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Fixturing is an important manufacturing activity in the pro-
duction cycle. A computer-aided (or automated) fixture design
(CAFD) technique has been developed as part of CAD/CAM
integration [1]. The development of CAFD contributes to theation to fulfil the functions of locating and clamping the
reduction of manufacturing lead time, the optimisation of manu-yorkpiece. An automated modular fixture configuration design
facturing operations, and the verification of manufacturing pro-system has been developed in which, when fixturing surfaces
cess designs [2]. CAFD plays an important role in flexible and points are selected on the workpiece model, fixture units
manufacturing systems (FMS) and computer-integrated manugre automatically generated and placed into position with the
facturing systems (CIMS) [3]. assistance of fixture component assembly relationships [4,5].
Figure 1 outlines the activities for fixture design in manufac-This paper deals with fixture planning when the fixturing
turing systems which include three major aspects: set-up plarsyrfaces and positions on the workpiece are selected
ning, fixture planning, and fixture configuration design [4]. The gutomatically.
objective of Set-up planning is to determine the number of set- Previous papers on fixture design ana|y5is have been pub_
ups, the position and orientation of the workpiece in each setlished, but a comprehensive fixture planning system which can
up, and also the machining surfaces in each set-up. Fixturge used to generate fixture plans for industrial applications has
planning determines the locating and clamping points on worknot been developed. Previous work includes: a method for the
piece surfaces. The task of fixture configuration design is tuutomated determination of fixture location and clamping
select fixture Components and plaCe them into a final Conﬁgurderived from a mathematical model [6], an a|gorithm for the
selection of locating and clamping positions which provide the
Correspondence and offprint requests Br Kevin Rong, Department maximum mechanical leverage [7]; kinematic analysis based

of Mechanical Engineering, Worcester Polytechnic Institute, Worcesterfixture plannin_g_ [8,9]; a f_ixturing grade and deper_1dency grade
MA 01609-2280, USA. E-mail: ron@wpi.edu based fixturability analysis [10]; automated selection of set-ups

Fig. 1. Fixture design in manufacturing systems.
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with consideration of tolerance factors of orientation errors in
fixture design [11], and finally a geometric analysis based 2D
fixture planning system [12]. In our previous research, fixturing
features [13], fixturing accuracy [14,15], geometric constraints
[16], and fixturing surface accessibility [17] have been studied.

A framework has been developed for set-up planning and,

fixture design [18].

In this paper, an automated fixture planning system, Fix-
Planning, is presented where fixturing surfaces and points are
determined when the workpiece model and set-up planning
information is input to the system.

5.

2. Basic Requirements of Fixture
Planning

6.

In engineering practice, fixture planning is governed by a
number of factors, including workpiece geometric information
and tolerance; set-up planning information such as machining
features, the machine tool and cutting tools to be used in each
set-up; initial and resulting forms of the workpiece in each
set-up; and available fixture components. To ensure that the

from which other dimensions and tolerances are measured.
In fixture planning, surfaces with high accuracy grades
should be selected preferentially as locating surfaces so that
the inherited machining error is minimised and the required
tolerances of the machining features are easily attained.

In fixture planning, more than one workpiece surface must
be selected for the locating and clamping surfaces for
restricting the DOF of the workpiece in a set-up. Therefore,
besides the conditions for individual surfaces, the combi-
nation status of the available locating surfaces is also
important for the accurate location of the workpiece.

Since the locators and clamps are in contact with the
workpiece, the distribution of fixturing points plays a critical
role in ensuring fixturing stability.

For a feasible fixture design, the fixturing surfaces must be
accessible to the fixture components. The usable (effective)
area of the fixturing surface should be large enough to
accommodate the functional surfaces of the locators and
clamps. Besides considering a fixturing surface, the accessi-
bility of potential fixturing points on the surface is also
important for the determination of the final fixturing point

fixture can hold the workpiece in an acceptable position so distribution.

that the manufacturing process can be carried out according to

the design specifications, the following conditions should be

satisfied for a feasible fixture plan. 3. Fixturing Surfaces

1. The degrees of freedom (DQF) Of the workpiece are tOtaIIyThe concept of features has been widely used in design and
constrained when the workpiece is located. - : ; -

o o ) manufacturing. A workpiece to be machined can be viewed as

2. Machining accuracy specifications can be ensured in thg compination of features such as planes, steps, pockets, slots,
current set-up. and holes. In a particular operation set-up, features used for

