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Just as men and women are groups within 
the category of humans but are notably    
different, and just as cars and trucks are 
groups within the category of vehicles but 
are notably different, so too are the groups of 
“realities” within the category of extended 
reality (XR). VR stands for virtual reality.   
In this type of reality, the user is immersed in 
a completely fake world. VR requires a full 
headset that blocks your vision of anything 
in the real world. What does the person 
wearing the headset see? Nowadays, the  
options are virtually (pun intended) limitless 
but could be anything from an entire movie theater built just 
for you, to a realistic first-person shooter video game, to 
virtual tourism. My personal favorite is virtual tourism, 
where viewers believe they are actually skiing in the Swiss 
Alps, sailing the high seas, or shopping in the Villaggio 
Mall in Doha, Qatar, which features Venetian architecture, 
cobblestone walkways, intricate façades, and an indoor  
canal where guests can take gondola rides under a painted 
sky ceiling. 
 

Video games are arguably high on the list of VR applica-
tions. One of the most popular examples of VR is the 
metaverse. This is a collection of virtual digital worlds that 
a person can access via a VR headset. In metaverse environ-
ments, you can interact with other users’ avatars, play 
games, buy virtual property, and more. Meta (formerly  
Facebook) is a major metaverse developer, though there are 
many other examples out there, such as Epic Games,      
Decentraland, Roblox, and Unity. Since VR can employ 
almost any kind of immersive experience the human mind 
can devise, business and industry have employed the tech-
nology for employee training, architecture, therapy, and 
educational videos. 
 

AR stands for augmented reality. In this type of reality, 
you will still use computer-generated images. But, since the 
point is to also see your surroundings, the virtual elements 
are superimposed onto real-world items. Here, your physi-
cal environment is enhanced or changed in some way.     
AR can drastically change how we shop by 
letting us do all sorts of neat reality-
bending tasks, such as trying on clothes, 
testing how furniture will fit in a room, 
and viewing customer ratings on top of in-
store products. The most common AR  
applications for businesses are in mobile 
shopping apps. For example, you can use 
AR to see how a piece of furniture or art 
will look in your home—obviously, this is 

a two-way street, where customers can    
benefit from the shop-from-home experience 
we’ve become accustomed to, while increas-
ing sales for businesses. But, here again, 
businesses and industry can also use AR 
internally for training (e.g., projecting     
assembly instructions onto a workspace or 
identifying different work tools),                   
e-commerce, education, marketing, interior 
design, and product design. 
 
MR stands for mixed reality. This type of 
reality has a good bit of overlap with AR in 

that both can be used on your smartphone, tablet, or laptop, 
both superimpose virtual elements onto real-world items, 
and neither requires any special or pro hardware. The differ-
ence is that MR goes a step further by integrating digital 
objects into the real world in a way that allows those objects 
to interact with physical surroundings. MR devices map the 
environment in order for virtual objects to interact with  
surfaces, obstacles, and user actions. For example, a virtual 
robot in MR could walk behind furniture or interact with 
real objects, creating a highly immersive experience.      
Applications can be found for video gaming, military train-
ing, medical training, product design, interior design,     
employee training, education, museums, and healthcare.  
For instance, BAE Systems, a security, aerospace, and naval 
contractor, managed to improve its battery production rate 
by 30-40% using MR. Case Western Reserve in Ohio used 
MR to teach anatomy. In this case, students used Microsoft 
HoloLens 2 to visualize a virtual human skeleton and its 
inner anatomy, thereby allowing them to get an in-depth 
look at an un-dissected cardiac system. 
 

This brings us to our featured article (p.25) and an educa-
tional application of AR. The authors designed, built, and 
installed an interactive AR station to improve public aware-
ness of invasive beetle species. The system combined a 
physical dodecahedron structure with interactive AR visual-
izations created in Unity, a real-time 3D development en-
gine. Each face of the dodecahedron displayed information 
about different invasive species, while allowing users to 

scan the panels to view 3D beetle models 
and animations in AR. The goal of this 
project was to demonstrate that combining 
physical exhibits with AR content can 
create accessible and immersive learning 
experiences in visitor centers and educa-
tional environments. The aim of this    
approach was to make scientific topics, 
such as invasive species, more understand-
able and engaging for the general public. 
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Mohammad O. Al-Barqawi, CHA Consulting; Mustafa Mahamid, University of Illinois-Chicago; 
Adeeb Rahman, University of Wisconsin-Milwaukee 

stiffness than bone, highlighting an important research gap 
in developing materials that match bone’s elastic properties 
while maintaining sufficient strength and porosity to support 
biological integration (Lin, Kikuchi & Hollister, 2004; 
Karageorgiou & Kaplan, 2005). Recent studies have also 
shown that lattice architecture strongly influences mechani-
cal behavior, with stretch- and bending-dominated unit cells 
exhibiting distinct structural responses (Maskery, 
Aboulkhair, Aremu, Tuck, Ashcroft, Wildman & Hague,  
2016; Abou-Ali, Al-Ketan, Rowshan & Abu Al-Rub, 2019; 
Kadkhodapour, Montazerian, Darabi, Anaraki, Ahmadi, 
Zadpoor & Schmauder, 2015). 
 

This study addresses this gap by employing laser powder 
bed fusion (LPBF) to fabricate scaffolds from stainless steel 
316L (SS316L). This alloy was selected due to its excellent 
corrosion resistance, biocompatibility, and cost-
effectiveness compared to titanium alloys, as well as its 
favorable performance in AM processes (Kurzynowski, 
Gruber, Stopyra, Kuźnicka & Chlebus, 2018; Rankouhi, 
Bertsch, Meric de Bellefon, Thevamaran, Thoma & Suresh, 
2020). The authors hypothesized that specific cellular archi-
tecture—cubic and diagonal unit cells—could be optimized 
to achieve mechanical properties consistent with natural 
cortical bone, particularly an elastic modulus of approxi-
mately 15 GPa. The authors integrated finite element analy-
sis (FEA) to optimize scaffold geometry with experimental 
validation through compression testing and scanning     
electron microscopy (SEM). The investigation focused on 
the ability of optimized cubic and diagonal designs to 
achieve bone-like stiffness while maintaining porosity for 
tissue ingrowth (Asadi-Eydivand, Solati-Hashjin, Fathi, 
Padashi & Abu Osman, 2016; Al-Ketan, Rowshan & Abu 
Al-Rub, 2018; Ma, Zhang, Zhao, Jiang, Luo & Zhou, 2022). 
Figure shows that, following LPBF fabrication, scaffolds 
underwent morphological evaluation to assess structural 
fidelity, surface roughness, and manufacturing accuracy. 
 

Overall, this work demonstrated that architectural design 
can significantly influence scaffold behavior, with cubic 
scaffolds showing stretch-dominated failure modes suitable 
for load-bearing applications and diagonal scaffolds exhibit-
ing bending-dominated failure favorable for energy absorp-
tion. Establishing these structure–property relationships 
provides valuable insights for minimizing stress shielding 
and advancing patient-specific scaffold design, thereby  
contributing to improved bone integration and long-term 
orthopedic implant success (DebRoy et al., 2018; Lewan-
dowski & Seifi, 2016). 

Abstract 
 

Additive manufacturing (AM) enables the fabrication of 
bone scaffolds with tailored mechanical properties to     
address stress shielding in orthopedic implants. In this 
study, stainless steel (SS316L) scaffolds with cubic and 
diagonal architectures were optimized to achieve an elastic 
modulus of 15 GPa, comparable to human cortical bone, 
and fabricated using laser powder bed fusion (LPBF).  
Compression testing confirmed the finite element predic-
tions, yielding moduli of 14.76 GPa (cubic) and 14.29 GPa 
(diagonal). Scanning electron microscopy (SEM) demon-
strated high structural fidelity with minimal porosity, 
though a 3-5% reduction in strut size was observed. Cubic 
scaffolds exhibited stretch-dominated failure suitable for 
load bearing, while diagonal scaffolds displayed bending-
dominated failure favorable for energy absorption. These 
results demonstrated the feasibility of using LPBF to      
produce patient-specific SS316L scaffolds that minimize 
stiffness mismatch, promote bone ingrowth, and support 
long-term implant success. 
 
