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Abstract: Additive manufacturing (AM), adding materials layer by layer, can be
used to produce objects of almost any shape or geometry. However, AM techni-
ques cannot accurately build parts with large overhangs, especially for the large
features close to horizontal, hanging over the void. The overhangs will make
the manufactured model deviate from the design model, which will result in
the performance of the manufactured model that cannot satisfy the design require-
ments. In this paper, we will propose a new finite element (FE) analysis model
that includes the manufacturing errors by mimicking the AM layer by layer con-
struction process. In such FE model, an overhang coefficient is introduced to each
FE, which is defined by the support elements in the lower layer. By mimicking the
AM process from the bottom layer to the top layer, all the FE properties are
updated based on their overhang coefficients, which makes the computational
model be able to predict the manufactured model with manufacturing errors.
The proposed model can be used to predict the performance of the AM objects
in the design stage, which will help the designers to improve their design by
the simulation results.

Keywords: Additive manufacturing; manufacturing error; finite element analysis;
overhangs; 3D printing

1 Introduction

Additive manufacturing (AM), which is known as three-dimensional (3D) printing [1,2], is a process of
building objects by adding layer-upon-layer of materials. AM technologies have been developed rapidly in
the past few years [1,2—4], which continues growing owing to the versatility and low cost for rapid
prototyping and manufacturing applications [5]. AM technologies provide larger freedom for design
compared with the existing subtractive manufacturing methods [6—8], which can produce almost any
shape and geometry.
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The process of AM slices the CAD model to 2D contour with a user-defined slice thickness in each level
along the building axis and begins from the base 2D contour [9]. This stacking way will raise the error of the
staircase effect [10], which decreases the layers to finish building the AM part. The building part accuracy is
one of the key constraints in AM, which might be influenced by slice thickness, part build orientation,
thermal errors, support structures and overhangs [11-16].

However, there are still some design limitations in additive manufacturing, which is widely featured by
diverse processes. e.g., precisely building large overhangs, especially those hangs close to horizontal or over
the void region [17-21]. The slope of the overhang € should be limited to a maximum angle with respect to
the build direction, it is a self-supporting part when the angle meets the criterion in the given print orientation
[22] as shown in Fig. 1. The pivotal angle for metal is typically 45°, if a part in its intended build direction
includes regions with overhang angles greater than the pivotal angle, it is not a self-supporting part, which
requires support structures in the build process and needs to remove the support materials. This will increase
material, printing and post-processing costs [23—-25]. The overhang facing down the base plate surface
determines the degree of overhanging, while a surface will be overhanging when its degree lower than
the threshold angle [22,25,26]. The allowable overhang angle of plastics is lower than the metal overhang
angle [25]. The manufactured model might be derailed from the original design model by the
overhanging surfaces, resulting in that the performance of the manufacturing model cannot meet the
design requirements [21]. This manufacturing error leads to the difference between the original design
model and manufactured model, and generates the difference of the mechanical performance between
these models, which cannot be predicted in advance that reducing the design efficiency.

build direction

Figure 1: Illustration of the overhang angle

One of the approaches to address this problem is adopting support structures in the manufacturing
processes [5,21,27-29]. However, these support structures will lead to increasing the building time and
material cost, and removing support structures especially from the internal channels is also a difficult task
[18]. Therefore, a new finite element (FE) analysis model is proposed in this paper to predict the final
manufacturing geometric model and mechanical performance of the manufactured model.

So far, there are several researchers working on optimizing the generation of the support structures and
find the more economical structures [12,14,17,22,25,30]. But few studies addressed the overhang accuracy to
accurately predict the manufactured model with manufacturing errors and staircase effect caused by the offset
between the printed layers before printing [17]. But the overhangs and staircase effects will make the
manufactured model be deviated from the design model and cannot meet the design requirements.

To address this problem, a new finite element (FE) model that includes the manufacturing errors and
staircase effects by mimicking the AM layer by layer construction process is proposed in this paper. By
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mimicking the AM process from the bottom layer to the top layer, all the FE properties are updated based on
their overhang coefficients, which makes the computational model can accurately predict the manufactured
model with manufacturing errors. The proposed model can be used to predict the performance of the AM
objects in the design stage, which will help the designers to improve their design by the simulation results.