3. Fixture design is stable to resist any effects of externafixturing the workpiece can be defined as fixturing features or
force and torque. fixturing surfaces. In practice, most fixturing features are planar

4. Fixturing surfaces and points can be accessed easily bgnd cylindrical surfaces. According to the fixturing functions,
available fixture components. the fixturing surfaces can be classified into locating, clamping,

5. There is no interference between the workpiece and th@nd supporting features. Unlike design and manufacturing fea-
fixture, and between the cutter tool and the fixture. tures, fixturing surfaces are orientation-dependent. They do not

. S ) . play the same role throughout the manufacturing processes. A

In this investigation, we focus on the first four requirements.qey” of gyrfaces may serve as fixturing surfaces in a set-up, but
leture planning is carried out based on the following con5|der-may not be used for fixturing or have different fixturing
ations: functions in another set-up.

1. Although the workpiece geometry can be complex in indus- The concept of fixturing features allows the fixturing require-
trial production, in most fixture designs, planar and cylindri- ments to be associated with the workpiece geometry. Feature
cal surfaces (internal and external) are used as the locatingformation in a feature-based workpiece model can also be
and clamping surfaces because of the ease of access anded directly for fixture design purposes. For manufacturing
measurement of these features when the workpiece is fixedeatures, the information necessary for describing a fixturing
In this investigation, planar and cylindrical surfaces are usedeature contains geometric and non-geometric aspects. The
in fixture planning. former includes feature type, shape and dimensional parameters,

2. Many CNC machines, especially machining centres, can band position and orientation of the workpiece. The latter
used to perform various Operations within one Set-up_ |ninC|Udes the surface finish, accuracy level and I’elationships
most cases, the cutting-tool axis of the machine tool iswith machining features, and surface accessibility.
fixed. When considering fixturing stability, the locating sur-
faces are preferably those with normal directions opposite3 1 piscretisation of Fixturing Surfaces
to, or perpendicular to, the cutting-tool axis. For clamping
features, the normal directions should be in line with, orin most fixture designs, the fixturing features, especially the
perpendicular to, the cutting-tool axis, because, in fixturejocating surfaces, are planar and cylindrical surfaces. In order
design, clamping forces should be against locators. to evaluate fixturing surface accessibility and determine

3. For the surfaces to be machined, there should exist datumoecating/clamping points on fixturing surfaces, a candidate fix-
surfaces which serve as position and orientation referencetsiring surface is sampled into grid-arrayed discrete points with
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equal intervalT. If T is small enough, the discrete sample metric region. It is thus required that the accessibility model
points will be almost continuous. should comprehensively reflect these facts so that a reasonably
In order to make the sampling algorithm generic, an outercomparable accessibility value can be applied for every candi-
bounding rectangle on the surface is used as the samplindate fixturing surface.
region. Since in most cases, the primary locating surface is The surface accessibility is defined as a statistical value
perpendicular to the other locating surfaces, especially in modubased on the point accessibilitP4) of every valid sample
lar fixture designs, the fixturing surfaces are considered apoint on the surface, whereA consists of two parts: the point
bottom-locating, top-clamping, side-locating, and side-clampingself individual accessibility $1A) and the point neighbour
surfaces. For a bottom-locating/top-clamping surface with aelated accessibilityNRA. The SIA corresponds mainly to the
normal Z (or —Z) direction, two edges of the outer-bounding isolated accessibility of the fixturing point, whereas tHRA
rectangle must be parallel to théaxis and two other edges reflects the extended accessibility of the fixturing point.
parallel to theY-axis. For a side-locating/clamping surface, The SIA of a sample point is defined on the basis of three
there must be two edges parallel to thexis, while the other attribute tags. The tag is used to indicate whether the square
two edges must be perpendicular to the first two edges. Figurgest grid with its centre at the current sample point is inside,
2 shows an example of sampled candidate fixturing surfacesn, or outside the outer-loop of the fixturing surface. Three
with the outer-bounding rectangle. With the assumption thatiscrete values are assigned to represent its status, i.e. 0, 1,
the Z-axis is normal to the surface in the surface local coordi-and 2, respectively.
nate system, the points within the outer-bounding rectangle can If there exists obstructive workpiece geometry in the surface
be represented as: normal direction or surrounding the sample point, this affects
_ _ the surface accessibility at the sample point. For example, as
X=XmintTxu, u=1,2,..., N, . . .
shown in Fig. 34), on a candidate bottom-locating surface of
Y= Ymin t TXV, v=1,2,...,N, (1) a workpiece, sample poir, is not accessible because of the
where N, and N, are the numbers of points in thé and Y-  obstructive geometry of the workpiece along the bottom-locat-
directions, respectively, which arél, = int [(Xmax — Xmin)/T] ing direction, andp, is not accessible either because of the
and N, = int [Ymax — Ymin)/T]- obstructions surrounding it. To evaluate automatically whether
an obstruction exists in the surface normal direction, a virtual
volume is generated by extruding the square test grid to a
3.2 Fixturing Surface Accessibility solid entity in the surface normal direction. By employing a
technique for detecting the interference between two solid
Fixturing surface accessibility is a measure of whether a candientities, the obstruction can be identified, as shown in Fig.
date fixturing surface is accessible to a regular fixture compog(p). The extruding method is a little different for the square
nent. Three major factors must be taken into account:
1. The geometry of the fixturing surface which involves the )
effective area and shape of the surface. bottom-locating Square test