Keywords: Additive Manufacturing; Laser Powder Bed 
Fusion; Bone Scaffold; Stress Shielding; Finite Element 
Analysis; Scanning Electron Microscopy; Orthopedic     
Implants 
 

Introduction 
 

Critical-sized bone defects present a major clinical chal-
lenge in orthopedics, requiring effective strategies for bone 
regeneration and mechanical support. Current treatments 
such as autografts and allografts face significant limitations, 
including restricted availability, donor site morbidity, and 
risks of immune rejection or disease transmission (Ponader 
et al., 2010; Li, Habibovic, van den Doel, Wilson, de Wijn, 
van Blitterswijk & de Groot, 2007). These challenges have 
motivated the development of synthetic bone scaffolds   
capable of providing both structural stability and biological 
guidance for tissue regeneration. A crucial consideration in 
scaffold design is the prevention of stress shielding, which 
arises when an implant’s stiffness substantially exceeds that 
of natural bone (10-20 GPa). This mismatch causes the  
implant to bear most of the mechanical load, reducing stress 
on surrounding bone tissue and leading to resorption,    
loosening, and eventual implant failure (Öhman, Baleani, 
Pani, Taddei, Alberghini, Viceconti & Manfrini, 2011). 
Current metallic implants often possess much higher      

 ——————————————————————————————————————————————————
Iඇඍൾඋඇൺඍංඈඇൺඅ Jඈඎඋඇൺඅ ඈൿ Eඇ඀ංඇൾൾඋංඇ඀ Rൾඌൾൺඋർඁ ൺඇൽ Iඇඇඈඏൺඍංඈඇ | ඏ18, ඇ1 / Sඉඋංඇ඀/Sඎආආൾඋ 2026                              5 



——————————————————————————————————————————————–———— 

——————————————————————————————————————————————–———— 
 6                              Iඇඍൾඋඇൺඍංඈඇൺඅ Jඈඎඋඇൺඅ ඈൿ Eඇ඀ංඇൾൾඋංඇ඀ Rൾඌൾൺඋർඁ ൺඇൽ Iඇඇඈඏൺඍංඈඇ | ඏ18, ඇ1, Sඉඋංඇ඀/Sඎආආൾඋ 2026 

(a) Cubic 

 (b) Diagonal 
 
Figure 1. Unit cells. 
 

Material and Methods 
 

Stainless steel (SS316L), a widely used material for bone 
tissue engineering (BTE) scaffolds and additive manufactur-
ing, was selected for this study owing to its superior       
biocompatibility, established corrosion resistance in physio-
logical environments, and favorable combination of       
mechanical properties and cost-effectiveness relative to tita-
nium alloys. Mechanical property variations, stemming 
from process parameters, build orientation, and inherent 
material properties, necessitated characterization via tensile 
testing. Tensile coupons were additively manufactured and 
tested at room temperature using an MTS tensile machine 
equipped with a 50 KN load cell. Digital image correlation 
(DIC) was utilized to measure strain. DIC, a non-contact 
optical method, tracks the displacement of a random speckle 
pattern applied to the specimen surface during loading. By 
analyzing sequential high-resolution images, DIC produces 

full-field displacement and strain maps with sub-pixel preci-
sion, thereby minimizing errors commonly associated with 
traditional extensometers and providing a more comprehen-
sive characterization of strain distribution, including local-
ized concentrations that point-based techniques may fail to 
capture, resulting in stress-strain curves that provide values 
for elastic modulus, yield strength, ultimate strength, and 
elongation (Novich, Sánchez, Paniagua & Mantell, 2024). 
 

Finite Element Analysis 
 

FEA simulations were conducted in ANSYS to model the 
geometry and predict the mechanical behavior of BTE scaf-
folds under uniaxial compression. The two-unit cell designs 
used in this study were cubic and diagonal The cubic design 
represented a stretch-dominated lattice in which struts    
primarily carry axial loads, resulting in high relative stiff-
ness and strength, making it well suited for load-bearing 
applications (Maskery et al., 2016; Al-Ketan et al., 2018).  
In contrast, the diagonal design was bending-dominated, 
exhibiting greater energy absorption capacity and a more 
compliant response (Zhu, Li, Wang, Li, Hou, Hao, Yang & 
Misra, 2019). Such mechanical behavior contributes to   
reducing stress shielding and facilitates bone remodeling by 
more closely replicating the native mechanical environment 
of bone. The two cell units were parameterized for cell size 
(c), strut size (d), and pore size (p). Pore size was fixed at 
800 μm to accommodate bone ingrowth, as established in 
prior studies (Taniguchi et al., 2016; Wang, Xu, Li, Yi, 
Zhang, He & Yu, 2020). Optimization tools in ANSYS  
adjusted geometrical parameters to achieve a scaffold elastic 
modulus of 15 GPa. 
 

The relationship between the geometrical parameters c, d, 
and p is given through the following equations. For the  
cubic unit cell (Equation 1) and the diagonal unit cell 
(Equation 2): 
 

 (1) 
 
 

 (2) 
 
 

In this study, both 3x3 and 7x7 scaffolds were explored. 
Figures 2 and 3 show the final geometry of the 3x3 cubic 
and diagonal scaffolds, respectively. The strut size and the 
basic cell size were limited within a specific range accord-
ing to the capability of the AM technology used in this   
research study. 
 

Additive Manufacturing 
 

The optimized designs were fabricated using LPBF tech-
nique on an EOS M290 machine. The STL file format facil-
itated compatibility with 3D prototyping. Table 1 details the 
LPBF processing parameters. The process included layer-by

p c d 

2
2

c
p d    

 
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-layer powder deposition, laser fusion, and eventual removal 
of scaffolds via electrical discharge machining (EDM). 
Scaffold support structures were integrated during printing 
to ensure stability. AM technology was used to construct the 
BTE scaffold with high precision. Figure 4 shows the final 
design that was saved in the STL file format, which is   
compatible with all 3D prototyping machines. The AM  
process used to construct the SS316L BTE scaffold was 
LPBF. Figure 5 shows examples of precision-manufactured 
cellular structures produced by a machine such as the EOS 
M290. Table 1 shows the processing parameters used to 
build the scaffolds. 

(a) Cubic 

(b) Diagonal 
 
Figure 4. Scaffolds in STL format. 
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Figure 2. Diagonal unit cell. 

(a) Diagonal 

(b) Cubic 
 

Figure 3. BTE scaffold. 



——————————————————————————————————————————————–———— 

——————————————————————————————————————————————–———— 
 8                              Iඇඍൾඋඇൺඍංඈඇൺඅ Jඈඎඋඇൺඅ ඈൿ Eඇ඀ංඇൾൾඋංඇ඀ Rൾඌൾൺඋർඁ ൺඇൽ Iඇඇඈඏൺඍංඈඇ | ඏ18, ඇ1, Sඉඋංඇ඀/Sඎආආൾඋ 2026 

Figure 5. Examples of precision-manufactured cellular structures. 
 
Table 1. LPBF processing parameters. 

The primary advantages of using LPBF are the ability to 
construct scaffolds with complex internal and external struc-
tures and build scaffolds in one process with an absence of 
tooling and with the capability of building scaffolds with 
varying wall sections to achieve optimized mechanical 
properties (Murr et al., 2010). LPBF is considered a costly 
process, as it requires a significant amount of energy,     
considering material and post-processing costs (DebRoy et 
al., 2018). The following is a step-by-step explanation of the 
LPBF material processing methodology. 
 

1. A recoating blade is used to deposit a layer of powder 
(around 20 microns) on the build platform via laser, 
which heats the bottom layer of powder locally.  

2. The build platform moves one layer down, and the 
recoating blade moves by a roller and deposits the 
second layer of powder on the building platform. 

3. The second layer of powder is fused to the first layer.  
4. Steps 2 and 3 are repeated until the scaffold is built 

completely. 
5. The powder is removed from the building platform 

once the final layer has been constructed. 
6. Electrical discharge machining (EDM) is used to 

remove the scaffold from the build plate. 
 

