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A B S T R A C T  

Recent advancements in additive manufacturing (AM) have motivated researchers to consider this fabrication technique as a solution for challenges in patient-specific orthopaedic needs. Although there is an increasing trend in the applications of AM in medical fields, there is a critical need to understand the biomechanical performance of AM implants. In particular, design opportunities, anisotropic material properties and resulting stability of AM implant constructs for large bone defects such as osteosarcoma, comminuted fractures and infections are un- explored. This study aims to evaluate metal AM for complex fracture fixation using both computational and experimental methods. In addition, this research highlights the role of AM in the entire workflow to fabricate metal AM fixation plates for treatment of comminuted proximal humerus fractures. A new AM-centric patient- specific implant design for reducing common postoperative complications such as varus collapse and screw
cutout is investigated. Biocompatible 316L stainless steel specimens processed in laser-powder bed fusion (L- PBF) is subjected to tensile testing and post-hoc microhardness to obtain orthotropic material properties of the AM implants. Subsequently, risk of screw cut-out is evaluated using finite element modelling (FEM) of AM implant-bone constructs. Parallel experiments included synthetic bones that are evaluated using a 3D motion capture system. The biomechanical tests are analyzed to quantify the medial fracture gap displacement among study groups subject to different loading conditions. The outcomes of this study suggest that the proposed AM- centric fixation plate design reduces average varus collapse (i.e. medial fracture gap displacement) by 47.2 % and risk of screw cut-out by 14.6 % when compared to the conventional plate design. Findings from this study can be extended to other patient anatomy, loading conditions, and AM processes.





1. [bookmark: Introduction][bookmark: _bookmark3]Introduction
The inherent layer-by-layer process characteristics of additive manufacturing (AM) enables selective joining of materials to fabricate complex geometries with high degree of customization directly from computer aided design (CAD) models. This has made AM fabrication technique into an attractive alternative to subtractive manufacturing (SM). In recent years, AM technologies have garnered significant in- terest from the orthopaedic industry as a potential means to fabricate patient-specific orthodontics and implants. In particular, powder bed fusion (PBF) techniques that include laser-powder bed fusion (L-PBF)

and electron beam melting (EBM) have been of focus for both industries and researchers. Furthermore, AM technology has facilitated evaluation and progression of the topology optimization field. In recent efforts, researchers have employed topology optimization methods along with AM to reduce the weight and materials usage of the orthopaedic im- plants while improving the bio-mechanical performance [1–3]. The majority of reported studies on AM orthopaedic implants has primarily focused on hip [2,4,5], knee [6], clavicle [7] and cranial [8] re- constructions. A thorough literature review (Table 1) of current reports on application of AM shows an underexplored surgical need that could be addressed by the unique capabilities of AM: namely, implants for




[bookmark: _bookmark4]ABBREVIATIONS:  AM,  additive  manufacturing;  CAD,  Computer  aided  design;  CMM,  Coordinate  Measuring  Machine;  EBM,  Electron  beam  melting;  EDM,  Electron discharge machining; FEA, Finite element analysis; L-PBF, Laser powder bed fusion; MS, Medial strut; PLA, Polylactic Acid; RE, Reverse engineered; ROI, Region of interest;  STL,  Stereolithography;  SM,  Subtractive  manufacturing
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[bookmark: _bookmark5]Table 1
Brief review of published scientific literature on two major applications of AM in orthopaedics - fabrication of implants (blue) and surgical guides (green) [2,4,6,7,13–15,26–40]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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complex fracture fixation [9–11]. For instance, several studies on acetabular fracture fixation harnessed the potential of  AM  only  to  create surgical guides for preoperative planning or reshaping the fixa- tion plate [5,12–15]. Clinical studies showed that pre-contouring the plate could enhance the efficacy of fixation by reducing the implanta-  tion time and blood loss [13,15]. However, pre-contouring the fixation plate using a reshaping-template could be both an inefficient and in- accurate method at acute angles. Such issues could be eliminated  through patient-specific AM fracture fixation plates that have been conformed to the bone and defect contour prior to fabrication.  How- ever, there is a critical lack of understanding about the biomechanical behavior of the AM-made fixation plates that needs to be  addressed  prior to clinical evaluation. This challenge is further amplified by the variation due to build-orientation on material structure and resulting mechanical properties, i.e. anisotropy in metal AM. The current state of
the PBF metallic AM implants has been summarized in recent published
reports [16,17]. Burton et al. [18] reported a detail literature review on design decisions, process selection, economic impact, and fabrication work flow of the published reports on AM implants. It was highlighted that the lack of information on the design and manufacturing processes provided by many of these reports restricts the reproducibility, bio- mechanical and clinical evaluation of the presented implant design concepts.
The aim of this study was to establish a  systematic framework for  the design and AM manufacturing workflow of proximal humerus fracture fixation locking plates through computational and  experi- mental validation methods. Locking fixation plates exhibit fixed-angle screw projections in which screw heads are locked in the threaded chambers on the plate. Although, locking plates offer better mechanical stability compared to non-locking mechanisms, and are the current treatment systems for reconstruction of proximal humerus fractures [11,19,20], there is still a high rate of postoperative complications such