2. Possible obstruction of the workpiece geometry along the p
normal direction and/or around the geometric region of the
fixturing surface.

3. The size and shape of the functional fixture components.

In practical situations, it is possible that a planar surface of candidate bottom-locating
the workpiece has a complex shape and has a full/partial

obstruction along its normal direction and/or around its geo-
(a) workpie
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outer-bounding rectangle fixturing surface

Fig. 3.Obstruction checking at virtual sample points on a bottom-
Fig. 2. Sampling of a candidate fixturing surface with an outer-bound-locating surface. @p, means the extrusion is carried out at popt
ing rectangle. along its accessible direction.)
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test grid on the side-locating/clamping surface, where the if side-locating/clamping ANDs; # OutsideOuterLoop
square test grid is first stretched along the bottom-locating AND s, = NotObstructed SIA = 0.5's;;

direction, and then the stretched grid is extruded along the
side-locating/clamping direction as illustrated in Fig. 4. The
attribute tags, is used for recording the result of obstruction
checking at a sample point. When such an obstruction is
detected,s, = 1, otherwise,s, = 0.

If the test grid at the sample point is found to be not
obstructed, its individual accessibility is largely dependent ond
the contact area between the test surface and the fixtur
components, which is represented by the attribute fagrhe

where v reflects the height effect of the point in side
locating/clamping.

The accessibility in the surrounding area of the sample point
also affects the accessibility of the point. On a fixturing surface,
the positional relationship between the current sample point
and all the neighbouring sample points can be represented by
3x3 map whereP, is the current sample point with a
iscrete position of |, v), P, ~ Pg are 8-neighbour sample

definition of s, is points, and their locations are all labelled in Fig. 5. THRA
at sample poinp,, can be calculated using the equation:
Are
=22 s e [0, 1] () :
T? z F
where Are_a is the contact area and is the edge length of NRAU, V) = = @)
the test grid. 8

On the basis of above three attribute tags, 8I& of a
sample pointp,, can be given by a numerical value according
to the following rules:

where F, is the related-access factor &th neighbour, which
can be determined based on tB&A as well as its measure

(S1 S %)
if s, = OutsideOuterLoopSIA = —1 (inaccessible); . .
if s, # OutsideOuterLoop ANDs, = Obstructed SIA=  FOr bottom-locating/top-clamping
— 1 (inaccessible);
if bottom-locating/top-clamping ANDS, # OutsideOut- 7L sl =1
erLoop AND s, = NotObstructed SIA = s;; F« =0, si(Pd =2 andsy(p) =0 (4)
IA(PY, si(P) # 2 andsy(p) =0
bottom-locating candidate side-locating/
clamping surface F., k=1,3,57
F= Fk, k=2, 4,86, 8,Fk = andF,, =0 (5)
k=2,4,68F ,=—1 orF,=— 1

Y

( For side-locating/clamping

side-locating/clamping -1 s(p) =1, k=1,5,6,8

. . _]705, s(p)=1, k=234
E = 6
\ \@""“‘g”d “7 10, si(P) =2 andsy(p) =0 ©

SIAPY, si(pd # 2 ands(p) =0

p ,
(a) workpie — Fo k=1,3,56,7,8
F=3Fq k=2, 4, F;=0 @)
-0.5, k=2, 4, F;=-05

For a valid sample point, once tt&AandNRAare obtained,
the PA can also be calculated according to the equation:

P, P, P,
@] O o
: (@-1,v+1)| (@, v+1) |[(@+1, v+1)
P, c R
f W19 | @) | @y
B -1Lv u, v u+l, v
_7 T ’ ’
@ | | P, 3 R
e (u—l,ov—l) (, 3—1) (u+1,ov—1)
(b) @p,

Fig. 4. Obstruction checking at sample points on a side-locating/ clamp+ig. 5.3 x 3 position map of current poirfe, and 8-neighbour sample
ing surface. points P, ~ Pg.
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PA=SIA+NRA if PA<O, thenPA=0 (8) 4. Development of Automated Fixture

From the definitions ofSIA and NRA, SlAis in the range Planning Systems
of 0 ~ 1 and NRA is in the range of—1~1. Therefore,PA
must be in the range of-1~2. When the value oPA is less
than zero, the sample point is severely obstructed and is n
a feasible fixturing point. The overall accessibilit®4) of the
fixturing surface is defined as the sum of thA values at all
valid sample points, i.e.,

An overview of the automated fixture planning system is shown
nyt] Fig. 6. The procedure for fixture planning can be divided
into five stages, i.e. input, analysis, planning, verification, and
output. The input data includes a workpiece CAD model
containing the geometric and tolerance information of the
features of the workpiece, and set-up planning information
including the features to be machined and the machine tool
type for the specific set-up. The data can be extracted either
from a CAD database or entered interactively by the user in

As OA is statistically measured by the overall effect of the @ CAD system.
accessibility of the sample points on the surface, the infor- Analysis involves the extraction of the candidate fixturing
mation about the effective area and shape complexity of théeatures with related accuracy information and an evaluation
surface is represented in the model. Generally, the modddf the accessibility of the fixturing features. In this study, planar
satisfies the criterion that the surface with the largbh is and cylindrical surfaces are considered for fixturing purposes.

more accessible than the one with the smatek The task of planning is to determine automatically the
primary locating direction and to select the optimal

locating/clamping surfaces and points in the current set-up.
Algorithms are developed for the planning of the bottom (top)
and side locating/clamping arrangements.

Accurate location is the major contributor in ensuring the
One of the most important tasks for fixture planing is to machining accuracy of the workpiece. Once the
guarantee that the tolerance requirements are met when thgcating/clamping scheme is determined, the fixture units corre-
workpiece is machined. The accuracy of features can be charagponding to the fixturing points can be generated by using
terised by their tolerance and surface finish, and the tolerancge fixture configuration design system (Fix-Des) developed

between features. Generally, the tolerance of features can Bgeviously [19]. A comprehensive program has been developed
classified into two types: dimensional tolerance and geometric

OA= Z PA,,, sample point p, is tested valid (9)

Nyalid

3.3 Generalised Accuracy of the Fixturing Features

tolerance. The magnitude of the dimensional tolerance may / — \
. . . | Input specifications |
express the relationship between two features on the workpiece. I ( ) i \
X ) | K | A | ® Workpiece model * workpiece modelling |
If there is a feature with a tight dimensional tolerance with ‘ o Setup plan : | *setup planning
.. . . . -- Feature list in the setup -
respect to a machining feature, this implies that the feature \_ ~Machine tool information )
may be used potentially as an operational datum, i.e. a locating (]
. . e
surface in the set-up. Based on whether a datum feature is Feature data processing for fixturing
. .. .  Extraction of fixturing features
needed, the geometric tolerance can be further divided into | * Generation of gencralised accuracy )
form tolerance and positional/orientation tolerance. The form p Y I
tolerance is associated only with the feature itself, which Accessibility analysis for fixture features
g . .. . .. ® Accessibility analysis for the surfaces
specifies the allowable geometric variation of individual fea- |+ Accessibiity analysis for the points )
tures. The form tolerance, e.g. surface finish, of a feature g ] S
affects the suitability of the feature to be the fixturing datum. Determination af primary locating direction
. i i . .  Tool axis and feature orientation analysis
The positional/orientation tolerance is of the same importance |_* Determiration of primary locatng dirccton |
as the dimensional tolerance for fixture planning since it also 1] §
represents a relationship between features. In order to evaluate Vertical fixturing planning
. _ . . * Bottom locating planning
the accuracy of a feature and use it efficiently in fixture » Top clamping planning
planning, a generalised feature accuracy grade is applied ip L]
H H H H H H T . Hori; al fi i lanni
this investigation, which is defined as: ‘ Borizonlfturng planning ]
 Side clamping planning