The build plate size is 250 mm x 250 mm; hence the need 
for multiple CAD models to support it at the desired angle. 
The chamber in which printing is conducted was under  
vacuum to prevent SS oxidation while printing. The size of 
the SS316L powder particle used was less than 60 microns. 
Since the minimum angle required for SS to remain self-
supporting is 30 degrees, the scaffolds were built with an 
angle of 30-45 degrees to prevent collapse during printing. 
SS support was added to the CAD model to support it at the 
desired angle. EDM was used to remove the support materi-
al from the scaffold. Figure 6 shows 3D printed cubic and 
diagonal scaffolds on the build plate with a support      
structure. Figure 7 depicts the 3D-printed scaffolds using 
LPBF after removal of support material and build plate. 

Processing parameter Value 

Build direction 30 - 45o angles 

Laser power: Infill 195 W 

Laser power: Contour 110 W 

Laser speed: Infill 1083 mm/s 

Laser speed: Contour 800 mm/s 

Infill rate 100% 

Layer thickness 200 microns 

Platform temperature 80oC 

                         (a) Diagonal                                                         (b) Cubic                                                                (c) Cubic 
 

Figure 6. Oriented 3D printed SS scaffolds with support structure. 
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Results and Discussion 
 

Table 2 outlines the optimized geometrical parameters 
targeting cortical bone modules; Figure 8 shows an example 
of a generated diagonal cellular structure using this optimi-
zation. Morphological characterization via SEM and      
microscopy revealed well-fused powder particles, minimal 
porosity, and surface roughness. Variations in strut and cell 
sizes, likely due to AM limitations, introduced discrepancies 
between CAD models and manufactured scaffolds. Further-
more, energy-dispersive X-ray spectroscopy analysis      
confirmed the material composition to be primarily Fe, Cr, 
and Ni, consistent with SS316L specifications; no signifi-
cant contamination was detected. 
 

The surface roughness observed, a common feature of 
LPBF processes, had dual implications for clinical perfor-
mance. A moderate degree of microroughness is generally 
beneficial for osteointegration, as it increases the surface 

area available for protein adsorption and osteoblast attach-
ment, thereby promoting stronger bone–implant fixation.   
In contrast, excessive roughness can act as a nucleation site 
for fatigue cracks under cyclic physiological loading,     
ultimately reducing the long-term mechanical reliability of 
the scaffold (Leuders, Thöne, Riemer, Niendorf, Tröster, 
Richard & Maier, 2013; Masuo, Tanaka, Morokoshi, Yagu-
ra, Uchida, Yamamoto & Murakami, 2018). In addition, 
pronounced surface asperities may induce local stress     
concentrations in the surrounding bone tissue, potentially 
affecting implant stability. 
 
Table 2. Geometrical parameters of the optimized BTE scaffolds. 

Figure 7. 3D printed scaffolds using LPBF after removal of support material and build plate. 

Figure 8. Example of a generated diagonal cellular structure using optimization. 

Unit cell type Pore size 
(micron) 

Cell size 
(micron) 

Strut size 
(micron) 

Cubic 798 1059 646 

Diagonal 812 2616 734 
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The measured strut diameter deviations, approximately    
3-5% lower than the nominal design, together with minor 
irregularities, were consistent with the dimensional toleranc-
es typically reported for metal AM components (DebRoy et 
al., 2018; Masuo et al., 2018). These variations introduce 
only a minor and predictable discrepancy between experi-
mental and FEA-derived mechanical properties, and the low 
variability in relative density confirms the reliability of the 
EOS M290 process. Importantly, the resulting mechanical 
properties remained within the modulus range of cortical 
bone, indicating that such deviations are acceptable for pre-
clinical evaluation. For clinical translation, however, stricter 
process control and post-build metrology will be essential in 
ensuring that tolerances remain within a defined range to 
mitigate potential fatigue-related risks (Leuders et al., 
2013). 
 

SEM techniques utilizing both standard and stereoscopic 
microscopes were used to characterize the samples and 
evaluate the quality of the LPBF technique used to manu-
facture the scaffolds. Before imaging, the sample was 
mounted in clear epoxy with the face of the lattice facing 
the polishing surface. Next, the sample was polished into 
approximately half the thickness of the statues. Finally, the 
polishing procedure was accomplished using 800-1200-0.5 
micron vibratory imaging. The sample was then mounted in 
clear epoxy with the face of the lattice facing the polishing 
surface. Next, the sample was polished into approximately 
half the thickness of the statues. Finally, the polishing    
procedure was accomplished using 800-1200-0.5 micron 
vibratory. 
 

Figures 9 and 10 show images from standard and stereo 
microscopes. The stainless-steel powder particles were   
observed to be very well infused, as minimal porosity exist-
ed within the solid struts, which showed the effectiveness of 
the LPBF technique in manufacturing such samples. Rough 
surfaces and edges were noticed, which might create stress 
concentration issues at irregular surfaces while testing.       
In addition, the cross-sectional area of the struts was not 
constant throughout the scaffold. 
 

The area varied within a specific range that depended on 
the input parameters used in the AM process. SEM was 
used to measure some of the struts’ diameter and basic cell 
sizes. Figure 10 shows SEM images of the cubic and diago-
nal scaffolds. The struts sizes ranged between 597-638    
microns for the cubic scaffold and 692-726 microns for the 
diagonal scaffold. The cell size was measured and found to 
be around 1439 microns and 2610 microns in both orthogo-
nal directions for the cubic and diagonal scaffolds, respec-
tively, which were very close to the target cell sizes 
achieved through optimization. However, the average strut 
sizes for the cubic and diagonal specimens were 3-5% lower 
than the optimized strut diameter, hence creating variations 
in structure relative densities between the CAD file and the 
manufactured scaffolds. In this sense, then, a discrepancy in 
the results was expected. 

(a) Microscopy image at 25x magnification. 

(b) Microscopy image at 50x magnification. 

(c) Microscopy images at 100x magnification. 
 
Figure 9. Standard microscopy images. 
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(a) Cubic scaffold. 

(b) Diagonal scaffold. 
 
Figure 10. SEM images. 
 

The dry weighing method was used to determine the   
relative structural density of the manufactured scaffolds. 
Weighing the samples was accomplished at normal room 
temperature and atmospheric conditions. The relative densi-
ty of the cellular scaffolds was calculated by dividing the 
measured weight by the theoretical weight of the solid  
specimen. The theoretical weight was calculated using the 
theoretical density of the solid SS316L, as suggested by the 
manufacturer, which equaled 7.9 g/cm3. Table 3 compares 
the relative structural density of the manufactured scaffold 
for each unit cell with the optimized scaffold designs. The 
average relative densities for cubic and diagonal scaffolds 
were 32.87% and 35.10%, respectively. The standard devia-
tion for the cubic scaffold was 0.4105% and for the diagonal 
was 0.1602%. Comparing the manufactured scaffolds with 
optimized designs, the percentage error for the cubic and 
diagonal unit cells were 4.64% and 4.59%. Such results 
validate the consistency of the EOS M290 device in manu-
facturing BTE scaffolds using LPBF technology with high 
accuracy and precision. 

Table 3. Comparison in relative structural densities between 
optimized design and manufactured scaffolds. 

Validating FEA Results by Experimental 
Testing 
 

Stress-strain curves indicated typical foam behavior under 
compression, comprising elastic, plateau, and densification 
regions. Experimentally derived elastic moduli were     
14.76 GPa (cubic) and 14.29 GPa (diagonal), closely align-
ing with FEA predictions. The failure analysis of Figure 11 
shows that cubic scaffolds exhibited post-yield softening 
associated with stretch-dominated behavior, whereas      
diagonal scaffolds demonstrated bending-dominated failure 
suitable for energy absorption applications. 

Figure 11. Experimental stress-strain curves for cubic and 
diagonal scaffolds. 
 

