V] change determine the spatial motion trajectory of cutting edge
g, Fr The orthogonal position vector elements and affect [UCT and CWE, becoming non-
and satisfies wpLrp, wrLry negligible factors affecting the cutting force.
(Bw))®Rp the rotation of R around w; by 6 In five-axis milling, the commonly used IUCT modeling
ho The IUCT of O methods are the vector projection method and the geometrical
ng Unit normal vector of the tool calculation method [7]. The vector projection method is to
surface at point Q project the feed vector onto the outer unit normal vector of
I1,Tesh Cluster of the points on the the tool surface to obtain [IUCT. For example, Fussell et al. [§]
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Fig. 1 Tool path curvature and
torsion, and cutter-orientation
change in milling

Curvature K=Ir'"xr"|/|Ir]?

T = (rl’ rll’ r”l)/lrl X rlllz

Torsion

Osculating plane

close-up

machine. Zhu et al. [7] proposed the cutting edge element
moving (CEEM) method. Wang et al. [9] calculated the feed
vectors of cutting edge elements according to the two adjacent
tool positions. Duan et al. [10] accurately analyzed the trans-
lation and rotation of the cutting edge elements. All the above
works were to obtain the feed vector more accurately for
higher precision of IUCT. Wu et al. [11] also analyzed the
effect of tool path curvature on IUCT in circular end milling.
The geometrical calculation method is to calculate the seg-
ment length between the current cutting edge element and
the cutter edge trajectory sweeping surface of the front cutting
edge along the IUCT defined line. Zhu et al. [12] simulated the
tool motion by interpolation of the tool location file, and de-
fined the distance from the instantaneous position of the cut-
ting edge element to the tool envelope a tooth passing period
ago as IUCT. By analyzing the relative motion of the cutter-
workpiece, Sun et al. [13] proposed an IUCT model of ball-
end milling that can be employed for any cases of tool path
and varying feed rate. Li et al. [ 14] made a circular assumption
for the trochoid tooth trajectory, which significantly improved
the simulation efficiency of the IUCT while ensuring the pre-
diction accuracy. From a comprehensive perspective, the vec-
tor projection method has higher computational efficiency and
lower accuracy than the geometrical calculation method.
Wojciechowski and Mrozek [15] established an [UCT model
considering run out, minimum [UCT, and kinematics of low
radial immersion milling with tool axis inclination, and further
considering the chip thickness accumulation for higher cutting
force simulation accuracy [16]. Although some of the previ-
ous studies have analyzed the translation and rotation of cut-
ting edge elements [8, 10], none of them can reveal the essen-
tial reasons affecting the IUCT, which is analyzed in this paper
by the screw model. In this paper, the method of calculating
IUCT is developed with the vector projection method based
on the screw, which can fully consider the influence of the tool
path curvature and torsion, and cutter-orientation change on
the cutter spatial motion, thereby improving the calculation
accuracy of the IUCT in the corresponding machining
conditions.

Tool path

The role of CWE is to determine the cutting state of cutting
edge elements. There are generally three methods to determine
CWE in five-axis machining [17]. The first are the solid model
Boolean subtraction algorithms based on ACIS or Parasolid
kernel [18-20]. The second are the analytical methods, which
mainly depend on the approximation of the workpiece surface
information by using the cutter location file [21]. Kiswanto
et al. [22] calculated the lower engagement point and the up-
per engagement point to obtain CWE for the step workpiece
surface left by semi-finishing. The third are the discrete
modeling methods, which obtain CWE by discretizing the
cutter surface and workpiece surface, such as z-buffer [§],
Octree [23], dexel [24], and the most commonly used z-map
[3,7,10,12,25]. Caoetal. [26] and Yuan et al. [27] calculated
CWE considering the surface curvature and cutter orienta-
tions. In CWE modeling, most studies simplify tool motion
to be linear [14, 17, 22], ignoring the tool path curvature and
torsion, and cutter-orientation change, which affects the accu-
racy of cutting state judgment of cutting edge elements.

The screw theory has a simple and clear way of describing
the rigid body spatial motion and is easy to solve the kinemat-
ics. It is an important tool in the research of mechanism and
robotics [28, 29], and it has also been gradually applied in the
geometric error modeling of machine tools in recent years [30,
31]. Based on the advantages of the screw in kinematics de-
scription, this paper first employs it for describing tool motion
in milling, with the tool path curvature and torsion, and cutter-
orientation change considered.

In this paper, a cutting force prediction method consid-
ering the tool path curvature and torsion, and cutter-
orientation is developed based on the screw theory. First,
the screw model that can accurately describe the cutter spa-
tial motion is established considering the effect of the tool
path curvature and torsion, and cutter-orientation change.
Then, based on the cutter motion model, the IUCT is calcu-
lated with the vector projection method, and the cutting state
of the cutting edge elements is determined combining with
their position relative to the workpiece surface. Finally, the
proposed cutting force model is verified by the five-axis
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machining experiment, and the effects of the tool path cur-
vature and torsion, and cutter-orientation change on the cut-
ting force are simulated and their essential causes are ana-
lyzed. Compared with the previous works, the main contri-
butions of this paper are as follows:

1. For the five-axis machining considering the tool path cur-
vature and torsion, and cutter-orientation change, the
screw model that can accurately describe the cutter spatial
motion is analytically derived;

2. Based on the screw, the IUCT is calculated by the vector
projection method with the effect of the tool path curva-
ture and torsion, and cutter-orientation change;

3. Based on the screw, the solution formula of the cutter
envelope surface is derived and the method of workpiece
surface updating is proposed to determine the CWE.

4. The effects of the tool path curvature and torsion, and
cutter-orientation change on the cutting force under
the set machining conditions are simulated respective-
ly, and the essential causes of cutting force change are
analyzed.

The remainder of this paper is organized as follows.
In Section 2, the screw model based on the tool trajec-
tory is established. In Section 3, the IUCT is obtained
based on the screw, and the methods of judging the cut-
ting state of the cutting edge elements and updating the
workpiece surface are proposed. In Section 4, the algo-
rithm flow chart of cutting force simulation is provided.
In Section 5, the verification experiment is carried out
and some discussions are performed, followed by the
summary and outlook in Section 6.

Fig. 2 The bullnose end cutter
model and parameters in TCS

2 Screw modeling based on tool trajectory

This section mainly defines the geometric parameters of
the fillet cutter and the coordinate transformation rela-
tionship between the cutter coordinate system, the feed
coordinate system, and the workpiece coordinate system.
Based on the screw theory, the tool motion related to
the curvature and torsion of the tool path, and the one
related to the cutter-orientation change are modeled and
analyzed, respectively. As a result, the tool motion
model in complex tool trajectory is obtained.