as varus collapse and screw cutout through the humeral head associated with these implants [21–25]. Specifically, the role of AM through the process of reverse engineering of a conventional  fracture  fixation locking plate geometry, design and L-PBF fabrication of novel design concepts, design and fabrication of jigs and surgical guides, and com- putational analysis (Finite Element Analysis-FEA) are illustrated in this study. This study compares the biomechanical performance of locking plates fabricated via L-PBF process with conventional  manufacturing, and it proposes novel designs that are made more feasible via AM. Mechanical stability is evaluated through a series of biomechanical testing and finite element analysis (FEA). In-vitro quasi-static bio- mechanical testing along with 3D motion capture was performed to evaluate the resistance of these varying implant constructs to medial fracture gap displacement (i.e. varus collapse). FE analysis was per- formed to estimate the risk of screw cut-out.
As shown in Fig. 1, novel workflow includes: (1) to the best of au-
thors’ knowledge, the first reported study on evaluation of metal AM (L- PBF) to fabricate proximal humerus fracture fixation plates, (2) in- tegration of AM process throughout the work-flow of design, AM pro- cessing, post-processing and preparation of test constructs, (3) design- fabrication-evaluation of novel medial strut design concepts in place of media-inferior screws, and (4) incorporation of orthotropic material properties rather than linear elastic isotropic properties into FE mod- eling.

2. [bookmark: Materials_and_methods][bookmark: _bookmark6]Materials and methods
This section details the reverse-engineering, novel design concepts, AM processing methods, post-processing materials, test construct pre- paration through AM surgical guides, FEA and in-vitro biomechanical testing protocols employed in this study (Fig. 1). The design of ex- periments is developed to understand effects of AM fracture fixation
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[bookmark: _bookmark7]Fig. 1. Schematic diagram of the general workflow to evaluate AM for orthopaedic applications.
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implants on the biomechanical behavior of fractured bone construct; specifically, mean compressive strains of the trabecular  bone  around  the proximal screws and fracture gap displacement under physiologi- cally relevant loading conditions were investigated. The main hypoth- esis of this study was that replacing the calcar screws in the conven- tional implant design with an AM-customized medial support would reduce the proximal head displacement and risk of screw cut-out.
2.1. [bookmark: Design]Design
Systematic reverse engineering techniques using a FARO Arm

deviation between the reconstructed parametric CAD model and point cloud scan data. Extracting an accurate CAD model of the conventional plate enables reliable comparison between forged (i.e. conventional) and AM locking plates by minimizing variabilities in feature geome- tries.
Optical measurements along with CMM were  employed  to  obtain  the screw hole centerline vector at each screw level for the conventional plate group. This information was used to accurately model the holes  that lock with the screws in the parametric CAD model. Since creating threads using AM  processes is still  a challenge, holes with a  diameter  of
3 mm were  incorporated  into  the  CAD  model.  Threaded  holes  with a

Coordinate Measuring Machine (CMM) and blue-light 3D Laser Scanner

diameter of .5 mm were manually created through tapping with the aid

(FARO Technologies, Inc., Florida, USA) were employed to obtain a parametric CAD model of a conventional fracture fixation locking plate for proximal humerus fractures ( .5 mm LCP Proximal Humerus, DePuy Synthes). Scanning rate of 560,000 points per second resulted in a re- solution of 0.0254 mm to generate a highly accurate point cloud re- presentation of the implant. The point cloud data was processed in Geomagic Design X 16.11 (3D Systems, Inc., USA) to generate an STL model using automated triangulation algorithm. A parametric  CAD model of the plate was obtained by extracting relevant geometrical features. Accuracy analysis was performed to evaluate the dimensional

of a polymer AM jig. Suture holes in the plates were ignored in this study since synthetic bones (Large Left 4th Gen Composite Humerus, 10# solid foam cancellous core, Sawbones, Vashone, WA) were used in the biomechanical testing. The rationale behind using synthetic bones included: (1) avoiding high variability inherent in cadaveric bone structures [41,42], (2) significantly higher costs of cadaver specimens that would have restricted the number of trials [41], and (3) ability to benchmark findings from this study against reported work using similar synthetic bones [42].
The parametric CAD model of the conventional locking plate was


[image: ]
[bookmark: _bookmark8]Fig. 2. (A) representative build of fracture fixation plates along with test coupons  and (B) custom polymer AM jig for tapping and creating fixed-angle screw holes  (C).


modified for patient-specific bone model and fracture type for three design concepts: (1) reversed-engineered (RE) plates to mimic con- ventional fixation plate’s geometry, fabricated at two orthogonal or- ientations (REY, REZ), (2) plate with solid medial strut as an alternative medial support solution (MSSY), and (3) plate with porous medial strut (MSPY). The rationale behind the design of medial strut was to provide improved mechanical stability to the humeral head by  supporting  it  with stronger medial cortex bone, as opposed to calcar screws that are fixed to weaker cancellous bone in current implants. Placing the locking calcar screws specifically through the medio-inferior region of the hu- merus head has been shown to be important for improved stability in comminuted cases [19,43]. However, current rates of complications [23–25] indicates that calcar screws have not been sufficient for pro- viding the required medial support in displaced fractures.
Anisotropic mechanical properties of L-PBF objects has been an area
of interest for researchers in recent years. Mechanical properties of the L-PBF parts can vary based on their orientation,  azimuth  and  polar angle with respect to build plate as shown in Fig. 2A. In this study, the reversed-engineered (RE) group was fabricated in two different or- ientations, perpendicular to the build direction (REY) and parallel to the build  direction (REZ). Information  regarding the build orientation  of the
study groups is detailed in Table 2. Additionally, uniform cube edge lattice structures with unit cell size dimensions of 1.5 1.5 1.5 mm, strut diameter of 0.8 mm, and porosity of 61 % were employed in the proposed  medial  support  design  in  order  to  evaluate  potential differ-
ences in biomechanical behavior between solid and porous medial support. The rationale behind incorporation of this pore  structure was  to understand the change in biomechanical behavior of the solid medial strut vs. porous strut considering the latter concept allows for bone ingrowth into the pores [44–46].

