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Workpiece motion arising from localised elastic deformationthe rigid-body modelling approach. Extensive work based on
at fixture—workpiece contacts owing to clamping and machininghe FE approach has been reported [1-8]. With the exception
forces is known to affect significantly the workpiece locationof DeMeter [8], a common limitation of this approach is the
accuracy and, hence, the final part quality. This effect can bdarge model size and computation cost. Also, most of the FE-
minimised through fixture design optimisation. The clampingbased research has focused on fixture layout optimisation, and
force is a critical design variable that can be optimised to clamping force optimisation has not been addressed adequately.
reduce the workpiece motion. This paper presents a new Several researchers have addressed fixture clamping force
method for determining the optimum clamping forces for aoptimisation based on the rigid-body model [9-11]. The rigid
multiple clamp fixture subjected to quasi-static machiningbody modelling approach treats the fixture-element and work-
forces. The method uses elastic contact mechanics modefsece as perfectly rigid solids. DeMeter [12, 13] used screw
to represent the fixture—workpiece contact and involves theheory to solve for the minimum clamping force. The overall
formulation and solution of a multi-objective constrained problem was formulated as a linear program whose objective
optimisation model. The impact of clamping force optimisationwas to minimise the normal contact force at each locating
on workpiece location accuracy is analysed through examplepoint by adjusting the clamping force intensity. The effect of
involving a 3-2-1 type milling fixture. the contact friction force was neglected because of its relatively
small magnitude compared with the normal contact force. Since
Keywords: Elastic contact modelling; Fixture clamping this approach is based on the rigid body assumption, it can
force; Optimisation uniquely only handle 3D fixturing schemes that involve no
more than 6 unknowns. Fuh and Nee [14] also presented
an iterative search-based method that computes the minimum
. clamping force by assuming that the friction force directions
1. Introduction are knowna priori. The primary limitation of the rigid-body
analysis is that it is statically indeterminate when more than
The location and immobilisation of the workpiece are two six contact forces are unknown. As a result, workpiece displace-
critical factors in machining. A machining fixture achieves ments cannot be determined uniquely by this method.
these functions by locating the workpiece with respect to a This limitation may be overcome by accounting for the
suitable datum, and clamping the workpiece against it. Thee|asticity of the fixture—workpiece system [15]. For a relatively
clamping force applied must be large enough to restrain theigid workpiece, the location of the workpiece in the machining
workpiece motion completely during machining. However, fixture is strongly influenced by the localised elastic defor-
excessive clamping force can induce unacceptable level ohation at the fixturing points. Hockenberger and DeMeter [16]
workpiece elastic distortion, which will adversely affect its ysed empirical contact force-deformation relations (called meta-
location and, in turn, the part quality. Hence, it is necessaryfunctions) to solve for the workpiece rigid-body displacements
to determine the optimum clamping forces that minimise thedue to clamping and quasi-static machining forces. The same
workpiece location error due to elastic deformation while quthors also investigated the effect of machining fixture design
satisfying the total restraint requirement. parameters on workpiece displacement [17]. Gui etal [18]
Previous researchers in the fixture analysis and synthesigported an elastic contact model for improving workpiece
area have used the finite-element (FE) modelling approach gpcation accuracy through optimisation of the clamping force.
However, they did not address methods for calculating the
) fixture—workpiece contact stiffness. In addition, the application
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solve for the contact forces and workpiece displacement profj = x,y,z2) are the corresponding localised elastic deformations
duced by the elastic deformation at the fixturing points owingalong thex.y;, andz axes, respectivelyf] (j = x,j,2) represents
to clamping loads. They also developed methods for optimisinghe local contact force components wil; and F, being the
the fixture layout [21] and clamping force using this methodlocal x, andy, components of the tangential force, aRgthe
[22]. However, clamping force optimisation for a multiclamp normal force.
system and its impact on workpiece accuracy were not covered
in these papers.

