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Abstract1

In laser powder bed fusion (LPBF)-based metal additive manufacturing, support struc-2

tures play a crucial role in ensuring part-printability. However, support structures often3

consume significant amount of material, print-time and post-processing time. Furthermore,4

the optimal design of these support structures is challenging due to the transient nature of5

the LPBF process. Consequently, support structures are often sub-optimal, and are designed6

based on experience.7

Here, we propose the concept of an aggregate equivalent static load (ESL) for the design8

of support structures. Starting with a simple transient simulation of the layer-wise LPBF9

build process, we extract the ESL at the end of each time step. An aggregate ESL is then10

computed for minimizing the thermal compliance of support structures, subjected to a vol-11

ume constraint. The ESL concept is demonstrated here using truss-type support structures;12

however, it is equally applicable for other types of supports. Truss-type supports are gen-13

erated using a novel greedy algorithm, and then the aggregate ESL strategy is applied to14

optimize the size of truss members. Numerical experiments are conducted to ascertain the15

self-consistency of the proposed method. The optimized cross-section areas of truss members16

are then converted to manufacturable designs, and sample parts are fabricated for validation.17

*Corresponding email: ksuresh@wisc.edu
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1 Introduction18

Laser powder bed fusion (LPBF) is perhaps the most popular metal additive manufactur-19

ing process today, where a high energy laser beam selectively melts metal powder layer-by-20

layer. The ability to print complex geometries with high accuracy and repeatability, makes21

this technology a preferred choice for functional components. However, a central challenge22

in LPBF is efficient heat dissipation. The metal powder bed supports part layers against23

the effect of gravity, however, it exhibits less than 10% thermal conductivity, compared to24

their solid counterparts [1, 2], so cannot function as a thermal conduit. Consequently, any25

part-surface with surface normal inclined at or over a predefined threshold inclination angle26

(usually 45◦with respect to the build direction) will require additional support structures for27

heat dissipation [3].28

A typical part with commonly used block-type support structure is illustrated in Fig-29

ure 1. Support structures consist of two distinct regions: support comb and support body.30

The support combs penetrate into the part for better anchorage and to reduce surface rough-31

ness [4]. The support body, constituting the bulk of support structures, serves as the heat32

transfer path from part to build surface, and provides additional structural strength. In33

addition, support structures reduce thermal deformation of the part, and prevent structural34

damage to the part during post-processing/removal from the build plate. Cutouts are often35

added into the support body for the ease of powder removal. The efficient dissipation of36

heat from melt pool reduces residual stresses [5–7], de-lamination [8], metal dross [9], and37

also improves micro-structural properties [7,10–12]. Thus, a well-designed support structure38

is crucial in LPBF to ensure a successful build.39

Figure 1: Part build configuration with block-type support structures in LPBF.

However, support structures often consume significant amount of material, print time,40

and post-processing time. Furthermore, due to the transient nature of the LPBF process, the41

optimal design of these support structures is non-trivial, and a systematic design strategy42

does not exist. This requires inclusion of part thermal history in determining the ther-43

mal behavior of part and supports during the part build simulation, which is multi-scale,44

multi-physics problem in itself and is computationally very expensive. Consequently, sup-45

port structures are designed today based on experience, and a limited number of physical46
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experiments. This trial-and-error approach often results in increased production cost. The47

work presented in this paper introduces the concept of an aggregate equivalent static load48

(ESL) for the design of support structures.49

The remainder of this paper is organized as follows. Current strategies for the design of50

support structures are discussed in Section 2. A truss-type support is proposed in Section 3.1,51

to illustrate the ESL strategy. Then, the construction of an evolving part-and-support cou-52

pled system is presented in Section 3.2. The transient thermal simulation of this coupled53

system is discussed in Section 3.3. Using the results of transient thermal simulations, ag-54

gregate equivalent static loads are defined in Section 3.4, which are used in Section 3.5 to55

optimize the truss-type support structures. Numerical and experimental results are pre-56

sented in Section 4 to validate the proposed concepts. Manufacturing considerations are57

discussed in Section 5. Finally, Section 6 summarizes some of the existing challenges and58

future work.59

2 Literature Review60

As mentioned earlier, support structures play a pivotal role in the success of a part build,61

but they increase the cost of fabrication. Significant progress has been made to reduce or62

eliminate the need for supports either by (a) changing the part design [13–18], (b) optimizing63

part build orientation [19–23], (c) optimizing the supports [24,25] and/or (d) modifying the64

printing process [26]. However, some of these methods are not applicable to LPBF, while65

others have not been experimentally verified. In this section, prior work on the design,66

simulation and optimization of support structures for LPBF have been reviewed.67

2.1 Geometry-based Optimization68

A plausible strategy to optimize support structures is to use a combination of physical69

experiments and geometric rules. Calignano [27] varied multiple geometric parameters of70

block-type supports and carried out physical experiments. Critical parameters were identi-71

fied based on their signal-to-noise ratio, and supports were then optimized for ease of removal72

and to minimize warpage. Bobbio et.al [28] tested the strength of block-type supports for73

anchorage, ease of part removal and post-processing. Zhu et.al [29] proposed tree-type sup-74

ports; then, several candidate topologies were identified, and optimized using particle swarm75

optimization to reduce material volume, constrained by parameters that ensured the tree76

structures were self-supporting. Each optimization took over 2000 iterations to converge,77

even for a simple cantilever beam, making the approach potentially computationally expen-78

sive. Furthermore, the supports were optimized for material volume and not for thermal79

management. Wang, et.al. [30] identified optimal support points on the overhang surfaces80

using genetic algorithm. Vaissier et.al [31] used genetic algorithm (GA) to sequentially prune81

members of a tree-type lattice support. Optimization variables were selected through a de-82

sign of experiment (DOE) to minimize the support volume. The GA-based optimization83

reduces support material with constraint on manufacturability, but does not consider heat84

transfer as an objective. Recently, Zhang, et.al. [32] used GA-based optimization to obtain85

multiple tree-like supports over a Pareto front. The best support topology with minimum86

branch tip translations was chosen.87
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2.2 LPBF Process Simulation88

Constructing support structures based on geometric rules can lead to sub-optimal designs.89

Physics-driven process simulations are essential for constructing optimal designs. Moreover,90

computer simulation helps in understanding thermal energy distribution and heat dissipation91

during the LPBF process.92

LPBF is a complex multi-scale, multi-physics problem where process parameters, material93

properties and part geometry play a pivotal role in determining the final part quality [33].94

The time and space dependency of thermal energy deposition makes the thermo-mechanical95

modeling and simulation computationally very expensive [34, 35]. Typically, single-track or96

single-layer build simulations are performed by solving the heat equation [36–40].97

Rosenthal [41] first applied the idea of moving point heat source to obtain heat distri-98

bution on a thin metal plate. Analytical solution in 3D for maximum surface temperature99

have been obtained by Labudovic and Kovacevic [42]. Semi-analytical models have also been100

proposed to simulate the part build process [43–46], using the concept of moving point heat101

source. However their assumption of semi-infinite body is not applicable in the presence of102

support structures.103

Zhang, et.al. [47] simulated the temperature field in LPBF using a 3D FEA model with104

temperature-dependent material properties and a moving Gaussian heat source. A full 3D105

finite element model also was used by Song, et.al. [48] to better understand the impact of106

process parameters on part micro-structure properties. Zeng, et.al. [49] investigated the107

effective thermal properties of support structures in selective laser melting, combining the108

solidified material and entrapped powders. Liang, et.al. [50] used inherent strain based109

methods to simulate the deformation of thin-walled block-type supports. Roberts, et.al. [51]110

proposed the idea of birth and death of element in simulating the 3D transient temperature111

field in layer-wise laser melting. These numerical approaches in simulating the temperature112

distribution often use very small specimen sizes owing to the exorbitant computational cost.113

Also, they neglect the effect of thermal resistance posed by the support structure, which is114

critical during any actual part built process.115

2.3 Physics-based Geometric Optimization116

Unlike geometry-based optimization, the strategy here is to use the underlying physics117

(typically, a simplified thermal simulation) to drive the optimization. Zeng [52] used a118

combination of material properties, part geometry, initial support structure geometry, scan119

pattern and process parameters to generate thermal stress profile on a part. The induced120

thermal stress is then used to compute the maximum support structure parameters for block-121

type supports. Values obtained from all the layer-wise simulation instances is set as the122

optimal support structure design. Generating supports with different geometric parameters123

for every layer simulation can be computationally expensive. Fractal support structures124

were obtained by optimizing the block-type supports to minimize residual stresses by Krol125

et.al [53].126

2.4 Topology Optimization for AM127

Topology optimization (TO) has also been used for minimizing support structures for128

AM. There are two different themes in this context.129
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1. Optimize part for minimum support: Here the focus is on avoiding overhang surfaces130

to ensure self-supporting parts. Zhao et.al [54] added overhang angle constraint in TO131

formulation so that the edges on a part are aligned towards build direction for self-132

support. Van et.al [55] added accessibility filter in TO to ensure overhang surfaces are133

generated only if the supports are accessible. Gaynor and Guest used overhang and134

minimum length scale constraints to generate topologies with no support requirement.135

Langelaar [56] analyzed the trade-off between adding strict no-overhang constraints and136

having supports on topology optimized designs manufactured for AM. In all of these137

cited works, only numerical results were presented with no discussion on the manu-138

facturability of the parts. Similarly, Leary et.al [13] modified the optimized topology139

of parts to avoid internal and external overhang boundaries. Qian [57] added Heav-140

iside projection based integral as constraints to control the slopes of boundaries for141

self-support. Mirzendehdel and Suresh [16] added constraints on the support structure142

volume to optimize the topology of parts, using the idea of topological sensitivity of143

supports. The results for fused deposition modeling (FDM) based AM were presented.144

These methodologies might not be applicable to LPBF since the physical processes145

differ significantly.146

2. Optimize part and support structures: Here the focus is on generating optimal support147

structures using TO. Mezzadri [24] generated self-supporting support structures using148

topology optimization with uniform structural loading. Allaire and Bogosel [58] pro-149

posed multiphase optimization involving simultaneous optimization of part as well as150

supports, subjected to overhang constraints and constant heat flux loads. Once again,151

these techniques target FDM rather than LPBF. Amir and Amir [59] used solid-void152

and void-lattice-solid parametrization to optimize the topology of part and supports.153

Objective function consists of a sum of weighted compliance due to body forces ob-154

tained from intermediate stages of layer-wise build. Zhou et.al [60] used topology155

optimization for part design as well as supports by identifying areas of high tempera-156

ture due to transient heat loading on 2D geometries. Pellens et.al [61] used inherent157

strain method to investigate thermal deformations during LPBF process. The TO158

framework generates support structures to limit the vertical structural deformations.159

Wang and Qian [62] generated optimal part and support structures through TO us-160

ing constant heat flux on the overhang surfaces. Paggi et.al [63] proposed the use of161

topology optimization to reduce the material usage; however, no experimental results162

were presented. Kuo et.al [64] used multi-objective TO to generate support struc-163

tures that are easy to remove and minimize cost. A twig-like support structure was164

generated under compliance constraint to minimize part deformation with minimum165

support material, and time to print and removal. Zhou et.al [60] used the temper-166

ature deviation with respect to the ambient, from a layer-wise transient simulation,167

as the objective for topology optimization. Overhang constraints were added along168

with an AM filter for self-support. However, the results were not validated through169

physical experiments. Bartsch et.al [6] proposed support structures optimized for heat170

dissipation. Layer-wise thermal simulation of part build was carried out using element171

birth-death method to obtain maximum temperature distribution, occurring over the172

first overhang layer. A design domain was then determined using the overhang points,173
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which underwent thermal topology optimization to generate supports. Numerical re-174

sults demonstrated the effectiveness of the method, however no physical experiments175

were presented to validate the idea. The use of the heat load from just the first overhang176

layer simplifies the design process, but was not justified. Recently, Lee and Yun [65]177

used transient analysis for lattice structure topology optimization. Effective part-scale178

thermal load is obtained from the transient thermal simulations with flash heating of179

each layer. Results from manufacturing of parts using the lattice type supports are180

presented. Similarly, Cheng et.al [66] generated graded lattice supports using topol-181

ogy optimization. These optimized structures prevent stress-induced cracking due to182

residual-stresses. However, they incur higher post-processing costs due to large contact183

area. Huang et.al [67] used TO to generate lattice type support structures and com-184

pared their role in warpage against conventional support structures. Manufactured185

results for cantilever beam showed lattice supports with lower warpage deformation186

with better thermal management, than the other supports. However, the test spec-187

imens do not involve evolving topologies, which change the thermal distribution at188

each layer built process in LPBF. Miki and Nishiwak [68] simulated the layerwise build189

process of LPBF and obtained aggregated thermal loads from entire build of parts,190

which are then used in generating topology optimized supports for all the overhang191

surfaces. The stiffness of supports and the added heat transfer paths due to supports192

during the part build have not been considered in generating the supports.193

Although TO provides promising results, their applications in LPBF still requires further194

attention, specifically in terms of manufacturability. One can identify the following research195

gaps on the use of TO in generating optimal supports.196

� Previous studies primarily focus on numerics and the competence of numerical results197

is not often demonstrated through experimentation. Manufacturability of parts and198

supports in LBPF are critical for validation of the proposed ideas.199

� Most of the results for manufacturing are targeted towards FDM, and not LPBF.200

� Topology optimized designs do not always lead to AM friendly designs [16] and require201

geometric post-processing for downstream applications [69].202

� Evolving part and support geometry dictate the need for transient thermal analysis,203

and this is often neglected.204

2.5 Paper Contributions205

To address these shortcomings, we propose a novel aggregate equivalent static load206

(AESL) based optimization. Transient thermal simulation of layer-wise part built process,207

with an evolving support, is carried out using equivalent-layer heating [70–72]. The tran-208

sient thermal loads are converted to an equivalent static load, followed by an aggregation to209

account for the cumulative build process. The concept is demonstrated using a truss-type210

support, where the cross-sectional areas of truss members are optimized using the meth-211

ods of moving asymptotes. Finally, these optimized truss-type supports are converted to a212

finned design, that have adequate structural strength, and are easy to remove. This is then213

validated through manufacturing of specimens with varying size, shapes and complexities.214
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3 Proposed Strategy215

In this paper, simplified transient thermal simulations are carried out to generate optimal216

supports using the proposed concept of equivalent static thermal load (ESL). In particular,217

the idea of ESL is demonstrated using a truss-type support structure. The proposed workflow218

is presented in Figure 2, and discussed below. For a given part, the overhang surfaces are219

identified. A new greedy algorithm is proposed to construct tree-like support for these220

overhang surfaces. Based on a user-defined support volume, uniform cross-sectional areas221

are initially assigned to all support members. The part and support are then coupled to carry222

out a transient thermal simulation. The transient results are then converted to equivalent223

static load (ESL) at the end of each mesh layer. An aggregate of these equivalent static224

loads is obtained at the end of simulation. The aggregate ESL is finally used to optimize225

the cross-sectional areas of the support structures.226

Figure 2: Proposed strategy to optimize support structure for LPBF.

3.1 Truss-type Supports227

A truss-type support is considered here to illustrate the proposed ESL strategy. A tree-228

like support structure is generated using a greedy algorithm based on the need for support at229

any overhang point on a part. Similar support structures have been used in fused deposition230

modeling (FDM). For example, Vanek et.al [73] generated tree-like topologies through the in-231

tersection of support cones. Zhou et.al [74] used Lindenmayer system (L-system) and octree232

to generate tree-like supports. Lantada et.al [75] used bio-inspired fractal tree-like supports233

for Stereolithography (SLA). Weber et.al [76] studied the effect of different geometric param-234

eters on the printability of parts using tree-type supports for LPBF. Cause-effect-relations235

matrices for process parameters with the part/support build properties were presented. The236

results could be used for generating better support structures. Zhu et.al [29] have proposed237

an algorithm to generate tree topology for supports for LPBF. Each branch node on a tree238

is allowed to connect to a maximum of 6 nodes from the overhang surface. The supports239

are then optimized to minimize volume by a greedy particle swarm optimization algorithm.240
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Vassier [31] used a genetic algorithm to remove lattice members, ultimately creating a tree-241

like structure for LPBF. Theoretically, these supports could potentially use less material242

than those generated using commercial software. However, most of these tree-type supports243

require manual interactions.244

Here, a novel greedy algorithm for generating truss-supports is proposed. The 2D version245

of the algorithm is illustrated in Figure 3 and described below. It is assumed that a part is246

represented by a collection of surface triangles, and saved as an .STL file.

Figure 3: Algorithm for truss support generation.

247

(a) Once a build-direction is chosen (see [19,20,77]), the part is placed over a build plate248

at a desired build height. A minimum of 5 mm build height is recommended to ensure249

sufficient clearance for part removal.250

(b) The triangles representing the overhanging surface of the part are extracted based on251

their surface normal inclination (usually 45◦or less) with the build direction. These252

surface triangles form an overhang surface patch, which are then re-triangulated to gen-253

erate triangles with edge length equal to inter-comb distance. The latter is a machine254

dependent parameter and is usually specified by the manufacturer. These support255

points play a pivotal role in print quality as well as post-processing costs [30]. A rec-256

ommended value of 0.6mm [78] is used here to ensure adequate support of overhang257

surfaces.258

(c) Then, a virtual layer is created by offsetting the overhang surfaces patch by a distance259

larger than the inter-comb distance to ensure self-supporting edges.260
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Figure 4: Virtual layer and associated parameters.

(d) The first vertex on the re-triangulated patch is then projected onto the first virtual261

layer. The remaining overhang points are then connected to this projected point. The262

inclination of connecting lines are compared against the threshold support angle. A263

threshold support angle is the maximum allowable angle of inclination of lines with264

the build direction that ensures self-support. Note that a lower value of support angle265

(30◦to 35◦) reduces the number of edges, thereby preventing points of heat concentra-266

tion as well as provides better distribution of supports, as illustrated in Figure 5.267

(e) The connecting lines that conform to the angular inclination constraint are retained.268

All projected points are moved to the center of corresponding supported points. The269

next unsupported overhang vertex on the patch is then projected to the first virtual270

layer, and the process is repeated until all overhanging points are supported.271

(a) Truss with large threshold angle (50◦) (b) Truss with small threshold angle (35◦)

Figure 5: Role of threshold angle in generating tree-type support

(f) Once all overhanging points are supported, a new virtual layer is created. Successive272

virtual layers are spaced at increasing distance as illustrated in Figure 4, to limit the273

number of vertical beams (since vertical beams can lead to recoater collision). Points274

from the first layer are projected onto the second virtual layer.275

(g) The process of edge creation is repeated until all projected points are supported.276
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(h) The algorithm is repeated and terminates when a virtual layer reaches the build plate.277

Thus, all the projected points are either supported, or in contact with the build plate.278

Some of the salient features of the proposed algorithm are279

� The tree topology is not structured, leading to a larger design space for optimization.280

� The parameters of the algorithm can be customized for a specific LPBF manufacturer.281

� Due to the nature of the tree construction, disconnected and overhang edges are282

avoided.283

� Virtual layers allow for automatic and gradual convergence of edges from the overhang284

surface to the build plate.285

� The algorithm does not limit the number of edges meeting at a point on successive286

virtual layers, rather it is defined by the minimum threshold support angle to ensure287

self-support.288

� The commonly used Block-type supports entrap powder and are not easy to optimize289

for heat transfer or material usage. The proposed truss-type supports are easier to290

optimize, do not entrap powder, and are easier to remove.291

Existing geometric algorithms generate optimized support truss topology where the ob-292

jective is to minimize the total length of the truss members. The proposed tree algorithm293

generates support for every overhang node, while the optimization is performed on the cross-294

section areas for better heat transfer. Thus, the two approaches are not directly comparable295

for time complexity. The truss-type supports here are generated within a couple of minutes296

for complex geometries.297

3.2 Active Coupled System298

An evolving active system comprising of supports and part layers is used to simulate the299

layer-wise build. A part is first meshed using hexagonal elements (voxels). The size of a300

voxel affects the computational time and accuracy of results [79], and is determined by the301

minimum feature size of the part, and the resolution of printer [80, 81]. In this study, the302

voxel size is chosen to be 20 times the powder layer thickness. Mesh convergence studies are303

also performed to understand the effect of voxel size on the simulation results. Once the part304

is meshed, the mesh can be trimmed to simulate layer-wise build. Similarly, the truss-type305

support can also be trimmed; a typical trimmed active system is illustrated in Figure 6.306

To enforce connectivity between the part and support, for every hanging truss node, the307

corresponding hex element is identified based on proximity as illustrated in Figure 6. The308

truss node and corresponding hex-element nodes will be coupled as described below.309

3.3 Transient Thermal Simulation310

A transient thermal finite element formulation to solve the active coupled system is311

discussed next. Convective and radiative heat dissipation are usually neglected [51, 82–84].312

Furthermore, heat absorption and latent heat effect are also neglected here as the problem313
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Figure 6: Evolving coupled system.

is solved at a macroscale (layer-wise) rather than at a microscale (melt-pool size). Owing to314

the negligible thermal conductivity of the metal powder bed [1, 2], conductive heat transfer315

through metal powders is also neglected. Finally, material properties (specific heat capacity,316

thermal conductivity and density) are referenced at room temperature, and are assumed to317

be constant for simplicity.318

Transient thermal FEA is solved at a mesh-layer scale (macro-scale) [85, 86]. A single319

mesh layer, often called a meta-layer [87, 88], is composed of a number of physical powder320

layers. For this work, each meta-layer is chosen to represent 20 powder layers. Meta layer321

thickness of 750µm to 1mm have previously been used [71,86]. The assumption of meta-layer322

thickness of 20 layers (400µm) is a balance between speed and accuracy.323

The entire meta-layer is subject to equivalent-layer heating [70–72], to avoid computa-324

tionally expensive laser scanning strategies as this work primarily targets global support325

structure optimization.326

First, elemental stiffness matrices (ktruss, khex) and elemental mass matrices (mtruss,mhex),327
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for both 1D-truss elements and 3D-hex elements, are computed as follows:328

[
ktruss

]
=

αAe

le

[
1 −1
−1 1

]
[
khex

]
=

∫
Ωe

[∇Nhex]
T [Dhex][∇Nhex] dΩe[

mtruss

]
=

ρcpAele
6

[
2 1
1 2

]
[
mhex

]
=

∫
Ωe

ρcp[Nhex]
T [Nhex] dΩe

(1)

where, Nhex are the finite element shape functions for the hex elements, ρ is the density,329

cp is the specific heat capacity, α is the thermal conductivity, Ae and le are the area and330

length of the truss element, and Dhex is the 3D elasticity matrix. Then, the two global331

thermal stiffness matrices, Khex and Ktruss, and the thermal mass matrices Mhex and Mtruss332

are assembled. For coupling, a constraint matrix C is constructed where the entries of C333

are computed using the contributions of 3D hex-shape functions at the corresponding truss334

point (see Figure 6).335

These matrices are finally assembled as follows:336

Kcoupled =

Khex 0
0 Ktruss CT

C 0

 ,Mcoupled =

Mhex 0
0 Mtruss CT

C 0

 (2)

The thermal load F i on each of the nodes on the top layer of hex-elements is computed using337

volumetric energy density (V ED) [89, 90]:338

V ED = a
P

vhths

F i =
V ED

Ntls
VL

tls =
NhAh

hsv

(3)

(4)

(5)

where a is the laser absorptivity of metal powder, P is the laser power, v is the laser scan339

speed, ht is the metal powder layer height, hs is the hatch spacing during laser scan, VL is340

the volume of material deposited at the layer L, and N is the number of nodes on the top341

layer, tls is the layer scan time computed using the exposed surface area, laser hatch speed342

and speed; this was motivated by similar models used in [87,91]. The reason for this simple343

choice is that precise transient temperature is not critical for optimization. Instead, through344

optimization, the goal is to achieve a relative reduction in thermal compliance.345

To solve for transient temperatures on the coupled system, Neumann boundary conditions346

are applied to the top layer of hexagonal elements with heat flux(F i) computed in Equation 4,347

while the truss nodes in contact with build plate are assigned a Dirichlet boundary condition348

with fixed chamber temperature.349
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The transient problem is then solved using Newmark-Beta [92, 93] scheme, with β = 1,350

is chosen for time-stepping. This leads to:351

[Keff ]{Tn+1} = {Feff}n+1 (6)

where, Keff and Feff are the effective global stiffness matrix and force vectors given by,352

[Keff ] =
1

∆t
[Mcoupled] + [Kcoupled] (7)

353

{Feff}n+1 =
[Mcoupled]

∆t
{Tn}+ {F}n+1 (8)

and354

T =

 Thex

Ttruss

λ

 (9)

where λ’s are the Lagrange multipliers.355

Equation 6 must be solved twice, once at the end of laser scan, and another for recoater356

travel. For the first simulation, the time step ∆t = tls and F is the applied thermal load,357

whereas, for the second simulation, ∆t = trt and F = 0 are used. trt is the time for recoater358

travel to lay a new layer of powder. The second FEA incorporates the effect of conductive359

heat dissipation during recoater travel for each of the meta-layers.360

The transient solution for the truss is now used to construct equivalent static loads (ESL).361

Equivalent static load (ESL) due to equivalent-layer heating [70–72] heating of each layer is362

computed after the first FEA. ESL has been used extensively in dynamic structural opti-363

mization [94–100]. For example, Dattakumar [95] used modal transient analysis along with364

a scaling factor to obtain ESL, while Yi et.al [101] used stress correction factor along with365

the equivalent static loads to approximate the non-linear stress response in crashworthiness.366

Zhang et.al [99] used dominant vibration modes to determine ESL for seismic structures.367

Jang and Lee [100] computed multiple ESLs for dynamic response topology optimization368

and then the structures were optimized to minimize response near the dangerous time steps.369

However, in all these scenarios, the structural domain does not change during the transient370

analysis. In LPBF, both the domain as well as the thermal loads evolve with time.371

As this work is intended towards designing optimal truss support, the equivalent static
load (ESL) for the truss, at the end of each layer (L), is defined as follows:

{fL
ESL} = [KL

truss]{TL
truss} (10)

3.4 Aggregate Equivalent Static Load372

This section discusses how the equivalent static load computed from the transient solution
is further used to find the maximum loading on the truss during the entire part build process.
An aggregated approach for ESL is required in order to account for the evolving domain and
the transient nature of load.For every node j of the truss, the aggregate equivalent static
load fAESL(j) at node j is defined as the maximum equivalent static load fL

ESL(j) over all
layers L, i.e.,

fAESL(j) = max(fL
ESL(j)) L = 1, 2, .., Lmax (11)

In summary, the algorithm for layer-wise transient simulation of coupled active system373

is presented below.374
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Algorithm 1 Transient Thermal Analysis for Coupled Active System

1: Initial Temp = Chamber Temp
2: for L = 1 to maxLayer do
3: Compute active truss and hex-mesh
4: Compute Khex, Mhex and Ktruss, Mtruss

5: Assemble Kcoupled and Mcoupled matrices
6: Compute F
7: Compute Keff and Feff for laser scan
8: Solve for TL

n+1 at the end of laser scan
9: Compute fL

ESL

10: Initial Temp = TL
n+1

11: Compute Keff and Feff for recoater travel with F = 0
12: Solve for Tn+1 at the end of recoater travel.
13: Initial Temp = Tn+1

14: end for

3.5 Support Structure Optimization375

Truss-type support optimization is optimized using the aggregate ESL. This is carried376

out by minimizing thermal compliance of the truss system subjected to a volume constraint,377

i.e.,378

min
{Ai}

J = {fT
AESL}{Ttruss}

s.t. [Ktruss]{Ttruss} = {fAESL}

h =
m∑
e=1

Aele
V ∗ − 1 ≤ 0

Amin
e ≤ Ae ≤ Amax

e

(12)

where, J is the thermal compliance, fAESL is the aggregate equivalent static load, Ktruss379

is the global truss stiffness matrix, Ttruss is the truss nodal temperatures (an unknown in380

this optimization problem), Ai’s and li’s are the cross-sectional areas and lengths of the truss381

members, m is the total number of truss elements, and V ∗ is the allowable support structure382

volume. The truss topology remains unchanged throughout the optimization; therefore383

there is no change in the length (li) or orientation of the truss members. The minimum384

bound for the areas is set to the printer resolution to ensure manufacturability, while the385

maximum bound is set 10 times the initial area. The compliance minimization problem is386

self-adjoint, so it does not involve solving an additional adjoint problem during optimization.387

For optimization, the globally convergent method of moving asymptotes (GCMMA) [102] is388

utilized. The optimization runs converged in 150 to 200 FEA iterations. Furthermore, since389

the optimization only involves truss system, it is computationally inexpensive.390

3.5.1 Sensitivity Computation391

The GCMMA optimizer requires an objective function, constraints, sensitivity of objec-392

tive function and the sensitivity of constraints. The sensitivity of the objective function393
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(thermal compliance) with respect to the design variables (i.e., truss cross-section areas) is394

computed as follows.395

∂J

∂Ae

= {fT
AESL}

∂{Ttruss}
∂Ae

(13)

i.e.,396

∂J

∂Ae

= ([Ktruss]{Ttruss})T
∂{Ttruss}

∂Ae

(14)

Differentiating the state equation, we have397

∂[Ktruss]

∂Ae

{Ttruss}+ [Ktruss]
∂{Ttruss}

∂Ae

= 0 (15)

i.e.,398

[Ktruss]
∂{Ttruss}

∂Ae

= −∂[Ktruss]

∂Ae

{Ttruss} (16)

From Equation 16 and Equation 14, we get399

∂J

∂Ae

= −{T T
truss}

∂[Ktruss]

∂Ae

{Ttruss}

∂J

∂Ae

= −T T
e

[
1 −1
−1 1

]
Te

αe

le

(17)

where, Te is the temperature, le is the length and αe is the thermal conductivity of truss400

element e. Similarly, the sensitivity of constraints is given by401

∂h

∂Ae

=
le
V ∗

(18)

The objective function and constraints are scaled for numerical robustness.402

3.6 Cross-sectional Design403

Once the cross-sectional areas are optimized, it can be used to generate appropriate cross-404

sectional geometry. Consider Figures 7a - 7e where various fin cross-sections and a circular405

cross-section are illustrated. The thickness of the fin-designs is determined by the meltpool406

thickness for a single laser pass, which is typically between 120µm to 160µm, for EOS M290.407

To choose between these cross-sections, various factors including file size, build time, post-408

processing effort, buckling strength and thermal characteristics must be considered.409

The fin designs require fewer triangles for representation, i.e., lead to a smaller file size410

than the circular designs. Furthermore, they are easier to fabricate since each fin requires a411

single laser pass. Finally, they exhibit better buckling strength due to their larger bending412

moment of inertia. This is illustrated in Figure 7f where one can observe, for example, that,413

for the same cross-sectional area, the 4-fin design exhibits five times the buckling strength414

of the circular design. However, the fin designs exhibit poor overlap at the joints, reducing415

the effective area for heat transfer. This can lead to burning/oxidation and part warpage.416

In comparison, the circular designs exhibit good heat transfer at the joints, but are poor417

otherwise, i.e., have poor buckling strength, lead to large file-size, etc.418
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(a) 2-fin (b) 4-fin (c) 6-fin (d) 8-fin (e) Circular

(f) Relative buckling strength.

Figure 7: Cross-section for truss members and their relative buckling strength.

The above observations were confirmed through a simple experiment. A rectangular419

plate was printed with a four-fin design, and a circular design for the supports; see Fig-420

ure 8a and Figure 8b. As one can observe in Figure 8a, the fin design exhibits significant421

burning/oxidation at the nodes and consequently breakage.The four-finned designs led to422

disruption in heat transfer due to insufficient overlap at joints as can be observed in Fig-423

ure 9a, i.e., there is a significant reduction in effective area for heat transfer. We hypothesize424

that this was the root cause of burning. On the other hand, the circular design exhibits good425

thermal characteristics, but buckled. Buckling of similar truss-type support members with426

circular cross-section was also observed in Weber [76]. We hypothesize that the warping of427

the outside edges results in compressive forces on the truss members in the middle, leading428

to buckling.429

Based on the analysis and experimental results, a hybrid cross-section truss member is430
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(a) Finned Design (b) Circular Design

Figure 8: Failed specimens with pure fin and pure cylinder cross-sections.

proposed as illustrated in Figure 9b. The ends are octagonal (to reduce the file size for431

printing and to improve heat transfer), while the remainder of the truss is four-finned to432

improve buckling strength. A comparison of buckling resistance of the hybrid design with433

4-finned and hexagonal design is shown in Figure 10. The buckling resistance versus aspect434

ratio (length/area) plot for the truss members with different designs indicate that the hybrid435

design has comparable strength as that of the four-finned design.

(a) Issues with finned design. (b) Hybrid cross-section.

Figure 9: Cross-section design for truss-type supports.

436

4 Numerical Experiments437

Several numerical experiments were carried out to test the efficacy of the proposed frame-438

work. Two different specimens were chosen for the experiments. The hemisphere is a simple439
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Figure 10: Buckling Resistance for Different Truss-Member Designs.

part in Figure 11a that requires a continuously varying support, whereas the support for the440

clevis in Figure 11b, dimensions in mm, is at a fixed height. However, the clevis exhibits441

small features and multiple islands, and it is used here to illustrate the generality of the442

truss-generating algorithm.443

(a) Hemisphere (b) Clevis

Figure 11: Specimens used for numerical and physical validation.

Geometric parameters governing the truss-type support topology are listed in Table 1.444

The part built simulation, discussed earlier, only considers thermal energy required to melt445

the powder for building a part, while neglecting the energy input and other process parame-446

ters for the thin truss-type supports. The laser scan parameters (hatch spacing, scan pattern)447
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have also been neglected, considering the equivalent-layer heating-based transient thermal448

loading during FEA. These dependent parameters for transient thermal simulation of part449

build, are listed in Table 2 for Stainless Steel (SS316L) metal powder with room-temperature450

material properties given in Table 3.451

Truss Parameters Value Units

Inter-comb distance 0.6 mm

Part Clearance Height 5 mm

Comb Height 0.9 mm

Threshold support angle 50 degrees

Support angle for truss 35 degrees

Table 1: Support Design Parameters.

Process Parameters Value Units

Melt Pool thickness 120 µm

Powder Layer Height 20 µm

Laser Absorptivity 0.6

Laser Scan Speed 1083 mm/s

Laser Power 195 W

Laser Focus Diameter 100 µm

Hatch Spacing 90 µm

Chamber Temperature 80 ◦C

Recoater Travel Time 10 s

Table 2: LPBF Process Simulation Parameters.

Parameter Values Units

Thermal Conductivity 13.8 W/mK

Heat Capacity 450 J/K

Density 8000 kg/m3

Table 3: Material Parameters [103,104].

While the numerical experiments and physical validation were carried out for both speci-452

mens, detailed numerical results are presented below only for the hemisphere since clevis led453
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to identical conclusions. Unless otherwise mentioned, for the hemisphere: (1) The support454

volume is 16.4% of the total volume underneath its overhang surface. (2) Uniform cross-455

sectional areas are initially assigned for all truss members based on this support volume.456

(3) The part is discretized using hexahedral elements as shown in Figure 12 such that every457

mesh layer corresponds to 20 powder layers.458

Figure 12: Discretized hemisphere with support.

4.1 Transient Temperature459

With 16.4% support volume fraction, and uniform area assigned to truss members, Fig-460

ure 13 illustrates the maximum temperature over the entire active truss-type support, as a461

function of time, obtained from the equivalent-layer heating. The spatial location of this462

maximum temperature changes over the simulation period. The temperatures are overesti-463

mated due to various simplifying assumptions in the proposed model. The actual tempera-464

tures are however not critical for the targeted objective of optimizing the support structures.465

The band-saw tooth pattern in Figure 13 captures the heating and cooling cycles during466

layer-wise part build, and the vertical line indicates the instance when the overhang surface467

ends.468

Figure 13: Temperature cycle for the hemisphere.

4.2 Mesh Convergence469

The impact of mesh density on the simulation results was investigated. Three different470

meshes with varying hex mesh-element height were chosen for this experiment. The maxi-471

mum temperature variation per layer as a function of simulation times is plotted in Figure 14.472

The truss-support topology remains fixed, and for all the cases, uniform cross-section area473
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was assigned. For three different ratios of hex mesh-element height to physical metal powder474

height of 20µm, the variation in maximum temperature was observed to be relatively small.475

As this ratio is increased, the number of temperature cycles decreases as expected, leading476

to a shift in the saw tooth pattern.477

Figure 14: Mesh convergence study for the hemisphere.

4.3 Optimization478

Finally, the truss-type supports were optimized for minimizing thermal compliance sub-479

jected to support volume constraint. For hemisphere subjected to support volume fraction480

constraint of 16.4%, a reduction of 77% in thermal compliance was achieved. The effect of481

maximum temperature variation due to optimization is illustrated in Figure 15. The opti-

Figure 15: Temperature cycle for un-optimized and optimized supports.

482

mized truss member areas were then used to run transient thermal FEA over the coupled483

active systems. However, these additional rounds of optimization did not lead to significant484

improvement in performance as illustrated in Figure 15 for hemisphere.485

The convergence of the objective function and volume constraint is illustrated in Fig-486

ures 16a and 16b respectively. The optimization converges in around 80 iterations.487

Similarly, for the clevis specimen, with 25% volume fraction constraint, the optimizer488

led to 26 % reduction in compliance. The variation of the maximum temperature for un-489

optimized and optimized truss-type supports is illustrated in Figure 17. Again, no significant490

improvement in results was obtained with additional rounds of optimization.The convergence491

of the objective function and constraint is shown in Figures 18a and 18b respectively.492
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(a) Convergence history of objective function.

(b) Convergence history of constraints.

Figure 16: Convergence history for the hemisphere.

Figure 17: Temperature cycle for un-optimized and optimized supports.

To better visualize the optimization results, a thin half ellipse specimen is chosen as493

shown in Figure 19a. The truss-type support with uniform cross-section area distribution494

with 20% support volume fraction is shown in Figure 19b. Post-optimization, the areas of495

truss members change to satisfy the objective of minimizing thermal compliance as seen in496

Figure 19c. Material distribution concentrates along the minor-axis of half ellipse specimen497

based on the heat distribution in initial layers of part printing, in order to provide for larger498

heat transfer paths to the build plate.499
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(a) Convergence history of objective function.

(b) Convergence history of constraints.

Figure 18: Convergence history for clevis.

(a) Half ellipse (units in mm).

(b) Un-optimized uniform area distribution. (c) Optimized area distribution.

Figure 19: Cross-section area optimization for half ellipse.
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5 Validation500

The printability of specimens build with optimized truss-type supports was validated501

through manufacturing. The specimens were manufactured on an EOS-M290 machine for502

various support volume fractions using manufacturer recommended parameters, listed in503

Table 4.504

Print Parameter Units Support Structure Specimen

Laser Power W 100 195

Laser Scan Speed mm/s 675 1083

Layer Height µm 40 20

Hatch Spacing µm - 90

Placement on build plate mm 0 5

Table 4: Print Parameters

The truss-type supports with un-optimized cross-section area, printed well until print-505

ing few layers of the hemisphere specimen, validating the printability of these hybrid truss506

member designs. However, the edges of hemisphere suffered significant amount of burn-507

ing/oxidation and warpage as seen in Figure 20, leading to part-recoater collision. These508

failed prints were deactivated to avoid damage to other parts.509

(a) 15% volume fraction. (b) 17.5% volume fraction. (c) 19.5% volume fraction.

Figure 20: Unoptimized supports for hemisphere.

The hemisphere specimens printed with optimized supports are shown in Figure 21.510

For specimen printed with 15% and 16.4% support volume fraction, some amount of burn-511

ing/oxidation was observed, but for the specimen with 17.5% support volume fraction, no512

such defects were observed.513
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(a) 15% support volume
fraction.

(b) 16.4% support volume
fraction.

(c) 17.5% support volume
fraction.

Figure 21: Optimized supports for hemisphere.

For comparison, Figure 22 shows the hemisphere specimen printed on the commonly used514

block-type with 16.5% (default) support volume fraction. Though perforations are added in515

the walled structures of the block-type support, most of the powder in the support volume,516

i.e., 83.5%, is entrapped that cannot be recovered. The truss-type supports, being open517

structured designs, do not entrap any powder, and 16.5 % is a true estimate of the support518

material consumed. The thin finned design also makes it easy to remove these supports from519

the build plate.

Figure 22: Hemisphere on block-type with 16.5% support volume fraction.

520
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The clevis specimens printed with block-type and truss-type supports are shown in Fig-521

ure 23. No defect was observed in either part printed with 25% support volume fraction. As522

noted earlier, the proposed truss-type support does not entrap any powder, and is easier to523

remove.

(a) Clevis on truss-type support (b) Clevis on block-type support

Figure 23: Results for Clevis.

524

6 Conclusion525

This paper presents an end-to-end strategy for designing optimal support structures for526

LPBF. Specifically:527

� A systematic and efficient strategy was presented for generating a support truss topol-528

ogy. The cross-section for these truss members was designed to balance thermal per-529

formance and structural strength.530

� A 3D-to-1D coupled thermal framework was proposed for transient thermal simulation.531

� Equivalent static loads (ESL), inspired from structural problems, were extracted from532

the transient simulations. These were then aggregated to pose a simple quasi-static533

optimization problem, with manufacturability constraints.534

� Numerical results and physical validation were presented to illustrate the efficacy of535

the proposed framework.536

� The proposed truss supports performed equally well compared to the default block-537

type support, with additional advantages including ease of analysis, reduced powder-538

wastage, and ease of removal.539

Several simplifications and assumptions were made in the proposed framework, leading to540

possible errors:541

� Equivalent-layer heating of each layer has been assumed for ease of analysis.542

� For computational efficiency, meta layer thickness of 20-35 physical powder layers has543

been used.544
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� Material properties have been referenced at room temperature and assumed to be545

constant.546

� Thermal analysis and cross-section area optimization have been performed on 1D truss547

members, while actual experimental prints are full 3D structures.548

This is the first attempt towards optimizing truss-supports for LPBF, and several tasks549

and challenges lie ahead:550

� Physical LPBF validation is time-consuming and expensive. This not only motivated551

the current work, but also limited the number of physical experiments. Additional552

experiments (numerical and physical) to study a variety of part geometries, materials553

and process parameters are necessary.554

� In this work, supports were optimized for minimizing thermal compliance. Optimizing555

the support for minimizing the maximum temperature will need to be investigated.556

� The percentage of support volume was chosen based on the recommendation from the557

manufacturer. Methods to predict an optimal support volume based on other failure558

criteria such part distortion need to be developed.559

� The framework needs to be generalized for part-to-part support, with identification of560

optimal truss topology parameters.561

� This framework needs to be extended to predict residual stresses in part.562

� The microstructural properties of parts printed with different types and different563

amount of support needs to be investigated.564

� The support topology was generated using a simple greedy algorithm. Further opti-565

mization of the support topology is desirable.566
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