2.2. [bookmark: Manufacturing]MANUFACTURING
The build plan was prepared using 3DXpert (3D Systems, Inc., USA) software. The parts were offset at 3 mm from the build plate with solid support structure for wire-Electro Discharge Machining (EDM)
[bookmark: _bookmark9]Table 2
Summary of the test groups and the AM implant orientation in the build en- vironment.	

(Fig. 2A). Prepared build was manufactured on ProX DMP 320 machine (3D Systems, Inc., USA) with layer thickness of 60 µm using standard parameters listed in Table 3. Commercially available virgin SS316L spherical powders (Balance_Fe-17.0Cr-12.0Ni-2.5Mo-2.3Si-0.03C, FE- 101,   Praxair,   Indianapolis,   IN,   USA)   with   a   size   distribution of
40   63 µm were  used  as  the  feedstock  material.  Energy  density was
calculated in accordance to Eqn. 1 [47,48].
 (
=
)Energy density [J /mm]

 (
×
×
)laser power (W )
layer thickness (mm)	hatch distance (mm)	scan speed (mm/s)
(1)
Post-AM build plates underwent thermal treatment in accordance with SAE AMS2759/11 standard [49] for residual stresses. It has been well established that high variation in thermal gradients during the L- PBF process may lead to formation of residual stresses, crack, and dis- tortion [50]. The predominant contributors to the buildup of residual stresses are high thermal gradient, volumetric changes during phase transformation, and variation in coefficient of thermal expansion be- tween the feedstock material and the substrate [50,51].
[image: ]In order to minimize these challenges, stainless steel substrate was used to eliminate the buildup of residual stresses imposed by difference in coefficient of thermal expansion between the feedstock material and the substrate. Additionally, residual stress relief was performed in a vacuum furnace with maximum  temperature  of  450  for  one  hour. After heat treatment and wire-EDM of parts off the build plate, a custom-built aluminum jig was used to cut the support from the fixation plates using Wire-EDM in order to machine the plates to final geometry (i.e. conventional plate geometry).
In order to replicate the locking mechanism of conventional plates into the L-PBF fixation plates, matching fixed-angle threaded holes for ANSI 6-32 screws using custom Acrylonitrile Butadiene Styrene (ABS) tapping guides (Fig. 2B–C) were fabricated using material extrusion (Sell’s Mendel RepRap). Total time  for fabrication  and post-processing  of the implants including custom jig was only 23 h.
[bookmark: _bookmark10]Table 3
L-PBF process parameters.	
 (
mm
)Process Parameters    Scan	Laser	Hatch	Rotation	Energy

Group	Sample # Manufacturing Method

Material Azimuth
angle ( )

Polar angle ( )

Speed (mm )

Power (W )

Distance (	)

Angle increment (deg )

Density ( J 3 )

Conventional     3	Forging	SS316L	–	– REY	3	L-PBF	SS316L	90	0
REZ	3	L-PBF	SS316L	90	90
MSSY	3	L-PBF	SS316L	90	0
MSPY	3	L-PBF	SS316L	90	0



 (
s
)Contour	800	300	–	–	–
Core	900	300	0.1	115	55.6
Support	300	125	0.1	–	69.44
Build Environment No preheating of build plate
Argon - inert gas


	

[bookmark: _bookmark11][image: ]either side of the gage length of the specimen (Fig. 3). The surface of the specimens was machined to nominal conditions to facilitate proper attachment of the strain gages. All testing runs were performed at room temperature. Strain was measured by applying a quasi-static load in ten equal increments starting from 400 N and increasing up to 4 kN . This procedure was repeated three times on each specimen to determine average Poisson’s ratio and elastic modulus along the orthogonal planes.
[bookmark: Micro-hardness_test]2.3.2.  MICRO-HARDNESS test
Micro-hardness test samples were fabricated as cylindrical test coupons  with  a diameter of 9.525 mm (3/8") and height  of 50.8 mm (2") Segments from the cylindrical samples were cut from the center of the sample and embedded in epoxy resin solution. Mounted samples were prepared for micro-indentation through grinding and mechanical pol- ishing steps using MetPrep 3™ (Allied High Tech Products, Inc., USA) polishing discs. Silicon carbide discs of grit sizes 200, 320, 600, 800,
and 1200 were used for 5−8 min each. This process was followed by using felt polishing pads with 3- and 1-micron diamond slurries for    5 min each.
Microindentation was carried out to evaluate the micro-hardness across orthogonal processing planes with Vickers indentation using Qness micro-indentation hardness tester (Q60 A+, Qness, Austria) in accordance to ASTM E-384 [55]. The tip was loaded at 0.5 Kg and held
for 10 s before unloading at each indentation for a total of 100 in- dentations across a constant grid size of 0.5 0.5 mm in each AM build plane. A pyramid-shaped diamond Vickers indenter with an included angle of 136 was used. The Vickers hardness number - HV (kgf /mm2), was calculated using the Eq. 2 [56], where L is the indenter load (kgf ),   AC is the actual surface area (mm2) and d (   ) is the mean diagonal    length of the residual diamond-shape impression in the specimen sur-
face.
 (
A
C
) (
d
2
) (
2
) (
d
2
(2)
)HV = L = 2*L sin 136o = 1. 8544 L 
Additionally, the yield strength ( Y ) of the specimens was estimated using the Eq. 3 based on previous published reports [57–60].

HV	3 *

Y	(3)





Fig. 3. Representative tensile testing specimens with implemented strain gage configuration. The second strain gage was attached on the opposing face.

2.3. [bookmark: Material_properties]MATERIAL properties
Two different techniques were used to obtain the orthotropic ma- terial properties of the L-PBF fixation plates: quasi-static tensile testing

Microindentation was treated as a post-hoc test for additional eva- luation of tensile testing results and was not included in the FEA stu-  dies.
2.4. [bookmark: Finite_element_analysis_(FEA)]Finite element ANALYSIS (FEA)
2.4.1. [bookmark: Finite_element_modeling_(FEM)][bookmark: _bookmark12]Finite element modeling (FEM)
The FE models were developed using the parametric CAD model of the synthetic sawbone and fracture plate in Abaqus/CAE v6.13 (Simulia, Dassault Systems, Providence, USA) (Fig. 4D–F). The CAD models of the bone fragments and the implants were assembled in Geomagic Design X to accurately simulate implantation prior to im- porting into Abaqus for FE modeling. Screws were modeled as cylinders

and micro-indentation. All the material characterization test coupons

with a diameter of .0 mm that were merged with the plate to simulate

were fabricated and heat treated along with L-PBF implants.

[bookmark: Tensile_test][bookmark: _bookmark13]2.3.1. Tensile test
Tensile testing was performed to obtain the orthotropic elastic moduli and Poison’s ratios associated with different AM processing planes. Tensile testing samples were prepared based on the ASTM E8/ E8M standard [52] using wire-EDM. Orthotropic material properties of the AM plates, namely Poisson’s ratio and elastic modulus were de- termined as per ASTM E132 [53] and ASTM E111 [54] standards. Three samples  from  each orthogonal  orientation were  machined to a nominal
width  of 6.35 mm and  a  nominal  thickness  of  2.54 mm.  Two micro-
measurement   strain   gages   (CAE-06-062UT-350)   were   attached   on

the threaded connection between screw head and plate [61,62]. Similar to the test constructs in experiments (Fig. 4A–C), screw lengths in the proximal head fragment were modeled as 40, 45,  40,  50,  and  40 from A to E level, respectively (Fig. 2C). Medial strut (MS) groups (solid-MSSY and porous-MSPY) did not include the calcar (E-level) screws (Fig. 4D–F). All the distal screws in the humerus shaft were 40
in length. The 3-part fracture model had a 10 mm medial gap si- milar to the experimental setup (Section 2.5).
Boundary conditions and loading in the FEMs mimicked the three different biomechanical testing setups. A fully constrained rigid body plate was modeled to replicate the mechanical testing (Fig. 4 D–F). A compressive quasi-static load of 200 N was applied to a reference point which was constrained in 5 degrees-of-freedom (DoF) and free to


[image: ]
[bookmark: _bookmark14]Fig. 4. Demonstration of quasi-static loading conditions in biomechanical testing (A-C) and corresponding FE models (D-F) (posterior view). (A, D) Axial 0 , (B, E)
20 abduction, and (C, F) 20 adduction.
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[bookmark: _bookmark15]Fig. 5. Mesh convergence study based on mean compressive principal strains across the ROIs and predicted construct stiffness.


translate along the y-axis. Interactions at bone-bone and bone-implant interfaces were modeled as isotropic coulomb friction with coefficients  of friction 0.4 and 0.1, respectively [63,64]. Screws were tied  to  the  bone [61,62,65]. A mesh convergence study was conducted by varying

the  mean  element  edge  length from 1	to 5. Correspondingly, 1.5 mean edge length (1% convergence for mean compressive principal strains  and  stiffness) was  used in  this study  to generate approximately
3.6	105  quadratic  tetrahedron  (C3D10)  elements  for  the  test  con-
structs (Fig. 5). The rigid body plate in the FEMs was meshed using 50 linear quadrilateral elements. Material properties of cortical bone, trabecular bone, and conventional implant were modeled as  linear elastic isotropic materials with Young’s Moduli of 17 GPa, 0.058 GPa, and 193 GPa, respectively. The Poison’s ratio was 0.3 for all these materials. Material properties of the synthetic bone were provided by Sawbones [66].
The L-PBF implants were modeled as orthotropic materials with three planes of symmetry and nine independent elastic constants in- cluding: (1) three elastic moduli (E ) in each of the three principal material directions, (2) three poison’s ratios ( ) describing the relation between axial and transverse strains, and (3) three shear moduli (G) to link the three modes of shear stress with strains. Correspondingly, the material properties of the L-PBF plates were defined by the constitutive equation described in Eq. 4. Orthotropic elastic moduli and Poison’s ratios were determined from tensile testing (Section 2.3.1). Since or- thotropic shear moduli of the L-PBF plate were not directly measured, Eqn. 5 was employed.
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order to simulate the comminuted (gap) portion of the fracture, prior to the greater tuberosity fracture simulated with a planar saw cut. An orthopaedic surgeon (AA) performed implantation. Prior to implanta- tion, required length of screws at every level was planned using 3D CAD
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fragments with fixation plates accurately, implantation for 3-part comminuted fracture fixation plates to synthetic bones employed an- other custom PLA guide, providing higher repeatability and ease of assembly  (contour  of  bone  geometries  do  not  facilitate  3-2-1  fixture
systems such as parallel vice). Conventional plates were fixed to bones

