Representation of Graded
Materials and Structures to
Support Tolerance Specification
for Additive Manufacturing
Application

Additive manufacturing (AM) has enabled control over heterogeneous materials and
structures in ways that were not previously possible, including functionally graded mate-
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als, nominal structures and allowable material variations in parts, including (a) explicit
material and structural transitions (implying abrupt changes) and (b) functional transi-
tions to support single and multiple material and structural behaviors (implying designed
function-based gradients). The transition region combines bounded regions (volumes and
surfaces) and material distribution and structural variation equations. Tolerancing is
defined at two levels, that of the geometry including bounded regions and that of the
materials. Material tolerances are defined as allowable material variations from nominal
material fractions within a unit volume at a given location computed using material dis-
tribution equations. The method is described thorough several case studies of abrupt

transitions, lattice-based transitions, and multimaterial and structural transitions.
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1 Introduction

Additive manufacturing (AM) merges design with manufactur-
ing and merges material behaviors with complex geometries, cre-
ating novel parts while adhering to unique functional
requirements. To benefit from the technological advantage availed
by AM, new designs, process planning methods, tools, and repre-
sentation schemes are rapidly being investigated [1-6]. The focus
of this research is the representation (and communication) of com-
plex parts with heterogeneous material structures. Though the
principles in this paper are discussed in the context of heterogene-
ous materials, they readily apply to homogenous materials that
may vary grain structures or other characteristics (e.g., intended
porosity).

To produce functionally useful complex parts with heterogene-
ous materials, specification, control, and verification of variations
(geometry and materials) are needed. As a first step, Ameta et al.
[7-9] discussed gaps and possible solutions toward specification
of geometric variations in parts designed for AM. Moving for-
ward, the specification and verification of nominal materials and
structures and allowable material and structure variations in parts
pose challenges widely different than those of traditional geome-
try specifications.

Traditionally, material specification in design has essentially
relied on standardized materials [9]. For each individual part in a
product, a homogeneous material is specified. It is communicated
that the material used for the part will be in accordance with mate-
rial standards that specify material properties [10,11]. For single
parts that incorporate heterogeneous material behaviors, this
material specification scheme is inadequate.
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Parts incorporating heterogeneous material behavior have been
manufactured by various AM processes for quite some time.
Kumar et al. [12] demonstrated multimaterial powder deposition
for sintering-based layered manufacturing. Khalil et al. [13] uti-
lized the extrusion-based multimaterial deposition system for con-
structing bioactive polymer scaffolds. Willis et al. [14] combined
materials and electronics to create optical interactive devices. Liu
and Jang [15] developed an AM machine to create multimaterial
parts using electrostatic imaging and lamination. Chen et al. [16]
combined materials to create elastic and optical parts to meet dif-
ferent specifications. Church et al. [17] proposed a method to cre-
ate electronic circuits and devices using AM. Jost et al. [18]
developed wearable electronic devices using AM technology.

To close the gap between the ability to manufacture AM parts
with heterogeneous material and structure behavior and the ability
to design and specify (with tolerance) such parts, this research aims
to develop a novel transition region specification. Section 2 dis-
cusses heterogeneous material models developed in the past, AM
related complex structures, and tolerancing issues. Section 3
presents the transition region model developed in this research. Sec-
tion 4 presents several case studies with graded materials and toler-
ances followed by graded structures with tolerances in Sec. 5.

2 Literature Review

The literature is described in two sections—heterogeneous
materials and heterogeneous structures for AM and tolerancing.

For homogeneous materials, the specification is based on nomi-
nal material selection in the design stage. The conformation to the
homogeneous material is specified as per American Society of Test-
ing and Materials composition tests. Wherein variation from nomi-
nal is predefined in order to classify one material or alloy. The
designer has no control over the material variations as per his
design intent. AM techniques provide designers with finer control
over the nominal composition and variation for nominal composi-
tion. These material composition specifications then need to be
communicated to all AM stakeholders. The current material
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composition specification techniques cannot provide such a detailed
specification of multimaterial nominal compositions and variations.
The purpose of this research and related standards development is
to meet these needs. Therefore, this literature review is focused
more on heterogeneous materials and variation specification related
to AM.