This paper presents a new algorithm based on the conta

elasticity method for determining the optimum clamping forces_l_h lumoed complian i herical tio locator/clamp and
for a multiclamp fixture—workpiece system subjected to quasi- € lumped compliance at a spnerical tp ‘ocatoriclamp a

static loads. The method seeks to minimise the impact Oyvorkpiece contact is not linear because the contact radius

workpiece motion due to clamping and machining loads Onvaries nonlinearly with the normal force [23]. The contact

the part location accuracy by systematically optimising thedeformation due to the normal forcB' acting between a
clamping forces. A contact mechanics model is used to deteSPherical tipped fixture element of radiug and a planar
mine a set of contact forces and displacements, which are the\p{orkplece surface can be obtained from th_e closgd-form Hert_z-
used for the clamping force optimisation. The complete prob-2" solution o the problem of a sphere indenting an elastic
lem is formulated and solved as a multi-objective constraine&alf'Space' For th|§ problem, the normal deformatith is
optimisation problem. The impact of clamping force optimis- given as [23, p. 93]

&2 Workpiece—Fixture Contact Stiffness Model

ation on workpiece location accuracy is analysed via two i 9(P)? \v2
examples involving a 3-2-1 fixture layout for a milling oper- n= (W) 2
ation.

where

1 _1-945 N 1-v2
B E, E
2.1 Modelling Assumptions E. and E; are Young’s moduli for the workpiece and fixture

- . . materials, respectively, and, and v; are Poisson ratios for
The machining fixture consists df locators andC clamps the workpiece and fixture materials, respectively.

with spherical tips. The workpiece and fixture materials are The tangential deformation! (= AL, or Al in the local X

linearly elastic in the contact region, and perfectly rigid else-_and v tangential directions, respectively) due to a tangential

where. The workpiece—fixture system is subjected to quasiz LA ; ; .
static loads due to clamping and machining. The clamping forceforce Q (= Qcor Q) has the following form [23, p. 217]:

is assumed to be constant during machining. This assumption is i Q (2-v 2-v,
valid when hydraulic or pneumatic clamps are used. tTga\ G + G,
In reality, the elasticity of the fixture—workpiece contact
region is distributed. However, in this model development,Where
lumped contact stiffness is assumed (see Fig. 1). Therefore, the D /1 _ _ 3
) s Lo PR (1-v 1-v,
contact force and localised deformation at thb fixturing = +
: . 4 E Ew
point can be related as follows:
Fi=kd @) and G,, and G; are shear moduli for the workpiece and fixture
b _ _  materials, respectively.
wherek; (j =xy,2) denotes the contact stiffness in the tangential A reasonable linear approximation of the contact stiffness
and normal directions of the locad,y,z coordinate framed;  can be obtained from a least-squares fit to Eq. (2). This yields
the following linearised contact stiffness values:

2. Fixture-Workpiece Contact Modelling

©)

In deriving the above linear approximation, the normal force

AV
workpiece K = 8.82 < %(E*)Z) 1/3 "
=
i - 4 (2-v 2-vp,\T
v B k'X:k;:E( Gv,+ Gv) " ©
;" Y l/
’ : 4

x(\ ? K P' was assumed to vary from 0 to 1000 N, and the correspond-
ing R? value of the least-squares fit was found to be 0.94.
K}
3. Clamping Force Optimisation
locator/clamp

Fig. 1.A lumped-spring fixture-workpiece contact modal, y, z,  1nhe goal is to determine the set of optimal clamping forces
denote the local coordinate frame at title contact. that will minimise the workpiece rigid-body motion due to
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localised elastic deformation induced by the clamping andY,, and Z, directions, the equivalent contact stiffness in the
machining loads, while maintaining the fixture—workpiece sys-X,, Y, andZ, directions can be calculated as
tem in quasi-static equilibrium during machining. Minimisation Ny N, N,
of the workpiece motion will, in turn, reduce the location error.
This goal is achieved by formulating the problem as a multi- ki(z g‘)‘ ki(% g‘)‘ andki(% g‘)

objective constrained optimisation problem, as described next. ) ) ) o )
respectively (see Fig.3). The workpiece rigid-body motion,

Ad", due to clamping action can now be written as:

3.1 Objective Function Formulation .

Since the workpiece rotation due to fixturing forces is often PR PR PR
quite small [17] the workpiece location error is assumed to be Adv = N S S
determined largely by its rigid-body translatiakd” = [AX® k5<2x g-) kS(EY g-) @ (ZZ g_)
AYW AZ"]T, whereAX", AYW, and AZ" are the three orthogonal z =~ 1] e < e < i

components ofAd" along theX,, Y, andZ, axes (see Fig. 2). _ ) _
The workpiece location error due to the fixturing forces can The workpiece motion, and hence the location error can be
then be calculated in terms of tHe norm of the rigid-body reduced by minimising the weighteld, norm of the resultant

displacement as follows: clamping force vector. Therefore, the first objective function
“ can be written as:
Ad] = ((AX? + (AY)? + (42'9?) (6) i , ,
where ||| denotes the_, norm of a vector. o . PR PR PR
In particular, the resultant clamping force acting on the Minimize [P, = Ny s N,
workpiece will adversely affect the location error. When mul- E 3 2 £ 2 3
tiple clamping forces are applied to the workpiece, the resultant =1 —y —y
clamping force,P§ = [P} P PE]", has the form: 9
PR = Rc Pc @) Note that the weighting factors are proportional to the equival-

ent contact stiffnesses in th&, Y, andZ, directions.

The components oPE are uniquely determined by solving
the contact elasticity problem using the principle of minimum
total complementary energy [15, 23]. This ensures that the
: . : : . clamping forces and the corresponding locator reactions are
lamping force v r hé&h clampin int with r - . L
clamping force vector at theth clamping point with respect “true” solutions to the contact problem and yield “true” rigid-

to the X,, Yy, Z4 coordinate axesi € 1,2,...C). : . . . .
In this paper, the workpiece location error due to contactb0d>|/.bd!SplageTr?msl' anq th?t the V\t/orml_ece 'Sﬂlfeptfm Sttitlc
region deformation is assumed to be influenced only by theguiibrium by the clamping forces at all imes. Theretore, the

normal force acting at the locator—workpiece contacts. Thésgggmnga;g).gct?\jet?enggﬁ fg?r?ﬁéeg::qtairg ?Qrecrgyo fgg}?ssatggﬁ
frictional force at the contacts is relatively small and is neg- J u ping P

lected when analysing the impact of the clamping force on theand is given by:

workpiece location error. Denoting the ratio of the normal i el (=) e (= R (0T
contact stiffnessk, to the smallest normal stiffness among all Minimise (U* — W*) 25 2 K + 2 kz/ + ]
locators,kS, by & (i =1,...L), and assuming that the workpiece = i=1

where Pc=[P-*1 . P**C]T is the clamping force vector,
Rc =[Ny . N is the clamping force direction matrix,
N+ = [cos i COPB i €Oy, .i]" is the clamping force direction
cosine vector, and ., B+, andy_,; are angles made by the

i=1 z

rests onN,, Ny, and N, number of locators oriented in thg, (10)
=3ATQA
1
/ -
1 PR
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Fig. 3. The basis for the determination of the weighting factor for the
Fig. 2. Workpiece rigid body translation and rotation. L, norm calculation.
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where U* represents the complementary strain energy of theother into a constraint. In this work, the minimisation of the
elastically deformed bodied)\* represents the complementary complementary energyf,} is treated as the primary objective
work done by the external force and moment3,=diag  function, and the weightedl, norm of the resultant clamping
[cxc G .. .cx"C oy c*C] is the diagonal contact compliance force () is treated as a constraint. The choice fofas the
matrix, ¢ = (K)™, and\ =[F; Fy F2. . .FY'C Fy*C F5*9]" is the  primary objective ensures that a unique set of feasible clamping
vector of all contact forces. forces is selected. As a result, the workpiece—fixture system is
driven to a stable state (i.e. the minimum energy state) that
also has the smallest weighted, norm for the resultant
clamping force.

