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Abstract 

Software tools for computer-aided design (CAD) and 
finite element analysis (FEA) have been under contin- 
uous development in recent years. These methods can 
be applied to manufacturing in the area of advanced 
fixture design. Fixtures are an essential component 
of manufacturing and production. They are used to 
accurately position a component or workpiece in or. 
within a machine-tool coordinate system, or with re- 
spect to another component. In material removal, the 
functionality of the fixture is to ensure that the work- 
piece is constrained such that the design requirements 
are met. The fixture performs this function by pro- 
viding accurate and repeatable location of the datum 
surfaces of the part with respect to the axes of the 
machine tool, and by resisting motions, deflections 
and distortions of the workpiece under the influence of 
the cutting forces. It has been stated in the literature 
that approximately 40% of part rejects are attributed 
to poor fixture design. In material removal processes, 
major deviations of part dimensions beyond the de- 
sign specifications are attributed to workpiece dis- 
tortions and deformations that are due to the cut- 
ting forces and clamping intensities. Therefore, the 
focus of this research is to develop scientific meth- 
ods that analyze and optimize fixture designs that 
minimize the errors of part dimensions. This would 
contribute to and further enhance the technology of 
the computer aided fixture design. This paper ad- 
dresses the development of automated software tools 
that describe the shape and dimensions of 3D ma- 
chined surfaces. The schemes utilize finite element 
methods(FEM) to automatically generate meshes of 
nontrivial geometric surfaces. Super elements and 
isoparametric mapping techniques are utilized. Au- 
tomatic generation of FEM 3D meshes have been re- 
ported, yet these applications were limited to the use 
of tetrahedral elements with poor accuracy. The cur- 
rent paper utilizes twenty noded brick elements that 
accurately predicts workpiece deflections, and there- 
fore when used to describe 3D machined surfaces, it 
will capture the resulting shape and dimensions of the 
workpiece with more accuracy. The current paper ad- 
dresses the drilling operation and utilizes automatic 
FEM mesh generators coupled with inverse mapping 
techniques to predict the size and shape of the ma- 
chined surface. Here, the workpiece is constrained in 
a fixture as it undergoes material removal due to the 
insertion of the drill bit. The deformations and dis- 

tortions of the workpiece are modeled at discrete in- 
tervals throughout the drilling process. Such a model 
can be used for examining the effects of various fix- 
ture designs, as entailed to the accuracy and shape of 
the resulting drilled surfaces. This study will lead to 
the generation of optimal fixture designs. The latter 
will be the result of using the current mesh genera- 
tion techniques coupled with optimization algorithms 
that minimize selected objective functions. 

1 Introduction 

This paper focuses on fixture layout design for ma- 
chining applications, with emphasis placed on the 
drilling. When one machines a workpiece, it is essen- 
tial to appropriately locate and constrain the part. 
Machining fixtures are designed to constrain a de- 
formable workpiece that is exposed to significant ma- 
chining loads. The fixture ensures that the dimen- 
sions and shape of the machined part are within the 
required tolerances. Nixon[l] has reported that ap- 
proximately 40% of part rejects are due to dimen- 
sioning errors that are attributed to poor flxturing 
design. 

Researchers who have addressed fixturing design 
introduced Automated Computer Aided Fixture De- 
sign that is based on CAD model of the part[2]. This 
design scheme has not yet been fully implemented on 
the factory floor. Fixture design algorithms that use 
rigid body models for the workpiece are reported in 
[2-51. Here, rigid body kinematics under various ge- 
ometrical constraints are used for designing fixtures 
that prevent workpiece motions. However, this ap- 
proach fails to account for the elastic deformations of 
the workpiece, as it is exposed to significant machin- 
ing loads. 

In addition to the rigid body kinematics approach, 
more recent studies[3,4,6] have addressed fixture op- 
timization via the minimization of an objective func- 
tion mainly based on the reaction forces at the lo- 
cators and supports. The objective of these studies 
was to select the clamping locations associated with 
statically admissible minimal reaction forces. In those 
studies, it was hypothesized that minimizing the max- 
imum normal reaction force led to fixturing designs 
which also minimize the workpiece deformations in 
the neighborhood of regions undergoing machining . 
In other studies, the elasticity of the workpiece was 

incorporated into fixture optimizing algorithms[7-91 



which were used in the cases of simple systems to 
evaluate the validity of the min-max normal reaction 
force. Their finding, suggest that in most instances, 
the elasticity of the workpiece may substantially alter 
the optimal fixture conditions which can not always 
be predicted using the min-max normal reaction ap- 
proach. 

ometry of the machined surfaces generated through 
drilling operations. These tools will be based on the 
finite element(FE) model, and will entail schemes that 
handle material removal strategies. 