2(1 +

ij ji )

(5)

using 3.5

mm 316L SS locking surgical screws. L-PBF plates were fixed
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[bookmark: Post-processing_FEA_results]2.4.2. Post-processing FEA results

(3.0

mm) diameters as the 316L SS surgical screws.
[image: ]Prepared constructs were tested under nondestructive quasi-static

All the developed FEMs were analyzed using standard implicit static solver in Abaqus. A Python script was developed to automatically ex- tract output data from the generated. odb files for further post pro- cessing in MATLAB (Mathworks, Natick, MA). In this study, predicted stiffness results were used for validation of the simulation [67,68].
Minimum principal strains around the screws were evaluated to estimate failure of the construct. Recent cadaver studies  have  shown that minimum principal strains around the screws are directly corre- lated to screw cut-out under cyclic loading [67,68]. Based on these published  methods,  nodal-coordinates  of  the  screws  were  used  to  fit
cylindrical  regions-of-interest  (ROIs)  with  a  diameter  of 8 mm in MA-
TLAB in the trabecular bone volume around each screw (Fig. 6). Vo- lume-weighted average of the minimum principal strains in the ROIs were determined and used as the predicting factor for screw  cut-out [62].

2.5. [bookmark: Quasi-static_biomechanical_testing][bookmark: _bookmark16]QUASI-STATIC BIOMECHANICAL testing
A total of 15 synthetic humerus bones (Large Left 4th Generation Composite Humerus, 10# solid foam cancellous core, Sawbones, Vashone, WA), three bones per experimental group (n = 3) were pre- pared for biomechanical testing. A consistent 3-part comminuted frac- ture was simulated in all the specimens with the aid of a custom PLA (Polylactic Acid) guide that was fabricated using material extrusion

conditions in accordance to previous studies [42,69–71]. All the me- chanical tests were performed in a universal test frame (Electroforce 3550, TA Instruments, Eden Prairie, MN). Three different axial com- pression loading modes with the humeral shaft axis  oriented at  angles  of 0 , 20 , 20 with respect to loading direction (Fig. 4A–C) were investigated [72]. Axial compression loading modes were performed by applying load at rate of 0.1 mm/s until reaching 200 N to the distal end
of  the  constructs.  The       20   abduction  (Fig.  4B)  was  included  to si-
mulate shear loading across proximal fracture site  as  experienced during rising out of a chair or crutch weight bearing [70,71]. The 20 adduction (Fig. 4C) was based on the previous in-vivo study which si- mulates typical glenohumeral contact force directions [73]. Relative proximal head displacement with respect to the distal shaft was mea- sured using a 3-D motion capture system (Optitrack, NaturalPoint, Inc., Corvallis, OR) by recording the motion of the marker clusters attached   to the humeral head and the distal shaft fragments. The 3-D motion capture system was calibrated within an accuracy of 0.2 mm to record the relative displacement between the bone fragments at  a  sampling rate of 30 Hz .
3. [bookmark: Result][bookmark: _bookmark17]Result
3.1. MATERIAL CHARACTERIZATION
Orthotropic elastic moduli and the Poisson’s ratios of the L-PBF

(MakertBot 2, MakerBot Industries, LLC, New York, NY). A 0 mm wide

implants that were obtained from tensile testing (Table 4) were em-

zone of the surgical neck was removed distal to the humeral head in
[image: ]
[bookmark: _bookmark18]Fig. 6. Schematic diagram of the ROIs for evaluation of compressive principal strains.

ployed in the FE modeling of the proximal humerus fractures constructs with AM plates. As detailed in Section 2.4.1, the orthotropic shear moduli were calculated using Eq. 5. The differences between ortho- tropic elastic moduli averaged only 1.7 %, but the Poisson’s ratios de- viated by 38 % between XY and XZ. Post-hoc microindentation testing was employed to evaluate the differences in hardness between ortho- gonal processing planes (Fig. 7). The micro-hardness across the YZ processing plane was 7.8 % more than XY plane (Table 5). On average, micro-hardness of L-PBF parts in this study were observed to be at least 49 % higher than forged SS316L parts. In addition, considerably higher yield strength (> 60 %) based on Eq. 3 was observed in L-PBF samples which is consistent with previously reported studies on L-PBF SS316L [74–76].
3.2. [bookmark: Computationally_predicted_fixation_stabi]COMPUTATIONALLY predicted FIXATION STABILITY
FE models predicted higher construct stiffness compared to bio- mechanical testing. Maximum deviation of construct stiffness between the predicted and experimental results was 30 %. This deviation can be attributed to ideal boundary conditions and  shear  locking phenomena  in computational models as reported previously [65,79,80]. In order to evaluate the risk of screw cut-out failure across design groups, mean compressive principal strains in ROIs (Section 2.5.2) were analyzed on both: (1) volume-weighted average across screws and (2) individual screws (Fig. 8). The REY, REZ and Conventional groups showed similar
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mean compressive principal strains in the individual and averaged  across the ROIs. On the other hand, MSSY reduced the average com- pressive principal strain experienced in the humeral head trabecular bone by 12.6 %, 23.17 %, and 7.9 % at axial, abduction, and adduction, respectively (Fig. 8). In general, MSPY plate showed similar bio- mechanical behavior as the MSSY plate.
3.3. [bookmark: Biomechanical_testing]BIOMECHANICAL testing
Quasi-static biomechanical testing showed that REY plates behave similar to conventional locking plates in providing resistance to fracture gap displacement (Fig. 9). Solid medial strut (MSSY) design constructs experienced smaller fracture gap displacement when compared to re- verse-engineering conventional design (REY). Porous medial strut  (MSPY) experienced smaller fracture gap displacement when compared to reverse-engineering conventional design (REY) and solid strut (MSSY) in the case of the most physiological relevant abduction loading con- dition. There was a considerable effect of build orientation on the biomechanical performance of the fracture fixation plate. REZ plate presented 59.7 % more resistance to fracture gap displacement on average in comparison to REY plates but the mean displacement of REZ was within the range of REY’s displacement results.
4. [bookmark: Discussion][bookmark: _bookmark20]Discussion
4.1. [bookmark: Material_characterization]MATERIAL CHARACTERIZATION
Orthotropic material properties of the L-PBF SS316L from tensile testing were used in FE modeling of the AM implants. Tensile testing results showed smaller variation of elastic and shear moduli among the orthogonal build orientations 1.7 % and 7.7 %, respectively. However, Poisson’s ratio varied substantially (38 %) between XY and XZ or YZ planes. In comparison to a previous similar study that investigated anisotropic material properties of SS316L parts without any heat treatment [76], it can be concluded that residual stress removal and improved fusion between scan tracks and layers reduces the differences in microstructure and inherent anisotropy in mechanical properties. In