The outline of the remainder of this paper is structured as follows: Section 2 briefly recapitulates the
basic theory of the AM FE model. In Section 3, we propose the density updating strategy for each
element in the background mesh. Several examples are used to validate the proposed updating algorithm
and mechanics experiment to demonstrate the advantages of the proposed approach in Section 4. Finally,
a brief summary is given in Section 5.

2 AM Finite Element Model

AM processes firstly extract the information from a computer-aided design (CAD) file [31], then convert
to an approximated model based on triangles and sliced layers to be printed. In this section, a new FE model
with the ability to predict manufacturing errors and the staircase effect of the AM objects is presented.

2.1 Background Mesh

The 3D objects for AM processes are generated from CAD models, which only carry boundary
information (B-rep model) [32,33] without an appropriate mesh for finite element analysis. In this work, a
voxel-based approach [34] for controlling the size of the domain is introduced to generate hexahedron
meshes (including voxels). These meshes can be used as a background mesh to approximate the domain
of the printing models via the spatial hashing calculation in the axis-aligned bounding boxes (AABBs)
[35] for this AM model as shown in Fig. 2.

Figure 2: CAD model with the background mesh of the AM object

The domain of the CAD model is fully immersed in this background mesh with voxels, and the enclosed
boundary curve of the model can be approximated as a polygon. Usually, the geometry of the additive
manufacturing (AM) model is arbitrary. By using the point-in-polygon (PIP) algorithm [36], the
hexahedron element (including multiple voxels) of the background mesh inside the arbitrary domain can
be classified into three types as shown in Fig. 1: solid element, void element, and trimmed element. A
trimmed element has two parts: retained part and removed part.

2.2 The Density of Each Hexahedron Element

If the element e in the background mesh is totally covered by the AM geometric model, the element is
treated as a solid element and its relative ideal density 7, is set to 1. If the element e is totally outside the AM
geometric model, it is a void element. The element e partially covered by the AM geometric model is a
trimmed element. To avoid any singularities, “ersatz material” approach [37] is adopted herein. In this
method, a weak material with a small elastic modulus E, will be adopted to fill the void element. E, is
usually less than 0.001 E that represents the elastic modulus of the solid material. Taking a 2D example,
to obtain the density of the trimmed element e, the element will be subdivided into multiple voxels as
shown in Fig. 3.
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Figure 3: Subdivision of a trimmed element. (a) An element with the boundary (b) Subdivision with voxels
of an element

The density 7, of the trimmed element e; ; 4 can be calculated by:

P,

Qe
p=1 g=1

(Ne:Pe+Qe)a (1)

where i, j and & denote the vertical (X), horizontal (Y) and depth (Z) location of the element, N, represents the
total number of voxels in one trimmed element, which is a specific value once the mesh is generated, P, and
0. are the numbers of voxels in the weak and solid material domains of this element. The different trimmed
elements have a different number of solid material voxels, while the filling relative density 7. will be in a
range from O to 1. In this paper, the density of the 3D elements can be obtained from the extension of 2D
elements. Herein we will use horizontal and vertical locations to describe the updating algorithm for
simplicity the description in the following. For element e;; to be printable, it should be sufficiently
supported by its supporting area consisting of the elements below e;; and the neighbors of e;; as in
Fig. 4. This is motivated by the critical self-supporting overhang angle and inspired by the additive
manufacturing filter proposed in [22,25]. We assumed that the fused material can flow, and the density of
e;; would not drop directly without any resistance when its below element cannot support it, since the
below might not be completely overhanging. The dropped material could not be completely embedded
underneath, and they might spread around. The final print density p, , which can be expressed by
Eq. (2). The density of this element and the density of the entire support area as shown in Fig. 4 are

Support area S, j

J Base layer

Figure 4: Definition of supporting area S;; for element e;;
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where @, . is a set of density of the elements in the support area of e; ;. € represents the calculation function
based on the layer-based updating algorithm described in detail in Section 3. E,, ¢ denotes the element locating
at n in x-axis and ¢ in the y-axis, S;; represents the set of elements in the support area of element e; ;.

2.3 FEM Calculation

The problem presented herein is elastostatics, and the two-dimensional plane-stress problem is taken as
an example to illustrate the calculation formulation. From the theory of continuum mechanics, the
formulation of an elastic finite element method beginning with the equilibrium equations can be
expressed as [38]:

Jo, Oty

+2 4 fe=0
Ox Oy U 3)
0ty  Joy, N
x +8—y+fy_0

where i,j are the index notations, ¢ and 7 represent normal and shear stress, respectively. f; and f, are body
force components in x and y direction, respectively. The in-plane stress field forms a tensor defined by three
independent components: o,,, 7,, and 1, and they can be expressed as:

Oxx Dy D 0 Exx
Gy p = | Doy D 0| &y
Ty 0 0 Ds3 Exy
I o O -
:lfv2 ’ 11—00 (- @
0 0 > Exy
8xx
=Dy &y
Exy

where D is the 3 x 3 stress-strain matrix, E represents elastic modulus, v is Poisson’s ratio. ¢, y represents
normal strain and shear strain, which can be indicated as:

B 8N1 8N2 8Nn 7]
o o Y !
ON; ON, ON,

e=| 0 6—y 0 8—y - 0 y u

ON, ON; ON, ON, ON,, ON,
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Ty T dy’ gxy_§(6y+ 8x);
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where B is the strain-displacement matrix, # is the nodal displacement, /V; is the element shape function.
Based on the principle of minimum potential energy [39], the potential energy 11, of each element for the
plane stress problem is given by:

1 .
I, = - / 6’ edQ, — / u'XdQ, — / u'tdr,
2 Jo, Q T,

~ %(ue)T < / BTDBdQe) u— (u)" < / NTXdQ, + / NT7dl“e) , (6)
Q. Q T,

1 T T
= E(ue) Ke(ue) - (ue) f

where Q. and I', represent the domain and boundary of element e. u, are the node displacement vector of
element e, X is the body force, K, is the stiffness of element e, N is the shape function, 7 represents
surface tractions, f'is the element nodal load vector. From the principle of minimum potential energy, the
equilibrium equations can be expressed as:

OIl,
ou,

=K., —f =0, (7)

For the whole elements, the equilibrium equation in which nodal displacements u are the unknowns can
be written as:

Ku=f, ®)

where K is the stiffness matrix, u is the nodal displacement vector and f'is the element nodal load vector,
while K is assembled by the element stiffness matrix K, From Eq. (6), the element stiffness matrix can
be expressed as [40]:

K,= | B'"DBdQ,
Qe

; ©)
= / B"DB|J,|dQ,
Q.
in which B is the strain-displacement matrix and D is the stress-strain matrix. Q, represents the domain of the
element. Q. is the integration domain in the integration of parametric space. To evaluate the performance of
the proposed FEM model with manufacturing errors, the element stiffness matrix can be described with print
density p,,  as:

K, = / B"DB|J | |p(®)dQ,
Q,

5 (10)
=K e Pe
where K, represents the stiffness matrix of a full-solid element, and it can be expressed discretely as
K, = / BTDBdS,
S,
1n

= Z w;B! D;B; ’
i=1

in which B, is the strain-displacement matrix and D; is the stress-strain matrix related to the ith quadrature
point. S, is the domain of the element.
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3 Update of FE Properties

For an element ¢, ; to be printable, it should be adequately supported by the elements belonging to S; ;.
The elements supported by the base layer (i = 1) can be printed. For the above layers, the print density Pe,, of
element e;; cannot be greater than the threshold density o, ; (if greater, the materials will drop into its
supported area, and finally up to a balance to be equal) supported by the elements in §;;. The support
area consists of a set of neighbor elements §,, a set of below elements S; ($; + 5, = §;;) as shown in
Fig. 3. In this work, the threshold density J,, , of element e;; is approximately opted as:

Oe,, = p1 X 0p + 2 X @5 (0p + 5 = 1),

1 N
o1 = ——log (Z e 1T x w,,) (en €81),
n=1

u
M (12)
0y = Zfem X Wy (em €82),
m=1
561,- = __log(z e 1T x wn) X wp + (Z Te, X wm) X Wy
. K n=1 m=1
N M
So=1 Y- 0
n=1 m=1

where ¢; calculates a suitable approximate threshold density from the elements in the layer below of the
supporting area, which approaches ¢;—min (t,,) as p—+oo. u is overhang coefficient for calculation
controlling the smoothness of the approximations, wp and wy (wp + wy= 1) are the weights in the below
layer and the same layer (i.e., neighbor) of element e;; separately, while w; should be greater than w;
since it has a higher opportunity to drop into the below layer than in the same layer (they are set to 0.8
and 0.2 in the examples of this paper). w, and w,, represents the different weights of each element inside
the support area of element e; ;. w, is calculated as:

N
(x, —d)* +e
' (14)

where N is the total number of elements S; inside the support area d is the threshold distance between the
element e, and e;; while x,, is the distance between ¢, and ¢; ;. ¢ is set to 107° to avoid infinity herein. w,, can
be expressed as:

/ d— x,

® (15)

In which, M is the total number of elements S, inside the support area, d is the threshold distance
between the element ¢, and e; ;. The weight distribution of w, and w,, is shown in Fig. 5.
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Figure 5: Weight distribution based on different distance

If the printed density p,,  of element e;; is greater than Jei, j» we assume that a part of FE properties
(material/density) in the element e;; will drop into its support area, which means the print density of e;;
and the elements in its support area should be updated. This paper proposes an updating algorithm to
revise the density of each element. Updating the density of the printable elements should be from the
second layer to the top layer (i = nely) as shown in Fig. 6, since the base layer (i = 1) can be printed
directly. Meanwhile, the updating algorithm will be recursive since each element that drops material
influences the element density in the below layers.

Support area S;, j

? i,j+1

Updating!
Direction|i-1, j-5(i-1, j-4|i-1, j-3 i-1, j+5

i

J Base layer

Figure 6: Updating direction compared with the base layer

When the density of the element e;; drops into its support area, the dropping density A can be expressed as:

N (16)

where N is the iteration number of dropping procedure (minimum is 2) in each loop, p'e represents the
temporary density during the calculation procedure. To accurately describe the dropping procedure. The
updated FE density of each element can be expressed as:
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The updating algorithm of FE properties can be briefly described in Algorithm 1. The function in the
algorithm update Density is called recursively since the FE properties of its influenced element should be
updated once it is revised by the updating algorithm.

Algorithm 1: Recursion function of updating algorithm

updateDensity (i, j, nelx, nely, p, lev, maxlev): updating the density of element e;; and its supporting
elements

i, j: the layer of element e in the vertical direction and horizontal direction
nely, nelx: the number of elements in the vertical and horizontal direction
maxlev: the maximum of dropping layer lev: the current updating layer
: the print density matrix of the entire elements

:if i > nely-1 return;

. if lev > maxDropLayer return;

ey «— levtl

: forn € s1 do

: w, < norm(e ™/ ((x"*d)zﬂ))

ont = e P x w,

: end

L ion = "1/, log(p)

:form € S, do

10: w,, < norm( (d—xm)/d)

11: o+ = p,, X O

12: end

13: 0;j < ©m X Wp + Py X Wy

14: iféi,j > Tij Pij < Tij

15: elseif &; ;> 0

16:  move < (t;; — 9; ;)/iternum

17: p;/=ti;—move

18: forz/z € §; do

O 0D DA W=D

19: p, < Tijtmovexm, Xwy

20: ii, jj «— S1, // ii and jj indicate element position in vertical and horizontal direction
21: updateDensity(ii, jj, nelx, nely, p, lev);

22:  endfor

23: form e S, do

24: p/m < T,/ tMOVE X Wy, X

25: i, jj < Sam

26: updateDensity(ii, jj, nelx, nely, p, lev);
27: endfor

28: endif
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Figure 7: Updating procedures

The updating procedure can be shown in detail in Fig. 7. For each element to be printable, it should be
supported, otherwise, some of the materials would drop to its supporting area. Some materials of the elements
in the supporting area would drop to their supporting area as well. We assumed that the maximum dropping
layer would be a different value for different additive manufacturing process:

e Updating density after one layer dropping: Figs. 7a and 7b shows the initial density distribution of one
element, from the calculation, 7; ; is greater than bi s then some FE densities will drop into their
support area, which makes the elements inside its support area change the density.

e Updating density after several layers’ dropping: Once the whole influenced elements are updated
completely, the updating procedure will move to the next element updating procedure with recursion
due to the changed density of elements as shown in Fig. 7c.
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e Updating density after the dropping stops: When the whole updating procedure is done, the FE properties
might obtain a relatively stable status, which means that each element is successfully supported by its
supported area as shown in Fig. 7d.

4 Numerical Examples and Experiment Results

To illustrate the functionality and characteristics of the proposed method, two models (spanner and dog-
bone-shaped specimen) are used to validate the algorithm with the FDM process, while the deposition path
pattern is not in the consideration of the experiments. According to the features of FDM, the default
parameters of the for the two cases are listed as: w, = 0.7, w, = 0.3, d = 5.0, u = —200, ¢ = 0.00001, E, =
10000, Poisson’s ratio y = 0.3. The proposed method also can be extended to other methods, and these
parameters and the assumption condition should be adjusted. The 3D printer used to manufacture the
models is Zmorph 2.0 SX (Zmorph, Wroclaw, Poland).

(1) Case 1: Spanner model

To validate the manufactured error, an example with spanner model is adopted with two type
manufacturing direction: (1) Upright printing: using the bottom face as the base layer shown in Fig. 8a;
(2) Laydown printing: using the face having the maximum cross-sectional area as the base layer shown in
Fig. 8b, which will reduce the manufacturing error at the maximum. Both of the two ways are applied to
the same boundary condition (displacement constraints and load) for FEM analysis as shown in Fig. 8c.

S

Base layer Base layer

() (b)

Constraiﬁts

(c)

Figure 8: Spanner model with background mesh. (a) Upright printing (b) Case 2: Laydown printing and
(c) Boundary conditions for FEM analysis

For laydown printing, the whole elements will be supported by their support area. The final density
distribution after updating density distribution is nearly the original one as shown in Fig. 9a. For upright
printing, the density of the whole elements will be updated based on the algorithm in Section 3, since the
elements of the AM model in the right bottom area cannot be supported by their support areas. All the
trimmed elements are near the boundary of the 3D printing model, the ideal density can be obtained
based on the voxel number in each element. Due to the updating algorithm, a few materials of some
elements (element properties) will drop into their supported area, which leads to new density distribution.
The new density distribution is a little different from the original one treating as manufacturing error
marked inside blue line as shown in Fig. 9b, which is similar to the manufacturing result (the dropping
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Figure 9: Comparison between laydown and upright printing. (a) Results of simulation and manufacturing
for laydown printing and (b) Results of simulation and manufacturing for upright printing

parts are marked inside red line). Therefore, the updating algorithm has the potential ability to predict the
manufactured model.

To compare the mechanical analysis between the simulated manufactured results, FEM analysis and
mechanical experiments are employed. The results are listed in Tabs. 1 and 2, which shows that the
distribution is similar but different maximum displacement and Von Mises value.

To compare the relative error between the model with manufacturing error and the original model, the
error is defined as:

_‘Dm_Do,
8_7

D, (18)

in which D,, represents the maximum total displacement or Von Mises stress of the FEM model with a
manufacturing error, while D, indicates the maximum total displacement or Von Mises stress of the
original model, ¢ is the relative error between these two models. The FEM model with the manufacturing
error can be generated as shown in Fig. 10. The relative error of total displacement herein is about 8.9%
(about 4.8% when using ANSYS), while the relative error of Von-Mises stress is about 10.9% (about
4.0% when using ANSYS).

To compare the relative error between the experiments and the simulation, 3 groups of upright and
laydown printing are used for tensile and 3-point bending testing as shown in Fig. 11. The maximum
tensile and bending stress for the laydown printing are 42.6 Mpa and 59.6 MPa, respectively, while for
upright printing, they are 37.5 MPa and 53.6 MPa. The relative error of tensile and bending stress
between the upright and laydown printing is about 12.0% and 10.0%, respectively. The mechanical
experiments show that the simulation result is close to the experiment, which shows the proposed
updating algorithm can predict the performance of the AM model with the manufacturing error.

(2) Case 2: Dog-bone-shaped model

Here is another example with a dog-bone-shaped model adopting two types of manufacturing direction
as Case 1 shown in Figs. 12 and 13.
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Table 1: Comparison of the displacement for the different types

Relative Error

Displacement U-AL-A ~
Types 4.8%
U-M/L-M ~
8.9%
Laydown-ANSYS Min=0
(L-A) Max=0.756
Laydown-our model Min=0
(L-M) Max=0.745
Upright-ANSYS Min=0
(U-A) Max=0.792
Upright-our model Min=0
(U-M) Max=0.811

Table 2: Comparison of the Von Mises stress for the different types

Von Mises stress

Relative Error

Types Min Max U-A/L-A~ 4.0%
WO T U-M/L-M~ 12.1%
Laydown-ANSYS Min=0.014
(L-A) Max=81.158
Laydown-our model Min=0.016
(L-M) Max=79.863
Upright-ANSYS Min=0.019
(U-A) Max=77.934
Upright-our model Min=0.016
(U-M) Max=70.126

715

For laydown printing, the whole elements are supported by their support area while the density of the
whole elements is updated for the upright printing case. Some materials of the middle elements drop into their
supported area leading to new density distribution. The new density distribution of the simulation with
manufacturing error marked inside the blue line as shown in Fig. 12 is a little different from the original
one as shown in Fig. 13, which is similar to the manufacturing result. It shows that the updating
algorithm can predict the manufactured model.
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Figure 10: Generating the numerical model with manufacturing error

(d

Figure 11: Three groups for the experiment. (a) Laydown cases (b) Upright printing cases (c) Tensile testing
and (d) 3-Point bending testing
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(b)

Figure 12: Laydown printing: no overhang. (a) AM geometric model without updating density and (b) AM
model after manufacturing

(b)

Figure 13: Upright printing: overhangs. (a) AM geometric model with updating density and (b) AM model
after manufacturing

To compare the relative error between the experiments and the simulation, 5 groups of upright and
laydown printing are used for tensile testing as shown in Fig. 14. From Fig. 14a, it can be found that the
broken position is random since the middle part of the dog-bone-shaped specimens should be isostress,
and any randomly slight manufacturing error may break the isostress status and results in the random
broken position. However, due to error caused by the printing direction, all the broken positions locate at
the ends of the middle part of dog-bone-shaped specimens, which further demonstrates that overhangs
will influence the performance of the printed structures. Therefore, it is of importance to propose a
method that can predict manufacturing error before manufacturing.

(b)

Figure 14: Five groups for the experiment. (a) Laydown printing tensile testing and (b) Upright printing
tensile testing
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5 Discussion/Conclusion

A new computational model including the manufacturing errors by mimicking the AM processes is
presented. With this method, the density of each element is updated automatically layer by layer in the
design stage, which can help designers predict the performance of the CAD model for AM processes.

Two AM model examples with numerical and experimental tests with two printing types are employed
to validate the manufactured error. Based on the simulation and experimental results, the proposed model can
approximately predict the final performance in the design stage.

Although the focus of the present paper is the FEM model with manufactured error is described in 2D
contour with the same density in the z-axis, it can be extended to 3D problems (different density in the z-axis).
Besides that, updating the algorithm is still being improved and may be different for different AM types, such
as FDM (fused deposition modeling), SLM (selective laser melting), SLA (stereolithography appearance),
etc., and the parameters in the threshold density calculation also need to be optimized.
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