The failure mechanisms for both designs agreed with the 
findings of Kadkhodapour et al. (2015). Uniform            
deformation of the vertical struts was observed in the cubic 

Unit Cell 
Design 

Optimized 
Design (%) 

Manufactured 
Scaffold (%) 

Mean 
Manufactured Std (%) 

Cubic 34.47 32.97 32.87 0.41 

  33.16   

  32.91   

  33.22   

  32.89   

  32.08   

Diagonal 36.79 35.09 35.10 0.16 

  35.02   

  35.33   

  34.98   

  35.26   

  34.93   
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scaffold. The stress fluctuations were related to the failure 
of the layer-by-layer mechanism due to the buckling of the 
struts. Once a layer was fully crushed, the second layer 
picked up the load and so on. The drop in stress after failure 
by plastic buckling is explained by the post-yield softening 
regime. Finally, the stress rose steeply at the densification 
strain when the post-yield ended for the final layer. Such 
behavior can be related to stretch-dominated structures, 
while for the diagonal scaffold, the entire structure was 
stressed once loading started.  
 

Initially, the linear elastic behavior was caused by the 
bending of the struts followed by failure due to the yielding 
of the struts in each layer. The structure continued to      
collapse at nearly constant stress (plateau stress), up until 
the cells on the opposite sides were forced into contact, 
causing the stress to rise steeply at the densification strain. 
Such behavior is related to bending-dominated structures. 
The observed post-yield softening and high compressive 
strength of the cubic scaffold are hallmarks of stretch-
dominated lattices in which struts primarily carry axial 
loads and confer high structural efficiency desirable in   
applications needing compressive load-bearing, such as 
metaphyseal or femoral segments (Mora Sierra, Reinoso, 
Paggi & Moreno, 2022). By contrast, the extended plateau 
stress and strong energy absorption of the diagonal scaffold 
reflected bending-dominated behavior, exhibiting progres-
sive, ductile collapse that is valuable for applications      
demanding impact absorption or energy dissipation, such as 
interbody spinal fusion cages or bone-implant interface 
zones.  
 

This behavior helps distribute stress more uniformly,  
mitigate peak stress levels, and reduce stress shielding   
effects, aligning with key goals in contemporary orthope-
dics (Karmiris-Obratański, Georgakopoulos-Soares, 
Cichocki, Lisiecka-Graça, Papazoglou & Labeas, 2025). 
The post-yield softening occurring in stretch-dominated 
scaffolds (cubic) makes them less effective in applications 
where energy absorption is required. However, they are 

appropriate for applications that require high load bearing, 
which can be explained by the fact that the cubic scaffold 
has higher failure stress than the diagonal scaffold. The long 
and flat plateaus in bending-dominated scaffolds (diagonal) 
makes them a better option for energy-absorption applica-
tions. 
 

Bending, Shear, and Effects of Porosity 
 

Despite all scaffolds having had the same structural   
modulus, their behavior varied in bending and torsion. The 
bending and shear modulus were calculated using the   
equations shown previously for bending and torsion. The 
bending modulus for the cubic and diagonal scaffolds were 
10.29 GPa and 16.03 GPa, respectively. The shear modulus 
was 1.39 GPa for the cubic scaffold and 14.52 GPa for the 
diagonal scaffold. The cubic scaffold had lower bending 
stiffness than the diagonal scaffold and much lower torsion-
al bending stiffness. This can be explained by the 45-degree
-oriented struts in the diagonal scaffold carrying the shear 
and bending stresses. Experimental testing is needed to 
study the mechanical behavior of the scaffolds under bend-
ing and shear. 
 

Moreover, the effect of porosity (1 – relative density) on 
the compressive, bending, and shear moduli of the scaffolds 
was numerically investigated. As expected, the mechanical 
properties increased with an increase in the relative density. 
The mechanical properties of the scaffolds were normalized 
to the solid properties of stainless steel. All data points were 
fitted using the power law, and relationships between the 
mechanical properties of the scaffold and the relative     
density were generated. Figure 12 shows that, for the elastic 
gradient, the exponent of the power-law was 1.12 for the 
cubic and 1.34 for the diagonal scaffold. Figures 12-14  
confirm the findings that the stretch-dominated behavior for 
the cubic scaffold was stiffer and that the exponent was 
close to 1, which was lower than the exponent for the diago-
nal scaffold that exhibited bending-dominated failure. 

Figure 12. Effect of relative density on the structural modulus of the scaffold. 
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The exponents of the power-law for the bending stiffness 
of the cubic and diagonal scaffolds were 1.586 and 1.25, 
respectively, and the exponents of the power-law for the 
shear stiffness of the cubic and diagonal scaffolds were 1.12 
and 2.04, respectively. The diagonal scaffold exhibited 
much higher bending and shear stiffnesses than the cubic 
scaffold. In addition, a slight increase in the bending and 
shear stiffnesses of the cubic scaffold was observed, while 
increasing the relative density of the cubic scaffold.      
However, the bending and shear moduli of the diagonal 
were considerably affected by the relative structural density 
of the scaffold. Comparison of the mechanical  properties 
between the bone scaffolds and cortical bone.  

Table 4 summarizes the relationships relating the elastic 
properties with the relative structural relative density of the 
scaffolds. Table 5 presents a comparison between the elastic 
stiffnesses of the cubic and diagonal scaffolds with the   
cortical bone properties are presented. The compressive 
modulus of both scaffolds fell in the elastic modulus range 
of cortical bone loaded longitudinally. The bending modu-
lus of the diagonal scaffold fell in the cortical bone range 
loaded longitudinally, while the bending modulus of the 
cubic scaffold was slightly less than the cortical bone modu-
lus. The shear modulus of the cubic scaffold was slightly 
lower than the cortical bone modulus, while the diagonal 
scaffold shear modulus was substantially higher than the 
shear modulus of the cortical bone. 

Figure 13. Effect of relative density on the bending modulus of the scaffold. 

Figure 14. Effect of relative density on the shear modulus of the scaffold. 
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Table 4. Relationships between the elastic properties of the 
scaffolds and their relative structural density. 

Table 6 presents a comparison of the values for compres-
sive strength, flexural yield strength, ultimate flexural 
strength, and energy absorption of both scaffold designs 
with the cortical bone properties. The compressive strength 
of the cubic scaffold fell in the range of values of compres-
sive strength for cortical bone loaded longitudinally.          
In comparison, the diagonal scaffold exhibited less        
compressive strength than the cortical bone loaded longitu-
dinally. However, the diagonal scaffold compressive 
strength was observed to be comparable to the cortical bone 
loaded transversely. The flexural yield strength of both scaf-
fold designs fell in the range of flexural strength values for 

cortical bone loaded longitudinally. The same was observed 
for the ultimate strength. As previously stated, the energy 
absorbed by the cubic scaffold was observed to be compara-
ble to the cortical bone loaded transversely, while the     
energy absorbed by the diagonal scaffold was observed to 
be comparable to the cortical bone loaded longitudinally. 
 
Conclusions 
 

This study demonstrated the potential to generate custom-
ized, effective elastic moduli that match human cortical 
bone (~15 GPa) and thoroughly tested the mechanical and 
structural properties of scaffolds made of 316L stainless 
steel via additive manufacturing. A distinct structure-
property relationship between unit-cell architecture and the 
deformation process was identified by the integrated     
computational-experimental approach, which combined 
finite element analysis with mechanical testing and micro-
scopic characterization. The diagonal lattice design exhibit-
ed bending-dominated behavior, which demonstrated     
improved energy-absorption properties (33.55 MJ/m³) suita-
ble for applications needing mechanical energy dissipation, 
such as cranial implants and fracture fixation systems. 
 

These results support the possibility of using structurally 
customized SS316L scaffolds to create orthopedic implants 
tailored to each patient that solve the crucial problem of 
stress shielding via biomechanical compatibility. An       
important step in avoiding aseptic loosening and enhancing 
long-term therapeutic results is the shown capacity to     
concurrently match the strength and elastic modulus proper-
ties of natural bone while preserving the necessary porosity 
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 Cubic Scaffold Diagonal Scaffold Cortical Bone    

 FEA Exp FEA Exp. Longitudinal Transverse 

Comp. Modulus (GPa) 15.0 14.76 15.0 14.29 10-20 11.5 

Bending Modulus (GPa) 10.29 9.49 16.03 14.76 12.8-19.3 4.7-7.9 

Shear Modulus (GPa) 1.39 0.883 14.52 12.85 3.3-6.1 N/A 

Table 5. Comparison between the elastic stiffnesses of the cubic and diagonal scaffolds with the cortical bone properties. 

