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Abstract

Bone scaffolds are required to replace the painful and dangerous process of bone grafting, currently the
gold standard for treating open bone fractures. Tissue engineering scaffolds work best when there is a high
amount of surface area for biological cells to attach. Triply Periodic Minimal Surface (TPMS) geometries offer
high ratios of surface area per volume. However, it is not yet clear which TPMS cell type would yield the fastest
bone growth rate. In this study, we used a three-dimensional multi-scale model to predict the performance of
scaffolds with four TPMS unit cell types (Primitive, Gyroid, Diamond and Lidinoid). At the micro-scale, the
model simulates curvature-dependent tissue growth, while at the macro-scale the model uses FEA to ensure the
construct stiffness is acceptable. The Lidinoid unit cell type was found to yield the most bone growth after
40 days while also ensuring an acceptable scaffold stiffness.

KEYWORDS
Bone scaffolds, Computational modelling, Minimal surfaces, Tissue regeneration, Level set method, Multi-scale

1 Introduction

Currently the standard procedure to aid in the healing of bone defects or fractures is the use of bone allograft
(bone graft from another patient) or autograft (bone graft from the patient with the bone defect/fracture). The
latter leads to the best results because the graft is highly compatible with the surrounding bone given that it comes
from the patient her/himself [1]. However, there are several drawbacks of these processes: limited material
availability, longer operation time as bone needs to be both removed and implanted, increased blood loss and
pain, as well as other potential complications at the donor site [2]. Alternatives to natural bone grafts are
engineered synthetic bone grafts. Synthetic graft materials such as Calcium phosphate (CaP), tricalcium
phosphate (TCP) and hydroxyapatite possess mechanical properties like those of the organic part of bone.
However, for cells to migrate, attach, proliferate and differentiate, an adequate porous structure is necessary [3].
Traditional manufacturing techniques cannot accurately control the porous architecture of a scaffold and are
limited to one single material. Additive manufacturing on the other hand, allows for accurate control of the porous
geometry to be used and with certain techniques it is also possible to construct multi-material scaffolds [3].

Minimal surfaces are surfaces that locally minimise their surface energy, which is the same as saying they have a
mean curvature of zero [4][5]. These geometries are very attractive for tissue engineering applications, not only
because they resemble the porous geometry of trabecular bone, which was also observed to have a mean curvature
close to zero [6]; but because they maximize the surface area to volume ratio of a scaffold, thus allowing for
higher cell attachment as compared to other geometries [5]. Various studies have looked at the effect of different
Triply Periodic Minimal Surface (TPMS) parameters on a scaffold’s performance [7][8][7] but they have not
done this combining time-dependency as well as multiple scales. Time dependency is important because at
different stages of the cell development process the curvature profile of a scaffold will change as well as its
porosity and pore size. Therefore, an analysis that only considers the initial scaffold before tissue growth is not
thorough enough. Considering multiple scales is important because it should be ensured that the scaffold has a
sufficient mechanical integrity to bear loads while at the same time allowing for optimal cell development
conditions.
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A key challenge in tissue engineering is finding the scaffold input parameters that provide the best performance
parameters for a given case. In order to understand how all the above parameters affect the performance of
scaffolds, intuitively one would think of testing different options in vivo or in vitro and comparing their outcome.
However, there are too many input parameters and the number of possible combinations is thus much greater.
This would make thorough in vitro or in vivo analyses extremely expensive and time consuming. Computational
modelling is a potential solution for both of these problems [8]. If one could computationally predict the effect
that the input scaffold parameters have on the performance parameters (with enough accuracy), then there would
be no need for extensive in vivo or in vitro testing. Instead, in vitro and in vivo studies would serve only as a way
of validating the computational models.

The work done until 2016 on computational modelling on how cell-scaffold interactions affect the tissue
formation has been thoroughly reviewed [8]. These articles as well as articles from 2016 on have been reviewed
here using the following keyword criteria: “modelling” AND (“bone regeneration scaffold” OR “tissue
regeneration scaffold”). There are multiple physics fields as well as multiple scales involved in the tissue
regeneration process. The main physics fields involved are solid mechanics, fluid mechanics and biochemistry.
The most important scales are the tissue-scale (macro-scale), the pore-scale (micro-scale) and the cell-scale (nano-
scale). The review concluded amongst other things that the inclusion of the multiple physics fields as well as
length scales involved is crucial to develop an accurate model. The review article also concludes that multi-scale
models are important especially because it should be ensured that the scaffold has a sufficient mechanical integrity
to bear loads while at the same time allowing for optimal cell development conditions. The figures below show
the physics fields as well as length scales that the modelling studies have so far focused on.

Physics Multi-Physics

B Solid and Fluid
H Solid Mechanics only mechanics
M Solid mechanics and
B Fluid Mechanics only Biochemistry
. 4 M Fluid mechanics and
M Biochemistry only BiocheniSie
W MultiPhysics M All three physics
fields

Figure 1: Pie chart showing the number of papers reviewed that focused on each of the three physics fields
involved in the tissue regeneration process

Scale Multi-Scale

M Tissue and pore scale
B Tissue-scale
B Pore-scale M Tissue and cell scale
M Cell-scale

M Pore and cell scale
B Multi-scale

H All three scales

Figure 2: Pie charts showing the number of papers that focused on a given length-scale or on multiple
scales.