2.1 Heterogeneous Materials. Modeling heterogeneous materi-
als into geometry is a challenging problem that has crossed multiple
domains. Here, the models developed for heterogeneous materials
are discussed based on their intended use. The first type of model is
developed for design- or analysis-based applications, e.g.,
computer-aided design (CAD) or finite element analysis. The sec-
ond type of model is developed for use with AM.

2.1.1 Computer-Aided Design/Finite Element Analysis-Based
Modeling. These types of models of multimaterial geometries
were developed for (@) modeling and visualization and (b) con-
ducting finite element analyses. A thorough review of these mod-
els is presented in Refs. [19] and [20]. Briefly, these types of
models can be divided up into several categories, including voxels
[21-23], volume meshes [24,25], functions (explicit [26-29] and
implicit [30,31]), control features (volume, surface, edges
[19,32-39], and points [40—43]), assemblies [25,44-46], cellular
[47,48], and hybrids [49,50].

Voxel-type models represent the desired geometry with unit
cubes aligned to a coordinate system. Heterogeneous materials are
supported by assigning each cube with an appropriate material.
These types of models are usually suited for visualization purposes.

Volume mesh-based models rely on a concept similar to voxels,
but these are actual volumetric divisions of the part geometry. The
volume meshes have a specified unit geometry but can be dis-
torted to fit the part geometry. Furthermore, each unit mesh may
incorporate multiple materials based on blending functions. The
volume meshes can be utilized for finite element analysis.

Explicit function-based models use functions to model distribu-
tions of the heterogeneous material in the part geometry. These
are very powerful methods that can be used for visualization and
finite element analysis. The main drawback of explicit function-
based methods is that the designer needs to use ad hoc methods to
derive these functions to meet his needs, limiting the impact of
specification and tolerance.

Control feature-based methods utilize functional needs of differ-
ing materials to assign control geometries for specific materials in
the part. The overall distribution of materials in the part geometry
is calculated based on predefined CAD procedures or a function.

Assembly-based models utilize combinations of parts of differ-
ent materials to construct multimaterial parts. The combinations
result in overlapping regions of materials that are then evaluated.

Cellular models are similar to assembly models but they utilize
nonmanifold geometry (in lieu of parts with different materials) to
construct multimaterial geometries. The nonmanifold geometry is
combined with smoothening functions to create a geometry with
smooth transitions between regions of different materials. Hybrid
methods utilize any combination of the above methods to model
heterogeneous material-based parts.

2.1.2  Additive Manufacturing-Based Representation of Geom-
etry and Materials. AM processes require tessellated representa-
tions as source files for creating scan strategies. For single
material models that use mesoscale responses to manufacture
macroscale behaviors, simple geometry identification is sufficient.
When addressing heterogeneous material-based parts, the source
files must be able to handle multiple materials and the scan strat-
egies must be able to interpret them. Tessellated representations
currently leveraged by AM include STereoLithography (STL),
Additive Manufacturing Format (AMF), three-dimensional
(3D)-printing Manufacturing Format (3MF), etc. These will be
discussed in the following paragraphs based on their representa-
tion capabilities for heterogeneous materials.
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STL: The STereoLithographic format [51] is a file format that
represents geometry as triangles. In a traditional sense, standalone
STL does not support heterogeneous materials. Lei et al. [51] pre-
sented a nested STL shell-based method to represent density dis-
tributions of human bones.

AMF': Additive Manufacturing Format [52] is a file format that
represents geometry as curved and straight triangles. AMF was
created to overcome several drawbacks presented by the STL for-
mat with increased language expressivity. One of the advantages
of AMF is to represent multimaterials. Regions can be defined in
an AMF format using triangles, functions, or voxels [5]. These
regions can then be associated with different materials or combi-
nation of materials as functions.

3MF: 3D manufacturing format is a file format that represents
geometry as triangles. 3MF includes specifications of materials on
objects and triangles [53]. Specification of heterogeneous materi-
als on multiple objects or triangles of same object is feasible.
However, to the best of the authors knowledge, functional distri-
bution of materials is not feasible in 3MF.

