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Abstract

The surface profile accuracy plays a significanteron achieving the overall product’s functionalrfmmance, which is seriously
impacted by the cutting forces, clamping forcesd amsidual stresses. Conventionally, many researchieout deformation

compensation focus on cutting forces and fixtuy@Ulea and do not consider clamping forces. Actualgmping forces, which would
dynamically change along with the movements ofngutbols, are essential in precision machining g@ss. In this paper, a novel
dual-point clamper method with adaptive deformatbmmpensation is proposed to improve the workpiet#sg precision. Based

on the Generalized Principle of Superposition Méthe mathematical model considering the deflectiom both cutting forces and
clamping forces has been estimated and comparddthét traditional clamping scheme. Both 3D finiteneent model (FEM) based
simulation experiments and experimental case ssugie carried out, and their results show good agnent with each other. The
deflection computation and prediction from nhumergtadies indicates the efficiency and correctrefadhie proposed approach.
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1. INTRODUCTION

End milling is one of the most widely used machinin
methods for material removing. Precision machinisghe
crucial part of modern manufacturing. For easy lo@ndr
distorting workpieces, it is still challenge to asle precision
machining because the undercutting or over-cuttiram
cutting forces and clamping forces during millinglwead to
workpieces deformation. It is really difficult taugrantee the
dimensional and geometric accuracy of the workmaaader
this situation. Therefore, many researchers hawtenaalot of
efforts in this field.

Kris M.Y. Law (2003) presented a process design
methodology and a tool deflection error compensatio
program algorithm to achieve a significant reductia the
tool deflection errors in end milling of pockets. Heisel
(2011) presented a model-based error compensatithoch
for thin-walled, cylindrical parts in turning inaer to quantify
and minimize the clamping-induced deformations.
Ratchev(2003,2004,2005) established a flexible efarodel
for low-rigidity or thin-walled parts. This deforrian
prediction model was based on the integration o&xdended
perfect plastic layer model and a finite elementdeioThey
further studied the compensation strategy which bassed on
optimizing the tool path and taking into accourg firedicted
milling error. Kim (2003) analyzed the 3-dimensibriarm
errors of a ball-end milled surface due to the talas
compliance, and modeled the cutter as a cantildeam

consisting of the shank and the flute. Liu (200&sented a
dynamic cutting force model for peripheral millinghich
included the size effect of under-formed chip thiegs, the
influence of the effective rake angle and the dlogv angle.
Their simulation results indicated that the -cuttifigrce
distribution in the cut-in process had a significafluence on
the dimensional accuracy of the finished parts.ngi2001)
established a mechanical and technological modailing
the real process constraints(such as locating apgosting)
and loads(cutting, clamping and supporting fordesjeduce
workpiece deformation during machining. Kang(2007)
presented a method to estimate the actual cuttephdof
flexible cutting systems based on the cutting fosignal.
Wang (2006) analyzed the cutting force and theipagion of
residual stresses redistribution. Shimana(20123béshed a
method for real-time compensation of machining mreaused
by deflection of the end mill. De"pince” (2006) geated an
integrated methodology that could predict the defiion and
compensate the deformation to meet the part-tateran
requirements. Chen (2009) established a dynamicaleinto
predict the deformation of a thin-walled multilaygart
machining and proposed an approach to compensate th
machining error at each layer. Wan(2006, 2008) stigated
the surface dimensional error control for periphendling of
thin-walled workpieces. Optimal selection and ojation
method had been proposed to select the feed pér towl
depth of cutting simultaneously aiming at high proivity
machining without sacrificing machining precisiodiang
(2010) presented a novel zonal compensation metiod
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compensate the workpieces elastic deformation girdixture
layout optimization based on High Definition Metrgly
(HDM).

In summary, although remarkable process in compieigsthe
deformation and minimizing the surface dimensioaaiors
has been made, research on deformation compens$atiases
solely on cutting forces and fixture layout. Howewdamping
forces, which will change along with the cuttingolto
movement, shouldn’t be ignored in practice. Tradil clamp
with single clamping point only has one clampingcéo
application point, which is not suitable for dynami
adjustment for the deflection compensation. In {héper, a
novel dual-point clamper method with deformation
compensation is proposed and development. The timtsp
share the clamping forces and their values will ngea
respectively along with the cutting tool movementésist the
workpieces deflection.

The rest of this paper is organized as follows.tiBec2
describes the deflection of end milling constrainbg
traditional clamp. Section 3 presents the deflectad end
milling constrained by our novel dual-point clangection 4
gives a simulation study of the proposed methodti®e 5
gives a case study of the proposed method. Thelusions
and future work of this research are summarizegkation 6.

2. PART MILLING DEFLECTION
CONSTRAINED BY TRADITIONAL CLAMP

Four supports and four clamping points fixture latyas
traditionally utilized for milling rectangle workpces, where
the supports and the clamping points are vertiighment
respectively (see Fig. 1(a)). Milling behavior b&tworkpiece
continuously changes along with the cutting tooling from
one side to the other. When the cutting tool mdegsoint N,
cutting force F coupled with clamping forces FA dfl will
bend the workpiece (see Fig. 1 (b)). Since clamfinges FA
and FB have little effect on the workpiece deflesti the
deflection at point N (shown in Fig. 1 (c)) is egpsed as,

Wy =" 3E "

Where, oy, denotes the workpiece deflection at point N when
cutting tool cuts at this point, F is the cuttingrde, s is the
distance between the two supports, d refers todtbance
from the cutting tool to the support P, E is theddls of
elasticity, | is the moment of inertia section agdithe neutral
axis. Direction of cutting force F is upside whegiral mill is
adopted. Here, we utilize letter N refer to thetiogt tool
location where scope within the right side of supjfo

Fy FH F

i L il

. |t

A A 5 N

P
L S (b) The abbreviated drawing

= Workpiece E
Y o s L4y
a == _ _ -
- AN Ee o N ;_

(a) Supports and Clamp points layout.

(¢) Deflection of workpiece

Fig.1. Deflection of end milling constrained by traditarclamp when cutting tool locates at point N

Similarly, when cutting tool moves to point R loedtbetween
the two supports as shown in Fig. 2 (a)), the wiete
deflection at point R caused by the cutting forcehBwn in
Fig. 2(b) is expressed as,

_ Fd(s—-d) $-(s 9*- d
6Els (2)

Wry = W,

Where,og,; denotes the workpiece deflection at point R when
cutting tool cuts at this point.

The actual cutting depth is bigger than the thémaktalue

under the impact of the workpieces deflection, Wwhige

called it over-cutting. The bigger the deflectian the serious
the over-cutting happens, which will lead to therkpieces
deformation.
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(a) The abbreviated drawing of the workpieces) Deflection of the workpieces

Fig 2 Deflection of end milling constrained by traditarclamp when the cutting tool locates at point R

3. DEFLECTION OF END MILLING the workpieces. Therefore, we extend the traditiatamp

with single clamping point to a novel one with twiamping
CONSTRAINED BY DUAL-POINT CLAMP points as shown in Fig.3, which is called dual-pailamp.
Cutting forces will cause low stiffness workpiedesnding The two clamping points located at each side ofsigport
during material removing. The main task of clampiogge is cooperatively share the clamping force. Because the
to fix the workpieces at right position in tradiia fixture workpieces will be bended by cutting forces durmdling,
layout. Considering the fact that traditional clanpnly has acting force at each point of the dual-point clamgl
one clamping force action point, reasonable opttin of it adaptively adjust dynamically to resist the workgie
will be helpful to compensate the machining defdroraof deflection change when cutting tool moves.

(a) Dual-point clamp (b) 3ketch of the dual-point clamp work status
Clamp Clamp
As g --B C~.g—-.--P
( = = )
Support Support
[®) O [e) [e]
Workpiece
c__d G Jd

(c) 2D sketch of the dual-point clamp work status

Fig 3 Novel clamp with dual clamping points

Compared with the traditional clamping method, ¢lenping Fca(s— a(stbhd

force at point C will increase and the clampingcéoat point 1=

D will decrease to resist the deflection of the kpieces when 6Els 3)
cutting tool moves to point N as shown in Fig. 3. (&he

workpieces deflection at point N impacted By can be Where, a is the distance from cutting tool to suppo

represented as
Similarly, the workpieces deflection at point N iagbed by
Fp can be represented as,
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_ _Fyasd R &(3d- 9

Wpy
3EI 6EI (4)

Here, we ignore the workpieces deflection impadted, and
Fg. According to the Generalized Principle of Supesition,
workpieces deflection at point N constrained by lghaant
clamp is expressed as

%2 :a).l.+a)01+a)D1:

Fd*(d+9 N Fea(s-a(st hd Foasd F &(3d- 3

3El 6Els 3El 6El
(5)
Fa Fg Fc Fp F
! b |t
N
E P

(a) The abbreviated drawing of workpieces consttioy
dual-point clamp
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(c) Deflection of workpieces caused by clamping &k,

Fig 4Workpieces deflection with novel dual-point clangpin
mode

mj

(a)Novel clamp sketch

The workpieces will also be bended when the cutting
moves to point R as shown in Fig. 5(a). The workgse
deflection curve is presented in Fig. 5 (c) to FH(). In this
condition, Clamping forces at point A and D wilchease and
clamping forces at point B and C will decreasedsist the
workpieces deflection. The deflections at pointntpacted by
Fa Fg, Fc, and Fy are presented as follows respectively,

_Fa(s-dd2s(s d
- 6Els

A2

FBb{g(s—d 2 $-B( s Yo s)d
- 6Els

U, =

_Fa(s-d[s-(s d°- §
6Els

Wep =

_Fya(s- [ $-(s ¢
6Els (6)

D2

Therefore, the total deflection at poRis

%2 =a"2+wA2+wBZ+wC2+wD2

_-Fd(s-9[s-(s o~ d  2F.a(s-d)d2s-(s J

6Els 6Els
2R b I(s= 9 - &+ - B( s X s )d
- 6Els
_2Fcza(s_ d)[ $ —(s dz - é] + 2Fya(s— d) g —(s dz]
6Els 6Els
(7)

Where,w,is the workpiece deflection caused by cutting force

(b) Theraviated drawing
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(c) Deflection curve caused by F
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(F) Deflection curve caused by F

Fig 5 Workpiece deflection at point R constrained byléh@nt clamp mode

By comparing the proposed dual-point clamping madin
the traditional clamping mode, we find that thelelefon at
point N is wni=w; under traditional clamping mode and
wn=w1twcrtop; under dual-point clamping mode. For the
proposed clamping modepd;| will decrease andwp|will
increase along with thé&c decreasing and-p increasing.
Compensating have worked #bcitwpi<0, i.e. |oni|>konal-
Similarly, the deflection at point R isri=w, under traditional
clamping mode an@g=w,+war+ west wcotwp, under dual-
point clamping mode. In the proposed mode),|| and ¢ p,|
will decrease andwk,| and gco| Will increase along with the
increasing of Fg . Fc and decreasing ofFy . F p.
Compensating have worked wify+wgy+ wcotwpy<0,i.e.
loral>kor2]

4. SMULATION EXPERIMENT

The 3D FEM model based simulation is utilized toifyethe

effectiveness of our dual-point clamping method fiaitling

deformation compensation. Here we assume that [draps
are rigid bodies and do not have any deformatiorindu
milling. Besides the clamping force, we only comsidhe
cutting force along z axial direction.

4.1 Experimental Simulation Scheme

1. Create the 3D finite element analysis models tfoe
traditional and dual-point clamping cases respebtiv

2. Clamping force loaded at each clamp is 900N.kplece is
divided into five areas, i.4,II,IILIV, and V(shown in Fig. 6
(c)), where aredland IV are for clamping, andl, II, and V
are for milling.

3. The cutting force along the axial direction iBN5 The
deflection of workpieces under the cutting forceng the
cutting route is calculated by using the 6mm stepshe
milling areas and the final profiles for traditionraode and

dual-point clamping mode are estimated and compared

respectively.
4. Analyze the experimental data.

4.2FEM M odel

ABAQUS is adopted to model the 3D model in thisgraghe
workpiece is aluminium 6061 in material, which size
400mm in length, 25mm in width and 10mm in heidhte
clamp makes of China 45# Steel, 30mm in length, rh2im
width, and 5mm in height. The contact area of edamping
point is 2mm in square. The distance between tvaonpl
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points of the dual-point clamper is 28mm, and tlstatce
between two supports is 200mm.

F
. x
N N
Clamp
Clamp % ¥ %
iy
Support Support
1 11 111 IV AY
<
1z
. 272 .
_ 322
400 |

Fig 6 Workpiece area division, where x is the distancde
cutting tool to the end of workpiece

4.3 Simulation Result Analysis
4.3.1 The Contact Force Contour of the Dual-Point
Clamping Mode

The contact forces of the dual-point clamping mat@oints
A, B, C, and D (as shown in Fig.3) are presente&iq 7.
Obviously, their values are changed along withaiging tool
movement during the course of milling.
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Fig 7 The contact force contour of each clamping poimtar the dual-point clamping mode
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4.3.2 Comparison between the Two Different

Clamping Models

For two different clamping modes, simulation resulf the

cutting tool locates in area when x=200mm. Hereinto, both
(a) of them are the deformation under the trad@iotiamp
mode,, and both (b) of them are the deformationeuritie
proposed dual-point clamping mode. For better exgtlan,
the changes of workpieces deflection along with ¢htting

workpieces deformation are shown in Fig. 8 and HMg.
respectively. Fig. 8 illustrates the deflection whae cutting
tool locates in area with x=36mm. Fig.9 is the one that the

U, u3
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+1.394e-01
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u,u3
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-4.011e-02

(a). Deformation under the traditional mode (bfdmation under the dual-point clamping mode

Fig. 8.Workpieces deformation contour when cutting tochled in areal

]

U, u3 | |
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+3.572e-02 - +0.000e+00
+2.700e-02 -i.g?f{e-gg
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-1.6592-02 1.443e-02
-2.531e-02 1.684e-02
31403e-02 1.924e-02
-4.275e-02 2.165e-02
5.147e-02 % 232""8%

.
-6.019e-02 Aoiteds

(a). Deformation under the traditional mode (b@f@mation under the dual-point clamping mode

Fig. 9.Workpieces deformation contour when cutting tocklted in areal

tool movement are shown in Fig. 10 with differentatues.

03 —4— Traditional clamp T UUB —«— Traditional clamp |
Dual-point clamp —+— Dual-point clamp
0.2}~ :. 0.04 e e
£ £
£ 01 E 002}~
[x] ]
0 T 0 P —
0.1 : - : 0.02
10 20 30 40 50 60 150 200 250
xmm xmm

(a)Workpiece deflection comparison when cuttind tocated

in areal] located in areal

(b) Workpiece deflection comparison when cuttingl to

Volume: 02 Issue: 12 | Dec-2013, Available @ http://www.ijret.org




IJRET: International Journal of Research in Engineering and Technology el SSN: 2319-1163 | pl SSN: 2321-7308

03 —+— Traditional clamp
—+— Dual-point clamp
0.2
-
£ ;
£ 01 ,
N e
> .
0 —

1]4U 350 360 370 380 3490
x/mm

(c) Workpiece deflection comparison when cuttingl to
located in areal

Fig.10.Workpiece deformation comparison between the
traditional and dual-point clamp by simulation

Based on the comparison of workpiece deformatiothese
two clamping modes as shown in Fig. 10, we can robsthat
the milling deformation of dual-point clamping modeless
than that of traditional clamp mode. In other wordsir
proposed model has better performance and can eetthec
fault of over-cutting. For the same cutting tootddon, we
further computed the deflection with the equatidescribed
in this paper by our proposed method and exprasséid. 11,
which show good fitness with the simulation result.

0.3 o
) < Traditional clamp
+— Dual-point clamp
02t T,
£ 0.1
(]
U ) I ——
Y% 20 30 40 50 60
»/mm

(a) Workpiece deflection comparison when cutting to
located in areal

0.06 e
0.04
£
£ 002
Y]
U Y ___—0—"'_._"-—4—___ .
s Traditional clamp
~—+— Dual-point clamp
00255 200 250

x/mm

(b) Workpiece deflection comparison when cuttingl to
located in areal

0.3

—— Traditional clamp
—*— Dual-point clamp

0.2

z/mm

0.1

0440 350 360 370 380 390
»mm

(c) Workpiece deflection comparison when cuttingl to
located in areal

Fig 11 workpiece deformation comparison between tradition
and dual-point clamp by computation based on oopgsed
model

5. CASE STUDY

We carry out experimental case studies to furthesify the
effectiveness of our dual-point clamping method fimifling

deformation compensation. The material of workpiette
size of workpiece, clamping and supporting constsaare all
the same to the simulation model in section 4.2llingi

machine is XKA714/A produced by Beijing No. 1 Mauoéi
Tool Plant. Carbide end milling tool with four datj edges
named ME-4EA30M-20D-B is adopted. Spindle speets

3185r/min, feed ratev382mm/min, cutting depthya2mm,
and cutting width @&20mm.

Cutting force with mean value 50N, which will fluete
between 10 to 60\, is tested by Kisfler9257A. Contact force
at each clamping point is measured by load celtessilts
shown in Fig. 12. The route of cutting tool is gpistraight
from arealto area’l. Thereafter, the curve from 0 to 12s is the
cutting force in area, from 12 to 36s is that in area, and
after 36s is that in areal. Because of the vibration at
beginning, clamping force waves sharply in thetfssveral
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seconds, and then becomes smooth. Clamping fotqesirg deformation during milling along with the cuttingool
A, B, C, and D fluctuate regularly to resist therlmeces movement.
450
425;
400
z 375
S 350)
£ 325/
300+
27571
2% 710 20 30 40 50 % 10 20 30 40 50
Time/s Time/s
(a) Clamping force at point A (bYa@iping force at point B
550 500
525
450
500 1
= <
8 475 8 400
9 S
450 w
350
425
0940 20 30 40 50 0% 10 20 30 40 50
Time/s Time/s
(c) Clamping force at point C (d) Clanpifiorce at point D
Fig. 12.Clamping force fluctuate curve at four clampingntsirespectively.
The workpiece deformation after milling is shownRiy. 13. workpieces  deformation  deflection change, which
It is obvious to see that the dual-point clampingde had compensates the deflection and achieves good supfadile.
better surface profile than that of the traditiordmping But traditional clamp has only one clamping foraegion
mode. Because the dual-point clamp may adaptivdjlysa its point. The difference of these two clamping modedteto the
forces between the two clamping points accordingthe different milling quality
—a— Traditional clamp L i —— Traditional clamp .
-+ val-point clam :‘. —+— Dual-point clamp ?;’
2 A ¥ (S a. i
0-08 ;.. v, -- b 0-04 I'-II ;I
- [ E & ¢
£ 0.06 _ £ %
N N/ e w % P
0.04 f .r = IR i A 0.02 | Mk upﬁﬂ_ AP
A7 A / ' a: ' i o !;'.‘!.5» 1; .'K‘hl'“. :I'.!ii.r
002 /’:.h... v “"’“i .géj'{ﬂ::‘i!%
% 20 20 60 P25 155 185 215 245 275
x/mm xfmm

(a) workpiece deformation in aréa  (b) workpiece deformation in area
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0.1 4 Traditional clamp 7
'e\ —+ Dual-point clamp
0.08
g 006
£ LAY
N 0.04 N
0028 A
ok . ]
94 360 380 400

x/mm

(c) Workpiece deformation in area

Fig. 13.Workpiece deformation in area, [1, and[]

Milling deformation results for the dual-point clping calculated one agrees with the simulation resuly well, and
method from the proposed compensation formula, Isitiom, the experimental case shows a different surfacefilgro
and experimental case study are compared in Figihé. because of the deformation material removing.
0.06
S caluated deformaton 0.02 = aicyarea gormaton
—+— experimental deformation i Z%gﬁ%ﬁﬁggﬂg’am
0.04
c 0.01
c £
N 002 S5
0 A
0 ] //\g\v
‘ ‘ ‘ ‘ -0.01
10 20 30 40 50 60 150 200 250
x/mm x/mm

(a) Workpiece deformation in area  (b) Workpiece deformation in area

0.06

—&— calculated deformation
—%— simulation deformation
—+— experimental deformation

340 350 360 370 380 390
x/mm

(c) Workpiece deformation in area

Fig 14 Milling deformation comparison of calculated basedthe formula, simulation, and experimental cstady
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CONCLUSIONS AND FUTURE WORK

Based on our proposed novel dual-point clamp metagtew
approach for milling deformation compensation isgmsed in
this paper. The approach utilizes the dynamic clagforce
to resist workpiece deformation during milling.etttends the
clamp from single clamping point to multiple pointBoth
simulation and experimental case studies are usdllistrate
the effectiveness of the proposed method. The tsesul
demonstrate that this new proposed approach isbfeasnd
effective for compensating the workpiece deformmatituring
milling. The future work of this research is to arg this new
proposed to analyze different materials. It is d@hteresting to
extend this method for milling deformation compeditsa
considering clamping force, 3D cutting force andtheansfer
together.
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