2.1 Geometric and coordinate system models
2.1.1 Geometry of a bullnose end cutter

Figure 2 describes the bullnose end cutter model and parame-
ters in the tool coordinate system (TCS). The tool is divided into
two zones: the arc zone and the side zone. The cutter geometry
is determined by five parameters: {H, D, r, N, 3}, where H is
the effective axial cutting length of the cutter flute, D is the
cutter diameter, r is the fillet radius, /V is the number of cutter
flutes, and 3 is the helix angle (3>0 means dextrorotatory).
Then, any cutting edge element O can be expressed in TCS as:

0 = [r(z)sin(), r(z)cos (), 2]" (1)

where z is the axial position of Q, r(z) is the distance from O
to Zr-axis, i.e., the effective cutting radius, and is expressed
as:

r(z) = %—r + rsin(k) (2)

Jj c~th cutter flute

b \
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where « and ¢ are the axial contact angle and the radial
location angle of Q respectively and can be formulated as:

arccos (r;z) 0<z<r
R = T r (3)
— r<z<H
2
. 27
o=+ () () 4)

where j. is the serial number of the flute, v is the cutter
rotation angle, and (z) is the radial lag angle and can be
obtained by:

_ 2ztan 3
D

Y(z) (5)
Then, the outer unit normal vector of the tool surface at Q
can be expressed in TCS as:

n = [sin(¢p)sin(k) cos(p)sin(k) —cos(x)]" (6)

2.1.2 Coordinate systems and their transformation
relationship

Figure 3 describes the relative position of the tool and the
workpiece, where DS represents the design surface. Oy —
Xw — Yw — Zw is the workpiece coordinate system (WCS).
O — Xg — Yg — Zg is the feed coordinate system (FCS), where
point O is the tangent point between the tool surface and DS
(i.e., the cutter contact point), Zg-axis is the tool side unit
normal vector of DS at point Of, and Xg-axis is a unit vector
along the direction of instantaneous feed velocity.

The cutter orientation in FCS can be described by the lead
angle and tilt angle (denoted as lead and filt respectively). The
rotation transformation from FCS to TCS is shown in Fig. 4:
FCS rotates around Yg-axis by angle “/ead” to become the
transitional coordinate system O' —X' —Y' —Z, and O' —

Fig. 3 Schematic of tool and
workpiece

Workpiece

VAY
lead |

tilt
Or ) V¥

XF lead

Fig. 4 Rotation transformation from TCS to FCS

X' —Y' —Z rotates around Xg-axis by angle tilt to become
TCS. Then, the rotation transformation matrix from TCS to
FCS is:

1 0 0 cos(lead) 0 sin(lead)
1sR=|0 cos(tilt) —sin(tilt) |- 0 1 0

0 sin(tilt) cos(tilt) | | —sin(lead) 0 cos(lead)

(7)

The homogeneous coordinate transformation matrix from
FCS to TCS can be expressed as:

TCS_ |:( TFcCsS R)" OF(TCS) :|
FCS

0 . (3)

where OT® represents the coordinate of the cutter con-

tact point O in TCS, which can be solved by the antiparallel

\ Tool

N
\\
\\\

Tool path: I
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relationship between the outer normal vectors of DS and tool
surface at point Op, the specific process can be found in ref-
erence [17].

The homogeneous coordinate transformation matrix from
FCS to WCS can be expressed as:

(WCS) (WCS) (WCS) (WCS)
WS _ |:X F Y Z; OF

9
FCS 0 0 0 1 9)

where Xg VS, vV and ZzWCS represent the coordi-
nates of the corresponding axis of FCS in WCS, and O™
represents the coordinate of the origin of FCS in WCS.

2.2 Screw modeling based on the cutter spatial
motion decomposition

When using the vector projection method to calculate IUCT,
some studies have analyzed the translation and rotation of
cutting edge elements [8, 10], while in other studies, the de-
tailed analysis of the cutter spatial motion is rarely carried out.
The purpose of this section is to accurately represent the cutter
spatial motion in the form of screw. The cutter spatial motion
is decomposed into two parts. One is the cutter feed motion
along the tool path with a fixed inclination, and the influence
of'the tool path curvature and torsion, and workpiece shape are
considered here. The other is the cutter-orientation change
caused by the change of the tool inclination. Finally, the ana-
lytical model of tool motion spinor is established, which

Fig. 5 Coordinate systems on
tool path I'

@ Springer

makes a good preparation for the modeling of IUCT and the
solution of tool motion envelope.

2.2.1 Feed motion modeling

Figure 5 is the schematic of the coordinate systems on tool
path I', which is attached to DS and can be regarded as a
combination of the cutter contact points at different times.
The natural parameter equation of I' is r=r(s), Op(;, and
Ok +1) are two adjacent points on it. The Frenet frame of I'
at point Oy; is denoted as {r;; a;, 3;,v;}, where the four vec-
tors represent the radius vector, tangent vector, principal nor-
mal vector, and auxiliary normal vector of I' at point Ok,
respectively. The Cartesian coordinate system formed by
{ria;, B, 7} 1s denoted as Fra;, and the correlation vectors
satisfy the Frenet formula:
r=a,a=Kp3,3=-Ka+1y,v=-10 (10)
where K and 7 represent the curvature and torsion
respectively.

Ory = Xruy— Yru) — Zrg 1s the feed coordinate system at
point Ok, denoted as FCS;. It should be noted that the
Xr@-axis completely coincides with vector a;, and Zg-axis
represents the tool-side unit normal vector of the DS at point
Ok(;. 9; represents the angle that Zg-axis rotates around vec-
tor a; to vector v, The description method at point O 1) is
similar to the above.

Therefore, from point O, to Og(+ 1), the change of the
feed coordinate system can be described as:

Vi
7 I

As
Ar

F(i+l)

Y,

F(i+])
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FCSiy gy _ FCSy g Fragy p Frag, Equations (14)—(17) can be rewritten as:
resen T = T rerT s (11) quations (14)-(17)
T
o; an—-1  an a3 au
where FFC;((’) T and FF;((“"T are both simple rotation transfor- Bi @ anl a231 24
. i - ; a a a1 a
mations and can be expressed as: Yi 31 32 33 34
=[Aa AR Ay Ar] (18)

FCSWT _ |:Rx (0,) 0:| Fra(M)T _ |:Rx (_9,-+1) 0

|

Fra;) 0 1 FCS(iu) 0 1
where:
1 0 0
R,(#)= |0 cosf —siné (13)
0 sinf cosé

Combined with the Frenet formula, the Taylor expansion
of tool path I at point O, can be expressed as:

K
Ar = ri 11 = aiAs + TI,B,ASZ + 0(As3) (14)
— 2 . % . . . e .
Aa = a;1—a; = K;B:As + Kiai + Klzﬂ’ + Ky, As® + o(As3) (15)
AB = BB = (K + 7, As + 7Kiai7(K12 _;TiZ)ﬂi - Ti%ASZ + 0(A53)
(16)

Kiria; + 7812,
Ay =~ = —TiBiAs +%MAS2 + o(As3) (17)

Fig. 6 The motion model of

cutting edge elements induced by
the feed motion considering the v
tool path curvature

where a,. is the expression containing parameters such as
K;, 7;, and As. According to the definition of homogeneous
. . Fra;
transformation matrix, ., T can be expressed as:

> Frag.)

a a a a
Fra; 21 2 23 24
O — (19)

After the above, Fﬁﬁf‘&T is obtained. In order to express the
cutter feed motion in the form of screw, it is necessary to
analyze its influence on the instantaneous velocity of cutting
edge elements. Suppose that point Q, is a certain cutting edge
element, whose coordinate in FCS;, is (xg, Vr, z¢, 1). When the
feed coordinate system moves to FCS; ., 1), point Q; moves to
point Q; . 1, as shown in Fig. 6 (it can be found that the moving
distance of point Q; is affected by the curvature), and they
satisfy the following expressions:

Qi(FCS(,)) _ QH_l(FCS(Hl)) = [x]: YF ZF 1]T (20)

If tool path curvature K=1/R¢
Qm.l'Qi.l a Qm.z 'Q:.z

If tool path curvature K=0

Qi111°Qi1 [T Qi12-Qs 2
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The displacement from point Q; to point Q,, can be
expressed in FCS;, as:

FCS;
[Axy Ay Agy OFFC0) = L0 70, (i), F6S0)

(21)

Suppose that the time when the cutter moves to FCS;) and
FCS . 1yist;and #; , 1, respectively, and ¢, , | =¢; + At, then the
instantaneous velocity of point Q; at #; can be expressed as:

[Vei  Vy1 Vv ]T(FCS“))

= lim [Av, Ay, Az "FS0)a, /A

22
As—0 ( )

where v, is the tool feed rate, which satisfies As=vAr.
Combined with Egs. (19)—(21), Eq. (22) can be transformed
into the following form:

(FCS,)) 0 —-K,cos@, -K, sin@ 1| x,
xl
6,

vy =v, | K, cos 0, 0 —-z, 0 i (23)

: v, z;

Vi . ' 1

. -0,
K;sing, —t+7, 0 0
L vy ]

where the symbols with subscript i represent the value of
the corresponding variable at time ¢;.

2.2.2 Cutter-orientation change modeling

Since the analysis in this section is about the cutter-orientation
change, the feed motion is not considered. Therefore, it is

Fig. 7 The motion model of
cutting edge elements induced by
the cutter-orientation change

£ Cutter
orientation

change

@ Springer

necessary to fix the feed coordinate system, and then consider
the motion of cutting edge elements when the tool coordinate
system moves from TCS;, to TCS, 1. Similarly, taking the
cutting edge element Q; as the analysis object, its coordinate in
FCS is (xp, vy, zp, 1). After the cutter-orientation changes,
point O; moves to point O;, |, as shown in Fig. 7, and their
coordinates in the respective tool coordinate system remain

unchanged, i.e., Q,»(TCS“)) =0 (TCS40) | The displacement
from point Q; to point Q; ;| can be expressed in FCS as:

[Axy Ay, Az O]T(FCS) = QHI(FCS)_Qi(FCS)

i FCS
= (resfS) TresfS°T) TS0 70l (24)
FCS

where FeS 7 d T can be obtained from Eq.

TCSiy1y ¢ TCS
(8). The instantaneous velocity of point Q; can be derived by
taking the derivative of Eq. (24) with respect to time ¢.

FCS
d T
0 ]T(FCS) _ (TCS > TCS;

dt FCS

t=t;

[via w2 va T[xp yp zr 1]T

(25)

The above formula can be further reduced to the following
form:

w1 [0 57 —~ter A+ B |F

V2 = |67 0 = Cl+EC||F

va ~leT t 0 FI+Gt] |7
(26)
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where:

A = —rcl(cki—1)-rsp;sl

B=0

C = rispclst—r(ck;—1)slst

E = risp;sict + r(cki—1)clet—ricp;st
F = —rispclet + r(cki—1)slct

G = risg;sist + r(ck;—1)clst + ricpct

where s is sin, ¢ is cos, / is lead;, and t is tilt; when used after
s or c. lead; and tilt; represent the lead angle and the tilt angle at
time #;, respectively. i and ¢ represent their rate of change. 7;,
©;, and k; represent the effective cutting radius, radial location
angle, and axial contact angle of the cutter contact point at
time ¢;, respectively.

v, (FCS) 0

~WEz WEy
vy = (rr0;) X wg + hrwr = | W, 0 —wp
v, ~WFy  WFx 0

2.2.3 Screw modeling

The above two sections have analyzed the motion of the cut-
ting edge element O, caused by the feed motion and the cutter-
orientation change respectively. On this basis, the screw ex-
pression of the cutter composite motion is derived below.

The screw representing the cutter spatial motion in FCS is
denoted as [Vg] = (Vg, W), and it satisfies v =rg X Wg+
hpwpy, where Wp = [wpe Wgy  WE; }T is the angular veloc-
ity, hg is the pitch, rp = [ree 7Ry FE; ]T is the orthogonal
position vector and satisfies Wy L rg:

WExTEx T WEFFy + WETFF, = 0 (27)

Then the instantaneous velocity of point Q,(xg, Vg, z§) un-
der the action of screw [V] can be expressed as:

XF
hrwps 1 pWEy + FRWE: )
_ F
rpWEx + hFWFy V'FxWF; z (28)
F
T EyWEx + FExWEy + hFWFZ 1

[VE] can be solved by combining Eq. (28) and the follow-
ing equation:

T(FCS) }T(FCS(D)

[vi v ] =[va V1 Vi

Fve v vl (29)

where the formulas on the right side can be obtained by
Egs. (23) and (26) respectively. It should be noted that the
above formula is unsolvable when wg, = wg, = wg, = 0, name-
ly, when the tool is in translation, then [Vg]=(vg, 0) and

: . . . T
Ve = [Al+ Bf+ v, Cl+ DIEI+ Fi]
The screw representing the cutter spatial motion in TCS is
denoted as [Vr] = (vt, W), whose orthogonal position vector
is r and pitch is /7. Then, [Vr] and [V§] satisfy:

w; TCSRwF’ {rT]TCST{rF} h=he (30)

~ FCS 1|~ Fcs |1

[Vr]=(vy,0) when the tool is in translation, where
_TCS
~ FCS
The screw obtained in this section can accurately represent
the instantaneous motion of each cutting edge element at time
t;,. In the simulation, A¢ and As are so small that it can be
considered that the motion state of the cutter has not changed
within #; ~ ;. 1, so there is basically no interpolation error
when calculating the IUCT and the cutter envelope surface
by the screw.

VT RVF.

3 Cutting force modeling based on screw
3.1 IUCT calculating

The solution method of IUCT used in this paper is vector
projection method based on motion screw. Because the
modeling of motion screw takes into account the influence
of curvature and torsion of tool path and the change of cutter
orientation, the precision of IUCT is also improved accord-
ingly. In the simulation analysis, the change of relevant pa-
rameters can be easily controlled to study the influence of the
tool path curvature and torsion, and the change of the cutter
orientation on the lump IUCT under specific working
conditions.

The screw in TCS (i.e., [V1]) has been obtained in
Section 2.2.3 (if there is no special mark, all the following
vectors and coordinates are based on TCS). Suppose that point
0, denoting any cutting edge element, moves to point Q after
time ¢ under the action of [V], then the coordinates of O, can
be drawn in Fig. 8 and expressed as:

O, = (0w1)® Rp + rr + hrwrt (31)

where (0w;) ® R, represents the rotation of R, around w; by
0, w; =[wiy wiy wlz]T = wr/|wrl,
Ry =[R. R, R.]'=Q-rr, 0=|wqlt, and the coordi-

nates of point Q, can be obtained from Eq. (1). Then, Eq.
(31) can be transformed into:
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rix + Recd + (wiyR~wizR,)s0 + (1=¢B) (wixRy + wiyRy + wizR;)wix + hrwrd
Qs =|rmy + RyCH + (wlZRx—w]xRZ)SG + (1_09) (LU]XR]C =+ wlyRy + W1ZRZ)w1y + hTu)Tyt (32)

rr; + RzC0 + (Wlny_leRx) s + (1_09) (wlxRx + leRy + wlsz)le + hTWth

where s is sin, ¢ iS cos.

As shown in Fig. 9, expressing the displacement of cutting
edge element Q, in a tooth passing period Atas AQ = Qy,— A,
— 0, the IUCT of Qs can be expressed as [7]:

ho = AQ - ng (33)

where 7, represents the outer unit normal vector of the tool
surface at point O, which can be obtained by Eq. (6). In addi-
tion, Q,= Q0+ vrt, hp=vrAt-ny when the tool is in
translation.

3.2 Cutting state judgment of cutting edge elements

As shown in Fig. 10, Zhu et al. [17] divided CWE boundary
curves into three curves: the intersection curve, the projective
curve, and the characteristic curve, where the projective curve
is the intersection curve of the current tool surface and the
previous tool path forming surface, so only the characteristic
curve is affected by the current motion state of the cutting edge
elements. Gong et al. [32] pointed out that the grazing points
constituting the characteristic curve satisfy v+ n =0, where v is
the instantaneous velocity of the grazing points, and # is the
outer unit normal vectors of the tool surface at the grazing
points. Meanwhile, since the instantaneous velocity of a graz-
ing point is parallel to its feed vector, combining with the

, J¢
|\

» 0

h..,1

Fig. 8 The lump screw motion model of cutting edge element O
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definition of the vector projection method [7], it can be seen
that v-n =0 is equivalent to /[UCT =0, this is to say the char-
acteristic curve can also be solved by /UCT =0. Hence, the
influence of the tool path curvature and torsion, and cutter-
orientation change on CWE can be regarded as the result of
their influence on IUCT. For this reason, this paper does not
directly establish the CWE model, but determines the cutting
state of the cutting edge elements based on their [IUCT and
position relative to the workpiece surface, which is similar to
the method in references [7, 10, 12]. And the difference is that
the IUCT model in this paper takes into account the tool path
curvature and torsion, and cutter-orientation change, so the
accuracy of judging the cutting state of the cutting edge ele-
ments is improved compared with references [7, 10, 12].

The two conditions for judging that any cutting edge ele-
ment Q participates in cutting are as follows:

1. The IUCT of Q is greater than 0, i.e. 4, > 0.

2. O must be below the workpiece surface. This comparison
is carried out in WCS, where the coordinates of Q in WCS
can be obtained by combining Egs. (1), (8), and (9), and
the method for obtaining the coordinates of the workpiece
surface at any position can be referred to in reference [12].

The cutting state of the cutting edge element Q is repre-
sented by the function g(Q): when Q satisfies the above two
conditions, g(Q) = 1; otherwise, g(Q) =0.

The estimation of CWE is detected by the cutting edge
element position one by one. The cutting edge element is
in-cutting under the conditions of both the cutting edge
element being below the workpiece surface and its [IUCT
being larger than 0. The two conditions are calculated
with the cutter geometry model and the cutter motion
model based on the screw theory. As the cutter motion
model in this paper is not only suitable for spiral or other
spatial curve tool paths but also suitable for three-axis or
five-axis milling, the proposed method of judging CWE is
suitable for the relevant strategies mentioned. In addition,
the proposed method of judging CWE is also suitable for
continuous cutting path by path, as the workpiece surface
can be updated with the cutter envelope surface through
the workpiece surface updating model in Section 3.3.
However, the method to estimating CWE in this paper is
not suitable for micro-milling for lack of accurate IUCT
model when considering the cutting edge radius, rank an-
gle, and other factors related to size effect.
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Fig. 9 Schematic diagram of
IUCT

3.3 Workpiece surface updating

In the simulation of cutting with multiple adjacent tool paths,
except for the first tool path, the subsequent tool paths need to
update the workpiece surface according to the tool envelope
surface of the previous tool path before their simulations to
correctly judge the cutting state of cutting edge elements, as
shown in Fig. 11. The specific method is as follows.

In the tool feed process, O, in Section 3.1 is essentially a
single parametric surface family about time #, which can be
expressed as O, = Oy(z, ¢, £). Then, the cutter envelope surface
under the action of the screw can be determined by the fol-
lowing formula [33]:

00, 09, 99\ _
oz Top ot )

(34)

By taking t<[t;, ¢;, 1], the cutter envelope surface in the
time period #; ~ t;, 1 can be obtained from the above equation,

which can be discretized into the point cluster HKTCSW) by

Fig. 10 The cutting state (2)
judgment of cutting edge element

(a) method in [17] and (b) method

in this paper

Intersectip
curvg

Local tool
surface\center i
P Swept of the previous

machined
surface

/

cutting edge

Swept of the current
cutting edge

Q\' II =Ar

using Eq. (1). Then, H,-(TCS“)) can be converted into WCS:

WCS TCS; B

(WCS) (i) .(TCS ;

11, = FCSy, T(FCS(,-> T) 1T, o) (35)
where TCS(’:) T and s T can be obtained from Eq. (8)

FCS; FCS;
and (9), respectively. By combining the point clusters of the
cutter envelope surface of each time period in a tool path, the
cutter envelope surface of the entire tool path can be obtained,
and its expression is TV = Y. IT,VCS) | Afier that, the work-
piece surface can be updated by Boolean subtraction operation
between the cutter envelope surface and the workpiece sur-
face, and the specific method of Boolean operation can be
referred to in reference [12].

3.4 Cutting force model

In Fig. 2, dF,, dF,, and dF, are the tangential, radial, and axial
chip load of the cutting edge element Q, respectively,

Unmachined
workpiece
surface

(b) Unmachined
workpiece
surface

l Updated
workpiece
surface

Intersectip
surface curvg

Characteristic
curve Characteristic curve

calculated by screw
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Fig. 11 The cutter envelope
surface and the updated
workpiece surface { A

satisfying the following expression:

dF, ¢(0)K hod. /sin
dF, | = | g(Q)K hod,/sink (36)
dF, 2(0)K hod, /sink

where K,, K,, and K, respectively represent the cutting force
coefficients in the corresponding direction, d, represents the
height of each discrete disk in the tool axis and d, = H/H,, and
N is the number of the disks. /4, and g(Q) can be obtained
from Sections 3.1 and 3.2 respectively.

Convert the chip loads of O to TCS:

dF, —cosy —sinksing —cosksing | | dF;
dF, | = | sinp —sinkcosp —coskcosy | | dF,
dF, 0 COSK —sink dF,
(37)

Then, the instantaneous milling force is the sum of the chip
loads of all cutting edge elements:

F, N M| dFy
Fyl =2 X |dF, (38)
F.| == dF,

where i is the serial number of the discrete disk.

4 Algorithm flow chart of cutting force
simulation

Figure 12 is the flow chart of cutting force simulation, which
is mainly divided into three parts: tool motion modeling, cut-
ting force predicting, and workpiece surface updating. Firstly,
the first cutting point of the first tool path is simulated.
According to the motion screw model in Section 2, the work-
piece surface, tool path, tool parameters, and machining

@ Springer

Tool path

The updated

;ivo;kpiece
| s

17 (TCS)

1

parameters are used to model the tool motion screw at this
cutting point. Then, according to the method in Sections 3.1
and 3.2 respectively, the IUCT of the cutting edge element
between the current cutting point and the next cutting point is
solved and the cutting state is judged. Then, according to the
cutting force model in Section 3.4, the cutting force between
the two cutting points can be obtained. Then, the cutting force
of the whole cutting path can be simulated by changing the
cutter site in turn. In addition, considering that the tool path of
sculptured surface machining is composed of several contin-
uous or discontinuous local parallel tool path, the material
removal in the current machining is based on the previous
adjacent tool path. After the cutting force simulation of the
previous tool path is completed, the envelope surface and
workpiece surface between all cutting points of the previous
tool path should be collected, and the workpiece surface
should be updated by Boolean deduction operation
(Section 3.3). Then, the cutting force simulation of the next
cutter path should be carried out in turn until the milling is
completed.

5 Experimental verification
5.1 Calibration of cutting force coefficients

Experiments and studies show that the milling force coeffi-
cient can be expressed as an exponential function of the in-
stantaneous undeformed chip thickness [34], as shown in Eq.
(39), which is independent of the milling mode and cutting
parameters. Therefore, the milling force coefficients can be
calibrated by using the milling force data of three-axis milling,
and the obtained coefficients can be used to analyze and verify
the milling force of five-axis milling.
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Fig. 12 Algorithm flow chart of
cutting force simulation
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where, A¢, ., Bira, and C;,, are constant coefficients,
which are obtained by cutting experiment calibration. % is
IUCT, and can be expressed as /1 = fsin ¢ sin « for three-axis
machining with the feed rate f, radial position angle ¢, and
axial position angle k.

During the force coefficients calibrating, /1, denotes the average
uncut chip thickness of all in-cutting cutting edge elements for a
specific cutter rotation angle in these experimental equations. And
combined with the measured instantaneous cutting force of the
tool rotation angle, we can get the milling force coefficients related
to the average undeformed chip thickness. It should be noted that
the calibration method used here is based on the three-axis milling
force model, and the method in [35] could be referred if the cutter
runout and surface inclinations are hidden in the input instanta-
neous force signals.

N /// \
_Qind of current tool path ?//)

End of all tool
paths?

surface
updating
Envelope surface during |
the tool path
nun‘s» = Y‘ I (WCs)

e i

\ 4
Workpiece surface
updating

The milling force coefficient identification experiment of
TC4 with carbide end milling cutter was carried out in Mikron
UCP800 machining center. Tool diameter D = 8§ mm, fillet

Table 1  The cutter parameters and the machining parameters
Parameters Values

Cutter type Bullnose end cutter
Cutter diameter (mm) 8

Fillet radius (mm) 1

Number of the cutter flutes 2

Cutter helix angle (°) 30

Spindle speed (7/min) 1200

Feed per tooth (mm) 0.075

Rake angle (°) 17
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Fig. 13 Machining site and experimental equipment. (a) The machining site and the monitoring system of milling force (b) The workpiece features and

the clamping

radius » = 1 mm, helical angle is 30° as shown in Table 1.
Kistler 9129 piezoelectric dynamometer and Kistler 5070
charge amplifier were used to monitor the milling force during
the cutting process. NI PXIe 4499 data acquisition card was
used to collect and process the milling force data with a sam-
pling frequency of 10 KHz. The identification results of mill-
ing force coefficient are shown in Table 2.

5.2 Model validation experiment

In order to verify the accuracy of the cutting force prediction
model, milling experiments of TC4 were carried out in Mikron
UCP800 machining center. The cutting tool used in the experi-
ment was same as the milling force coefficient calibration
experiment, which was a Sandvik carbide end mill and the cutter
parameters are listed in Table 1. The machining site and the
monitoring system of milling force are shown in Fig. 13(a).
Kistler 9129 piezoelectric dynamometer and Kistler 5070
charge amplifier were used to monitor the milling force during
the cutting process. NI PXIe4499 data acquisition card
was used to collect and process the milling force data. The
workpiece features and the clamping device of the dynamometer
are shown in Fig. 13(b). The workpiece is a cone with top circle
diameter of 10 mm, bottom circle diameter of 50 mm, and height
of 40 mm.

In order to verify the milling force model considering the
tool path curvature and torsion, and cutter-orientation change,
the tool path of the verification experiment was a conical spiral

Table 2 Milling force

coefficient calibration Associated A B C
results
K, 424.5 302.1 38
K. 1344.7 753.9 77
K, —-291.5 3775.2 130

@ Springer

attached to the conical surface, whose tangent vector direc-
tion, curvature, and torsion were all changing in different po-
sitions, and the lead and tilt angle of the cutter at different
cutting points relative to the workpiece surface were also
changing. In order to avoid interference or miscutting during
cutting, the starting point of the tool path is 5 mm away from
the cone bottom and the pitch is 10 mm. The helix angle of
ergodic of the whole cutting path is 7. During the cutting
process, the tool is always vertical (that is, parallel to the axis
of the cone), and groove milling is adopted. The cutting pa-
rameters adopted are the following: spindle speed 1200 r/min,
cutting depth 1 mm, and feeding rate 3 mm/s.

Figure 14 shows the measured and simulated cutting forces
on the whole tool path. Figure 14 (a) shows the milling force
of the whole tool path, it can be seen that the experimental
cutting forces in X, Y, Z directions respectively changed from
—230Nto 120N, from — 210 N to 40, and from 40 N to 80 N,
and the prediction errors in X direction and Y direction are
below 10%. This is mainly due to the uncertainty factors in
the processing process, such as tool vibration and material
inhomogeneity. If the error caused by uncertain factors is ig-
nored, the experimental results show that the prediction model
of milling force is effective.

Figure 14 (b) shows the experimental value of milling force
at 16 s after the tool cutting into the workpiece, and the com-
parison between the prediction results with the proposed
method and the CEEM method without considering the tool
path curvature and torsion, and cutter-orientation change in
the literature [7]. It can be seen that the proposed model coin-
cides almost completely with the experimental measurement
values, which has higher prediction accuracy than CEEM
method, while the result of method in [7] is generally small.
In order to understand the influence mechanism of tool path
curvature and torsion, and cutter-orientation change on mill-
ing force, the following section makes an in-depth analysis
and discussion.



Int J Adv Manuf Technol (2021) 114:1601-1621 1615

(a) Measured Fx Measured Fy Measured Fz
150 180 ¢
&l
S0
3 3 g’
3 3 g
2. 2. 2 .10 |
= s 5 |
e O. © 150 }
20|
-250 l
) _ A . ol

0 5 10 15 20 0 5 10 15 20 ] 5 10 15 20

Time (s) Time (s) Time (s)
Simulated Fx - Simulated Fy . Simulated Fz
100

Cutting force(N)
Cutting force(N)
Cutting force(N)

-250
0 S 10 15 20 5 10 15 20 0 5 10 15 20
Time (s) Time (s) Time (s)
(b) —— Predicted with the proposed model

100 - ===- Predicted with the reference model

o oo Measured

Cutting forces(N)

-100 -

1 | ! ! !

L | | ! 1
16.299 16.3 16.301 16.302 16.303 16.304 16.305 16.306 16.307 16.308

Time(s)
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6 Simulations and discussions

In order to analyze the influence of the tool path curvature and
torsion, and cutter-orientation change on cutting force, a cy-
lindrical surface with similar shape to the leading and trailing
edges of aero-engine blades is selected as the workpiece sur-
face. The tool path is a cylindrical helix attached to the design
surface, and the curvature (bending) and torsion equations of
the helix are respectively

__ Df2rap . (40)
p* +(D/2=ap)
P (41)

TE——
P>+ (D/2-ap)

where D is the diameter of the cylinder surface, ap is the
cutting depth, ae is the cutting width, and P is the pitch. The
edge features of a particular type of part are selected here, with
the rounded corner diameter of 10 mm, and the cutting depth
of 1 mm and cutting width of 2 mm are selected according to
the cutting parameters of rough machining. Other parameters,
such as spindle speed, feed rate, and cutting force coefficient,
are consistent with the experiments in Section 5.

6.1 Influence of tool path curvature on cutting force

In order to analyze the influence of the curvature of the cutting
path on the cutting force, set the pitch p = 0 for the cylindrical
helical cutting path, then the curvature K = 0.25 by Eq. (40).
According to Fig. 15, the prediction results of cutting forces
with and without tool path curvature under different cutter
orientations are compared. It can be seen that under different
cutter orientations, the average cutting force with tool path
curvature considered is increased compared with that without

Consider the curvature

Not consider the curvature
G lead=15°

a

Average cutting force(N)
™)

o

20 > e i
> 7 — 20
30 B _

1470 40 S
tilt(°) - 40 lead(®)

Fig. 15 Influence of the tool path curvature on cutting force
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Cutting forces(N)
=

tool path curvature considered. The smaller the lead angle is
and the larger the tilt angle is, the more the average cutting
force increases. Figure 15 also shows the simulation curve of
cutting force when the lead angle is 15° and the tilt angle is
45°. It can be seen that the tool path curvature has a significant
influence on instantaneous cutting force.

Figure 16 is a schematic drawn with lead = 15° and #ilt =
45°, where Og(; .1y and Zr. 1, represent the cutter contact
point and tool axis vector at time ¢, , ; without considering the
tool path curvature, respectively, and the other symbols have
the same meaning as in Section 2.2. It can be observed that
under this cutter orientation, the tool path curvature increases
the material removal.

According to Eq.s (23) and (28), wp,= —K;sin6;
(where 0;= —m/2). Therefore, considering the tool path
curvature K;, wp, increases. At this time, since
rg=[0 0 -—4], the orthogonal position vector rg is
located below the tool. Hence, the increase of wg), en-
hances the tool motion in the feed direction, thereby
increasing the IUCT, and resulting in the increase of
the average cutting force. Further analysis shows that,
regardless of the tool path curvature, the instantaneous
velocity of each cutting edge element is the same as that
of the cutter contact point. When considering the tool
path curvature, the motion of each cutting edge element
is considered separately. Moreover, the farther a cutting
edge element is from the curvature center, the greater its
instantaneous speed is, and the greater the corresponding
IUCT increase.

6.2 Influence of tool path torsion on cutting force

In order to analyze the influence of the tool path torsion
on the cutting force, the pitch is set as p = 4 mm, and

—— C(Consider the curvature

- = =- Not consider the curvature

1 1 1 A 1 i b 4
0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Time(s)

0  0.005
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Fig. 16 Influence of the tool path
curvature on cutting process

Material removal reduced after

considering the curvature

Material removal retained after
considering the curvature
Material removal added after
considering the curvature

then the torsion is 7=0.125 according to Eq. (41).
Figure 17 shows the comparison of the prediction effects
of cutting forces with and without tool path torsion under
different cutter orientations. It can be seen that under
different cutter orientations, the average cutting forces
with tool path torsion taken into account are larger com-
pared with those without tool path path torsion. And the
larger the lead angle is and the smaller the tilt angle is,
the more the average cutting force increases. Figure 17
also shows the simulation curve of cutting force when
the lead angle is 30° and the tilt angle is 15°. It can be
seen that the influence of the tool path torsion on the
instantaneous cutting force is significant.

Figure 18 is a schematic drawn with lead = 30° and #ilt =
15°, where O+ 1y and Zy. 1) represent the cutter contact
point and tool axis vector at time ¢; , ; without considering the
tool path torsion, respectively, and the other symbols have the
same meaning as in Section 2.2. It can be observed that under

Consider the torsion
Not consider the torsion

lead=30°
tilt=15°

Average cutting force(N)

50

tilt(°) 20 20 lead(®)

Fi

g. 17 Influence of the tool path torsion on cutting force

Cutting forces(N)

this cutter orientation, the tool path torsion increases the ma-
terial removal.

According to Eqgs. (23) and (28), wg, = 7; (where 0} =0).
Therefore, considering the tool path torsion 7;, wg, increases.
At this time, since rg = [0 0 —3.9], the orthogonal posi-
tion vector rg is located below the tool. Hence, the increase of
wr, enhances the deflection motion of the tool towards the
workpiece, and expands the CWE boundary, which leads to
the increase of the material removal and the average cutting
force, and changes the phase of the cutting forces.

6.3 Influence of cutter-orientation change on cutting
force

In order to analyze the influence of cutter-orientation
change on the cutting force, the pitch was set as P = 0.
Figures 19 and 20 describes the influence of the lead
angle change and the tilt angle change on cutting force;

Consider the torsion

- Not consider the torsion

L 1 L L 1 1 | )

0.01 0015 002 0025 003 0035 0.04 0045 0.05
Time(s)
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Fig. 18 Influence of the tool path
torsion on cutting process

Material removal added after
considering the torsion

Material removal retained after

considering the torsion

Material removal reduced after
considering the torsion

it can be seen that when the lead or tilt angle is small,
the increase of inclination angle will make the decrease
of the average cutting force. With the increase of cutter
inclination angles, the influence of lead angle change lor
tilt angle change ¢ on average cutting force decreases
rapidly.

Figure 21 is a schematic drawn with /ead = 0°(/15°) and #lt
= 15°(/0°), where Op(;+1y and Zr .1, represent the
cutter contact point and tool axis vector at time ¢, ; without
considering the change of the lead (/tilt) angle, respectively,
and the other symbols have the same meaning as in
Section 2.2.

According to Egs. (26) and (28), the lead angle
change [ affects Wry, Wz, and the speed of tool transla-
tion in all directions. It can be seen in conjunction with
Fig. 21 that ! greatly weakens the tool motion in the

Consider the change of the lead angle
Not consider the change of the lead angle

¥
o

o

Average cutting force(N)

3
o

30

20

tilt(®) lead(®)

Fig. 19 Influence of the change of the lead angle on cutting force
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feed direction, resulting in the reduction of the material
removal and IUCT, which in turn reduces the average
cutting force. The influence of I on [Vg] is complicated,
and it is difficult to analyze its influence on the rotation
or translation of the tool in a single direction.
According to Egs. (26) and (28), the t'angle change tilt
increases wr, and affects the speed of tool translation in all
directions. Further calculation shows that rp = [0 0 —3.1],
the orthogonal position vector rg is located below the tool.
Therefore, the increase of wr, causes the deflection motion of
the tool towards the workpiece, and meanwhile, due to D > 0, t
enhances the tool motion in +Yg-axis, that is, the lateral offset
motion of the tool to the non-workpiece side. It can be seen from
Fig. 22 that the lateral offset motion is stronger than the deflection
motion, so the tool is still offset to the non-workpiece side on the
whole. Hence, here, ¢ narrows the CWE boundary, which leads
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Consider the change of the tilt angle
Not consider the change of the tilt angle

wn

Average cutting force(N)
3o

tilt(®)

Fig. 20 Influence of the change of the tilt angle on cutting force

to the reduction of the material removal and the average cutting
force and changes the phase of the cutting forces. In addition,
since E in Eq. (26) is relatively large when the tool inclination is

small, # weakens the average cutting force more at this time.

7 Conclusions

In this paper, a cutting force prediction method considering
the tool path curvature and torsion, and cutter-orientation is
proposed based on the screw theory. Firstly, the screw model
is established to accurately describe the instantaneous motion
of'the tool considering the tool path curvature and torsion, and
cutter-orientation change. The IUCT and cutter envelope sur-
face are determined based on the screw, and then used to

Fig. 21 Influence of the change
of the lead angle on cutting
process
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change of lead angle

Material removal retained
after considering the

change of lead angle

Material removal reduced
after considering the
change of lead angle
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determine the CWE and update the workpiece surface, respec-
tively. It should be noted that all of the above methods take
into account the effects of the tool path curvature and torsion,
and cutter-orientation change through the screw model.

From the simulation results, it can be seen that, under the
designed conditions, the tool path curvature and lead angle
change mainly affect the IUCT by affecting the tool motion
in the feed direction, while the tool path torsion and tilt angle
change mainly affect the CWE by affecting the lateral offest
motion of the tool. Therefore, the tool path curvature and
torsion, and cutter-orientation change can affect the cutting
force by affecting the tool motion, which can be observed
through the screw model.

The five-axis cutting force prediction model in this
paper is very suitable for tool trajectory planning of
sculptured surface parts, or any other situation involving

Z1iv1) Zrg+r)
A X
v )

VAT
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Fig. 22 Influence of the change
of the tilt angle on cutting process

Material removal added
after considering the
change of tilt angle

Material removal retained

after considering the

change of tilt angle

Material removal reduced

after considering the
change of tilt angle

a great degree of the tool path curvature and torsion,
and cutter-orientation change and requiring high-
precision of cutting force prediction. However, this
study does not consider cutter runout, cutter vibration,
etc.; how to take advantage of the screw theory to an-
alyze these factors and further apply it to process pa-
rameter optimization are still problems to be solved.

Authors’ contributions Zerun Zhu proposed the article’s innovative
thinking, derived the core formula of the article, and provided the exper-
imental design. Jiawei Wu perfected the formula derivation and wrote the
code, and completed model validation and the writing of the article.
Fangyu Peng and Rong Yan putted forward many constructive sugges-
tions for the writing of the whole article, while Xiaowei Tang putted
forward some constructive suggestions for the experimental part.

Funding This work was supported by the National Natural Science
Foundation of China under Grant No. 51775213, National Natural
Science Foundation of China under Grant No. 91860206, and National
Science Fund for Distinguished Young Scholars under Grant No.
51625502.

Data availability Milling force raw data for force coefficients calibration
and model verification used during the study are available from the cor-
responding author by request, and other related materials can also be
obtained from the corresponding author.

Compliance with ethical standards
Ethical approval Not applicable.

Consent to participate All authors and facilitators have certified their
participation in this work.

@ Springer

Zr(iv1)

Zygis1) }

Consent to publish  All authors certify that they consent to publish the
article. The article is the author's original work and has not been published
in advance or considered for publication elsewhere.

Conflict of interest The authors have no relevant financial or non-
financial interests to disclose.

The authors have no conflicts of interest to declare that are relevant to
the content of this article.

All authors certify that they have no affiliations with or involvement in
any organization or entity with any financial interest or non-financial
interest in the subject matter or materials discussed in this manuscript.

Code availability The code for milling force coefficients calibration and
model verification during the study is available from the corresponding
author by request.

References

1. Ning J, Zhu L (2019) Parametric design and surface topography
analysis of turbine blade processing by turn-milling based on CAM.
Int J Adv Manuf Technol 104(9-12):3977-3990

2. Luo M, Hah C, Hafeez HM (2019) Four-axis trochoidal toolpath
planning for rough milling of aero-engine blisks. Chin J Aeronaut
32(8):2009-2016

3. Dongming G, Fei R, Yuwen S (2010) An approach to modeling
cutting forces in five-axis ball-end milling of curved geometries
based on tool motion analysis. J Manuf Sci Eng-Trans ASME
132(4)

4. Ozturk E, Tunc LT, Budak E (2009) Investigation of lead and tilt
angle effects in 5-axis ball-end milling processes. Int J Mach Tools
Manuf 49(14):1053-1062

5. Duan X, Peng F, Zhu K, Jiang G (2019) Tool orientation optimi-
zation considering cutter deflection error caused by cutting force for



Int J Adv Manuf Technol (2021) 114:1601-1621

1621

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

multi-axis sculptured surface milling. Int J Adv Manuf Technol
103(5-8):1925-1934

ZhuZ,PengF, YanR, Li Z, Wu J, Tang X, Chen C (2020) Influence
mechanism of machining angles on force induced error and their
selection in five axis bullnose end milling. Chin J Aeronaut.
https://doi.org/10.1016/j.cja.2019.12.019

Zhu Z, Yan R, Peng F, Duan X, Zhou L, Song K, Guo C (2016)
Parametric chip thickness model based cutting forces estimation
considering cutter runout of five-axis general end milling. Int J
Mach Tools Manuf 101:35-51

Fussell BK, Jerard RB, Hemmett JG (2003) Modeling of cutting
geometry and forces for 5-axis sculptured surface machining.
Comput Aided Des 35(4):333-346

Wang L, Si H, Gu L (2019) Prediction of cutting forces in flank
milling of parts with non-developable ruled surfaces. Chin J
Aeronaut 32(7):1788-1796

Duan X, Peng F, Zhu Z, Jiang G (2019) Cutting edge element
modeling-based cutter-workpiece engagement determination and
cutting force prediction in five-axis milling. Int J Adv Manuf
Technol 102(1-4):421-430

Wu B, Yan X, Luo M, Gao G (2013) Cutting force prediction for
circular end milling process. Chin J Aeronaut 26(4):1057-1063
Zhu RX, Kapoor SG, DeVor RE (2001) Mechanistic modeling of
the ball end milling process for multi-axis machining of free-form
surfaces. ] Manuf Sci Eng-Trans ASME 123(3):369-379

Sun Y, Ren F, Guo D, Jia Z (2009) Estimation and experimental
validation of cutting forces in ball-end milling of sculptured sur-
faces. Int J] Mach Tools Manuf 49(15):1238-1244

Li Z-L, Niu J-B, Wang X-Z, Zhu L-M (2015) Mechanistic model-
ing of five-axis machining with a general end mill considering
cutter runout. Int ] Mach Tools Manuf 96:67-79

Wojciechowski S, Mrozek K (2017) Mechanical and technological
aspects of micro ball end milling with various tool inclinations. Int J
Mech Sci 134:424-435

Wojciechowski S, Matuszak M, Powatka B, Madajewski M,
Maruda RW, Kroélezyk GM (2019) Prediction of cutting forces
during micro end milling considering chip thickness accumulation.
Int J Mach Tools Manuf 147:103466

Zhu Z, Peng F, Yan R, Song K, Li Z, Duan X (2017) High effi-
ciency simulation of five-axis cutting force based on the symboli-
cally solvable cutting contact boundary model. Int J] Adv Manuf
Technol 94(5-8):2435-2455

Larue A, Altintas Y (2005) Simulation of flank milling processes.
Int J Mach Tools Manuf 45(4-5):549-559

Lazoglu I, Boz Y, Erdim H (2011) Five-axis milling mechanics for
complex free form surfaces. CIRP Ann 60(1):117-120

Erdim H, Sullivan A (2013) Cutter workpiece engagement calcula-
tions for five-axis milling using composite adaptively sampled dis-
tance fields. Procedia CIRP 8:438-443

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

3s.

Altintas Y, Kersting P, Biermann D, Budak E, Denkena B, Lazoglu
1 (2014) Virtual process systems for part machining operations.
CIRP Ann 63(2):585-605

Kiswanto G, Hendriko H, Duc E (2014) An analytical method for
obtaining cutter workpiece engagement during a semi-finish in five-
axis milling. Comput Aided Des 55:81-93

Kim Y-H, Ko S-L (2005) Improvement of cutting simulation using
the octree method. Int J] Adv Manuf Technol 28(11-12):1152-1160
Zhang L (2011) Process modeling and toolpath optimization for
five-axis ball-end milling based on tool motion analysis. Int ] Adv
Manuf Technol 57(9-12):905-916

Wei ZC, Wang MJ, Zhu JN, Gu LY (2011) Cutting force prediction
in ball end milling of sculptured surface with Z-level contouring
tool path. Int J] Mach Tools Manuf 51(5):428-432

Cao Q, Xue D, Zhao J, Li Y (2010) A cutting force model consid-
ering influence of radius of curvature for sculptured surface machin-
ing. Int J Adv Manuf Technol 54(5-8):821-835

Yuan M, Wang X, Jiao L, YiJ, Liu S (2017) Prediction of dimen-
sion error based on the deflection of cutting tool in micro ball-end
milling. Int J Adv Manuf Technol 93(1-4):825-837

Ruibo H, Yingjun Z, Shunian Y, Shuzi Y (2010) Kinematic-
Parameter Identification for Serial-Robot Calibration Based on
POE Formula. IEEE Trans Robot 26(3):411-423

Yang X, WuL, LiJ, Chen K (2014) A minimal kinematic model for
serial robot calibration using POE formula. Robot Comput Integr
Manuf 30(3):326-334

Yang J, Mayer JRR, Altintas Y (2015) A position independent
geometric errors identification and correction method for five-axis
serial machines based on screw theory. Int ] Mach Tools Manuf 95:
52-66

Yang J, Huang T, Yang M, Ding H, Zhang H-T (2016) Generalized
cutting loads decomposition model of five-axis serial machine tools
based on the screw theory. Int J Adv Manuf Technol 91(1-4):399—
410

Gong H, Wang N (2009) Analytical calculation of the envelope
surface for generic milling tools directly from CL-data based on
the moving frame method. Comput Aided Des 41(11):848-855
Zhebo Z (2014) Engineering Differential Geometry. Peking
University Press, Beijing

Wan M, Zhang WH, Qin GH, Tan G (2007) Efficient calibration of
instantaneous cutting force coefficients and runout parameters for
general end mills. Int J Mach Tools Manuf 47(11):1767-1776
Wojciechowski S (2015) The estimation of cutting forces and spe-
cific force coefficients during finishing ball end milling of inclined
surfaces. Int J Mach Tools Manuf 8§9:110-123

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.cja.2019.12.019

	Cutting force prediction considering tool path curvature and torsion based on screw theory
	Abstract
	Introduction
	Screw modeling based on tool trajectory
	Geometric and coordinate system models
	Geometry of a bullnose end cutter
	Coordinate systems and their transformation relationship

	Screw modeling based on the cutter spatial motion decomposition
	Feed motion modeling
	Cutter-orientation change modeling
	Screw modeling


	Cutting force modeling based on screw
	IUCT calculating
	Cutting state judgment of cutting edge elements
	Workpiece surface updating
	Cutting force model

	Algorithm flow chart of cutting force simulation
	Experimental verification
	Calibration of cutting force coefficients
	Model validation experiment

	Simulations and discussions
	Influence of tool path curvature on cutting force
	Influence of tool path torsion on cutting force
	Influence of cutter-orientation change on cutting force

	Conclusions
	References