 Cubic Scaffold Diagonal Scaffold Cortical Bone  

   Longitudinal Transverse 

Comp. Strength (MPa) 138 75 90-175 24-62 

Flexural Yield Strength (MPa) 107 113 100-131 43-63 

Ultimate Flexural Strength (MPa) 148 195 121-152 43-71 

Energy to Ultimate (MJ/m3) 4.97 33.55 10.5-24.8 0.25-1.53 

Table 6. Comparison of mechanical strength between bone scaffolds and cortical bone. 
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for biological integration. To move closer to clinical transla-
tion, a number of research directions should be explored 
further. These include investigating surface functionaliza-
tion strategies to boost biological activity, developing    
multiscale modeling approaches that incorporate bone    
remodeling mechanisms, conducting thorough in vivo   
studies to assess osseointegration and long-term biocompat-
ibility, and examining high-cycle fatigue behavior under 
physiological loading conditions. Validating the clinical 
applicability of these optimized scaffold designs and creat-
ing strong design recommendations for orthopedic solutions 
tailored to individual patients would require these investiga-
tions. 
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Abstract 
 

During a radio frequency identification (RFID) study 
conducted at the AIDC Lab using a combination of different 
label counts, label inlays (NXP UCode 8 & NXP UCode 9) 
and label readers (CSL CS463, Impinj R700 and Zebra 
FX9600) at a fixed distance (7ft), the authors found that the 
750-count labels had a disproportionate drop in unique 
reads (50%) for all time durations—3 seconds, 5 seconds, 
and 10 seconds. The number of labels used for the study 
were: 1, 10, 50, 100, 250, 500, 750, 1000, and 1500.       
Because numerous additional testing parameters (between 
10 and 20 various RFID reader settings, as well as addition-
al label classes) were desired, a reduction in the overall 
number of tests was necessary. The aim of the study was the 
use of the statistical design-of-experiments (DOE) approach 
for maximizing unique read rate by optimizing the ideal set 
of parameters for the 750-label count. This number of labels 
(750) is close to the median in the label count set and seems 
to emulate the most common label count used in industry 
for RFID operations. 
 

Introduction 
 

During an earlier study (Berisso & Balasubramanian, 
2025), RAIN RFID was subjected to noise to simulate its 
effects on the unique readability of labels of different 
counts—1, 10, 50,100, 250, 500, 750, and 1500. Both NXP 
UCode 8 and NXP UCode 9, with both single and double-
pitch separation, were deployed for that study. The authors 
noticed a definite deviation across all the label reads. The 
750-label count stood out in all the tests, with noise and 
without, and was used as the basis of this current study. 
Nowadays, researchers primarily select the DOE based on 
the assumed importance of the factors and the desired   
number of experimental runs (Jankovic, Chaudhary & Goia, 
2021). The DOE is a statistical methodology that is widely 
used in industry for such analyses. Where there are various 
inputs that can be both variable and binary, but there is a 
need to establish an optimized solution, DOE is highly   
effective (Allen, 2020). Figure 1 shows an example of a 
DOE setup and associated input factors that was employed 
to optimize an injection molding machine. 
 

If the injection mold were to be tried by varying one   
factor at a time, the number of combinations would be       
48 billion! On the other hand, if a DOE were deployed, the 
same could be accomplished with fewer than 50 combina-
tions while still achieving the desired results. Thus, DOE is 
a very cost- and time-efficient tool used in industry (Paul, 
2020). 

Ram Speed  10 – 20 (10 Settings) 
Injection Speed  40 – 60 (20 Settings) 
Injection Pressure  100 – 150 (50 Settings) 
Barrel Temperature  220 – 260 (40 Settings) 
Tool Temperature  180 – 220 (40 Settings) 
Hold Time  30 – 60 (30 Settings) 
Hold Pressure  500 – 600 (100 Settings) 
 
Figure 1. An example of a DOE setup. 
 

Background 
 

Readability is an important key performance indicator 
(KPI) for the RFID industry. Accuracy combined with   
efficiency is the key to implementing robust label-reading 
solutions. The sooner the labels can be read is as important 
as all the labels being read correctly. For this DOE, the  
established times were 3 seconds, 5 seconds, and               
10 seconds, with 3 seconds being optimistic, 10 seconds 
being the maximum time, and 5 seconds being ideal. Figure 
2 shows the results from the RAIN RFID study by Berisso 
and Balasubramanian (2025). The read rates are expressed 
as a percentage. The term design of experiments, also 
known as experimental design, was coined by Ronald Fisher 
in the 1920s for his agricultural experiments. (Design of 
Experiments, n.d.) There are four eras of DOE: Agricultural 
origins, 1918-1920; Industrial, 1951-1970; Industrial Quali-
ty, 1970-1990; and, Modern, 1990-later. During the indus-
trial quality era, quality improvement initiatives in many 
companies became management goals. Taguchi (Schmidt & 
Launsby, 1994) used DOE for robust parameter design and 
process robustness. The modern era has seen many indus-
tries deploy DOE, where economic competitiveness and 
globalization are driving all sectors of the economy to be 
more competitive (A Quick History of the Design of Experi-
ments, n.d.). 
 

DOE is defined as a branch of applied statistics that deals 
with planning, conducting, analyzing, and interpreting   
controlled tests to evaluate the factors that control the value 
of a parameter or group of parameters. DOE is a powerful 
data collection and analysis tool that can be used in a variety 
of experimental situations. It allows for multiple input    
factors to be manipulated to determine their effect on a   
desired output (response). By manipulating multiple inputs 

——————————————————————————————————————————————–———— 
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simultaneously, DOE can identify important interactions 
that may be missed when experimenting with one factor at a 
time. All combinations can be investigated (full factorial) or 
only a portion of the possible combinations (fractional   
factorial). A strategically planned and executed experiment 
can provide a great deal of information about the effect on a 
response variable due to one or more factors. Many experi-
ments involve holding certain factors constant while altering 
the levels of another variable. This “one factor at a 
time“ (OFAT) approach to process knowledge is, however, 
inefficient when compared with simultaneously changing 
factor levels (Design of Experiments, n.d.). In the field of 
smart manufacturing, the use of automated machinery and 
analysis systems not only greatly improved production   
efficiency but also safety and stability (Hsu, Wang, Chen, 
Tsai & Lo, 2025). 
 

RAIN RFID is the marketing name for ultra-high frequen-
cy radio frequency identification (RFID) solutions, the same 
as Wi-Fi is the marketing name for the ISO/IEEE 802.11   
b/g/n technology that most people use for their wireless 
computer communications. RAIN RFID has been adopted 
by vast portions of the supply chain, including companies 
such as Wal-Mart, Macys, and even the U.S. Department of 
Defense (Delen, Hardgrave & Sharda, 2007) with over      
52 billion tags shipped globally in 2024. Able to be read at 
distances of up to 50 feet, the technology uses energy     
harvesting to power the tags, resulting in a battery-less solu-
tion that is often referred to as passive RFID. Used exten-
sively in some retail stores, such as Wal-Mart and Macy’s, 
the tags allow for the unique identification of objects and 
increased efficiencies in inventory counting and tracking 
(Patton, Periaswamy, Dunn & McDaniel, 2023). 
 

Methodology 
 

The lab used in this current study had limited time availa-
bility. The lab was used for many other industrial studies, so 
there was a time constraint. The method adopted to conduct 
an effective DOE was based on continued brainstorming 
discussions. A process of elimination was adopted to ensure 
that the DOE was executed with a definite goal and        
approach. The other factors considered were to keep the 
experiment at a higher level with the understanding that, if 
needed, the study could go one level deeper. Higher level 
implies that the factors themselves have min/max settings 
and not settings at a lower level that could be adjusted to get 
that extra desired output. The primary objective of this DOE 
was to study and see if the higher-level factors were indeed 
the prime factors that contributed to the read rate. If so, then 
were they independently contributing, or was there an inter-
action between them that contributed to the output? The 
standard DOE methodology is comprised of two steps.   
Although it is impractical to replicate all possible conditions 
present in systems, the chosen parameters and their ranges 
offered a realistic and representative simplification under 
investigation (Trotta, Binda, Ferrario, Pozzi & Michetti, 
2026).  