Ty = (Wi Ty +WoTp) * (WsTy + W,T)) (10) ¥

( Locating accuracy analysis

* Generation of fixture unit
o Locating accuracy verification

where Tq, T, and T; are the dimensional tolerance grade,
positional tolerance grade and form tolerance grade, respec

ively; T, is the tolerance grade equivalent to the surface finish o
of the featurew,, w,, w;, andw, are the weight factors. The

 Fixture components

o Assembly relationship

multiple operation “*” represents a dominant relationship where Yes
a zero value can contribute to the final result, while the Production of output files
operation 4" represents a relatively weak relationship with :gem!;mgiﬁ’““ﬂﬂ;; po

preferencesTy, T, T;, and T, can be obtained by applying the
algorithms described in [11,18]. Fig. 6. The procedure of fixture planning.
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to analyse the final fixture design in terms of the cumulativesurfaces and points corresponding to the primary location, as
tolerances of fixture components and the effects on workshown in Fig. 7.
piece accuracy. The set of the candidate primary locating surface can be
The output of the fixture planning is the fixturing represented as:
surfaces/points in the format of a fixture plan which can be _ _ .
used in fixture configuration design. Although the fixture plan LV={fi(Vi T C) [ Vi = =M, Ny >0 > 0} (13)
is generated based on some optimisation rules, alternativehere fi(V;, Ty, C) is a feature with a normal vectov;, a
fixture plans are also provided for further optimisation or generalised accuracly, and contoursC; characterised by lines
user confirmation. and arcsN; is the number of features in the set.
When more than one plane is involved, the planes are
projected along the primary locating direction to form a virtual

4.1 Determination of Primary Locating Direction plane surface which is represented by its boundary entities

workpiece. The primary Iocatlng_ surfac_e_ is the major lo_cat'ngouter edges of the workpiece, the size of the rectangular region
datum for determining the spatial position and orientation ofis oqyced by moving the boundary toward its centre \iith

the workpiece in the current set-up and constraining at leasfy,, projection of final locating points will be in this new

three DQF of the workpiece. 'I_'he primary Ioca_ting_ surface_ iSregion. However, since some points may be outside the surface
perpendicular to the other locating surfaces, which is especiall oundary, a standard algorithm is employed for detecting
true when modular fixturing systems are used. In the gener. hether é point is in the specific region

case, the primary locating su_rfac_e cou_ld be a single pl_ane " n the primary locating direction, three points (or equivalent)
seyeral planes in the same direction W'_th the same or different, st be selected to constrain three DOF. The three points can
heights. The normal direction of the primary locating surface,p, \,sed to construct a triangle and the centre of workpiece

called the primary locating direction, needs to be demrmme%ravity should be located inside the triangle in order to guaran-

first in f"‘“%re pIanmn_g. It should be_parallel or perpendicular ¢ locating stability. The optimal locating points are selected
to the cutting tool axis of the machine tool. Assume that thebased on the following factors:

tool axis is V; = (Vi V,, V,). The surfaces with normal _ _
directions parallel or perpendicular to the tool axis are extracted. The area of the triangle should be as large as possible. It

from the workpiece model. They are grouped as follows: is calculated as:
St = {fi(Vi, T A) | Vi L VyorVi= =V, Ny > i (11) TA=(55-11) (5-12) (S-13)) (14)
>0k Ne>n>1 whereS = 0.5* (11 + 12 + I3), andl1, 12, I3 are the edge

where Sf, describes a group of surfaces with a normal direction lengths of the triangle.
in the primary locating directionfi(Vi, Ty, A) represents a
feature with a normal vectoy;, a generalised accuracy grade
T, and a usable (effective) are®; N; is the number of the Fixturing feature extraction
features in the group; anls is the number of feature groups. Virtual locating surface formation
If the primary locating direction is selected &&(VI,, VI,
V1) and VI e {V}, the following index is used to identifyl

with a priority order: Surface discretisation
* * - locating region establishing
In_VI = max{W, * SA/maxSA+ W, * ST/maxST, N (12) - candidate locating points
>n>1}
where W, and Wy, are the weight factors for surface area and
Nf Nf Locating surface/point selection
accuracy, respectivelygA, = > A, ST, = > Ty, maxSAis the - fixturing stability

- surface accuracy grade
- surface/point accessibility
- uniform locating height

j=1 j=1
maximum area in the grouE), maX is th(]a maximum value of
the generalised feature accuracy grade in the group. Once the
In_VI is obtained, the normal vector corresponding to thevin
is selected as the primary locating direction.