addition, the surface of the tensile testing specimens was machined in this study, which would eliminate the effect of as-built surface rough- ness.
The microhardness was evaluated across orthogonal processing planes. These results were in agreement with previous reports [74–76] and exhibited substantially higher (49 %) hardness value compared to forged SS316L. This difference could be attributed to the fast cooling process of L-PBF which results in refined microstructure and higher microhardness [81]. Orthogonal processing planes (YZ) exhibited 7.8 % higher microhardness, which highlights the effect of build direction. Orthotropic yield strength was estimated from the measured micro- hardness based on established “three-times” rule (Eq. 3) which states that the Vickers hardness of a material is approximately three times its yield strength [57–60]. However, the estimated strength might be  slightly different from the measured yield strength [74–76]. This de- viation could be attributed to: (1) weak linear relation between mi- crohardness and strength in AM metal alloys which may not adhere to
three-times   relationship,   and   the   elastic   constraint   value   might be
smaller than three [59], and (2) L-PBF process parameters and heat treatment procedure in this study are slightly different from other si- milar reports.
4.2. [bookmark: Reduced_risk_of_screw_cut-out]Reduced risk of screw cut-out
Mean compressive principal strains around the proximal screws in the trabecular region of the head fragment were used as the predicting parameter for screw cut-out failure, based on recent reports [67,68]. Proposed medial strut concepts, both solid and porous, showed reduced average compressive principal strains across the ROIs for all three in- vestigated loading modes. In addition, individual evaluation of the ROIs indicated that the new design reduces mean compressive principal strains around the A–D levels screws when compared to conventional design. AM reversed engineered implants (without the medial strut) presented similar risk of screw cut-out as the conventional locking fixation plates. In addition, it was observed that both solid and porous medial strut concepts offer similar biomechanical behavior. The porous medial strut may facilitate bone ingrowth and osseointegration of the
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[bookmark: _bookmark21]Fig. 7. Representative illustration of micro-hardness measurement grid across orthogonal processing planes.

[bookmark: _bookmark22]Table 5
Summary of the Micro-hardness results for AM processing planes compared with previous L-PBF and forged SS316L results.	
Mean      Std (HV)	95 % Confidence Interval  (CI) (HV)	Est. Yield Strength (MPa)
L-PBF: XY Plane	209.68     5.85	[208.58, 210.77]	685.44
L-PBF:YZ Plane	226.00      7.37	[224.46, 227.54]	738.79
L-PBF [74–76]	220-279	–	719-912
Forged [77,78]	133-140	–	434-458
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implant, collectively, these findings suggest that the proposed AM- centric implant design, specifically the medial strut concept, can reduce the risk of screw cut-out failure, at least in fixation of clinically difficult and unstable proximal humerus fractures with a comminuted neck zone.
4.3. [bookmark: Reduced_varus_collapse]Reduced VARUS COLLAPSE
Results from quasi-static biomechanical testing also showed that the proposed medial support provides more resistance to medial fracture gap displacement when compared to conventional  and  REY  plates across all three investigated loading modes. This indicates that risk of varus collapse, which is known to be one of the main postoperative



complications in proximal humerus fracture fixations [82–84], could be reduced with new medial support concepts that can be easily im- plemented via AM. Another important finding of this study was the similarity in biomechanical behavior of AM reversed-engineered im- plants (REY) and conventional plates. With RE group, mean fracture gap displacement between REY and REZ groups were different. This devia- tion in average displacement might be attributed to the effect of build orientation on the strength and resistance of the plate to deformation. This deviation in mechanical performance was not evident in tensile testing and microhardness results likely due to removal of as-built surface roughness through machining. As-built surface roughness is shown to be dependent on build direction, scanning  strategy, powder size distribution, post heat-treatment as well as position [76,85–89].


[image: ]
[bookmark: _bookmark23]Fig. 8. FEA-predicted bone strains surrounding screws, a surrogate for risk of screw cut-out, across design groups. The bars indicate average compressive principal strains across all ROIs for all three different loading modes. The plate schematics represent mean compressive principal strains for individual ROIs surrounding each screw for the abduction loading condition.
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[bookmark: _bookmark24]Fig. 9. Maximum fracture gap displacement determined from 3D motion tracking during biomechanical testing.