Lo S . ) . The conversion off, into a constraint involves specifying

The optimisation objective in Eq. (10) is subject_to certain weightedL, norm to be less than or equal & wheree

constraints and bounds. Foremost among them is the static upper bound orf,. To determine a suitable, it is
2+ )

friction constraint at each contact. Coulomb’s friction law Statesinitially assumed that all clamping forces are unknown. The

= i T=NME in fricti i i
X]aéc};fglzexr)\ja:iéZY);)r\j I‘rrigggse'ds t/iers?:)?]t'zlf”f;;gnng?]ﬁ]:g;ngc"n_contact forces at the locating and clamping points are computed
. o ) by considering only the first objective function (i&). While
straint can be used and is given by [19]; this set of contact forces does not necessarily yield the lowest
[Fif +|F| = piF, (11)  clamping forces, it is a “true” feasible solution to the contact
elasticity problem that can completely restrain the workpiece
M the fixture. The weighted., norm of these clamping forces
is computed and taken as the initial value eaf Therefore,
the clamping force optimisation problem in Eg. (15) can be

E F=0 (12) rewritten as:
SM=0 Minimize £ = 3AT QA (16)
) . subject to:||PR|, = €, (11)—(14).

where the forces and moments consist of the machining forces,
workpiece weight and the contact forces in the normal and An algorithm similar to the bisection method for finding
tangential directions. roots of an equation is used to determine the lowest upper
bound for||Pg|,. By decreasing the upper bourdas much
as possible, the minimum weightdd, norm of the resultant
clamping force is obtained. The number of iteratioksneeded
to terminate the search depends on the required prediction
accuracyd and |e/, and is given by [25]:

3.2 Friction and Static Equilibrium Constraints

Since quasi-static loads are assumed, the static equilibriu
of the workpiece is ensured by including the following force
and moment equilibrium equations (in vector form):

3.3 Bounds

Since the fixture—workpiece contact is strictly unilateral, the

normal contact forceP', can only be compressive. This is

expressed by the following bound d#:
P ) y g K= [Iog2 (d)] (17)
P=0 (=1,...L+C) (13) 5
where it is assumed that normal forces directed into thevhereldlidenotes the ceiling function. The complete algorithm
workpiece are positive. is given in Fig. 4.

In addition, the normal compressive stress at a contact cannot
exceed the compressive yield streng®) (of the workpiece

material. This upper bound is written as: 5. Determination of Optimum Clamping
P=S§A (i=1,...L+C) (14)  Forces During Machining

where A is the contact area at thiéh workpiece—fixture con-

tact.

The complete clamping force optimisation model can now
be written as:

The algorithm presented in the previous section can be used
to determine the optimum clamping force for a single load
vector applied to the workpiece. However, during milling
the magnitude and point of cutting force application changes
fi| _ [2ATQA continuously along the tool path. Therefore, an infinite set of
fz} - { ||p§|w} (15) optimum clamping forces corresponding to the infinite set of

) machining loads will be obtained with the algorithm of Fig. 4.
subject to: (11)—(14). This substantially increases the computational burden and calls
for a criterion/procedure for selecting a single set of clamping
forces that will be satisfactory and optimum for the entire tool
4. Algorithm for Model Solution path. A conservative approach to addressing these issues is

discussed next.

The multi-objective optimisation problem in Eq. (15) can be Consider a finite number (sag) of sample points along
solved by thee-constraint method [24]. This method identifies the tool path yieldingn corresponding sets of optimum clamp-
one of the objective functions as primary, and converts theng forces denoted a®3,, P3. - - ., Pon At each sampling

Minimizef = {
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to each sampling point. The optimum clamping forces have
the form:
Set all contact forces as P]jmax: [Cllj CIZ] e iCj]T (l = 11 A m) (J = X,yxzir)
unknowns, solve for p"f,;"“ﬂ (19)
p,L;.C’
l where P}, is the vector of optimum clamping forces for the
four worst-case machining load vectors, a6 (k=1,...C)
Slf)‘w‘glf;u‘;‘;“l“"zzf |Pé‘ |w* is the force magnitude at each clamp corresponding toitthe
’ sample point and th@h load scenario.
l After P, is computed for each load application point, a
Substitute &,=u, and Jinto single set of “optimum” clamping forces must be selected from
Eq. (17) to find K. . .
all of the optimum clamping forces found for each clamp from
all the sample points and loading conditions. This is done by
sorting the optimum clamping force magnitudes at a clamping
point for all load scenarios and sample points and selecting
Set weighted L, norm of clamping forces the maximum vaIueC’k“aX, as given in Eq. (20):
| £=0.5(u,+,), & solve Eq. (16) _
Cr»*=Cy (k=1,...0 (20)

Once this is complete, a set of optimised clamping forces
Pope = [CT?*CT2*. . . CZ*{T is obtained. These forces must be
verified for their ability to ensure static equilibrium of the

workpiece—fixture system. Otherwise, more sampling points are
Suvim & Al by = e Bt and = 5 selected and the aforementioned procedure repeated. In this
fashion, the “optimum” clamping forcé,,, can be determined
No for the entire tool path. Figure 5 summarises the algorithm just
@ described. Note that although this approach is conservative, it
Yes provides a systematic way of determining a set of clamping

forces that minimise the workpiece location error.
Select clamping force set with the

smallest weighted L, norm.

6. Impact on Workpiece Location
Accuracy

Fig. 4.Clamping force optimisation algorithm (used in example 1).

It is of interest to evaluate the impact of the clamping force
) ) o algorithm presented earlier on the workpiece location accuracy.
point, the following four worst-case machining load vectors The workpiece is first placed on the fixture baseplate in contact

are considered: with the locators. Clamping forces are then applied to push
FXo = [FO*FY F3T the work_piece against the Iocato_rs. C_onsequently, Iocalis_ed
deformations occur at each workpiece—fixture contact, causing
Finax= [F& F92*F3]T the workpiece to translate and rotate in the fixture. Sub-
FZ..= [F3 F3 FpaqT (18) squgntly, the_ guasi-static ma_chinin_g Ioad_is applied causing
additional motion of the workpiece in the fixture. The work-
Fhnax= [FX FY F2]T piece rigid-body motion is defined by its translatiad® = [AX"

T 1 W — W W T
where F3= Fy andFT® are the maximumX,, Y, and Z AYY AZ"]" and rotationA®™ = [A6} ABY A6Y)]" about theX,,

Y .
components of the machining force, the superscripts 1, 2, 3 of ¢ and Z, axes (see Fig. 2).

Fx. Fy, andF, stand for the other two orthogonal machining ¢ Astr:]otled l(_aarl(lje(rj, fthe V\t'_orkP'_eC; dril%lfj;bo?y mr(])tfl_o? arises
force components corresponding td&3* FP* andF3 rom the localised deformation} = [d. d, d]]', at each fixturing

. int. i =X Y; Z]" describes the position

respectively, andFi.l| = max(/((Fx)? + (Fy)? + (F2)?). point ASS””."“Q tha_ltr, D.(' Yi Z']. > P
AFI)thoughy the cﬂourJ‘worst-cEa\{s((e xr?wacrsinYi)ng IE)aZ()j )\)/ectors will Vector of theith locating point relative to the workpiece centre

not act on the workpiece at the same instant, they will occurOf mass, the coordinate transformation theorem can be used to

: - xpressd' in terms of the workpiece translatiodd® = [AXY
once per cutter revolution. At conventional feedrates, the errof : . A T
introduced by applying the load vectors at the same poinfsYW AZ], and workpiece rotation A0 =[A8y A6y A6,

would be negligible. Therefore, in this work, the four load as follows:

vectors are applied at the same location (but not d' = (R)T[R(A®™)r; + Ad™ — 1] (21)
simultaneously) on the workpiece corresponding to the sam-
pling instant. whereR?! denotes the rotation matrix describing the orientation

The clamping force optimisation algorithm of Fig. 4 is then of the localx; yi, z coordinate frame at thgh contact relative
used to calculate the optimum clamping forces correspondingo the global coordinate frame afR{A0Y) is a rotation matrix
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GTARD 1 A6y A6y
R(AOY) = [ ABY 1 -Aey (22)
(1) Select worst-case machining forces _ AG{?’ Ae\),(v 1
Fn’fnx’ Fn‘x’nx’ Fn'zux and Fnrux —

Equation (21) can now be rewritten as:
d = (R} B'q (23)

where

(2) Select m sampling positions along
the machining path

Clamping force 100 0 z -VY
optimization algorithm .