Clamping surface/point selection
- against the locating surface
- against locator or locating region

4.2 Planning for Bottom Locating and Top - surface accessibility
Clamping
The task of fixture planning in this stage is to determine the Output planning results

surfaces suitable for primary location and the distribution of
the locating points on the surface, as well as the clamping Fig.7.A procedure of fixture planning in the vertical direction.
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. The distance from the centre of gravity of the workpiecedirection against one of the bottom locators or inside the

to the three edges of the triangle should be as large abottom locating triangle.

possible, It is calculated as: After the steps stated above, all the fixture plans available for
5 bottom locating and top clamping are generated and recorded
TL=> Di (15) sequentially with priority determined by IRl. Each fixture

plan file contains fixturing information such as fixturing func-

o ) ] ] tions, locating/clamping surface IDs, and the coordinates of
where Di is the distance fromth edge of the triangle t0  the |ocating/clamping points.

the workpiece centre of gravity.

. The generalised accuracy of the planes in which locating

points locate should be as high as possible (the tolerance ) ) ) )
value is as small as possible). It is calculated as: 4.3 Side Locating/Clamping Planning

Fixture planning in horizontal directions includes side-locating
and clamping planning. Side locating is to determine the non-
primary locating surfaces and points. The most common
where T is the generalised accuracy grade of the plane inmethod of side locating is the standard 3-2-1 locating principle.

TT=> Ty (16)

which the locating poin®; locates. In this case, side locating planning selects two perpendicular
. The accessibility of the three locating points should be adlanes as the secondary and tertiary locating surfaces where
large as possible. It is calculated as: these planes contain two and one locating points, respectively.
This locating scheme is preferred when designing a fixture

TC = min{Acg, Acg, AcG} (17)  configuration and controlling locating accuracy because of the

independent constraints in different DOF. However, there are
many cases where it is hard to find such mutually perpendicular
locating planes in fixture design. For a more general situation,
%ylindrical surfaces and non-perpendicular planes may also
serve as the locating surfaces and sometimes, the three side-
locating points may be distributed on three different surfaces.

where Acg, Acg, Acg are the accessibility values of the
three locating points.

possible. It is evaluated as:

1, if7 # 7+ 2 In this study, general solutions are provided, including the
TH=12, if,z=7 orz=3z orz=z (18)  standard 3-2-1 situation as the priority solution.
3, ifz=z=2 To select satisfactory side-locating surfaces, the normal direc-

_ tion, generalised accuracy grade, accessibility value, and the
When the values of the above factors are obtained, thehape of the candidate surfaces are taken into account. The

following index is used to identify the optimal locating points, set of features which meets the side-locating requirements can
which has the maximum value: be expressed as:

In_Pl = Ws* (TA/maxTA + TL/UmaxTL) (19)

LH = {fi(V}, Tgi, Acg, C) | Vi L VI for planes,Vi//iVI (20)

+ WTZ* TT/maxTT + WCl * TQ + WH * TH/3 for CylinderSNf >i> 0}

where Wg, Wy, , W, and W, are the weight factors for

fixturing stability, accuracy, accessibility, and uniform height, wheref,(V,, T;, Acg, C) is a feature with a normal vecto,,
respectively; and maa, maxTL, and mad T are the normalis- a generalised accuracy gradg;, an accessibilityAcg, and
ation factors for all candidate vertical locating planes. contour C;; Ny is the number of features in the set.

Once the final locating points are determined, the locating In order to constrain three DOF remaining from the primary

surfaces corresponding to the three locating points are obtainetpcating, more than one surface is needed for side locating.