Therefore, mechanical performance of the L-PBF parts which is also dependent on surface roughness [76,90] can be modified during L-PBF processing. In order to better understand this aspect of AM made im- plants, biomechanical testing with larger sample size of both synthetic and cadaveric bones is required. In addition, future efforts will include experimental evaluation of the micromotion at the bone-implant in- terface via digital image correlation (DIC) during increasing cyclic loading (e.g. 10–50 cycles). This effort can provide critical insight into the local surface deformation (i.e. strains) at the interface of both bone fragments and bone-implant interface.
In summary, this study presented a comprehensive evaluation of the AM design and fabrication, material characterization, orthotropic FE analysis, and biomechanical evaluation of fracture fixation implants. Unique benefits of unparalleled design freedom offered by AM were harnessed to improve the biomechanical stability of the fracture fixa-  tion implants for complex shoulder fractures. Comprehensive evalua- tion of the implemented workflow provides preliminary evidence of potential advantages of AM in orthopaedics. In order to accelerate the adoption of AM for orthopaedic  applications, additional efforts related  to medical device regulation (MDR) is required. It could include: (1) establishing a standard workflow for optimum cleaning and  steriliza- tion of AM implants which could be challenging in cases of porous structures, (2) developing standard process parameters for each bio- compatible material and AM technique to achieve more consistent bio- mechanical  properties,  and  (3)  studying  the  multi-factorial  cost  com-
ponents of AM medical device development and regulation. The im-
portant factor of cost  remains a major  barrier to broader adoption of  AM in personalized medicine. However, considering the ever-growing adoption of AM in dental industry [91], it is  believed  that  similar  growth could be achieved for AM use in orthopaedic implants.
5. [bookmark: Conclusion][bookmark: _bookmark25]Conclusion
 (
•
)In this study, a systematic workflow was designed and developed to evaluate AM fabrication of fracture fixation implants. A patient-specific AM–centric design concept was proposed and investigated with the aim of reducing common post-operative complications in proximal humerus fracture fixation – screw cut-out and varus collapse. Following con- clusions are drawn from the outcomes of this study:
 (
•
)New metal implant designs can be rapidly produced along with post- processing, surgical planning and surgical guides in less than 24 h    for complex fracture surgeries (∼23 h in this study).
Metal AM offers the ability to fabricate patient-specific fracture fixation plates for proximal humerus fractures based on fracture  type, patient’s anatomy and bone quality, which can significantly

improve the quality of the reduction.
 (
•
) (
•
)This study reports the first investigation on the use of metal AM for complex 3-part fractures.
 (
•
)Proposed design concept of medial support is relatively easier to design, fabricate and evaluate through the implemented AM work- flow
 (
•
)Results show that proposed design concept can be successful in re- ducing the risk of varus collapse and screw cut-out. Larger sample size and cadaver studies is warranted in future work. Clinical aspects including avoiding disruption of soft tissues surrounding the medial aspect of the humerus should also be considered.
 (
•
)Validation of AM for orthopaedic applications requires concurrent evaluation of material and biomechanical properties of implants, especially when new design concepts are proposed.
 (
•
)FE modeling of the AM materials continues to be challenging. More effective and computationally feasible  material  models  is  required to incorporate orthotropic material properties of AM parts, effects of surface roughness, and AM process parameters.
This study provides preliminary evidence of the potential translation of benefits of patient-specific AM fracture fixation plates in ortho- paedic surgery. However, the impact of AM workflow on cost of implant development and regulation needs to be well understood.
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Anatomy/Reference Fabrication Material Design Feature Evaluation Comment

Hip[2] L-PBF Ti-6Al-4V  Stem component; Biomechanical Reduced stress shielding in
optimized testing (m=3); fully porous implants by
microarchitecture; compared with  75% when compared to
tetrahedron unit cells; control (n=3); fully solid implants;
patient-specific FEA detailed  discussion  of

design concepts

Hip[4] L-PBF Ti-6Al-4V ~ Stem component; pore Static and Twodifferent pore volumes
structures  incorporated ~ dynamic test were tested; smaller sample
into the rational design of ~ (Locati method- number; no control group
femoral neck thermostatic

bath) on implants
without test
constructs; N=2
(n=1 each group)

Hip[26] EBM Ti-6Al-4V  Acetabular cup N/A No mechanical and
component; porous physiological testing; only
structure prototype of the part was

demonstrated; n=1

Hip[27] EBM Ti-6Al-4V  Patient-specific hip  Fatigue test using 35% cost reduction when
implants; medial surface cubic test compare to conventional
of the implants left as- samples machining; no
built biomechanical testing

Hip[28] L-PBF Ti-6Al-4V  Rationally designed  Biomechanical Compression and shear at

ELI meta-biomaterials ~ with  testing equipped both lateral and medial
incorporation of both  with Digital aspect of the implant;
positive and negative Image improved  biomechanical
poison’s ratio; hexagonal  Correlation performance
honeycomb lattice  (DIC); cyclic

structure at the neck

loading; n=3 for
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Cranial[6]

Maxilla[29]

Craniofacial[30]

Knee[26]

Distal tibia[31]

L-PBF

L-PBF (plate)
and material
jetting
(surgical

guide)

L-PBF

EBM

N/A
[Performed by
4WEB, Frisco,

TX]