At scales larger than the cell (what is named here the pore scale) mathematical models usually need to answer
two main observations: a) the rate of bone tissue regeneration increases with increasing concave curvature and b)
No regeneration is observed on planar or convex structures. The work of a particular group (The department of
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Biomaterials in the Max Planck Institute of Colloids and Interfaces) [9] [10] [6] has been essential towards our
understanding of the effect of geometry on tissue growth. In 2008 their pioneering work [9] proved the
aforementioned observations and suggested that the dependence of tissue growth on geometrical features is due
to mechanical forces that develop at the surface of the scaffold. Higher curvature results in higher stress
concentration and thus higher levels of tissue regeneration stimulus. The fact that tissue grows on concave
surfaces but not in convex ones was explained by the “presence of contractile tensile stresses produced by cells
near the tissue surface” [6]. These surface stresses could prevent tissue from growing on convex surfaces.
However, after a delay period tissue will begin to grow even on flat and convex regions as tissue layers from other
regions approach the flat or convex regions.

The theories about how geometry affects cell growth can be helpful by using them to predict tissue regeneration
performance and thus find optimal geometries. One type of model that can be used for this purpose is one where
some tissue regeneration output variable is directly linked to a geometrical input parameter such as curvature. A
recent example of such a model is presented in the work of Guyot et al. [11] where the relationship between
surface curvature and the rate of tissue growth, derived by Rumpler et al. [10], was combined with the level set
method in order to predict the tissue growth of an initial layer of cells attached to the surface of a scaffold. The
mentioned study was validated and computational results agreed well with experiments. Images of the cell seeded
scaffolds after 7 and 14 days served as validation but also the values of ‘projected tissue area’ that were measured
using the Live-Dead viability method and compared to the modelling results (also after 7 and 14 days of culture).

The aim of this work was the development of a computational method for comparison and optimization of TPMS
scaffold geometries in order to maximize their regenerative capacity while ensuring sufficient mechanical
performance. As mentioned before there have been other works that attempted to model the performance of TPMS
scaffolds but they did not include necessary factors such as time-dependency or a measure of mechanical
performance.

2 Multi-scale model

2.1 Micro-scale tissue regeneration model

The micro-scale model chosen was that of Guyot et al. [11] which assumes that the tissue growth rate on a cell
seeded scaffold is directly linked to the local curvature on the scaffold surface. This assumption was first validated
by Rumpler et al. [10]. The model is particularly convenient because by using the level set method, it works with
any geometry. The level set method is very useful for tracking a moving interface [12]. It is interesting to note
that this curvature-dependent technique predicts the spreading of fire to be very similar to the growth of tissue. It
appears that various processes in nature develop in a curvature-dependent manner. This can also be viewed from
an energy minimising perspective, which is in fact how the theory was derived.

The level set method works by updating a distance function at every time step. If working with pixels in two
dimensions, this method can be visualized by giving every pixel a value equal to its distance from a given contour,
as illustrated in the figure below (the distance value is represented by the color). The contour in red represents a
curve that is 0.5 pixels away (at every point) from the curve to which the distance from each pixel is being
measured. At any point on this line the distance function is therefore equal to 0.5. Mathematically, if the distance
function is ¢ then the advection equation below describes the tracking of the red contour in the whole domain Q
[11]. The hypothesis that this whole concept relies on is that the development of this interface is representative of
the tissue growth on a cell seeded tissue regeneration scaffold.
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Figure 3: pixels plot showing the interface contour (red) at a given time step. This represents the interface
between the growing tissue and the pore (darker blue). As shown, the pixel values represent the distance from
the zero contour. The arrows represent the growth rate at any given pixel.
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Equation 4: Curvature definition

The interface advection velocity u is zero where the curvature k is equal or lower than zero, and where the
curvature is higher than zero it is equal to the product of k and the normal unit vector n [11]. This definition of
the advection velocity was based on the pioneering work of Rumpler et al. [10]. As can be seen, both the normal
unit vector n and the curvature k are functions of the resultant gradient of the distance function. The black arrows
in the figure above represent the increase in the distance from the relevant pixel to the zero contour (interface).

2.2 Macro-scale mechanical performance model

At the macro-scale it was decided that a Finite Element model would be best for predicting the scaffold stiffness
which could serve as a suitable indication of the mechanical performance of the scaffold. The Finite Element
Method has previously been shown to be very useful for analysing the mechanical response of tissues [13].
Recently, a study performed by 1. Maskery et al. [14] used the Finite Element method to analyse the effect of cell
type, orientation and volume fraction of TPMS structures on the stiffness of the scaffold in different directions.
The study then went on to determine numerical constants for an equation that has been shown to determine the
stiffness of a TPMS scaffold E given the volume fraction p and the loading direction d:
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E*(d) = Cy(d)p™ D + E§(d)

Equation 5: Equation to calculate the relative young's modulus of a TPMS scaffold. The C1, n and EO terms must be
determined for the given material and number of unit cells.

The process to determine these constants was repeated here given that while the constants for the Primitve, Gyroid
and Diamond cell types had been determined, this had not been done for the Lidinoid cell type. The first step was
to set up a MATLAB script that generates the required input file for ABAQUS to run Finite Element simulations
and output the stiffness of the scaffold. For this, the script had to first create a mesh based on a given TPMS
geometry (created using Flatt Pack), followed by generating an input text file for ABAQUS with the required
material, loading and boundary conditions. Next, the script was set to run ABAQUS and finally read its output
file that contained the stiffness calculated for that given geometry. The material was set to have a homogeneous
young’s modulus of 1GPa, the loading applied was a tensile load normal to the top surface of the scaffold (it was
only applied to the nodes on the top surface) depicted as the [001] direction in the figure below.
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Figure 4: Geometry of a diamond cell type TPMS scaffold showing the loading as well as boundary conditions applied.
Taken from the work of Maskery [14].

2.3 Multi-scale simulation scheme

The two models described above were combined into one, such that for a given value of volume fraction, the two
output parameters are calculated. First, the tissue generation capacity of the scaffold is analysed on one of the
pores by calculating the volume of tissue generated after a given number of days (usually 21 days to be consistent
with most cell culturing studies). Then the mechanical performance is also quantified by calculating the stiffness
of the scaffold at the tissue-scale (this could also be adapted to the shape of a given bone eventually) is calculated
using either a Finite Element Model or a numerical model with the derived constants (a Finite Element model
would be required if this were to be shape-specific, but in the current state of the study it is not). This scheme
could then be used for an optimization as shown in the figure below, where the scaffold stiffness is the constraint
and the tissue volume after the given simulation time (which corresponds to 21 days of cell culture) is the objective
function. The design variable to be optimised would be the volume fraction of the structure. The number of unit
cells as well as the size of the scaffold would then be constant.
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Figure 5: Schematic of the multi-scale strategy to optimize the volume fraction of the scaffold.

3. Results and Discussions

3.1 Micro-scale modelling with TPMS scaffolds

Triply Periodic Minimal Surface (TPMS) geometries of four different cell types were used to test how the model
applies to three dimensional complex geometries. These were Primitive, Gyroid, Lidinoid and Diamond cell
types. The volume fraction was initially 0.2 for all of them and the total cubic volume was 27 voxels cubed. Each
voxel was 1um”3. The predictive model was then ran for these four cell types and the increase in volume fraction
was recorded for every iteration. The results for each cell type were then compared. The figure further below
shows how the model predicts a change in the volume fraction over the cell culturing period of 40 days.

Primitive Gyroid Lidinoid Diamond

Primitive Gyroid Lidinoid Diamond

mm Scaffold
I Tissue formation
Figure 6: (Top) The different triply periodic minimal surface (TPMS) shapes used in this study. All at 0.2 volume fraction.
(Bottom) The different triply periodic minimal surface (TPMS) scaffolds after tissue has been predicted to grow on them
for 20 days of culture.
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Figure 7: The change in volume fraction for each cell type after a simulation time equivalent to 40 days. As can be seen
they all start roughly at the same volume fraction (20%).

As can be observed, the Lidinoid cell type appears to yield the fastest tissue growth rate according to the model,
followed by the Diamond, Gyroid and Primitive cell types respectively. A further study of the effect that
increasing the volume density of the scaffold has on the tissue generation was conducted and the results are
presented in the figures below. This shows that the change in tissue volume fraction decreases as the initial volume
fraction of the scaffold is increased. A convergence study was done by increasing the number of voxels used per
dimensional length. Using this it was possible to define the minimum required number of voxels to represent the
geometries.
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Figure 8: (Left) Change in the tissue formed on each of the TPMS cell types after 40 culture days vs the change in volume
density. (Right) Same y-axis as on the left but now the x-axis represents the change in voxels per dimensional length.

Volume density is represented here as a fraction of the total volume.
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3.2 Macro-scale model for mechanical performance of scaffold

The determined constants are shown in the table below. As stated previously, the curve fitting process was carried
out in a previous study for the Primitive, Gyroid and Diamond cell types [15] but the process was repeated here
for the Lidinoid type, as it had not been done previously. The below curve shows the power fit that was done in
MATLAB using the results from the Finite Element Modeling that was carried out in ABAQUS. The figure also
shows the resulting constants for the power function and some measures for the goodness of the fit.

Table 1: Constants for the stiffness-volume fraction relationship

Cell type | C1 n EO

Primitive 0.92 0.9 | -0.199
Gyroid 1.06 2.4 0.006
Diamond 0.78 2.2 0.005
Lidinoid 1.41 3.5 0.008

General model Power2:
f(x) = a™x*b+c
0.8 Coefficients (with 93% confidence bounds):
a= 1408 (1.263 1.352)
b=  3.539 (2.856 4.227)
o6l c= 0.008544 (-0.04153, 0.05862)

09—

0.7

Goodness of fit:
041 SSE: (L003747 7]
03 R-square: 0.9953 _

*  Evs. Volume_fraction

Adjusted R-square: 0.9937
RMISE: 0.02738

Fit stiffness Lidinoid

0.2

01

Volume fraction

Figure 9: Fitting a power curve to Finite Element Modelling results for the stiffness (E) with varying the volume fraction.

The figure below shows how the stiffness varies with changes in the volume fraction of TPMS scaffolds with
Primitive, Gyroid, Diamond and Lidinoid cell types. It can be seen that while at lower volume fractions the
primitive cell type achieves the highest stiffness, at higher volume fractions the Lidinoid type yields the stiffest
scaffold. It should be noted that while the derived constants are different with increasing the number of unit cells,
it has been shown that after about four unit cells the change in the elastic modulus is negligible [15]. Hence why
a four by four by four scaffold was used here. In future work this should take into account the geometry of the
patients fracture; the model would then be patient-specific.
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3.3 Multi-scale simulation scheme

Given the trend of the scaffold relative stiffness, a graphical optimization could be carried out here. In the figure
below, if the minimum relative stiffness value is defined as 0.3, a horizontal line could be drawn perpendicular to
the y-axis at that point as shown below. At the intersection between this line and the relative scaffold stiffness
curve (orange) a vertical line can then be drawn as shown and finally where this line intersects the Tissue volume
fraction curve (blue) is the minimum volume fraction that can be achieved. The maximum value of Tissue volume
between that volume fraction and the maximum then yields the optimal volume fraction, 0.63 in this case. In a
real optimization study the constraint should be selected carefully as well as the upper and lower bounds, and the
optimization algorithm should be computer based rather than human eyes. A gradient-based algorithm would
work well in a case like this one.
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end
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Figure 11: Visualization of how both the micro-scale tissue volume and the macro-scale scaffold stiffness vary with

changing the scaffold volume fraction of the Lidinoid’s cell type.

This multi-scale scheme provides an efficient way to determine the ideal geometry that leads to the maximum

bone growth while still ensuring that the stiffness of the full-scale scaffold is high enough. Ideally the scheme

should also take into account other physics fields involved in the bone generation process as well as Nano-scale
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effects, these matters will be addressed in future work. Nevertheless, the scheme in its current state can already
be used for an optimization.

Conclusion

A micro scale model to simulate the tissue generation in a cell seeded scaffold was successfully implemented
and used to compare the volume of tissue generated after 40 days of culture with four different triply periodic
minimal surface (TPMS) scaffolds. The Lidinoid cell type was found to have the best tissue generation capacity
according to this curvature dependent model. The model has been validated with simpler geometries before by a
different group but the validation was not considered thorough enough and this will be the subject of future
work. The tissue generation model was also used to get an overview of how varying the volume fraction of a
scaffold affects the volume developed after 40 days and it was found that the volume developed drops
consistently as the volume fraction is increased.

The scaffold scale model to measure the mechanical performance was also implemented and initial results
showed that the Lidinoid cell type has the highest stiffness. Moreover, using a numerical model developed
based on a Finite Element Analysis, an overview of how the stiffness reacts to varying the volume density of
the scaffolds was plotted. Lastly, regarding the multiscale optimisation, a suitable schematic has been set
out, required parameters have been selected, a visual optimisation was carried out and suggestions were made
for a suitable optimisation algorithm. The next steps of the project are to expand on the optimisation and
then perform the experimental validation.

In the area of modelling the process of tissue regeneration in scaffolds, the ideal case in terms of accuracy is to
have a model that involves all the physical processes that occur in vivo as well as all the length and time scales.
However, in practice some of the physics fields or scales might not be as relevant for a given problem and
would only add unnecessary complexity. For example, at this stage of the current project the interest is in
finding optimal geometry parameters for a tissue generation scaffold; thus including the effect of fluid flow
parameters or growth factors is not necessary. To conclude, although an existing challenge is to model all the
different processes and scales involved in tissue generation scaffolds, the best scaffold would not necessarily be
one that couples all the fields and scales but rather one that couples the required fields and scales to tackle
a given problem most efficiently.

Future work

Regarding the modelling, there is still some work needed to improve the Finite Element Macro-scale model and
the Multiscale optimization still needs to be carried out using MATLAB. Moreover, the experimental validation
of the 3D tissue generation model and the scaffold’s mechanical performance model still needs to be done. The
effect of growth factors on the performance of tissue generation scaffolds will also be analyzed in the future in
order to have a multi physics multiscale model.

References

[1] G. Zimmermann and A. Moghaddam, “Allograft bone matrix versus synthetic bone graft substitutes,”
Injury, vol. 42, pp. S16-S21, 2011.

[2] W.Wangand K. W. K. Yeung, “Bone grafts and biomaterials substitutes for bone defect repair: A review,”
Bioact. Mater., vol. 2, no. 4, pp. 224-247, Dec. 2017.

[3] H.Ma, C. Feng, J. Chang, and C. Wu, “3D-printed bioceramic scaffolds: From bone tissue engineering to
tumor therapy,” Acta Biomater., vol. 79, pp. 37-59, 2018.

[4] S. C. Kapfer, S. T. Hyde, K. Mecke, C. H. Arns, and G. E. Schroder-Turk, “Minimal surface scaffold
designs for tissue engineering,” Biomaterials, vol. 32, no. 29, pp. 6875-6882, 2011.

[5] S. Vijayavenkataraman, # Lei Zhang, S. Zhang, J. Ying, H. Fuh, and W. F. Lu, “Triply Periodic Minimal
Surfaces Sheet Scaffolds for Tissue Engineering Applications: An Optimization Approach toward

1963



[6]

[7]

[8]
[9]

[10]

[11]

[12]
[13]

[14]

[15]

Biomimetic Scaffold Design,” 2018.

E. Gamsjédger, C. M. Bidan, F. D. Fischer, P. Fratzl, and J. W. C. Dunlop, ‘“Modelling the role of surface
stress on the kinetics of tissue growth in confined geometries,” Acta Biomater., vol. 9, pp. 5531-5543,
2013.

D. Eglin et al., “Surface curvature in triply-periodic minimal surface architectures as a distinct design
parameter in preparing advanced tissue engineering scaffolds,” Biofabrication, vol. 9, no. 2, p. 025001,
2017.

J. Manuel, G. Aznar, C. Valero, Carlos Borau, and N. Garijo, “Computational mechano-chemo-biology: a
tool for the design of tissue scaffolds.” 2012.

C. M. Bidan, K. P. Kommareddy, M. Rumpler, P. Kollmannsberger, P. Fratzl, and J. W. C. Dunlop,
“Geometry as a Factor for Tissue Growth: Towards Shape Optimization of Tissue Engineering Scaffolds,”
2013.

M. Rumpler, A. Woesz, J. W. C. Dunlop, J. T. Van Dongen, and P. Fratzl, “The effect of geometry on
three-dimensional tissue growth.” 2012.

Y. Guyot et al., “A computational model for cell/ECM growth on 3D surfaces using the level set method:
a bone tissue engineering case study,” Biomech Model Mechanobiol, vol. 13, pp. 1361-1371, 2014.

J.A. Sethian, Fast Marching Methods and Level Set Methods for Propagating Interfaces. 1999.

R. Huiskes and E. Y. S. Chao, “A SURVEY OF FINITE ELEMENT ANALYSIS IN ORTHOPEDIC
BIOMECHANICS: THE FIRST DECADE,” vol. 16, no. 6, pp. 385409, 1983.

I. Maskery, A. O. Aremu, L. Parry, R. D. Wildman, C. J. Tuck, and 1. A. Ashcroft, “Effective design and
simulation of surface-based lattice structures featuring volume fraction and cell type grading,” Mater. Des.,
vol. 155, pp. 220-232, Oct. 2018.

N. A. Chartrain, C. B. Williams, and A. R. Whittington, “A review on fabricating tissue scaffolds using
vat photopolymerization,” Acta Biomater., vol. 74, pp. 90—111, 2018.

1964



	Welcome
	Title Page
	Preface
	Organizing Committee
	Papers to Journals
	Table of Contents
	Broader Impacts and Education
	Design for Additive Manufacturing: Simplification of Product Architecture by Part Consolidation for the Lifecycle
	An Open-Architecture Multi-Laser Research Platform for Acceleration of Large-Scale Additive Manufacturing (ALSAM)
	Large-Scale Identification of Parts Suitable for Additive Manufacturing: An Industry Perspective
	Implementation of 3D Printer in the Hands-On Material Processing Course: An Educational Paper
	Conceptual Design for Additive Manufacturing: Lessons Learned from an Undergraduate Course
	An Empirical Study Linking Additive Manufacturing Design Process to Success in Manufacturability
	Investigating the Gap between Research and Practice in Additive Manufacturing

	Binder Jetting
	Influence of Drop Velocity and Droplet Spacing on the Equilibrium Saturation Level in Binder Jetting
	Process Integrated Production of WC-Co Tools with Local Cobalt Gradient Fabricated by Binder Jetting
	The Effect of Print Speed on Surface Roughness and Density Uniformity of Parts Produced Using Binder Jet 3D Printing
	Experimental Investigation of Fluid-Particle Interaction in Binder Jet 3D Printing
	Binder Saturation, Layer Thickness, Drying Time and Their Effects on Dimensional Tolerance and Density of Cobalt Chrome - Tricalcium Phosphate Biocomposite

	Data Analytics
	Predicting and Controlling the Thermal Part History in Powder Bed Fusion Using Neural Networks
	‘Seeing’ the Temperature inside the Part during the Powder Bed Fusion Process
	Conditional Generative Adversarial Networks for In-Situ Layerwise Additive Manufacturing Data
	In-Situ Layer-Wise Quality Monitoring for Laser-Based Additive Manufacturing Using Image Series A
	Applications of Supervised Machine Learning Algorithms in Additive Manufacturing: A Review
	Real-Time 3D Surface Measurement in Additive Manufacturing Using Deep Learning
	Roughness Parameters for Classification of As-Built and Laser Post-Processed Additive Manufactured Surfaces
	Application of the Fog Computing Paradigm to Additive Manufacturing Process Monitoring and Control
	Spectral X-ray CT for Fast NDT Using Discrete Tomography

	Hybrid AM
	Part Remanufacturing Using Hybird Manufacturing Processes
	Integration Challenges with Additive/Subtractive In-Envelope Hybrid Manufacturing
	Robot-Based Hybrid Manufacturing Process Chain
	Integrated Hardfacing of Stellite-6 Using Hybrid Manufacturing Process
	Inkjet Printing of Geometrically Optimized Electrodes for Lithium-Ion Cells: A Concept for a Hybrid Process Chain
	Ultrasonic Embedding of Continuous Carbon Fiber into 3D Printed Thermoplastic Parts

	Materials: Metals
	Comparison of Fatigue Performance between Additively Manufactured and Wrought 304L Stainless Steel Using a Novel Fatigue Test Setup
	Elevated Temperature Mechanical and Microstructural Characterization of SLM SS304L
	Fatigue Behavior of Additive Manufactured 304L Stainless Steel Including Surface Roughness Effects
	Joining of Copper and Stainless Steel 304L Using Direct Metal Deposition
	SS410 Process Development and Characterization
	Effect of Preheating Build Platform on Microstructure and Mechanical Properties of Additively Manufactured 316L Stainless Steel
	Characterisation of Austenitic 316LSi Stainless Steel Produced by Wire Arc Additive Manufacturing with Interlayer Cooling
	Effects of Spatial Energy Distribution on Defects and Fracture of LPBF 316L Stainless Steel
	Environmental Effects on the Stress Corrosion Cracking Behavior of an Additively Manufactured Stainless Steel
	Effect of Powder Chemical Composition on Microstructures and Mechanical Properties of L-PBF Processed 17-4 PH Stainless Steel in the As-Built And Hardened-H900 Conditions
	Powder Variation and Mechanical Properties for SLM 17-4 PH Stainless Steel
	Fatigue Life Prediction of Additive Manufactured Materials Using a Defect Sensitive Model
	Evaluating the Corrosion Performance of Wrought and Additively Manufactured (AM) Invar ® and 17-4PH
	Comparison of Rotating-Bending and Axial Fatigue Behaviors of LB-PBF 316L Stainless Steel
	A Study of Pore Formation during Single Layer and Multiple Layer Build by Selective Laser Melting
	Dimensional Analysis of Metal Powder Infused Filament - Low Cost Metal 3D Printing
	Additive Manufacturing of Fatigue Resistant Materials: Avoiding the Early Life Crack Initiation Mechanisms during Fabrication
	Additive Manufacturing of High Gamma Prime Nickel Based Superalloys through Selective Laser Melting (SLM)
	Investigating the Build Consistency of a Laser Powder Bed Fused Nickel-Based Superalloy, Using the Small Punch Technique
	Fatigue Behavior of Laser Beam Directed Energy Deposited Inconel 718 at Elevated Temperature
	Very High Cycle Fatigue Behavior of Laser Beam-Powder Bed Fused Inconel 718
	Analysis of Fatigue Crack Evolution Using In-Situ Testing
	An Aluminum-Lithium Alloy Produced by Laser Powder Bed Fusion
	Wire-Arc Additive Manufacturing: Invar Deposition Characterization
	Study on the Formability, Microstructures and Mechanical Properties of Alcrcufeniᵪ High-Entropy Alloys Prepared by Selective Laser Melting
	Laser-Assisted Surface Defects and Pore Reduction of Additive Manufactured Titanium Parts
	Fatigue Behavior of LB-PBF Ti-6Al-4V Parts under Mean Stress and Variable Amplitude Loading Conditions
	Influence of Powder Particle Size Distribution on the Printability of Pure Copper for Selective Laser Melting
	Investigation of the Oxygen Content of Additively Manufactured Tool Steel 1.2344
	The Porosity and Mechanical Properties of H13 Tool Steel Processed by High-Speed Selective Laser Melting
	Feasibility Analysis of Utilizing Maraging Steel in a Wire Arc Additive Process for High-Strength Tooling Applications
	Investigation and Control of Weld Bead at Both Ends in WAAM

	Materials: Polymers
	Process Parameter Optimization to Improve the Mechanical Properties of Arburg Plastic Freeformed Components
	Impact Strength of 3D Printed Polyether-Ether-Ketone (PEEK)
	Mechanical Performance of Laser Sintered Poly(Ether Ketone Ketone) (PEKK)
	Influence of Part Microstructure on Mechanical Properties of PA6X Laser Sintered Specimens
	Optimizing the Tensile Strength for 3D Printed PLA Parts
	Characterizing the Influence of Print Parameters on Porosity and Resulting Density
	Characterization of Polymer Powders for Selective Laser Sintering
	Effect of Particle Rounding on the Processability of Polypropylene Powder and the Mechanical Properties of Selective Laser Sintering Produced Parts
	Process Routes towards Novel Polybutylene Terephthalate – Polycarbonate Blend Powders for Selective Laser Sintering
	Impact of Flow Aid on the Flowability and Coalescence of Polymer Laser Sintering Powder
	Curing and Infiltration Behavior of UV-Curing Thermosets for the Use in a Combined Laser Sintering Process of Polymers
	Relationship between Powder Bed Temperature and Microstructure of Laser Sintered PA12 Parts
	Understanding the Influence of Energy-Density on the Layer Dependent Part Properties in Laser-Sintering of PA12
	Tailoring Physical Properties of Shape Memory Polymers for FDM-Type Additive Manufacturing
	Investigation of The Processability of Different Peek Materials in the FDM Process with Regard to the Weld Seam Strength
	Stereolithography of Natural Rubber Latex, a Highly Elastic Material

	Materials: Ceramics and Composites
	Moisture Effects on Selective Laser Flash Sintering of Yttria-Stabilized Zirconia
	Thermal Analysis of Thermoplastic Materials Filled with Chopped Fiber for Large Area 3D Printing
	Thermal Analysis of 3D Printed Continuous Fiber Reinforced Thermoplastic Polymers for Automotive Applications
	Characterization of Laser Direct Deposited Magnesium Aluminate Spinel Ceramics
	Towards a Micromechanics Model for Continuous Carbon Fiber Composite 3D Printed Parts
	Effect of In-Situ Compaction and UV-Curing on the Performance of Glass Fiber-Reinforced Polymer Composite Cured Layer by Layer
	3D Printing of Compliant Passively Actuated 4D Structures
	Effect of Process Parameters on Selective Laser Melting Al₂O₃-Al Cermet Material
	Strengthening of 304L Stainless Steel by Addition of Yttrium Oxide and Grain Refinement during Selective Laser Melting
	Approach to Defining the Maximum Filler Packing Volume Fraction in Laser Sintering on the Example of Aluminum-Filled Polyamide 12
	Laser Sintering of Pine/Polylatic Acid Composites
	Characterization of PLA/Lignin Biocomposites for 3D Printing
	Electrical and Mechancial Properties of Fused Filament Fabrication of Polyamide 6 / Nanographene Filaments at Different Annealing Temperatures
	Manufacturing and Application of PA11-Glass Fiber Composite Particles for Selective Laser Sintering
	Manufacturing of Nanoparticle-Filled PA11 Composite Particles for Selective Laser Sintering
	Technique for Processing of Continuous Carbon Fibre Reinforced Peek for Fused Filament Fabrication
	Processing and Characterization of 3D-Printed Polymer Matrix Composites Reinforced with Discontinuous Fibers
	Tailored Modification of Flow Behavior and Processability of Polypropylene Powders in SLS by Fluidized Bed Coating with In-Situ Plasma Produced Silica Nanoparticles

	Modeling
	Analysis of Layer Arrangements of Aesthetic Dentures as a Basis for Introducing Additive Manufacturing
	Computer-Aided Process Planning for Wire Arc Directed Energy Deposition
	Multi-Material Process Planning for Additive Manufacturing
	Creating Toolpaths without Starts and Stops for Extrusion-Based Systems
	Framework for CAD to Part of Large Scale Additive Manufacturing of Metal (LSAMM) in Arbitrary Directions
	A Standardized Framework for Communicating and Modelling Parametrically Defined Mesostructure Patterns
	A Universal Material Template for Multiscale Design and Modeling of Additive Manufacturing Processes

	Physical Modeling
	Modeling Thermal Expansion of a Large Area Extrusion Deposition Additively Manufactured Parts Using a Non-Homogenized Approach
	Localized Effect of Overhangs on Heat Transfer during Laser Powder Bed Fusion Additive Manufacturing
	Melting Mode Thresholds in Laser Powder Bed Fusion and Their Application towards Process Parameter Development
	Computational Modelling and Experimental Validation of Single IN625 Line Tracks in Laser Powder Bed Fusion
	Validated Computational Modelling Techniques for Simulating Melt Pool Ejecta in Laser Powder Bed Fusion Processing
	Numerical Simulation of the Temperature History for Plastic Parts in Fused Filament Fabrication (FFF) Process
	Measurement and Analysis of Pressure Profile within Big Area Additive Manufacturing Single Screw Extruder
	Numerical Investigation of Extrusion-Based Additive Manufacturing for Process Parameter Planning in a Polymer Dispensing System
	Alternative Approach on an In-Situ Analysis of the Thermal Progression during the LPBF-M Process Using Welded Thermocouples Embedded into the Substrate Plate
	Dynamic Defect Detection in Additively Manufactured Parts Using FEA Simulation
	Simulation of Mutually Dependent Polymer Flow and Fiber Filled in Polymer Composite Deposition Additive Manufacturing
	Simulation of Hybrid WAAM and Rotation Compression Forming Process
	Dimensional Comparison of a Cold Spray Additive Manufacturing Simulation Tool
	Simulated Effect of Laser Beam Quality on the Robustness of Laser-Based AM System
	A Strategy to Determine the Optimal Parameters for Producing High Density Part in Selective Laser Melting Process
	Rheology and Applications of Particulate Composites in Additive Manufacturing
	Computational Modeling of the Inert Gas Flow Behavior on Spatter Distribution in Selective Laser Melting
	Prediction of Mechanical Properties of Fused Deposition Modeling Made Parts Using Multiscale Modeling and Classical Laminate Theory

	Process Development
	The Use of Smart In-Process Optical Measuring Instrument for the Automation of Additive Manufacturing Processes
	Development of a Standalone In-Situ Monitoring System for Defect Detection in the Direct Metal Laser Sintering Process
	Frequency Inspection of Additively Manufactured Parts for Layer Defect Identification
	Melt Pool Monitoring for Control and Data Analytics in Large-Scale Metal Additive Manufacturing
	Frequency Domain Measurements of Melt Pool Recoil Pressure Using Modal Analysis and Prospects for In-Situ Non-Destructive Testing
	Interrogation of Mid-Build Internal Temperature Distributions within Parts Being Manufactured via the Powder Bed Fusion Process
	Reducing Computer Visualization Errors for In-Process Monitoring of Additive Manufacturing Systems Using Smart Lighting and Colorization System
	A Passive On-line Defect Detection Method for Wire and Arc Additive Manufacturing Based on Infrared Thermography
	Examination of the LPBF Process by Means of Thermal Imaging for the Development of a Geometric-Specific Process Control
	Analysis of the Shielding Gas Dependent L-PBF Process Stability by Means of Schlieren and Shadowgraph Techniques
	Application of Schlieren Technique in Additive Manufacturing: A Review
	Wire Co-Extrusion with Big Area Additive Manufacturing
	Skybaam Large-Scale Fieldable Deposition Platform System Architecture
	Dynamic Build Bed for Additive Manufacturing
	Effect of Infrared Preheating on the Mechanical Properties of Large Format 3D Printed Parts
	Large-Scale Additive Manufacturing of Concrete Using a 6-Axis Robotic Arm for Autonomous Habitat Construction
	Overview of In-Situ Temperature Measurement for Metallic Additive Manufacturing: How and Then What
	In-Situ Local Part Qualification of SLM 304L Stainless Steel through Voxel Based Processing of SWIR Imaging Data
	New Support Structures for Reduced Overheating on Downfacing Regions of Direct Metal Printed Parts
	The Development Status of the National Project by Technology Research Assortiation for Future Additive Manufacturing (TRAFAM) in Japan
	Investigating Applicability of Surface Roughness Parameters in Describing the Metallic AM Process
	A Direct Metal Laser Melting System Using a Continuously Rotating Powder Bed
	Evaluation of a Feed-Forward Laser Control Approach for Improving Consistency in Selective Laser Sintering
	Electroforming Process to Additively Manufactured Microscale Structures
	In-Process UV-Curing of Pasty Ceramic Composite
	Development of a Circular 3S 3D Printing System to Efficiently Fabricate Alumina Ceramic Products
	Repair of High-Value Plastic Components Using Fused Deposition Modeling
	A Low-Cost Approach for Characterizing Melt Flow Properties of Filaments Used in Fused Filament Fabrication Additive Manufacturing
	Increasing the Interlayer Bond of Fused Filament Fabrication Samples with Solid Cross-Sections Using Z-Pinning
	Impact of Embedding Cavity Design on Thermal History between Layers in Polymer Material Extrusion Additive Manufacturing
	Development of Functionally Graded Material Capabilities in Large-Scale Extrusion Deposition Additive Manufacturing
	Using Non-Gravity Aligned Welding in Large Scale Additive Metals Manufacturing for Building Complex Parts
	Thermal Process Monitoring for Wire-Arc Additive Manufacturing Using IR Cameras
	A Comparative Study between 3-Axis and 5-Axis Additively Manufactured Samples and Their Ability to Resist Compressive Loading
	Using Parallel Computing Techniques to Algorithmically Generate Voronoi Support and Infill Structures for 3D Printed Objects
	Exploration of a Cable-Driven 3D Printer for Concrete Tower Structures

	Applications
	Topology Optimization for Anisotropic Thermomechanical Design in Additive Manufacturing
	Cellular and Topology Optimization of Beams under Bending: An Experimental Study
	An Experimental Study of Design Strategies for Stiffening Thin Plates under Compression
	Multi-Objective Topology Optimization of Additively Manufactured Heat Exchangers
	A Mold Insert Case Study on Topology Optimized Design for Additive Manufacturing
	Development, Production and Post-Processing of a Topology Optimized Aircraft Bracket
	Manufacturing Process and Parameters Development for Water-Atomized Zinc Powder for Selective Laser Melting Fabrication
	A Multi-Scale Computational Model to Predict the Performance of Cell Seeded Scaffolds with Triply Periodic Minimal Surface Geometries
	Multi-Material Soft Matter Robotic Fabrication: A Proof of Concept in Patient-Specific Neurosurgical Surrogates
	Optimization of the Additive Manufacturing Process for Geometrically Complex Vibro-Acoustic Metamaterials
	Effects of Particle Size Distribution on Surface Finish of Selective Laser Melting Parts
	An Automated Method for Geometrical Surface Characterization for Fatigue Analysis of Additive Manufactured Parts
	A Design Method to Exploit Synergies between Fiber-Reinforce Composites and Additive Manufactured Processes
	Preliminary Study on Hybrid Manufacturing of the Electronic-Mechanical Integrated Systems (EMIS) via the LCD Stereolithography Technology
	Large-Scale Thermoset Pick and Place Testing and Implementation
	The Use of Smart In-Process Optical Measuring Instrument for the Automation of Additive Manufacturing Processes
	Wet-Chemical Support Removal for Additive Manufactured Metal Parts
	Analysis of Powder Removal Methods for EBM Manufactured Ti-6Al-4V Parts
	Tensile Property Variation with Wall Thickness in Selective Laser Melted Parts
	Methodical Design of a 3D-Printable Orthosis for the Left Hand to Support Double Bass Perceptional Training
	Printed Materials and Their Effects on Quasi-Optical Millimeter Wave Guide Lens Systems
	Porosity Analysis and Pore Tracking of Metal AM Tensile Specimen by Micro-Ct
	Using Wax Filament Additive Manufacturing for Low-Volume Investment Casting
	Fatigue Performance of Additively Manufactured Stainless Steel 316L for Nuclear Applications
	Failure Detection of Fused Filament Fabrication via Deep Learning
	Surface Roughness Characterization in Laser Powder Bed Fusion Additive Manufacturing
	Compressive and Bending Performance of Selectively Laser Melted AlSi10Mg Structures
	Compressive Response of Strut-Reinforced Kagome with Polyurethane Reinforcement
	A Computational and Experimental Investigation into Mechanical Characterizations of Strut-Based Lattice Structures
	The Effect of Cell Size and Surface Roughness on the Compressive Properties of ABS Lattice Structures Fabricated by Fused Deposition Modeling
	Effective Elastic Properties of Additively Manufactured Metallic Lattice Structures: Unit-Cell Modeling
	Impact Energy Absorption Ability of Thermoplastic Polyurethane (TPU) Cellular Structures Fabricated via Powder Bed Fusion
	Permeability Analysis of Polymeric Porous Media Obtained by Material Extrusion Additive Manufacturing
	Effects of Unit Cell Size on the Mechanical Performance of Additive Manufactured Lattice Structures
	Mechanical Behavior of Additively-Manufactured Gyroid Lattice Structure under Different Heat Treatments
	Fast and Simple Printing of Graded Auxetic Structures
	Compressive Properties Optimization of a Bio-Inspired Lightweight Structure Fabricated via Selective Laser Melting
	In-Plane Pure Shear Deformation of Cellular Materials with Novel Grip Design
	Modelling for the Tensile Fracture Characteristic of Cellular Structures under Tensile Load with Size Effect
	Design, Modeling and Characterization of Triply Periodic Minimal Surface Heat Exchangers with Additive Manufacturing
	Investigating the Production of Gradient Index Optics by Modulating Two-Photon Polymerisation Fabrication Parameters
	Additive Manufactured Lightweight Vehicle Door Hinge with Hybrid Lattice Structure


	Attendee List
	Author Index