2 Research Methodology 
The application of FEM and optimization tech- 

niques have been reported by researchers who min- 
imized workpiece deformations. Lee and Haynes [7] 
first employed the FEM technique to compute the ob- 
jective function which was defined as the maximum 
work done by the clamping and machining forces. 
Here, the deformation index was the maximum stress 
applied on the workpiece. Such studies emphasize the 
consequence and importance of part deformation and 
stress with respect to the necessary number of fixtur- 
ing elements; however, the methodologies utilized do 
not contain a systematic method to optimize the fix- 
ture configuration. In the optimum design of fixture 
layout outlined by Menassa and Devries [8], the op- 
timization scheme was subdivided into two modules: 
FEM and optimization. In these studies, the objec- 
tive function was selected as the displacement of sur- 
face nodes of the unmachined workpiece. PO [9] uti- 
lized the ANSYS software coupled with optimization 
algorithms to further enhance the methodology initi- 
ated by Menassa and Devries by taking into account 
the elastic behavior of the fixturing components. The 
objective function used by PO also consisted of the 
displacements of selected surface nodes. 

In reality, workpieces are deformable, and therefore 
the magnitude and directions of the deformations are 
a result of the fixture configuration and the action of 
the cutting and clamping forces . These deformations 
clearly affect the dimensions of the machined work- 
piece and result in part dimensions that deviate from 
their nominal values and possibly exceed the allow- 

This paper provides a methodology for describing the 
shape and dimensions of machined surfaces follow- 
ing machining and incorporates the effects of removed 
material on the workpiece deformation state and the 
dimensions of machined regions. The essence of the 
methodology is to predict the location of the series of 
points that come in contact with the drill bit outer 
surface as the drill penetrates through the deformed 
workpiece. These points are in a deformed state and 
have traveled during machining from their original lo- 
cation. The identification of the original location of 
these points will provide the shape and the dimen- 
sions of the hole subsequent to machining. In the 
deformed state, these points form a perfect cylinder 
while coming into contact with the drill bit as the 
drill bit penetrates the workpiece. It is assumed that 
the drill bit is rigid. This approach can be further 
illustrated by a two dimensional eight noded isopara- 
metric element shown in Figure 2. Assuming that the 
nodes are displaced from their original locations after 
the element deforms from coordinates Zi,yi to z:,d. 
There exists a line containing points p’ and q’ on the 
drill bit outer surface, and these points are displaced 
from positions p and q. Assuming that the curve 
containing p and q becomes a straight line contain- 
ing p’ and q’, one needs to determine p and q from 
the knowledge of the coordinates of p’ and q’. The 
coordinates of p’ and q’ are known quantities with 
respect to a global reference frame. 

Utilizing the finite element method, one can write: 

able tolerances. 
Moreover, as precision requirements for parts pro- 

duced are increased, the effects of workpiece deforma- 
tions on the machined dimensions are no longer neg- 
ligible. Fixtures designed in traditional ways may no 
longer have the capability of producing high precision 
parts. The considerations of workpiece deformations 
and the development of mathematical models that 
predict the dimensions of the machined surfaces be- 
come necessary for fixture layout design for precision 
machining. 

The most realistic and logical approach to mini- __ 

2 = Cf=‘=, NiZi 

Y = Cy=‘=, NiYi 

U = Cy=‘=, Niui 
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(2) 

(3) 
V = Cf=, NiVi 

Z’ = z + U = Cf=, Niz: 
(4 

y’=Y+v=Cf=,Nid 

mizing the effects of workpiece deformations on work- 
piece dimensions is to develop mathematical models 
which have the capability of predicting the geometry 
of machined surfaces upon completion of the machin- 
ing process. The goal of this paper is to device such 
mathematical tools, that capture the shape and ge- 



Ni are the shape functions which consist of vari- 
ables < and r,r; u and v are displacements; i refers to 
nodal quantities, primed values are for post-deformation. 
From equation 4, it is apparent that x’ and y’ are 
known quantities in addition to a$ and d which are 
the locations of the displaced nodes. This results in 
two coupled nonlinear equations which may be solved 
for 5 and q. Subsequently, < and q may be sub- 
stituted in equation 1 to determine x and y corre- 
sponding to the undeformed location. The same ap- 
proach is used in this paper, however dealing with a 
three dimensional case using twenty noded brick ele- 
ments. In this case, one is dealing with three coupled 
nonlinear equations which are solved using Newton’s 
method embedded in a globally convergent strategy. 
The methodology is applied to a rectangular plate 
of arbitrary dimensions undergoing a drilling process 
with a hole of arbitrary diameter and position (Fig- 
ure 1). The finite element method is applied with 
a pre-designed automatic mesh generator to incorpo- 
rate the strategy. The hole is drilled and material 
is removed in accordance with the workpiece defor- 
mation state as the drill bit is inserted. As the ma- 
chining process is completed, the workpiece returns 
to its initial undeformed state, thereby the system 
is assumed to be linear and elastic. The cylindrical 
mesh region where the hole is located, assumes the 
shape and dimensions of the hole subsequent to ma- 
chining. At discrete points, error estimates are taken 
between the nominal hole and the machined hole. In 
the current paper, it is assumed that the most sig- 
nificant effect of the removed material on the defor- 
mation state near the machining region occurs when 
the drilling process is almost completed. Therefore, 
for computational efficiency purposes, the workpiece 
geometry is discretized finite elements near the end 
of the machining process. Here, volumes that come 
in contact with the drill outer surface are removed as 
stated above. 

3 Three Dimensional Finite 
Element Modeling 

The finite element method involves the approach of 
obtaining numerical approximations to the exact so- 
lutions of partial differential equations. In the case 
of solid mechanics, the finite element method is used 
to calculate approximate solutions to the boundary 
value problems of elasticity. The finite element method 
always consists of an algorithm which involves three 
steps[lO]: 

1. Pre-Processing: Describing the geometry, ma- 
terial properties selection, state the boundary 

conditions of the domain. Discretize the do- 
main through meshing. This consists of cre- 
ating nodes and finite elements within the do- 
main. 

2. Processing: Solve the finite element equations 
resulting from the boundary value problem for 
all of the pertinent field quantities: displace- 
ments, strains, stresses, temperatures, plastic- 
ity, etc. 

3. Post-Processing: Display the results in a mean- 
ingful way, and verify the correctness of the re- 
sults. 

4 Automatic Mesh 

Generation Procedures 

In this study, we present an integrated approach to 3- 
D FEM modeling which encompasses the above three 
steps and allows for process optimization as part of 
post-processing. In the section below, we shall present 
in brief, the pre-processing mesh generation method 
developed for this study. An automatic mesh genera- 
tor was developed using 20 noded brick elements. The 
essence of the present scheme is the use of ‘isopara- 
metric’ curvilinear mapping of hexahedrals which al- 
low a coordinate mapping of curvi-linear and Carte- 
sian coordinates. In this case, we can write[ll]: 

x = Cf,f, Nixi 

y = Cfz, Niyi 

z = EE, Nizi 

in which Ni is the shape function associated with each 
node and defined in terms of standard element coor- 
dinate system <,q,C which has values ranging from -1 
to 1 on opposite sides (Figure 3). 

N = $(l +tGi)(l + Vqi)(l+ CC)(t& + qqi + CC - 2) 

i= 1,2..,8 

N = a(1 -E’)(l+ qqi)(l + CC) i = 9,11,1’7,19 

N = a(1 - q2)(l + r&)(1 + C(i) i = 10,12,18,20 

Ni = $(l - c2)(1 + [<i)(l + 77~3) i = 13,I4,15,16 

(6) 

If the Cartesian coordinate of the nodal points are 
known, then the Cartesian coordinate of any point in 



the <, q, C space can be found using the above shape 
functions and mapping equation given in 6. If the 
entire region in which the mesh is to be generated 
could be described adequately by a hexahedral of the 
shape shown in Figure 4, then a mesh of any refine- 
ment can be automatically generated in the interior 
by specifying: 

1. Cartesian coordinates of the 20 nodal points. 

2. The number of subdivisions in <, 7, C directions. 

The above element is referred to as a super ele- 
ment. In addition, the hexahedral may be collapsed 
into a pentahedral by assigning the same Cartesian 
coordinate to adjacent nodes. Thus, the hexahedral 
is collapsed into a pentahedral super element, and a 
mesh of any refinement in the interior can be gener- 
ated in the interior in a similar fashion. 

The rectangular plate in Figure 1 is subdivided into 
eight sections, each section consisting of a pentahe- 
dral super element connected to a hexahedral super 
element. Transversing 360 degrees, the eight con- 
nected pentahedrals form a cylindrical region at an 
arbitrary location, and the hexahedrals span the re- 
maining regions of the rectangular plate. An arbi- 
trary number of elements can be generated in the 
interior of the pentahedrals as well as the hexahe- 
drals (Figure 5). The hexahedral mesh diverges as 
it moves away from the hole with an arbitrary value 
set by the user. Across the workpiece thickness, an 
arbitrary number of super elements can be selected 
(Figure 6), and in addition the user may select an 
arbitrary number of layers within each super element 
layer (Figure 7). Typical meshes generated using this 
approach are shown in Figure 5-Figure 8. Moreover, 
the user is capable of generating meshes containing 
pm-existing holes as shown in Figure 8. 

5 Drilling Simulations 

5.1 Statement of the Problem 

A rectangular plate with lx=1.5inches, Lx=3inches, 
ly=2 inches, Ly=4 inches and h=0.25 inches is drilled 
using a drill bit of 0.75 inches diameter. Three sup- 
ports are placed at the bottom surface (Figure 1). 
This manuscript uses the value of the drill thrust re- 
ported by Po[9], and similarly to the work performed 
by Menassa and Devries[8] and a case study reported 
by PO, the drill torque was neglected. 

The problem under consideration is solved using 
the in-house DENDRO software[lO] which allows for 
the implementation of the three basic finite element 
steps highlighted above. 

5.2 Pre-processing 

5.2.1 Geometry and mesh generation 

The geometry of the plate (Figure 1) subject to the 
given boundary conditions as shown in Figure 9 was 
discretized using the previously discussed automatic 
mesh generator into 2,016 twenty noded brick ele- 
ments and 9,795 nodes. Ten layers of super elements 
were generated across the thickness. Nine of the said 
layers were removed from the interior of the hole. 

5.2.2 Material properties 

The material of the finite element model was spec- 
ified as homogeneous isotropic Aluminum having a 
Young’s Modulus of E =1.0e7 psi, and Poisson’s ra- 
tio of v = .30. Thus the above material properties 
were given as input variables to DENDRO via the 
“Material Property” pull-down menu option, during 
the pm-processing. 

5.2.3 Boundary conditions 

The boundary conditions were applied by using the 
menu labeled “boundary conditions”, which contains 
choices of applying displacement and loading bound- 
ary conditions. Two types of boundary conditions are 
applied (see Figure 9). 

(a) Displacement boundary conditions which are im- 
posed on parts of the body (usually surfaces or 
edges) on which the displacements are known. 
This boundary is also known as the displace- 
ment boundary of the body and is often denoted 
as S,,. For the model under consideration the 
displacement constraints imposed by the sup- 
ports were modeled as frictionless roller sup- 
ports , therereby negating displacement in the 
z direction (see Figure 9). We define the dis- 
placement boundary and displacement bound- 
ary conditions with respect to the global coor- 
dinate system shown in the above mentioned 
figures as follows with z=O.O: 

x = 0.96060725, y = 1.16749523 

x = -1.12785295, y = 1.16741625 
s, = 

x = 0.0, y = -1.16608072 

on S, w = 0.0. 



(b) Traction boundary conditions. These conditions 
. I 

are imposed on the surfaces subjected to exter- 
nal mechanical loads. These surfaces and/or 
collection of surfaces points are often denoted 
as ST. In this case ST and the related traction 
conditions are: 

ST =s-s,, 03) 

where S denotes the entire boundary of the 
body and S,, denotes the displacement bound- 
ary defined earlier in this section.F, = Fy = 0 
everwhere except on ST. In this case, the drill 
thrust was applied such that: 

x = 0.0, y = 0.0, z = 0.025 

(9) 
F, = -6741b 

The above displacement and traction boundary con- 
ditions were introduced during pm-processing using 
the appropriate DENDRO menu options. The result- 
ing finite element model for is shown in Figure 9. 