Typical (CAD) systems are not built for modeling and repre-
senting heterogeneous materials-based geometry, though most do
support representation of such geometries. The product data
exchange standard [54] (standard for exchange of product data—
STEP) has capabilities for indicating heterogeneous materials and
gradients [19].

Table 1 compares the models and representation schemes dis-
cussed in Sec. 2 based on their material, CAD and AM require-
ments, and capabilities. As is evident, different model types were
developed for heterogeneous materials modeling for procedural
purposes, representational purposes, analysis purposes, and manu-
facturing purposes. None of the developed methods catered to the
unique requirements of allocating variations in materials as dis-
cussed in this paper.

2.2 Heterogeneous Structures in Additive Manufacturing.
Many heterogeneous structures are being produced by AM proc-
esses. Lattices, topology optimized shapes, and organic structures
are the most prominent heterogeneous structures. Lattice struc-
tures can also be combined with topology optimized shapes to
generate conformal lattices with varying thicknesses [58-60].
These heterogeneous structures can be represented using voxel-
based methods, functional equations, or other computational geo-
metric techniques.

2.3 Tolerancing. Proper functioning of a product relies on
manufacturing the product within specifications, including allow-
able (usually geometric) variations. These allowable variations
are called tolerances. Tolerance specification is the specification
of the type and value of tolerances based on the standards (ASME
Y14.5 [61] or ISO 1101 [62]). These standards provide a language

Table 1 Comparison of existing models for heterogeneous mate-
rials and geometry. Rating of 5 is most useful, and rating of 1 is
least. Material capability A—single, B—multiple, and C—multiple
with gradient functions

Literature type Mat. Proc Rep FE AM
Voxel B No Yes 3 3
[24,25] Volume mesh B No Yes 5 3
Explicit functions C 2 2
[33] Control feature C Yes Yes 3 2
[40-43] Control point C Yes Yes 3 2
[30,31,56] Implicit functions C No No 2 2
[35,44-46] Assembly C No No 2 2
[47,48] Cellular C No No 3 3
[49,50,55] Hybrid C No No 2 2
[51] Tessellated A No Yes 1 5
[57] Curved tessellated C No Yes 1 5
[52] Tessellated B No Yes 1 5
Note: FE stands for Finite element analysis.
Transactions of the ASME
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to communicate acceptable 3D variations of geometric elements
in a part from design to manufacturing and inspection. This lan-
guage is called geometric dimensioning and tolerancing (GD&T).
GD&T is based on mathematical representations of the variation
of geometric elements and manufacturing knowledge bases
[63,64]. GD&T is also a way of specifying design intent to pre-
vent misrepresentation during production processes.

Despite advances in tolerancing geometry and dimensions,
specifying allowable variations in materials for parts with hetero-
geneous materials has not been pursued. AM processes have the
capability to produce intricate and complex shapes having func-
tional gradients that are not feasible with traditional manufactur-
ing processes. The aim of this paper is to propose a means to
specify nominal property (materials and geometry) and allowable
property (materials and geometry) variations in parts, including
(a) explicit property transitions and (b) functional transitions to
support single and multiple property (material and geometry)
behaviors. A novel method called transition regions is proposed
and discussed in Secs. 3 and 4.

3 Transition Regions—Definition

A transition region is defined as a bounded region (volume or
surface) in the part where any locally controllable property or
characteristic (material, geometry, etc.) is transitioning from one
or more types to others. A bounded volume is defined as a volume
subset within a part that is bounded by a set of connected or inter-
secting surfaces. A bounded volume is shown in Fig. 1 with local
note “VR.” In the part shown, there are two volumetric bounded
regions. The first one shown is labeled as VR1 while the second
one is shown transparent for clarity.

Each transition region is associated with a transition function.
The transition function defines the nominal transition of the mate-
rial or any other property. Each transition in the transition region
is indicated with symbol m;. The transition function for property
m; is defined by a function f;. At any given location (x, y, z; Carte-
sian or otherwise) of the transition region, the required property
m; is computed using Eq. (1). Thus, the property m; can be trans-
formed to parametric space creating a basis function for the prop-
erty (Eq. (2a)). In any given location, the sum of all properties m;
should satisfy Eq. (2b), i.e., they form a partition of unity. Further-
more, tolerance on the nominal value of the property m; is t,,; and
will be computed as m; X t,,;. Besides the tolerance on the prop-
erty transitions, there will be geometric tolerances on the transi-
tion regions as well

|/
|
b - 4

ooy
4
Fig. 1 Bounded volume shown with local note VR and profile
tolerance
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fi(x,y,2)
= 1
" o fi(x,y,2) M
mi(u,v,w...) = Om;(x,y,z...) 2a)
Zn:m; =1 (2b)

In trivial cases, when one of the material compositions is noncriti-
cal, for n—1 materials m; =f; and for nth material

n—1

m, =1 —Zf,-
1

In nontrivial cases, the material compositions are normalized by
adjusting each material composition based on the function value
at a given location. Part/assembly model definitions will include
the functions and material specification codes. STEP AP 242 [65],
for example, can include such equations. Efforts are ongoing to
incorporate presentation scheme described in this paper and
related representation scheme to be included in STEP AP 242 and
ASME Y1441 [66].

4 Graded Materials

Gradient structure can be specified using transition regions.
Application of transition regions will be demonstrated using sev-
eral cases studies in this section. Although fractions and/or per-
centage is used to specify nominal properties and associated
tolerances, the method presented is applicable even if absolute
values are used. Furthermore, to keep the discussion simple, any
effect of geometric tolerances is abstained until Sec. 6.

4.1 Case 1: Two Material Transition in Simple Part. In
case 1, three different types of examples are considered. In the
first example, a material transition is defined using a transit ion
region. In the second example, a transition region is not defined,
instead two volume regions are indicated with different materials
and geometric tolerances. In the third example, a material transi-
tion is defined using a transition region with geometric tolerances.

4.1.1 Material Transition Region Only With the Linear Func-
tion on One Parameter. An example of a material gradient is
shown in Fig. 2. The part has three volumetric bounded regions.
The first region has material MAT1, and the third region has mate-
rial MAT2. The second region is defined as transition region from
MATI1 to MAT2. In the transition region, the transition function
for MAT! and MAT2 is specified as f,=z—10 and
f1=15—(z—10). The tolerance on MAT2 and MAT1 is given in

' VR3 - MAT2

0.5
0.25

VR2

z=25

MAT1
MAT2

e

VR1 - MAT1

Fig. 2 Part with the material transition region (heterogeneous
material indicator) and specification of tolerance
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Table 2

Example of material gradient values (shown as % instead of fractions)

Z mm Nominal MAT1 Nominal MAT2 Tolerance on fraction of MAT1 Tolerance on fraction of MAT2
10 0% 100% +25% —12.5%
15 33% 66% *+25% *12.5%
20 66% 33% *25% *12.5%
25 100% 0% —25% +12.5%

Fig. 2 as 0.25 and 0.5 in a stacked control frame. Following Egs. (1)
and (2) from Sec. 3, the nominal material composition and its respec-
tive tolerances along the z-axis (vertical direction in Fig. 2) can be
computed (Table 2). The basis functions »z; can be derived from f; as

Note that the actual value of the material composition in a mini-
mal measurable volume in the part space cannot exceed 1 but can
be less than 1(owing to voids).

Figure 3 describes the nominal values of materials along the z
axis with their tolerance zones and a set of allowable values along
the z axis for MAT1 and MAT2. The sum of values for MAT1
and MAT?2 at a given z coordinate cannot exceed one (following
equation [2]). For a chosen allowable value of MATT1 (black trian-
gle at a given z coordinate), a corresponding maximum allowable
value of MAT?2 (gray circle at the same z coordinate) is shown in
the graph. Any value of MAT?2 below what is shown in the graph
within the tolerance zone is also acceptable.

Figures 4 and 5 demonstrate cases when MAT1 is measured at
four places, and then, acceptable zone of values for MAT2 is
shown and vice versa. In Fig. 4, MAT?2 is assumed to be measured
first at z values of 10, 15, 20, and 25. The measured values of
MAT?2 are marked as gray circles. The resultant acceptable zone
for MATT is shown shaded as gray. In Fig. 5, MAT1 is assumed
to be evaluated at z values first (at z values of 10, 15, 20, and 25).
The measured values of MAT1 are marked as black triangles. The
resultant acceptable zone for MAT2 is shown shaded as gray. As
is evident, due to differences in material functions and the toler-
ance on material variations, different amount of allowable varia-
tions for each material is encountered along the z-axis for VR2.

4.1.2  Material Transition Region Only With the Nonlinear
Function on Two Parameters. Instead of the linear functions for
MATI1 and MAT?2 distribution in VR2 of Fig. 2, let us assume
that the functions are

= = =MAT1 nominal = = =MAT2 nominal

A MATI e MAT2
L ——
09 4 S
208 - g
207 ™
o
Eos =025
"", . -~
g 0.2 -7 L A ‘~.~
ol 1 i £ )‘2’= z10 ", \“- 1
0 o ~Jd
10 15 7 20 25

Fig. 3 Nominal, limit, and acceptable material fractions along
the z-axis for VR2, based on the equations embedded in the
part model (The unit of zis inches)
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fi = xz+ 10sin((z — 10)10) + 10 cos(10x) 3)

f>» = 1250 — xz — 10sin((z — 10)10) — 10 cos(10x) 4
Then, the nominal material fractions in VR2 for MATI and
MAT?2 can be computed as shown in Figs. 6(a) and 6(b), respec-
tively. The tolerance zones would be offset surfaces in both direc-
tions, truncated at material fractions 1 and 0.

4.2 Case 2: Multimaterial Transition. The third example
demonstrates multimaterial transition in a single volume region.
Figure 7 shows a part with four volume regions labeled VR1,
VR2, VR3, and VR4. VRI1, VR2, and VR3 have material specifi-
cations MAT1, MAT2, and MATS3. In Fig. 7, MAT1, MAT2, and
MATS3 are shown in medium, light, and dark gray, respectively.
VRI is shown transparent to show the geometry of VR4. VR4 is
the volume region where three materials transition based on the
functions described in Eqs. (5)—(7). VR4 is a cylinder with semi-
spherical end within VR3. The cylindrical coordinate system is
utilized with origin at the center of the circular face between VR2
and VR4. The X-axis is along the axis of VR4, and r is along the
radius of VR4 (1. =15). The length of VR4 is 60 (x=0 to
x=60). The cylindrical part is from x =0 to x =45 while the rest
is semisphere with a radius of 15.

These functions are numerically computed and then normalized
based on Eq. (2). The normalized material distributions of MAT1,
MAT?2, and MATS3 for VR4 are shown in Fig. 8(a). MAT is from
VRI1 and therefore has higher concentrations at r close to 15.
MAT?2 is from VR2 and therefore has higher concentrations at r
close to 0. MAT 3 is from VR3 and therefore has higher concen-
trations in a circular region x > 45 and r > 12. Figure 8(b) shows a
cross section of the complete part with VR1 (MAT1—medium),
VR2 (MAT2—light), VR3 (MAT 3—dark), and the material tran-
sitions in VR4. Each material shade (medium, light, and dark) is

= = =MAT1 nominal
A MATI

- = =MAT2 nominal
® MAT2

5
w o

1

ractions

e i~
LI s h On

aterial I

M
o o
—

Fig. 4 Implication of material tolerances. Given material frac-
tions of MAT2, the acceptable material fractions of MAT1
marked as a gray area. Any value of MAT1 below the upper line
marked with black triangles will lead to acceptable void frac-
tions (The unit of z is inches).
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= = =MAT2 nominal
e MAT2

= = =MAT] nominal

—ta A
10 15 7 20 25

Fig. 5 Implication of material tolerances. Given material frac-
tions of MAT1, the acceptable material fractions of MAT2
marked as a gray area. Any value of MAT2 below the upper line
marked with gray circles will lead to acceptable void fractions
(The unit of z is inches).

mixed to form the final shade in VR4 based on the normalized
material distributions computed from Egs. (5)—(7)

r x <45

fMatl) =3 x=45 6 45 )
-

(a)

Fig. 6 Material fractions for MAT1 and MAT2 (The unit of x and
zis inches): (a) MAT1 fractions along x and z axes and (b) MAT2
fractions along x and z axes
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0.2 |MAT1
0.3 |MAT2|

0.15|MAT3)|
VR4
r=
x=75
VR1 — MAT x=60
x=45
VR2 - MAT
x=0 VR3 - MAT3
x=-30

Fig. 7 A part with four volume regions with three material
specifications

@ x> 30
FMa2) = { (o ©)
x <30
1+r

r>4;60 > x> 45

2 .
—45)" +r2 if
(x—=45)" 47 1{ (x—45 +2 <15

f(Mat3) =
r<4;60 >x >45

\V(x—457 2 <15
@)

2
\/(Ff) +12 if{

Figure 9 shows three possible extreme changes in material compo-
sitions for VR4 based on the allowable variations indicated in
Fig. 7. Figure 9(a) shows composition of MAT 1, MAT2, and
MAT3 changed by —0.1, +0.15, and —0.075, respectively,
according to the material tolerances. Figure 9(b) shows composi-
tion of MAT 1, MAT2, and MAT3 changed by +0.1, —0.15, and
—+0.075, respectively. The unit area where the material composi-
tion of any material is different from nominal (Fig. 8) by fraction
0.04 is highlighted with black lines. Figure 9(c) shows the compo-
sition of MAT 1, MAT2, and MAT3 changed by +0.1, 0.0, and
+0.075, respectively. The position of black grids indicates the
impact of material tolerances on material compositions in VR4. A
designer, who designs heterogeneous material-based part, must
evaluate the impact of material tolerances on the function of the
part or volume region as needed.

Fig. 8 Nominal material distributions as computed from Egs.
(5)—(7). Cross section of the part from Fig. 7 showing the mate-
rial composition encoded as shades.
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mar: [

MAT 2

mars [l

MAT 1 (-0.100)
MAT 2 (+0.150)
MAT 3 (-0.075)

MAT 1 (+0.100)
MAT 2 (-0.150)
MAT 3 (+0.075)

MAT 1 (+0.100)
MAT 2 (0.000)
MAT 3 (+0.075)

Fig. 9 Impact of material distribution based on the allowable
material variations from Fig. 7

5 Geometric and Graded Structures

Complex structures can be created using AM technologies.
These structures can be defined using geometry or functions for
materials and voids. Function-based representation will be dis-
cussed as graded structures while geometry-based representation
will be discussed as geometric structures.

5.1 Geometric Structures. Complex geometry can be gener-
ated in CAD systems to suit a variety of functions. Based on the
discussion in Sec. 4, lattice-based geometric structures within the
bounded volume are presented in this section. In such geometric
structures, variations in geometry are represented by the geometry
itself. These variations could be abrupt or could follow a prede-
fined grading scheme. Material variations in these geometric
structures need to be represented using transition regions.

Figure 10 identifies a part with five lattice-based volume
regions. Volume region 2 is the transition region for material
MATI in VRI and material MAT2 in VR3. Volume region 4 is
the transition region for material MAT2 in VR3 to material
MATS3 in VRS.

The material transition functions can be applied as needed
based on the discussion in Sec. 4.1.

5.2 Graded Structures. Complex geometry that is varied
using mathematical functions is discussed in this section. Two
types of such geometric elements will be presented—Iattice and
porosity.

A two-dimensional example of lattice is presented in Fig. 11.
Figure 11(a) represents a simple rectangular lattice enclosed
within a part boundary. This uniform lattice is generated using
Egs. (8)—(10). In these equations, x and y represent coordinates, s;
represents the slope of the lines, 7 represents constant thickness
while parameter ¢, is used to create a pattern of the line to gener-
ate the lattice. Figure 11(b) incorporates varying thicknesses of
the lattice element. This is accomplished by modifying the thick-
ness parameter 7 using Eq. (11). Figure 11(c) represents conformal

021008-6 / Vol. 19, JUNE 2019

VR1- MAT1

Mat1
Mat2

=
o

<

VR3- MAT2

0.2 | Mat3|
0.3 | Mat2
VR

VR5-MAT3

Fig. 10 Example of material transition specification with toler-
ance between bounded lattice regions

lattice. This is accomplished by varying the slope parameters s;
with respect to x and y as shown in Eq. (12).

t
eri <six+c
®)

t
—z=Zsx+c
Y528 +a

Fig. 11 Four cases of functionally defined graded structures:
(a) simple lattice, (b) thickness graded lattice, (c) conformal lat-
tice with the graded thickness, and (d) conformal lattice with
the graded thickness and material
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Table 3 Porosity design functions

Size Position

Uniform (1,10)
Uniform (1,10)
Uniform (1,10)

x = Uniform (0, xMax); y = Uniform (0, yMax)
x = Gaussian(y, 0); y = Gaussian(u, o)
Y = *£2%*cos(x) + noise

(a) (b)

Fig. 12 Three cases of desired porosity in a part: (a) uniformly
distributed, (b) normally distributed, and (c) following a
function

t X
y+s<-—-——+a
2 S1 }

. x ©)
s _T 4
y ) 5 1
w
=4 +m0d<37 (10)
A )
t:1+w (11)
1
- 12
S =T (12)

Similar to lattice structures based on functions, the porous struc-
ture can also be generated. Figure 12 and Table 3 demonstrate
three cases of varying porosities. Figure 12(a) shows random dis-
tribution of voids with varying sizes. Figure 12(b) shows Gaussian
distribution of voids with varying size. Figure 12(c) shows voids
following a defined function within the part.

5.3 Graded Structures With Graded Materials. Graded
structures can be combined with graded materials. As an example,

two material gradients are present in the lattice of Fig. 11(d) using
Egs. (13) and (14) for the material in light and dark, respectively.
The tolerance for material fractions in the transition regions for
light is 0.2 and dark is 0.15 (see Fig. 13)

fi =092+ (13)
H=1-09x2+y2 (14)

6 Combined Geometric and Material Tolerances

When no material transition is specified between two heteroge-
neous materials in a part, the geometric tolerances on the volumet-
ric regions will serve as the transition region. In such a scenario,
the material may vary abruptly or transit or a combination of both,
in the tolerance zone, in order to transition from one material vol-
ume to another (Fig. 14(a)).

When both the transition region and geometric tolerance are
specified, the nominal material functions and related material tol-
erances are applicable in the transition region (Fig. 14(b)). The
geometric tolerance zones can have material variation as needed
to finalize the transition.

7 Conclusion and Discussion

AM has enabled exploration of design spaces with complex
geometry and heterogeneous materials. Design of heterogeneous
material-based complex geometries entails specification and toler-
ancing of materials and geometry to specify allowable variations.
This paper demonstrated a method using transition regions to tol-
erance material compositions and related geometry in a part. Case
studies elucidated the applicability of the proposed transition
region method. Although, the application is mainly demonstrated
on heterogeneous materials, the transitions can apply to homoge-
neous materials whose mesoscale characteristics can be designed
to achieve effects similar to heterogeneous materials. This method
is currently being explored for standardization under ASME
Y 14.46 subcommittee. Future work includes (@) application to the
functionally graded material and product design, (b) integration
with the finite element analysis, and (¢) exploring lattice continu-
ity in multilattice multimaterial-based designs.

The focus of this paper has been to describe tools that AM
designer can use to present material fraction tolerances for parts
with functionally graded materials. The issue of how a designer
arrives at acceptable nominal material gradients and acceptable
material fraction variations is a much bigger challenge involving

Fig. 13 Cylindrical lattice composed of two materials as a function of x, y, and z
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Fig. 14 (a) Geometrical profile tolerance on VR1 with its toler-
ance zone and (b) geometrical profile tolerance with nominal
material and material tolerance for VR2. Shade and boundary
variations indicate interactions of two tolerance zones.

iterative design, AM heterogeneous material capability studies,
heterogeneous material analysis/simulation, and function-based
design studies. AM heterogeneous material capability studies may
include studying the material variations across layers, the effect of
build directions, layer thickness, etc.
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