B=[010-Z 0 X

001Y -X O

Output optimum clamping

‘ . , i is the transformation matrix obtained after re-arranging
Panse: Prmaxs P 300 Prvas Eqg. (21), andq = [AX" AY™ AZ¥ ABY A6Y ABY]" is the work-
piece rigid-body motion vector due to clamping and machining.
The unilateral nature of the workpiece—fixture contact implies
that no tensile forces are possible at a workpiece—fixture con-
tact. Hence, the contact forc€=[F} F, F]" at theith fixtur-

Sorting algorithm

arzG (k=1 .y O) ing point can be related td' as follows:
. -K'd', 372 >0
Identify the optimum = 0, otherwise (24)

clamping force P,

where 3Z = (e)" d is the net normal deformation at théh
contact due to clamping and machining loads, &#®> 0
implies that the net deformation is compressive while a nega-
tive sign represents tensile deformatidf! = diaglk, K, K] is
theith contact stiffness matrix expressed in the local coordinate
frame, ande,=[0 0 1]" is a unit vector.

Since hydraulic/pneumatic clamps are assumed in this study,
clamping force intensities in the normal direction remain con-
stant under external machining loads. Therefore, Eq. (24) must
be modified for the clamping points as:

Fi = [F, F,P]" (25)

where P' is the clamping force at théh clamping point.
N Letting fz denote a 6<1 vector of the external machining
osition P forces and weight, and combining Egs (23)—(25) with the static

Actual machining position P’ ) .
Desired machining

equilibrium equation, the following set of equations are obtain-
T ed:
L+C i
Center of mass Z, E |:(R'1)F ] +f==0 (26)
i LN @ [(RYF]

« where ® denotes the cross-product operation. The workpiece
rigid-body motion due to clamping and machinirg, can be
obtained by solving Eq. (26).

The workpiece location error vectoAr,, = [ArX ArY, Arz]"

o (see Fig. 6), can now be computed as follows:

Ar,,=B™q (27)

Fig. 6. The workpiece location errorAr,, due to clamping and . " L.
mgchining. P ping wherer, = [X;, Y, Z,]" is the position vector of the machining

point with respect to the workpiece centre of mass, and

defining the orientation of the workpiece fixed coordinate frame 100 0 Z, -Y,
relative to the global coordinate frame. m_ _

Assuming that workpiece rotation within the fixture due to B"=1010-Zn 0 Xn
clamping, A6%, is small, R(A6") can be approximated as: 001 Y, X, O
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Table 2. Machining conditions.

i workpiece Condition  Feed Axial depth Radial depth Spindle
' (mm/tooth) (mm) (mm) speed
(r.p.m.)
1 0.2032 3.81 254 660
2 0.3048 3.81 254 660
3 0.4064 3.81 254 660
End mill: 25.4 mm diameter, 45helix angle; 10 radial rake angle;
92.08 mm long; 4 flute coated carbide.

Fig. 7. The workpiece fixture configuration used in the simulation
study. L,—Le, the workpiece fixture locator contactXy, Yy, Z, the

global coordinate frame. Table 3.Objective function value — example 1.

7. Simulation Work nectiong (e s ieing e
—— force force

The algorithm presented earlier was used to determine the F,(N) F, (N) F,(N) 3 (N) K

optimum clamping forces and its impact on the workpiece Weighted Weighted

accuracy for two example cases: I(ﬁ)norm I(ﬁ)norm

1. A single point force applied to the workpiece.

2. A sequence of quasi-static milling loads applied to the work-1 298.95  776.06 314.00 4.448 7  347.6 289.5
piece. 2 283.56 1105.67 442.10 4.448 7 503.0 392.1

3 443.69 119451 509.96 4.448 7 561.9 452.7
A 3-2-1 fixturing scheme shown in Fig. 7 was used to locate
and hold a prismatic block of 7075-T6 aluminium (127 nym  Note: Machining force is applied at (109.2 mm, 25.4 mm, 34.3 mm).
127 mm x 38.1 mm). The assumed layout for the spherical-

tipped hard steel locators/clamps is given in Table 1. The static

coefficient of friction for the workpiece—fixture material pair Table 4.Optimum clamping forces — example 1.

was taken to be 0.25.

The instantaneous end milling forces were computed using Condition ~ Clamping force intensities (N)

the EMSIM program developed at the University of lllinois

[26] for the machining conditions given in Table 2. For Initial clamping force 12 (?:'%% 231312'2:;) 6;555%)
example (1), the instantaneous machining forces were applied 3 (561_51'345.5,)”1025.6)
to the workpiece at the point (109.2 mm, 25.4 mm, 34.3 mm).

The initial and optimum clamping forces were computed using . | o 12 (33;%.3?,96?.(}‘,1 27%'5%4

i i i i i i imum clampin orce I, o .

?ned ilgorlthm described in Fig. 4 and are given in Tables 3°P ping 2 (4(87_9’ 003, 1104.7))

The algorithm shown in Fig. 5 was also tested. The milling
of a 25.4 mm slot was simulated using EMSIM, with the cut
starting at (0.0 mm, 254 mm, 34.3mm) and ending at
(2127.0 mm, 25.4 mm, 34.3 mm) (see Fig.8). The machining

Cutter relative motion with
respect to the workpiece
Table 1.Fixture element position.

Fixture Type of elementX (mm) Y (mm) Z (mm) End milling path i 38.1mm
tip E g -

L1 Spherical 12.7 127.0 19.05

L2 Spherical 114.3 127.0 19.05 ‘

L3 Spherical 127.0 63.5 19.05 127mm

L4 Spherical 114.3 12.7 0.0

L5 Spherical 12.7 12.7 0.0

L6 Spherical 63.5 114.3 0.0 _

C1 Spherical 73.7 0.0 19.05 Ty

c2 Spherical 0.0 63.5 19.05 4 —h

c3 Spherical 76.2 76.2 38.1 127mm

Note: L1-L6 are locators; C1-C2 are clamps. The tip radius is 5 mm. Fig. 8. The end milling process simulated for example 2.
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Table 5. Worst-case machining loads for example 2. 500
450 e
Fx (N) Fy (N) F. (N) = .

g 400 - B
Fax 393.40 963.66 406.66 £ 2eo
FY o 236.13 1116.58 421.46 ED
FZ., 331.52 1077.31 449.05 £ 300
(=i 283.56 1105.67 442.10 E

=l

= 250

E

5 200
conditions used were the same as condition 2 in Table 2. Thej 150 1
four worst-case machining load vectors were computed fromg
the simulated milling force data and are given in Table 5. Five & '
sampling points whose coordinates are listed in Table 6 were™ sp
selected for the simulation. The optimum clamping force vec- .
tor, F’}r_ﬂaX (= F_"X,na)q Pymax Pymax Prmax)s vyas_calculated fo_r each _ 1 2 3 4 5 6 ”
sampling point and load vector application, and the final opti- Iteration #
mum clamping forceP,,, was determined using the sorting
algorithm discussed earlier. ~condition1 "~ condition2 " condition3

Fig. 9. Covergence characteristics of the algorithm for example 1.
8. Results and Discussion

The convergence of the optimum clamping force algorithm for

le 1 is plotted in Fia. 9. For the fi q|rnuch lower weighted., norm compared to the initial clamping
example 1 is plotted in Fig. 9. For the fixture set-up assumeq, cq intensities. The initial clamping forces are those obtained
in this example (see Fig.7), the weightédd norm of the

. at the start of the algorithm by minimising the complementar
resultant clamping forces has the form||Pg|, g y g P y

\;/((P§§/2)2 + (PR)2 + (P%/3)?). The results reveal that the optimum energy of the workpiece—fixture system.

) o - The workpiece location errors due to clamping and the point
clamping forces under the stated machining conditions have fbad are given in Table 7. The results show that the workpiece

rotation is small. The reduction in error at the machining point
ranges from 13.1% to 14.6%. In this case, the improvement
is not very large for all three machining conditions because
the initial clamping force values determined from the minimis-

Table 6. Optimum clamping forces — example 2.

Machining force pimax  Optimum clamping force  Final weighted

application N) L, norm (N) atio_n of the co_mplementary potential energy are close to the
point (mm) optimum clamping forces.
The algorithm of Fig.5 was used in the second
Pimax  (644.9, 312.2, 904.7 540.8 example where a sequence of milling loads was applied
Pymax  (680.6, 168.8, 1010.2) 507.6 to the workpiece. The optimum clamping forceB;
(21.2, 254, 34.3) 1" (7385 341.1, 954.5) 594.9 b P ping max

(ZPyman Pymax Pomax Pimax), cOrresponding to each sample point

Pluax  (716.3, 193.1, 1026.8) 531.7 ; _ : : 4 :
are given in Table 6, along with the final optimum clamping

Pimax  (479.2, 102.2, 972.7) 4159 force, Py, The weightedlL, norm of the initial and optimum
(42.4, 25.4, 34.3) pgmax (ggg-g, ggg 51982-252; igg-i clamping forces are plotted in Fig. 10, and at each sampling
Bg::: 2538:51 1953, 997_0')) 4517 point, the weighted, NOrM of Piay Phray Pimax aNd Py
are plotted.
pzmax (386.3, 52.9, 918.7) 365.9 The results indicate that since every componentPgj; is
(635, 25.4, 34.3) Bg::x giéé:g: Igt?é,gslazll;sl_zt) %‘é—_g the maximum among all the corresponding clamping force
poo (433.9, 104.5, 928.4) 3021 magnltudes,_ it h_as the maximum we|ghtbg norm. However,
as shown in Fig. 10, if the maximum component at each
pinax  (338.2, 126.0, 873.2) 359.4 clamping point is used for the initial clamping force, then the
(84.7, 25.4, 34.3) Pymax (g%-gv igii ggg-? ‘3183-? corresponding set of clamping forceR,;, has a considerably
B‘}:: 2332:01 186.1 954:8; 404.3 larger weighted_, norm thanP,,. Hence,P, is an improved
solution for the complete tool path.
PSmax  (230.1, 0.0, 863.9) 310.1 The above simulation results indicate that the approach
(105.9, 25.4, 34.3}52"1ax gggg'g' 3%2'92287')1) gggg ]E)resented in this paper caﬂ be us:adlto optim:cse the clamping
E 2 ' : orces. In comparison to the initial clamping force intensity,
P (277:3, 5.1, 9796) 3548 this approach will reduce the weightéd norm of the resultant
Por (7385, 341.1, 1026.8) 608.2 clamping force, and will therefore improve the workpiece

location accuracy.
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Table 7.Workpiece location error reduction — example 1.

Resultant workpiece motiorg

Error vector at the machining

Error vector magnitude,  Error

(x10® mm, x10° degree) pointAr,, AT Al reduction (%)
(X102 mm) (x10°mm)
1 (10.6 16.2-4.5-2.9-2.8 3.5) (12.0 17.1-2.6) 211
Initial clamping force 2  (13.3 22.55.7 -4.6 —4.7 3.6) (14.2 24.6-2.6) 28.1
3 (16.5 25.4-6.8 -4.6 -4.6 5.2) (18.5 26.9-3.7) 32.8
. . 1 (7.8 15.8-9.1 1.3-4.2 3.3) (7.7 13.8-9.0) 18.2 13.7
optimum clamping 5 (9.4 21.7-12.0 1.2-6.7 3.7) (8.7 19.1-11.5) 24.0 14.6
3 (134 25.2-9.6 -3.0-3.2 5.4) (14.4 23.6-6.8) 28.5 13.1
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