5.3 Processing 

The governing equations of the finite element method 
can be obtained by minimizing the total potential en- 
ergy of the system. Equation 10 is the resulting sys- 
tem of linear equations. 

[W{~IV) = (FN) G overning FE Equation (IO) 

where [K] is the global stiffness matrix; UN is the 
global nodal displacement vector, and FN represents 
the global nodal forces. The finite element model de- 
veloped in section was solved using DENDRO version 
4.1 using the “frontal method” option. 

5.4 Post-processing 

5.4.1 Displacement field and deformed mesh 

Figure 11 shows the deformed configuration of the 
finite element mesh for the plate. This result was 
obtained using DENDRO post-processing menu op- 
tions. The displaced configuration shown in Figure 11 
was obtained using a displacement magnification fac- 
tor equal to 10.0. Clearly, the linear, small defor- 
mations small strain model, produces deformations 
which are very small compared to the plate dimen- 
sions and as such a magnification factor is required 
to visually display the deformed configuration. The 
magnitude of the maximum deformation was a signif- 
icant 0.1493 inches. 

6 Discussion and Furture 

Work 
The current manuscript presents a mathematical model 
for describing the shape and dimensions of a hole sub- 
sequent to a drilling process. Thereby, the model is 
capable of predicting the error between nominal di- 
mensions and the actual dimensions of the machined 
regions (Figure 12) by taking into account the elas- 
tic behavior of the workpiece as affected by the fix- 
ture component locations and the given machining 
loadings. The results show that the hole is enlarged 
beyond a height of 0.1 inches from the bottom sur- 
face, and it is reduced below a height of 0.1 inches 
(Figure 13). In Figure 13, frames l-6 describe cross- 
sections of the hole examined at depths ranging from 
0.0 to 0.25 inches and clearly show that dimensional 
errors between nominal and actual dimensions. This 
is as a result of the cylindrical region collapsing in- 
ward and outward from the center point as the drilling 
loads are applied. Figure 15 demonstrates the varia- 
tion of support location on the fixture performance. 
Here, the sum of the norm of the errors between 
the nominal radius and the machined region is taken 
about 16 points in the x,y plane and 11 planes across 
the height h of the hole. The x coordinate of a single 
support is varied, and Figure 15 demonstrates that 
the curve has a minimum value, which suggests an 
optimal set of support locations can be identified. 

It becomes clear that for optimization purposes 
the capability of the above mathematical models be- 
comes instrumental in developing objective functions 
which minimize the error between actual machined 
and nominal dimensions. Therefore, in lieu of mini- 
mizing displacements of selected surface nodes which 
do not have the capability of predicting or minmizing 
machining errors, the said model provides the abil- 
ity to explicitly describe the machined surface di- 
mensions, and subsequently is capable of develop- 
ing objective functions which after a minimization 
can optimize the fixture configuration automatically 
when incorporated with computer aided fixture de- 
sign modules. For future work, the above mathemat- 
ical models will take into account contact friction and 
the elasticity of the fixture components, and when 
coupled with optimization tools, the results will be 
a further enhancement in automated computer aided 
fixture design technologies. 
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Figure 3: A standard element. 

Figure 1: A Plate undergoing a drilling process. 
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Figure 4: A super element. 

Figure 5: Automatic Mesh Generator Parameter 
Studies . 
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Figure 6: Mesh with n layers across the plate thick- 
ness. 

Figure 7: Modified super element layer across thick- 
ness . 
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Figure 8: Mesh with preexisting hole. 

Figure 9: Finite Element mesh with boundary condi- 
tions. 

Figure 10: Deformed Plate under drilling load. 

Figure 11: Cross sectional view of Deformed Plate. 



L 

Figure 12: Nominal hole vs. machined hole. 

Figure 13: Error Estimates between Nominal and ma- 
chined hole taken at depths ranging from O-.25 inches. 
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Figure 14: Cross sectional views of nominal vs ma- 
chined hole,planes perpendicular to xy plane. 
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Figure 15: Error estimation. 