Ti-6Al-4V

Ti-6Al-4V
(Fixation
plate);
N/A
(Surgical

guide)

Ti-6Al-4V

Co-29Cr-

6Mo

Pure Ti

Patient-specific; uniform

cubic pore structure

Virtual planning; design
of both osteotomy
surgical guide and
patient-specific fixation

plate

Patient-specific design of
plate and virtual planning

for positioning

Polished contact surface;
porous structure in the

interior region with the

motivation to improve
osseointegration
Patient-specific  porous

scaffold (truss cage)

each auxetic and

control  group;
n=6 for meta-
implant

Fitting test on the
bio-model of the
craniofacial;

Clinical

Clinical; n=10

Clinical; n=1

N/A

Clinical; n=1

No biomechanical testing
or FEA; 1 case; limited
discussions on  design
methodology of porous
structure

Design and fabrication of
custom-made surgical
guide for fixation plate;
proposed CAD-CAM
workflow; limited
information on fabrication
processes

Demonstration of
functional and aesthetic
outcome; limited
information on design and

manufacturing workflow

No biomechanical and

physiological testing;
prototype  demonstration;
n=1

Integration of truss cage
with retrograde
tibiotalocalcaneal nail;
limited information on the

design and manufacturing

workflow
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Clavicle[7]

Clavicle, Scapular,

Pelvic[32]

Pelvic[33]

Pelvic[34]

Sternocostal[35]

EBM Pure Ti
EBM Ti-6Al-4V
L-PBF; Ti-6Al-4V
Polymer AM
EBM Ti alloy
EBM Ti alloy

Conformed to  bone
contour; optimized screw

position and direction

Patient-specific;
preplanned
fixation/screw  position;
porous structure

Design of the patient-
specific implant using
healthy contralateral
pelvis; reconstruction
and AM of anatomical
model for surgical
planning; porous
structure
Patient-specific
prosthesis conformed to
bone contour; porous
structure to improve

osseointegration

Neo-rib rods connected to
a clamp with a rough
inner

surface; simple

holes were

(pores)
incorporated into the

clamp to facilitate sternal

anchorage

FEA;
clinical study;

n=3

Clinical; n=3
(n=1 for each

anatomical site)

FEA;

biomechanical

testing; clinical;

n=1

Clinical; n=35

Clinical; n=1

Patient-specific;

no biomechanical testing to
validate FEA prior to
surgery; 3 months follow-
up report

No biomechanical testing

or FEA; limited discussion

on porous structure

Fabrication of patient-
specific implant via L-PBF
and bio-model of the
anatomy via polymer AM;
neither tumor recurrence
nor implant loosening was
reported 11 months post-
operation

Satisfactory short-term
functional results, accurate
implant-bone contour
alignment; limited
information on the design
and manufacturing process
parameters

Satisfactory functional and
cosmetic results; limited
information on the design

and manufacturing process

parameters
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Vertebral cage[36]

Vertebral cage[37]

Spine[38]

General (Push-fit

peg) [39]

Acetabular [14]

EBM Ti-6Al-4V
N/A Ti (or its
alloy)
EBM Ti (or
alloy)
L-PBF Ti-6Al1-4V
ELI
3D laser printer ~ Polyamide
(guide); 5-axis powder;
milling Ti-6A1-4V

machine (plate)

Porous cage; Patient-
specific;
Porous  patient-specific

cage with fixation holes

for pedicle screws

Patient-specific implant
with  customized drill

guide; surgical planning

using bio-models

Stochastic  and  non-
stochastic lattice
structures;

Design of patient-specific

plate based on 3D
reconstructed  reduced
fracture pelvis model;

drilling guide to redirect
the screws for alignment

during surgery

Clinical; n=1

Clinical; n=1

Clinical; n=1

Biomechanical
testing;

compared with
control group;
n=4 per group

Clinical; n=1

Limited discussions on the
porous  structure;  no

biomechanical testing or

FEA
Significant reduction of
operative time; limited

information on AM
material - grade of Ti alloy,
AM technique and process
parameters
Significant reduction of
operation time and risks
associated with
neurovascular
deterioration

Improved bone anchorage
and initial fixation; greater

pull-out force for barbed

push-fit implants

Customization of plates to
fracture type and patient's
bone quality prior to

surgery; fixation plate

fabricated through SM and
surgical guide through

polymer AM;  limited
sample size; no control
group; no biomechanical

testing or FEA evaluation
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Acetabular [15]

Acetabular [13]

Vertebra[40]

Polymer AM
(material

extrusion)

Polymer AM
(material

extrusion)

L-PBF

Polylactide

(PLA)

PLA

Pure Ti

Fracture reduction

through virtual design

Reconstruction of
healthy contralateral
hemi pelvis for AM of

reshaping guide;

Design  of  patient—

specific  template  for

screw positioning based

on Computer
Tomography (CI)
images

Clinical; control

group n=13; test

group n=12
Clinical; n=1
Clinical; n=40

Reduction of surgery time
and blood loss; small
difference between control
and test groups with respect
to quality of fixation; no
biomechanical or FEA
evaluation

Reduction in cost of
reshaping of plate; virtual
surgical planning using
reconstructed fractured
pelvis; smaller sample size;
no control group; no
biomechanical or FEA
evaluation

Success rate of 98.6% in
scoliosis patients; 100% in
ossification of the posterior
longitudinal ligament
patients; detailed workflow

for design-fabrication of

AM template
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