It

should be noted that by using this procedure one or moré\s previously stated, besides the condition of individual sur-

planes may be selected as primary locating plane candidatesaces, the combination status of the candidate locating surfaces

Selection of the clamping type is related mainly to theis also an important factor affecting the locating of the work-

direction of the machining force and the surfaces availablediece. For the two kinds of locating features, there are many
for placing clamping devices. The top clamping surfaces are€ombinations which can be used in side locating. The following
determined based on the following criteria: is a partial list of the combinations in the preferred order:

1.
2.
3.

4,

The surface is opposite to the bottom locating surfaces. 1. Two planes perpendicular to each other.
The Surface |S the maCh|n|ng Surface in the current Set'um_ Two planes which are not perpendicu'ar_
There is an overlap area if the surface is projected into thg  Three planes.

bottom Iocatlr]g trla_ngle reglgn. ) 4. One plane and one cylindrical surfaces.
The surface is easily accessible by the clamp (e.g. it has 2 Two cylindrical surfaces

high value of accessibility). - I
9 Y) 6. One plane and two cylindrical surfaces, as shown in Fig.
Once the clamping surface is determined, the optimal clamp- 8. Based on these types of combinations, feature groups

ing point is selected so that the clamping force is in the can be constructed and expressed as:
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Fig. 8. The feature combination types. 1. Two perpendicular planes.

2. Two non-perpendicular and non-parallel planes. 3. Three non-
perpendicular and non-parallel planes. 4. One plane and one cylindrical
surface. 5. Two cylindrical surfaces. 6. One plane and two cylindri-

cal surfaces.

O

ANAN

LHC,={f/|i=1,20r1,2, 3f € LH}, (21)
m=1,2,..., N,

where f; is a selected feature in the group ahdy, is the ()
number of feature groups.

Each feature group contains two or three features. Thegcating surface
criteria used for evaluating the feature group includes:

1. Feature combination statué&\ weight factor,HF, is assigned
to the different types of combination of locating surfaces,
which is the most preferred if the feature group comprises S‘°‘\
two perpendicular planes and which is the least preferred if
the feature group is comprised of three cylindrical surfaces;
2. Generalised accuracy grade of the feature grolihe gener-
alised feature accuracy grade is considered for all the sur-
faces in the groupHT = 3T, whereT, is the generalised

accuracy grade of the surfacen the feature group, and
=1 2 and 3. Fig. 9. Workpiece model and intersection plane for side locating.

Pocket

Extrude

3. Accessibility value of the feature group\ccessibility of
each surface in the group is considerétl; = min{Acg | i Once the locating height is determined, the available locating
=1, 2, or 3}, whereAcg, is the accessibility value of the region in the locating surfaces become 2D lines and arcs or
feature in the candidate horizontal locating surface group. circles. Those 2D locating “regions” can be extracted directly
from the workpiece CAD model. Figure 9 shows an example
L . . . . . of the cross section at the locating height. The positions of
The following index is used to identify the optimal locating 4, locating points on the 2D line segments are determined,
surface group when the values of the above factors argageq on the different surface status and point accessibility.
obtained. Two conditions must be satisfied for a feasible solution for
) side-locating planning [16]. The first one is that the normal
In_HI = HF + Wr* HT/maxHT + W, * HG, No>i > 1 directions of the locating surfaces cannot all be parallel, which
(22) is ensured in the feature grouping process. The second one is
that the normal directions from the three locating points cannot
whereW; and W, are the weight factors for surface accuracy meet at one point, which would give an uncertain location of
and accessibility, respectively, and rk#ix is a normalisation the workpiece.
factor of feature accuracy. For fixturing stability, the side clamps should be applied to
When the candidate locating surfaces are classified intgurfaces which are opposite to the locating surfaces. A complete
groups, the locating height is determined. It is desired that alkolution has been developed for determining the side-clamping
the side locators, as well as the clamps, are placed at asurfaces and feasible regions of the clamping points [20].
identical height, or the difference of the side-fixturing point Figure 10 shows the planning procedure of side locating/
heights is minimum. clamping.
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Fixturing feature extraction
Fixturing surface grouping

v

Locating surface selection
- surface combination status
- generalised accuracy grade
- surface accessibility

v

Locating point selection
- locating height
- locating region segment extraction
- locating point determination

Side clamping planning
- clamping surface selection
- clamping point determination

] Output planning results |

Fig. 10.A procedure of fixture planning in a horizontal direction.

5. Implementation Example and
Conclusion

A fixture planning system, Fix-Planning, is developed, which
is integrated with a CAD system and an automated fixture =
configuration system, Fix-Des. The CAD system is used as ¢
platform to provide the system with the input information
necessary for fixture planning, and Fix-Des is used for generat-_
ing the fixture configuration design using the output from Fix-
Planning. Figure 11 shows the main system menu showing
eight functional modulesSysSetupis used to initialise the
system before performing the planning tasks. An example obf the major factors which affect the vertical locatidfile is
system initialisation is shown in Fig. 12 where the customisedused to read the workpiece specification from the CAD datab-
planning conditions are set-up, such as the clamping type, thase, and to store the fixture plans for fixture configuration
minimum size of locators and the minimum placement heightdesign. LocatingDir is for determining the workpiece primary
of locators in horizontal locations, and the priority sequencelocating direction.Accessibilityis for evaluating the accessi-

Fig. 12.An example of initialisation of the system.

Table 1.Results of accessibility analysis (BL — bottom-locating; SL — side-locating; SC — side-clamping; TC — top-clamping).

Face-id Normal direction Area Function Valid OA

F1 ©, -1, 0) 6095.04 SL/SC Yes 1.312395
F8 (1, 0, 0) 1900 SL/SC No N/A

F10 ©, 1, 0) 2322.58 SL/SC No N.A

F11 1,0, 0) 6464.19 SL/SC Yes 6.983632
F12 (1, 0, 0) 5126.26 SL/SC Yes 4.819779
F13 0, 0,-1) 3462.37 BL Yes 0.875000
F14 ©, 1, 0 563.77 SL/SC No N/A

F15 (1, 0, 0) 614.14 SL/SC No N/A

F16 0,-1, 0) 563.77 SL/SC No N/A

F17 (-1, 0, 0) 614.14 SL/SC No N/A

F18 ©, 0,-1) 875.73 BL No N/A

F23 ©, 0,-1) 12342.47 BL Yes 16.962994
F28 ©, 1, 0) 3109.46 SL/SC Yes 4.090943
F35 ©, 1, 0) 1008.58 SL/SC Yes 0.967515
F36 (0.707, 0.707, 0) 1996.16 SL/SC Yes 1.743387
F38 ©, 0, 1) 9942.9 TC Yes 19.599906
F40 (0,-1, 0) 3415.2 SL/SC Yes 1.219500
F44 ©, 1, 0) 2322.58 SL/SC Yes 0.579375

F59 0,-1, 0) 1578.54 SL/sC Yes 2.114299
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PA

(b)

Fig. 13.PA values of sample points on a bottom-locating candidate
surface F23.4) The distribution of sample points on surface F23. (
PA values of all sample points on F23.

bility of fixturing features and points. The algorithms for .,
side- and bottom(top)-locating/clamping are embedded in the
modules HorLocating HorClamping VerLocating and Ver-
Clamping When fixture planning is completed, the results are
displayed with priority preference.
An example workpiece is shown in Fig.&(where the step
surface F46 is to be machined. Table 1 shows the results o/
the accessibility evaluation for candidate fixturing surfaces and|
Fig. 13 shows the point accessibility distribution of a candidate
bottom-locating surface. The results of fixture planning in the
horizontal and vertical directions are shown in Fig. 14. The
results may not be unique. Alternative plans are also provided
when necessary. Figure 15 shows the fixture configuration =
design.
As seen in the example, the fixturing surfaces and points
are automatically selected based on the consideration of mul-—
tiple factors including feature accuracy, fixturing stability, and
fixturing surface accessibility. In the system, the workpiecerig 14 (a) An example of horizontal locating/clampingb)( An
geometric information is extracted directly from CAD models, example of vertical locating.c{ An example of vertical clamping
set-up planning information is specified as input, and planacorresponding to vertical locating.
and cylindrical surfaces are considered as fixturing surfaces.
Fixturing surface groups are established for vertical and hori-
zontal planning. Alternative plans are provided for further Fix-Des. Applications of the system will lead to a great
optimisation and user confirmation. Fixturing points are alsoreduction in manufacturing planning lead time and, therefore,
automatically determined, which is the output for fixturing enhance the capability of the manufacturing system to respond
configuration designs using the previously developed systentp changes in product design.



Fig. 15.The final result of fixture configuration designa) (2D top
view. (b) 3D view after removing hidden lines.
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