(a) Read rate for 3 seconds. 

(b) Read rate for 5 seconds. 

(c) Read rate for 10 seconds. 
 
Figure 2. Established read times for the DOE. 
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Screening is typically the first step, where all potential 
contributing input factors are screened and ranked. Also 
known as the Taguchi screening, it is particularly useful 
when beginning with multiple unknowns. In this current 
case, the experiment was limited; mostly it was a survey or 
input from subject matter experts that was used. Modeling 
was the second step, where the key independent factors 
from the screening outputs are finalized as the key          
contributing factors. The factors are set up in a structured 
manner known as an orthogonal array. This is especially 
important because any error in the setup of the experiment 
will invalidate all results. Orthogonal experimental design is 
an efficient experimental design method based on           
orthogonal arrays, the aim of which is to systematically 
study the effects of multiple factors and their levels on ex-
perimental outcomes with a limited number of trials (Li et 
al., 2025). 
 

The DOE consultant, Paul Allen, provided valuable infor-
mation to ensure there were no errors. The consultant pro-
vided solutions to industry using DOE methodology. The 
consultant did not have any idea about the setup but consult-
ed only about the theoretical aspects of the experiment. 
There was no screening done for this DOE because the key 
factors were identified during the initial RAIN RFID study. 
However, there were still many factors from that study that 
were revisited to make the experiment as effective as      
possible. The initial factors that were listed were 
 Distance of the antenna to the label board 
 Label family: Zebra UCode8 or NXP UCode9 
 Label pitch: single or double 
 Reader setup: Session 0 or Session 1 
 Readers: Zebra, Impinj, or any other 
 Should noise inducers be used? 
 Number of antennas – 1 or 2 
 Other software setups 

 
After a brainstorming session and with input from the 

DOE consultant, the input factors were shortened to the 
following. 
 Distance of the antenna to the label board 
 Label family: Zebra UCode8 or NXP UCode9 
 Label pitch: single or double 
 Reader setup: Session 0 or Session 1 

 
It was also decided that the experiment would be split by 

readers—only Zebra and Impinj—and be conducted inde-
pendently as a separate DOE. Zebra and Impinj are very 
prominent RFID readers extensively used in industry world-
wide. The models are mostly widely used as well. Sigma 
XL, which is an add-in to Excel, was used to set up the   
experiment, gather data, and perform analyses. Table 1a 
shows the original values. The software accepts only coded 
values for setup and processing. Table 1b shows the coded 
values. Tables 2a-b show the factors, the orthogonal array, 
and the setup sheet for readers. 

Table 1a. Original and coded values for software input. 

 
Table 1b. Coded values for software input. 

The RFID tags used for the test were Avery Dennison 
Belt tags with the NXP UCode 8 and NXP UCode 9 chips. 
The NXP UCode 8 tag is an older generation tag relative to 
the UCode 9 tag, with the primary difference being that the 
UCode 9 is slightly more sensitive. The other primary dif-
ferences (write speeds, memory size, etc.) were not assumed 
to have had an impact on this study. The RAIN RFID tags 
were combined with a 73mm x 17mm label and were     
encoded with unique values in the EPC memory so that 
each tag was uniquely identifiable, both within and between 
groups. Because of the default pitch of the UCode 8 tags as 
they came from Avery Dennison, the labels were placed on 
heavy printer paper to make the mounting and moving of 
the tags as similar as possible between the two sets.  
The equipment used for the tests was as follows: 

• Impinj R700 four-port reader – RFID reader 
• Zebra FX9600 eight-port reader – RFID reader 
• Two eight dBi circular polarized antennas (attached 

to RFID readers) 
 

The test was conducted inside the AutoID lab at the    
University of Memphis. Care was taken to ensure that all 
metal objects were removed behind the antennas to avoid 
any type of error or interference. The area around the test 
board was cleared of all existing tags. While initial tests 
showed that no tags were within range, up to ten tags did 
occasionally show up in the recorded data, indicating that 
the space was not as empty as originally believed. However, 
continued attempts to find the wayward tags failed to locate 
them, so it was determined that they would just be purged 
from the dataset during post-processing. Figures 3a and 3c 
show the test environment, while Figure 3b shows the    
distance layout, which was marked on the floor. The label 
sets were prepared ahead of time, and the flow of testing 
was designed in such a way that minimal changes were 
needed to avoid any setup errors. After label swaps, care 
was taken to ensure that labels were placed in quarantined 
areas to avoid any signal inference or false readings. All 
readers ran for 20 seconds, and there were three iterations 
recorded for each setup, as per the design requirements. 
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Uncoded   

Reader Session S0 S1 

Label Family U8 U9 

Distance from Reader (feet) 6 8 

Label Pitch Single Double 

Coded   

Reader Session -1 1 

Label Family -1 1 

Distance from Reader (feet) -1 1 

Label Pitch -1 1 
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Row# Label Pitch Label Family Distance Reader Session Output 1 Output 2 Output 3 

1 -1 -1 -1 -1    

2 -1 -1 -1 -1    

3 -1 -1  1  1    

4 -1 -1  1  1    

5 -1  1 -1 -1    

6 -1  1 -1 -1    

7 -1  1  1  1    

8 -1  1  1  1    

9  1 -1 -1 -1    

10  1 -1 -1 -1    

11  1 -1  1  1    

12  1 -1  1  1    

13  1  1 -1 -1    

14  1  1 -1 -1    

15  1  1  1  1    

16  1  1  1  1    

Zebra FX9600  

Table 2a. The test setup, including the factors studied for the Zebra reader. 

Row# Label Pitch Label Family Distance Reader Session Output 1 Output 2 Output 3 

1 -1 -1 -1 -1    

2 -1 -1 -1 -1    

3 -1 -1 1  1    

4 -1 -1  1  1    

5 -1  1 -1 -1    

6 -1  1 -1 -1    

7 -1  1  1  1    

8 -1  1  1  1    

9  1 -1 -1 -1    

10  1 -1 -1 -1    

11  1 -1  1  1    

12  1 -1  1  1    

13  1  1 -1 -1    

14  1  1 -1 -1    

15  1  1  1  1    

16  1  1  1  1    

Impinj R700  

Table 2b. The test setup, including the factors studied for the Impinj reader. 
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In total, 96 individual files were generated, which were 
later compiled into three worksheets for 3 seconds,              
5 seconds, and 10 seconds before further processing for 
analysis. After the data were obtained, a regression analysis 
was the next step. In the initial analysis, some of the interac-
tions with p-values less than 0.05 were removed and the 
analysis was rerun. P values greater than 0.05 indicate that 
the factors are not significant to the read rate. Tables 3a-b 
show how the software highlighted significant interactions 
in red or blue. After rerunning the regression analysis, the 
software was used to optimize the results. These were the 
settings that were included in the results. 
 

Output 
 

Separate analyses were conducted using Zebra and Impinj 
readers to allow for a comparison between the two. Because 
these readers operated on different setups, it was necessary 

to keep them separated. The read times for the read rate 
remained at 3 seconds, 5 seconds, and 10 seconds. For each 
reading time, the software produced two plots: Y-Hat and   
S-Hat, also known as the marginal means plots in DOE.  
The Y-Hat chart is the most important for this study, as the 
goal was to improve the read rate. These outputs         
demonstrated the effect of each factor on the read rate inde-
pendently, as well as any interactions that may have influ-
enced the results. The X-axis displays the input factors, 
while the Y-axis shows the read rate. Figure 4 shows the 
three outputs plots for the Zebra reader—the Y Hat plots for 
3 seconds, 5 seconds, and 10 seconds. For the Impinj reader, 
the results were different. Figure 5 shows the three outputs 
for the Impinj reader—the Y Hat plots for 3 seconds,           
5 seconds, and 10 seconds. The results for the Zebra reader 
showed no interactions between the factors, but there was 
variation when the settings were changed from low to high. 
Based on the regression analysis, the results were optimized 
to achieve a 100% read rate.  

                             (a)                                                                             (b)                                                                             (c)               
              A picture of the label                                           The distances between the                                           Markings on the floor  
    arrangement for the experiment.                                   readers and the label board.                                            indicating distance. 
 
Figure 3. The test environment. 

Zebra FX9600 
    3 Seconds 5 Seconds 10 Seconds 

Factor Name Coeff P(2Tail) Coeff P(2Tail) Coeff P(2Tail) 
A Label Pitch 10.23 0.000 8.38 0.000 6.66 0.000 
B Label Family 12.74 0.000 11.40 0.000 10.26 0.000 
C Distance -3.59 0.005 -2.42 0.020 -1.78 0.027 
D Reader Session 2.52 0.0111 1.98 0.055 1.494 0.062 

AB     0.007 -7.30 0.000 -6.51 0.000 
AC     0.029         
BC     0.077         

Table 3a. Zebra regression analysis output before rerun. 

Impinj R700 
  3 Seconds 5 Seconds 

Factor Name Coeff P(2Tail) Coeff P(2Tail) Coeff P(2Tail) 
A Label Pitch 0.90 0.000 1.08 0.000 1.41 0.000 
B Label Family 15.63 0.000 10.85 0.000 7.21 0.000 
C Distance 1.95 0.000 0.75 0.000 0.14 0.000 
D Reader Session 1.99 0.000 0.77 0.055 0.156 0.000 

AB   -1.50 0.000 -2.81 0.000 -2.51 0.000 
AC   1.95 0.000 0.69   0.15   
AD   1.92 0.000 0.68   0.14   

10 Seconds 

Table 3b. Impinj regression analysis output before rerun. 
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(a) Y bar marginal means plot (3 seconds). 

(b) Y bar marginal means plot (5 seconds). 

(c) Y bar marginal means plot (10 seconds). 
 
Figure 4. Y Hat plots for the Zebra readers. 

(a) Y bar marginal means plot (3 seconds). 

(b) Y bar marginal means plot (5 seconds). 

(c) Y bar marginal means plot (10 seconds). 
 
Figure 5. Y Hat plots for the Impinj readers. 
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Table 4 shows the output of the software. The results for 
the Impinj reader showed no interactions between the     
factors, but there was variation when the settings were 
changed from low to high. As a next step, a regression anal-
ysis was done and the results were optimized with the    
objective of attaining a read rate of 100%. Table 5 shows 
the output of the software. 
 
Table 4. Optimized settings for Zebra FX9600. 

Table 5. Factors and optimized settings for Impinj R700. 

Results 
 

The results of the Impinj experiment suggested that, for 
the best read rate, the label pitch had to be half pitch (i.e., 
50% of the single pitch). However, the NXP UCode 9 labels 
were ideal with a 6-foot distance from the reader, while 
reader session 1 was the best. This Zebra experiment      
suggested that, for the best read rate, the single label pitch 
was ideal, NXP UCode 9 labels were ideal, the ideal      
distance of the reader (~7.7') would be optimum, and reader 
session 1 was the best. Setting up the DOE independently 
for both readers proved to be a good decision, as suggested 
by the consultant. The common factors were the label fami-
ly and the reader sessions. The differences in label pitch and 
distance could be further analyzed as separate DOE, if need-
ed for future experimentation. Using the DOE methodology 
provided a greater insight into factor analysis. The read-rate 
variations between Impinj and Zebra suggested that each 
had different capabilities by design, and adjusting            
sub-parameters would be necessary to improve their output. 
Further study is needed in this area. 
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of the ecological consequences of invasive species and the 
importance of public awareness (Dakeev & Aljaroudi, 2022; 
Dakeev, Pecen, Yildiz, Sowell, Obeidat & Basith, 2022). 

Figure 1. AR application interaction with invasive species 
information. 
 

The purpose of this study was to evaluate user perceptions 
of the AR Station and to identify the design factors that  
contributed most strongly to its outreach effectiveness.   
Specifically, the authors examined how users rated the   
usability of the interface, the level of engagement and    
immersion provided by the experience, and the perceived 
educational value of the AR content. In addition, the authors 
investigated whether these perceptions varied across differ-
ent visitor groups interacting with the AR Station under 
varying deployment conditions. Groups corresponded to 
separate deployment sessions/cohorts. Finally, the authors 
explored which aspects of the user experience—immersion, 
realism of the AR models, perceived usefulness of the data 

Abstract  
 

From this study, the authors present their version of an 
augmented reality (AR) educational installation designed to 
improve public awareness of invasive beetle species. The 
system combined a physical dodecahedron structure with 
interactive AR visualizations created in Unity, a real-time 
3D development engine. Each face of the dodecahedron 
displays information about different invasive species, while 
allowing users to scan the panels to view 3D beetle models 
and animations in AR. The dodecahedron structure naturally 
draws attention, encourages curiosity, and promotes hands-
on interaction across different age groups, including retir-
ees. To evaluate usability and engagement, a questionnaire 
with ten Likert-scale questions, focusing on visual appeal, 
interactivity, realism, and educational values was prepared. 
Data were collected and analyzed to evaluate how AR and 
tangible design increased interest and knowledge retention. 
The goal of this project was to demonstrate that combining 
physical exhibits with AR content can create accessible and 
immersive learning experiences in visitor centers and educa-
tional environments. The aim of this approach was to make 
scientific topics, such as invasive species, more understand-
able and engaging for the general public. 
 

Introduction  
 

Invasive species pose significant ecological and economic 
challenges, making public awareness and education critical 
components of prevention and mitigation strategies. Visitor 
centers, outreach events, and informal learning environ-
ments provide valuable opportunities to engage the public; 
however, traditional static displays often struggle to effec-
tively capture attention or convey complex ecological    
dynamics. Augmented reality (AR) has emerged as a prom-
ising approach for enhancing informal learning by combin-
ing interactive digital content with physical artifacts, allow-
ing users to visualize complex systems, explore cause-effect 
relationships, and engage with educational material in an 
immersive manner (Azuma, 1997; Dakeev, Pecen, Yildiz, 
Basith & Khan, 2023; Dede, 2014; Ibáñez & Delgado-
Kloos, 2018; Johnson et al., 2024). 
 

To support invasive species outreach, a physical AR   
Station was developed that integrated a dodecahedron-
shaped device with an AR experience, featuring three-
dimensional models, interactive elements, and simulation-
based content related to the impacts of invasive species. 
Figure 1 shows how the design emphasized intuitive inter-
action, visual appeal, and immersion, with the goal of    
increasing user engagement while improving understanding 
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and simulation components, etc.—were most strongly asso-
ciated with users’ willingness to tell others about invasive 
species and the AR application, a key indicator of outreach 
amplification. Prior work has shown that immersive AR and 
VR experiences can positively influence motivation,      
engagement, and spatial understanding, suggesting that well
-designed AR systems may enhance outreach effectiveness 
in informal learning contexts from kindergarten to college-
level education (Dakeev, Obeidat, Demiroz & Lombardo, 
2026; Dakeev & Aljaroudi, 2022; Clint, Dakeev, Pecen & 
Yildiz, 2020; Makransky, Andreasen, Baceviciute & Mayer, 
2021; Slater & Wilbur, 1997). 
 

Participants and Data  
 

Data for this study were collected using a post-experience 
survey administered to participants after they interacted 
with the AR Station. Figure 2 shows how the AR Station 
was deployed in an informal outreach setting, where visitors 
were invited to explore the augmented reality content inde-
pendently or with minimal facilitation. Upon completion of 
the experience, participants were asked to complete a brief, 
anonymous survey evaluating their interaction with the  
system. A total of 238 valid survey responses were collected 
across six distinct visitor groups representing separate 
deployment sessions of the AR Station. These groups did 
not correspond to demographic categories, but rather to 
different outreach events and implementation contexts, 
which may have varied in factors such as facilitation style, 
crowd density, and user interaction conditions. One        
respondent did not specify group affiliation and was includ-
ed in aggregate analyses but excluded from group-based 
comparisons. 
 

Figure 3 shows a case of a user responding to the survey 
instrument that consisted of ten Likert-scale items rated on a 
five-point scale, where higher values indicated more       
positive perceptions. Likert-scale survey instruments are 
commonly used in user experience and educational technol-
ogy research; however, such data are ordinal in nature and 
require appropriate analytical treatment (Lionello, Aletta, 
Mitchell & Kang, 2021). The items assessed multiple     
aspects of the AR Station experience, including interface 
intuitiveness, engagement, visual appeal of the device,   
perceived impact of invasive species, importance of public 
awareness, realism of the AR models, usefulness of the  
dodecahedron form factor, usefulness of the data or simula-
tion components, overall immersion, and likelihood of tell-
ing others about invasive species and the AR application. 
An optional open-ended comment field was included to 
capture qualitative feedback and suggestions for improve-
ment. All responses were collected electronically and     
exported to a spreadsheet format for analysis. No personally 
identifiable information was recorded, and participation was 
voluntary. The study design focused on capturing immedi-
ate user perceptions following interaction with the AR   
Station to evaluate usability, engagement, and perceived 
outreach effectiveness in a realistic deployment context. 

Figure 2. Student interaction with the campus community. 

Figure 3. Survey Questionnaire for Public Education/Awareness 
on Invasive Species  
 

Data Collection and Analysis 
 

Survey responses were exported to a spreadsheet and ana-
lyzed using statistical techniques appropriate for ordinal 
data. Descriptive statistics (mean and standard deviation) 
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were calculated to summarize user perceptions. The internal 
consistency of the survey instrument was assessed using 
Cronbach’s alpha coefficient to evaluate whether the set of 
items reliably measured a cohesive user experience        
construct. To examine the underlying structure of the     
survey, a principal component analysis was conducted to 
determine whether the items reflected a dominant overall 
experience factor or multiple distinct dimensions. Differ-
ences in user perceptions across visitor groups were evaluat-
ed using the Kruskal–Wallis test (Kruskal & Wallis, 1952), 
which is well suited for Likert-scale data and does not    
assume normality. When statistically significant group   
effects were identified, post-hoc pairwise comparisons were 
performed to explore which groups differed meaningfully 
from one another. 
 

Finally, to investigate which aspects of the AR Station 
experience were most strongly associated with outreach 
amplification, predictive modeling was performed using 
ordinary least squares regression. In this analysis, partici-
pants’ likelihood of telling others about invasive species and 
the AR application served as the outcome variable, while 
selected experience-related survey items were used as    
predictors. Although Likert-scale data impose limitations on 
strict causal interpretation, the regression analysis was used 
to identify directional relationships and to highlight experi-
ence factors with the greatest practical influence on user 
willingness to share the experience. 
 

Results 
 

Descriptive statistics were reported as mean (M), standard 
deviation (SD), and sample size (N). Overall, participants 
rated the AR Station very positively across all measured 

dimensions. Mean ratings for the ten survey items ranged 
from 4.50 to 4.77 on a five-point scale, indicating consist-
ently high levels of perceived usability, engagement, and 
educational value. Table 1 indicates that participants report-
ed highly positive perceptions of usability, engagement, and 
visual appeal, as well as strong ratings related to learning 
and awareness of invasive species. Items associated with the 
AR experience were also rated highly. Participants reported 
strong perceptions of model realism, usefulness of the    
dodecahedron form, and the value of data and simulation 
components. Immersion and likelihood of telling others 
showed slightly greater variability compared to other 
measures, suggesting more differentiation in user responses 
for these outcomes. 
 

Table 2 shows that the ten Likert-scale items demonstrat-
ed excellent internal consistency, with a Cronbach’s alpha 
of 0.913, indicating that the instrument reliably captured a 
cohesive perception of the AR Station experience. The   
internal consistency of the survey instrument was assessed 
using Cronbach’s alpha, a widely accepted measure for 
evaluating the reliability of multi-item scales (Cronbach, 
1951). To further examine the underlying structure of the 
survey, principal component analysis was conducted.     
Results indicated a dominant first principal component   
accounting for approximately 57% of the total variance, 
consistent with the presence of a strong overall positive 
experience or perceived impact factor rather than multiple 
unrelated constructs. 
 
Table 2. Reliability statistics for AR Station survey items. 

Cronbach’s alpha N of Items 

0.913 10 

Descriptive Statistics 

  N Minimum Maximum Mean Std. Deviation 

Intuitive interface controls 238 1 5 4.769 0.560 

Engagement 238 1 5 4.710 0.626 

Visual appeal 238 1 5 4.735 0.631 

Perceived invasive species impact 238 1 5 4.697 0.657 

Importance of public awareness 238 1 5 4.752 0.604 

AR model realism 238 1 5 4.609 0.725 

Dodecahedron usefulness 238 1 5 4.655 0.655 

Data/simulation usefulness 238 1 5 4.718 0.610 

Immersion 238 1 5 4.576 0.822 

Likelihood to tell others 238 1 5 4.500 0.889 

Valid N (listwise) 238         

Table 1. Descriptive statistics. 
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Table 3 summarizes the results of the Kruskal–Wallis 
analysis for all survey items. Differences in user perceptions 
across visitor groups were examined using the Kruskal–
Wallis test. Statistically significant group effects were    
observed for perceived intuitiveness of the user interface   
(χ²(5) = 22.57, p < 0.001) and likelihood of telling others 
about the AR application and invasive species                   
(χ²(5) = 13.51, p = 0.019). For interface intuitiveness, Group 
6 reported the lowest mean rating (M = 4.28), while several 
other groups reported higher means, including Group 3    
(M = 4.90) and Group 1 (M = 4.84). Post-hoc pairwise  
comparisons with correction indicated that Group 6 differed 
most clearly from Groups 1 through 3 on this measure. No 
statistically significant differences were detected for the 
remaining survey items (p > 0.05), though several measures 
exhibited trend-level effects. Principal component analysis 
is commonly used to explore whether survey instruments 
reflect a dominant underlying construct or multiple dimen-
sions in exploratory evaluation studies (Sam et al., 2018).  
 

Statistically significant group differences were observed 
for perceived intuitiveness of the interface (χ²(5) = 22.57,    
p < 0.001) and likelihood of telling others about the AR 
application (χ²(5) = 13.51, p = 0.019). These differences 
suggest that contextual factors such as facilitation style, 
crowding, device availability, or brief variations in onboard-
ing or instruction across deployment sessions may influence 
perceived usability. Importantly, these findings point to 
actionable opportunities for improving consistency in future 
deployments through standardized onboarding and facilita-
tion practices. 
 

To identify experience factors most strongly associated 
with outreach amplification, correlations and regression 
analyses were conducted using the participants’ likelihood 
of telling others as the outcome variable. Prior research 
demonstrated that immersion, realism, and meaningful   

interaction are key drivers of engagement and learning   
outcomes in immersive technologies (Makransky et al., 
2021; Slater & Wilbur, 1997). Participant willingness to tell 
others was measured using the survey item “Likelihood to 
tell others about invasive species and the AR applica-
tion” (Q10). A Spearman correlation analysis revealed 
strong positive associations between willingness to tell   
others and several experience-related measures, particularly 
overall immersion usefulness of the data or simulation  
components, usefulness of the dodecahedron form factor, 
and realism of the AR models. 
 

A multiple regression model using key experience      
variables explained a substantial portion of the variance in 
willingness to tell others (R² = 0.509). Within this model, 
immersion emerged as the strongest predictor, followed by 
model realism and perceived usefulness of the data or simu-
lation components. These results indicated that participants 
were more likely to share the experience when the AR inter-
action felt immersive, visually and behaviorally realistic, 
and supported by meaningful informational or simulation 
content. 
 
Discussion 
 

The results of this study indicated that the AR Station 
effectively achieved its primary goals of usability, engage-
ment, and educational outreach. Participants consistently 
rated the interface controls as intuitive, the interaction as 
engaging, and the physical device as visually appealing. 
These uniformly high ratings suggested that users were able 
to interact with the system with minimal friction, allowing 
them to focus on the content rather than on learning how to 
operate the technology. Moreover, the high rating for the 
perceived importance of public awareness of invasive    
species underscored that the AR Station successfully 
aligned technological novelty with a meaningful educational 

Item χ² (H) df p-value Interpretation 

Q1 – Intuitive interface controls 22.567 5 < 0.001 Significant 

Q2 – Engagement 3.848 5 0.572 n.s. 

Q3 – