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Abstract

Developing patient-specific implants has an increasing interest in the application of emerging additive manufacturing (AM)
technologies. On the other hand, despite advances in total knee replacement (TKR), studies suggest that up to 20% of patients
with elective TKR are dissatisfied with the outcome. By creating 3D objects from digital models, AM enables the production
of patient-specific implants with complex geometries, such as those required for knee replacements. Previous studies have
highlighted concerns regarding the risk of residual stresses and shape distortions in AM parts, which could lead to structural
failure or other complications. This article presents a computational framework that uses CT images to create patient-specific
finite element models for optimizing AM knee replacements. The workflow includes image processing in the open-source
software 3DSlicer and MeshLab and AM process simulations in the commercial platform 3DEXPERIENCE. The approach is
demonstrated on a distal femur replacement for a 50-year-old male patient from the open-access Natural Knee Data. The results
show that build orientations have a significant impact on both shape distortions and residual stresses. Support structures have
a marginal effect on residual stresses but strongly influence shape distortions, whereas conical support exhibits a maximum
distortion of 18.5 mm. Future research can explore how these factors affect the functionality of AM knee replacements under

in-service loading.
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1 Introduction

The knee joint is one of the body’s most complex and stressed
structures. A partial or total knee replacement (TKR) must
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reduce knee discomfort for severe knee osteoarthritis [1].
Today’s knee implants have increased mobility, geometry,
wear, and materials and coatings. To meet human knee fea-
tures, bone fixation implants are most typically made of
stainless steel (ISO 5832-1), cobalt-chromium-based alloys,
and titanium (ISO 5832-2) as well as its alloys. These mate-
rials combine biocompatibility and functionality, although
metallic implants may have stress-shielding or toxicity issues
[2]. On the other hand, osteoclast-rigid implants can be made
from carbon-reinforced composites [3]. Low-stiffness plas-
tic implants often cannot perform biological or mechanical
activities throughout time. Knee replacement performance
depends on design and manufacturing [4]. Different knee
implant hierarchies should match. Therefore, the implant
should be strong enough to endure stress and allow blood
flow [5]. Implant size and shape play a vital role in bone joint
replacement design, and due to the complex knee geometry
and design needs, additive manufacturing (AM) is emerging
as a viable fabrication option.

In contrast to the traditional subtractive processes, AM
is a technique to construct three-dimensional (3D) products
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by adding successive layers of materials, often in a sequen-
tial pattern, based on digital model [6, 7]. AM can create
parts of almost any complicated geometry with a broad range
of design flexibility and material attributes [7-9]. Although
AM technology is burgeoning, several possible issues exist
before production use [10]. Considering that AM involves a
layer-upon-layer process of heating and cooling, the struc-
tural integrity of an AM component may be compromised. A
3D-printed product could have quality issues such as residual
stresses, shape distortions, microstructural defects, porosity,
and dimensional stability. Nevertheless, the advantages of
AM have paved the way for the development of biomedical
products [11-14]. In particular, the potential applications of
AM in patient-specific implants are exciting because of its
capability to adapt to the environment of its intended use
[15].

Computed tomography (CT)-derived 3D human body
structures use quantitative CT images to build patient-
specific finite element (FE) models. CT-FEM models can
determine the reaction of a structure to external forces and
thus predict the deformation, stress distributions, and eval-
uate failure [16-18]. Moreover, CT-FEM platforms can be
used for further evaluations in AM quality [19]. Zeng et al.
[16] built a computational FE model for scapular mechanics
using musculoskeletal information extracted from CT scans
of a female subject. Risk patterns of bone failure were then
examined using three standard failure metrics [20].

Regarding AM medical implants, Jahadakbar et al. [21]
recommended using superelastic NiTi, whose stiffness
matches that of a cortical bone. They developed FE mod-
els to assess the effectiveness of the suggested NiTi fixation.
They found that stress is distributed more uniformly with
reduced contact stress at the bone graft interface using the
Ti-6Al1-4V off-the-shelf fixation hardware. Zhao et al. [22]
studied biocompatible femur bone scaffolds by fused depo-
sition modeling the AM process. They employed a polymer
composite material of polyamide, polyolefin, and cellulose
fibers for medical purposes. Consequential process param-
eters were applied using a cascade technique followed by
Taguchi design for process optimization experimentally.
Computational FE models were also developed to investi-
gate the physical processes behind the experimental findings.
Cheng et al. [23] utilized topology optimization to minimize
the volume of a sacrificial support structure while considering
stress constraints. After optimization, the support structure
can achieve a weight reduction of around 60% and also avoid
residual stress-induced build failure.

According to Beswick et al. [24] and Wylde et al. [25],
10-34% of knee replacement patients report long-term dis-
comfort after the surgery. The advancement in AM allows the
creation of a patient-specific knee implant from CT scans
for greater long-term mobility and comfort. However, the
residual stresses and shape distortions caused by the AM

@ Springer

process could significantly impact mechanical performance
and reduce knee replacement success rates. Although previ-
ous studies used CT scans as non-destructive tests to evaluate
AM parts [26], the quality performance of an AM part can
also be assessed using computational simulations.

With an emphasis on reducing residual stresses and
shape distortions, this study attempts to determine the
most critical additive manufacturing (AM) configuration for
patient-specific knee replacements. We evaluate the quality
performance of AM components using thermo-mechanical
finite element simulations with respect to pre-specified 3D
printing settings. This method reduces costs and increases
efficiency by anticipating problems before they arise dur-
ing testing. Consequently, the research question is crafted to
outline variations in residual stresses and distortions among
distinct additive manufacturing configurations tailored for
individualized knee replacements. This investigation seeks
to establish the impact of these variations on the efficiency
andreliability of additively manufactured knee replacements.
Accordingly, integrating simulation-based assessments in
additive manufacturing becomes instrumental in mitigating
distortions and residual strains, enabling the early identifica-
tion of potential issues.

2 Methods
2.1 Method overview

A comprehensive computational workflow is developed from
the design to additive manufacturing of patient-specific knee
replacements using CT images and FE simulations. The
workflow begins with the creation of a 3D knee model based
on CT images, which are from a 50-year-old human male
donor of an open knee database at Denver University’s Center
for Orthopaedic Biomechanics [27, 28]. The overall work-
flow is depicted in Fig. 1.

A DICOM (Digital Imaging and Communications in
Medicine) file containing compressed images was used to
set up the model. The open-source software 3DSlicer [29]
was employed for image segmentation and reconstruction,
converting the DICOM data into a 3D model. Specifically,
the femoral knee was selected in this study. The resulting
STL geometry file of the femoral bone was created using
the open-source software MeshLab [30], which involved
image filtering and smoothing. Finally, commercial software
3DEXPERIENCE [31] was utilized to simulate the selective
laser melting (SLM) [32] AM process for the knee replace-
ment model. Sections 2.2 and 2.4 provide more detailed
procedures on transforming CT images into 3D FEM mod-
els and setting up AM simulations, respectively. The Table
below 1 shows the list of software utilized in this research.
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3DSlicer

Create STL file from
MeshLab with image
smoothin;

Integrated CT image to Transform DICOM file to 3D

model using 3D Slicer

DICOM

computerized file

MeshLab

DELMIA SIMULIA

Simulate AM process to
predict quality issues

Configure AM process
planning in the virtual AM

Fig.1 The overall workflow from CT images to 3D models and AM simulations

The knee replacements were virtually additively manu-
factured using selective laser melting (SLM), a technique
known for its effectiveness in creating porous bone implants,
including knee implants [33]. The 3DEXPERIENCE plat-
form houses a couple of simulation applications (APPs) that
integrate with one another to form a cohesive and seamless
work environment from design to analysis and manufactur-
ing [34]. During the simulation, a sequence of events follows
the printing trajectory, where element activation occurs to
mimic the underlying physical process of additive manufac-
turing [35, 36]. It should be noted that rigorous theoretical
and experimental verification and validation have been per-
formed on the 3ADEXPERIENCE platform for simulating
various materials and AM processes, including SLM [37-
39]. In this study, we focus on simulation-based research
that provides insights into the optimal build orientation and
support structure for AM knee replacements. Further experi-
mental validations and clinical evaluations will be considered
in future research.

The AM simulation involves two consecutive APPs in
3DEXPERIENCE: the first is DELMIA Powder Bed Fabri-
cation (PBF) APP, in which the machine and build substrate
establish the simulation domain (see Fig. 2), and the model
defines the FE computational field. Build orientation, support
structure, scanning speed, layer thickness, cooling rate, laser
energy, and all other process parameters for the build strat-
egy can be defined in the PBF APP [40]. The build substrate
is assumed to be rigid and maintain a constant temperature
at the bottom. The PBF APP also defines the airflow. The
control variables include the temperatures of the build sub-
strate and the ambient air. The second is SIMULIA Additive

Manufacturing Scenario Creation (AMSC) APP. A moving
volume source is used to define the laser in the additive man-
ufacturing process [41]. Moreover, a user material definition
APP can be specified to define the temperature-dependent
material properties and powders thermal characteristics [42,
43] for high-fidelity simulations.

2.2 Transforming the CT scans into a finite element
model

To ensure accurate knee replacement modeling, CT data from
Natural Knee Data (NKD) at Denver University [27, 28]
was gathered, featuring detailed information for five patients
aged 37 to 72 years and weighing 54 to 127kg. The selected
patient, a 50-year-old male (175cm, 127kg), had DICOM
files, retrieved from NKD, imported into 3DSlicer [29] for
3D modeling.

In 3DSlicer, a specific segment representing the region of
interest was chosen and processed to isolate bones from sur-
rounding tissues using the threshold function. Manual editing
and cleanup were performed, as depicted in Fig. 3. The result-
ing 3D femur model was exported as an STL file to MeshLab
[30] for additional filtering and smoothing. The refined model
was then imported into ABAQUS [44] for finite element
simulations. ABAQUS, equipped with a mesh-to-geometry
plug-in, transformed the femur mesh into a solid body, facil-
itating subsequent simulations.

The finalized model was exported as an SAT file from
ABAQUS and imported into the 3DEXPERIENCE platform
[31] for additive manufacturing simulations. Further details

Table 1 List of software used in

the research Software Year Version Company Open-source
3DSlicer 2019 5.4 Ultimaker Cura yes
MeshLab 2020 2020.12 ISTI - CNR yes
3DEXPERIENCE 2023 2023x Dassault Systemes No
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Fig.2 Stages of additive manufacturing (AM) simulations in 3DEXPE-
RIENCE platform: a Material Definitions APP to assign temperature-
dependent material properties on FE models; b Powder Bed Fabrication

about the finite element model are provided in the results
section during the mesh convergence study.

2.3 Process planning of additive manufacturing

A number of process parameters can influence the quality
of AM parts. Both shape distortions and residual stresses
induced by AM processes are investigated in this study as
main potential sources of reduced part quality [45]. We
focus on two key configurations in the AM process planning:
build orientation and support structure. Parametric studies by
varying those configurations will be performed to investigate
their effects.

Three different build orientations are evaluated on the
knee model, numbered 1-3 for ease of reference, as shown
in Fig. 4. To investigate accurately how each configuration
affects the part quality, all other parameters would remain
constant while changing a single aspect of the model. The
baseline model that is referred to as the “standard” in this

Fig.3 Image segmentation and
visualization of the femur model
in 3DSlicer
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APP to define AM machine process parameters such as substrate
and tool-trajectory; ¢ Additive Manufacturing Scenario Creation APP,
which performs thermo-mechanical FE simulations for AM process

scenario is the build Orientation 1. This was chosen because
it has the largest flat surface for the support structure to be
attached to. Besides, it does not require as much height, which
could lead to a more efficient printing process. One major
issue of the PBF technique is the occurrence of overhanging
features during laser processing. This may drastically limit
the geometries that the processes could produce, increase
production time and cost, and affect part quality since com-
ponents may not be conveniently stacked in the build bed,
which requires support structures for AM parts [46].

The 3DEXPERIENCE DELMIA PBF APP offers three
different types of support structures to choose from: wired
(anchor), conical, and tree supports, as shown in Fig. 5. In
wired (anchor) support, anchor columns generate anchored
material connections between the build tray and printed part
using a model material. The anchor columns prevent part-
lifting and curling and often provide a more firm connection
than the usual bed of support material. Conical supports,
on the other hand, provide an angled support structure in
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Fig.4 Different build orientations for the knee model: Orientation 1 (left), Orientation 2 (middle), and Orientation 3 (right)

a cone shape that grows smaller or bigger toward the bottom.
Finally, the tree supports appear to be composed of “trunk”
and “branches,” mimicking the organic structure of a tree.
The major advantage of tree supports is that they do not con-
tact the print on as many surfaces as other supports, resulting
in a much cleaner final print [47]. The base support structure
used during the AM simulations was the anchor support,
which is the simplest and most commonly used type of sup-
port structure in practice.

2.4 Configuring the additive manufacturing
simulations

The additive manufacturing simulations are performed on
the commercial 3DEXPERIENCE platform [31], which
integrates computer-aided design, manufacturing, and engi-
neering analysis (CAD/CAM/CAE). First, the femur model
created from CT scans in Section 2.2 was imported into
the 3DEXPERIENCE, in which the Material Definitions
APP was used to assign material properties. Since most
biomedical implants are made of titanium aluminum or
cobalt-chromium alloys, the material chosen is medical-
grade titanium of Ti-6Al-4V [48] suitable for additive
manufacturing. The material is assumed to be isotropic with
thermal and mechanical properties listed in Table 2. Figure 6
shows the 3D femur model in the 3DEXPERIENCE platform
from different perspectives.

(a) Anchor support

(b) Cone support

Once the material properties were assigned to the part, the
Powder Bed Fabrication (PBF) APP was then used to define
settings for the additive manufacturing processes. Figure 7
shows the femur model in the PBF app. A simple machine
and substrate (build tray) were created around the part based
on the size of the femur. The layout of the part was arranged
according to the build orientation. After that, the support
structure was generated in the PBF APP based on the posi-
tioning of the part. The type of support structure can be
chosen between wired (anchor), tree, and conical supports.
The scan path generation was then defined, including the
layer thickness, print speed, and laser power. The model
defined in the PBF APP was then applied in the Additive
Manufacturing Scenario Creation (AMSC) APP to perform
FE simulations.

The AMSC APP creates a sequentially coupled thermal-
mechanical analysis to simulate the additive manufacturing
process. The simulation begins with a thermal analysis step
and the temperature fields obtained at each time increment
will then drive a mechanical analysis step, using material
properties and thermodynamic laws to compute the cor-
responding thermal expansion/shrinkage, shape distortions,
and residual stresses to the AM part. For convenience, the
part material properties of Ti-6Al-4V were also applied to the
support structure and the build tray. Tetrahedral meshes were
applied to the part model. Tie constraints were used between
the part, build tray, and support structure. After that, the melt-
ing temperature, chamber temperature, thermal absorption,

(c) Tree support

Fig.5 Different types of support structures defined in 3DEXPERIENCE DELMIA PBF APP: a Anchor, b conical, and ¢ tree
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Table2 Ti-6Al-4V thermal and

i 3
mechanical properties Density (kg/m”)

Poisson’s ratio

Young’s modulus (GPa)

104.8

4429 Thermal expansion coefficient (/K) 9x10°°
0.31 Thermal conductivity (W /(m - K)) 6.7
Specific heat (J /(K - kg)) 586.04

emissivity, and other crucial parameters were defined for the
AM simulations to run. The AM process parameters are listed
in Table 3. Structural restraints of boundary conditions are
then assigned to the model, clamping the bottom of the build
tray and fixing restraints on the support structure. Finally, the
sequentially coupled thermal and structural simulations were
performed, and the results were gathered.

3 Results
3.1 Mesh convergence study

A mesh convergence study was performed first to determine
the appropriate mesh size for the knee model to ensure reli-
able results. Five mesh variations of the baseline AM model
(Build Orientation 1 with wired supports) were run using
meshes from 5 mm down to 1 mm on the AM part. The results
of residual stresses and shape distortions were compared to
verify the mesh convergence. Figures 8 and 9 show the final
field contour plots of residual stress and shape distortions,
respectively. Only results on the AM part (knee model) are
displayed while the support structure and build plate are not
shown as the latter two are not the region of interest. The
results show that the mesh converged at 2mm, and that was
the size chosen in this study to ensure both accuracy and
efficiency. The 1 mm mesh size was not chosen as the simu-
lations took significantly longer than those with a2 mm mesh
size while the final results did not vary significantly.

3.2 Study of build orientation and support structure

Many studies showed that the AM part quality could be sig-
nificantly influenced by PBF process parameters, such as
powder layer thickness, hatch distance, laser power, and scan

Fig.6 Femoral model shown in
3DEXPERIENCE platform with
different views
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speed [49-51]. Note that the knee model has complicated
geometry. In this study, we chose to investigate the geo-
metric aspect of build orientation and support structure and
how they affect the printed part quality. Figure 10 shows the
final results of residual stresses and shape distortions from
AM process simulations, in which the build orientation was
altered. Other process parameters, such as the layer thick-
ness, scanning speed, laser power, and hatch distance, listed
in Table 3, were the same in all of these simulations so as
to study the effects of build orientation. Build Orientation 1
was laid out such that the largest and flattest surface would be
built touching the supports. Build Orientation 2 was specified
as printed in the same orientation as it would be located in
the body during loading. Build Orientation 3 has the largest
surface area touching the support structure underneath it. The
peak values of residual stresses and shape distortions in the
AM knee model from AM process simulations for each build
orientation are listed in Table 4.

Figure 11 shows the final simulation results of residual
stress and shape distortion fields for the AM knee part when
varying the types of support structures, with the correspond-
ing peak values for each case listed in Table 5. It is pertinent
to note that the simulations for conical and tree supports were
more challenging due to their complicated geometries, which
called for a voxel mesh of support structures instead of the
typical tetrahedral mesh. As refined meshes would take much
longer simulation time and cause difficulties in convergence,
a coarser voxel mesh was applied to the support structures
than was desired, which may affect the simulation accuracy,
and this will be investigated in future research.

4 Discussion

The CT-FEM workflow was developed to predict residual
stress and shape distortions in AM knee replacements, which
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Fig.7 Femur in Powder Bed Fabrication preparation app, laid in build
orientation with the support structure

provides insights into the influences of build orientation and
support structure through simulation-based parametric stud-
ies. A 3D knee model with complicated geometries is able
to be created from its CT images in an open-access knee
database. The open-source software 3DSlicer was used to
generate a 3D model from a stack of 2D sliced CT images.
The 3D model was further processed in the open-source soft-
ware MeshLab with filtering and smoothing to be better
prepared for finite element modeling. Finally, commercial
software 3DEXPERIENCE was employed to configure and
perform additive manufacturing process simulations of the
3D knee model.

Figure 10 illustrates how the build orientation of additive
manufacturing affects the residual stresses and shape distor-
tions of the knee replacement, with the corresponding peak
values listed in Table 4. The build orientation with the great-
est peak residual stress is Orientation 2, whereas the one with
the lowest peak residual stress is Orientation 1. In Orientation
2, the peak stress of 10.3 GPa was located along the bottom
of the femoral condyle, where the model is in direct contact
with the support structures. This is likely the effect of a thin
and small portion of the part being printed, which was heated
and cooled repeatedly due to the nature of additive manufac-
turing, causing higher residual stress in this location. As each
layer was simulated, the part was increasing in size, forcing
the previous layers to adhere to the new layer’s geometric
constraints when the heating and cooling process promoted
the shrinking of the material. Orientations 1 and 3 have sim-
ilar locations for their peak stresses along the sharp edges on

the cut plane of the femur. This location is expected due to
the geometric constraints at these points, along with the pro-
cess of the heating and cooling of each layer, causing residual
stresses to be higher. The stresses found in each simulation
are significantly higher than the yield strength of Titanium.
This can be attributed to the default parameters used for the
support structures. When support structures are very thin, the
printing process is likely to result in higher stresses in the part.
These high values of residual stresses could be reduced by
increasing the thickness of support structures, adding fillets
to printed parts, and/or introducing plasticity and yielding
of the material in the simulation process. Orientation 2 dis-
plays lower peak shape distortions compared to the other two
orientations. This can be attributed to the fact that it is con-
structed with no significant variances in the model jutting out
or sharp angles that would be perpendicular to the printing
process, as Orientation 3 does.

Figure 11 and Table 5 show the FE simulation results of
residual stress and shape distortions for the knee replacement
when varying the types of the support structure. Comparing
the three different types of supports, it can be found that
the residual stress distributions for all of them are somewhat
similar, while the shape distortions are significantly different.
This is likely due to the varying amount of support applied
to different areas of the model by each type of support struc-
ture. It is interesting to note that the peak residual stresses
of all three different supports do have some differences, with
the wired one being in between the others. However, the
maximum shape distortion that occurs as a result of altering
the supports is what makes a large difference in this scenario.
The peak shape distortions vary greatly among the three types
of support structures, with the tree supports being about two
times the wired supports and the conical supports being about
three times the wired ones. The wired (or Anchor) support
structure appears to be the optimal choice for minimizing
shape distortions.

This study has several possible avenues to be extended
in future work. With a complete workflow set up from CT
images to 3D finite element models and additive manufactur-
ing simulations, the effects of more process parameters (e.g.,
layer thickness, hatch distance, laser power, and scan speed)
on AM part qualities as well as the interactions between
different process parameters can be investigated through
a large number of FE simulations and statistical ANOVA
analysis. The predictions of residual stresses and shape dis-

Table 3 Additive
manufacturing baseline process
parameters

Laser power (W)
Layer thickness (um)
Scan speed (mm/s)

Absorption

200 Melting temperature (K) 1940
50 Chamber temperature (K) 1023
500 Convection coefficient (W /(K m?)) 18
0.5 Emissivity 0.45
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Fig.8 Mesh convergence study on the baseline AM model (Build Orientation 1 with wired supports): comparison of residual stresses (unit: Pa) at
varying meshes

4.47 4.61
4.03 4.15
3.58 3.69
3.13 3.23
2.68 2.77
224 23
1.79 1.84
1.34 1.38

0.895
0.447

0.922
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Fig.9 Mesh convergence study on the baseline AM model (Build Orientation 1 with wired supports): comparison of shape distortions (unit: mm)
at varying meshes
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Fig. 10 Residual stress (top, unit: Pa) and part distortion (bottom, unit: mm) of the knee model, from AM simulations using three different build
orientations: Orientation 1 (left), Orientation 2 (middle), and Orientation 3 (right)

tortions can be validated experimentally. It is pertinent to
note that the SDEXPERIENCE Additive Manufacturing sim-
ulation platform has been validated for residual stress and
shape distortions against experimental measurements in [52,
53]. However, the knee structure has complicated geome-
tries, which may bring enormous challenges in experimen-
tal measurements. Some conformal mapping-based surface
registration methods for complicated surfaces could be use-
ful in this regard [54]. Eventually, the physiological loading
of knee joints can be considered on AM knee parts to eval-
uate the in-service performance of as-manufactured models
with initial residual stress and shape distortions.

We note that the layered construction in the AM process
could result in directionally cemented microstructures. The
wear and corrosion resistance may be affected due to the
anisotropic surface patterns [55], which can be implemented

Table4 Peak values of residual stress and shape distortion in AM knee
model when varying build orientations

Configuration Max stress (GPa) Max distortion (mm)
Orientation 1 7.07 5.27
Orientation 2 10.3 3.28
Orientation 3 9.63 5.44

and optimized in future work. The simulation assumes that
the part is fabricated entirely without cracking or delami-
nation. During the AM process, intermediate and greater
residual stress could be generated by the temporary steep
heat gradient, which may cause delamination failure during
printing. The study does not take into account the post-
removability of support structures via machining. These
issues can be studied more in the future in order to fully use
simulations to improve part quality and support post-removal
for existing powder bed fusion AM methods in practice.

While the use of a complete distal femur as a feasibil-
ity model is studied here, some knee replacement models
may have distinct stress concentrations and morphology dif-
ferences as they interface with the native bone tissue. To
accurately evaluate the effect of residual stress and shape
distortions on the functionality of knee replacement, it is
essential to take into account these specific design aspects.
The residual stresses and shape distortions induced by the
additive manufacturing process could cause implants to be
weakened or warped. By incorporating more detailed and
representative knee replacement models into simulation anal-
yses, researchers can obtain a better understanding of how
these implants interact with the adjacent bone tissue and eval-
uate the potential consequences for implant performance and
patient outcomes.
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Fig. 11 Residual stress (top, unit: Pa) and part distortion (bottom, unit: mm) of the knee model, from AM simulations using three different types
of support structures: wired or anchor (left), conical (middle), and tree (right)

In this study, we performed FE simulations to investi-
gate the effects of AM process parameters, particularly build
orientation and support structure, on shape distortion and
residual stress formation. The proposed methodology can be
employed to improve AM part quality (reduce residual stress
and shape distortion) through simulation-guided optimiza-
tion in AM process planning. We note that computationally
intensive simulations would be needed for AM process opti-
mizations, which involve a large number of simulation runs.
Some data-driven surrogate modeling to replace physics-
based intensive FE simulations could be useful in AM process
optimizations [56-58], which will be considered in future
research.

5 Conclusion

This study develops computed tomography (CT) image-
based patient-specific finite element models (FEM) within a
computational framework that helps to understand and decide
the optimal build orientation and support structure for addi-
tive manufacturing (AM) knee replacements. A complete
workflow has been built from CT images to 3D FEM and AM

Table5 Peak values of residual stress and shape distortion in AM knee
model when varying support structures

Configuration Max stress (GPa) Max distortion (mm)
Anchor supports 7.07 5.27

Conical supports 8.16 18.5

Tree supports 6.55 10

@ Springer

simulations, with image processing in open-source software
3DSlicer and MeshLab and AM simulations in commercial
platform 3DEXPERIENCE. To demonstrate this approach,
the workflow has been used to create a distal femur replace-
ment for a 50-year-old male patient from the open-access
Natural Knee Data (NKD) at Denver University. Mesh con-
vergence studies were conducted to ensure reliable results. It
was found that build orientations clearly affected both shape
distortions and residual stresses. On the other hand, support
structures have marginal influences on residual stresses but
significantly impact shape distortions. Exploring how these
manufacturing process planning parameters affect the resid-
ual stress and shape distortions that occur in AM can allow
for the creation of AM products with improved part qual-
ity and performance. Future research can be performed on
how residual stresses and shape distortions would affect the
functionality of AM knee replacements during in-service
physiological loading. More insights can be obtained by sim-
ulating other AM process parameters (layer thickness, hatch
distance, laser power, scan speed, etc.) to evaluate their influ-
ences on AM knee replacements.

We constructed a CT-FEM computational platform to find
the optimal build orientation and support structure by running
anumber of finite element simulations. The maximum usage
of open-source software (3DSlicer and MeshLab) from an
open-access knee database to build up CT image-based
patient-specific FEM knee models would be beneficial to pro-
mote the adoption of the developed workflow by researchers
in the biomedical community. We note that experimental
measurements of residual stresses and shape distortions on
knee implants would be challenging, given the complicated
geometries. Recently, a conformal-mapping-based discrete
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uniformization method was developed for image registra-
tions of complicated surfaces with high precision [54], which
could be pursued in future research for experimental valida-
tions. Data-driven surrogate models can also be developed
to replace the intensive FE simulations in the search for
optimal AM process planning that minimizes shape distor-
tions and residual stresses as outcomes. This study provides a
computational platform for optimizing the configurations of
AM processes for knee replacements, which will ultimately
enhance the patient’s quality of life using AM components.
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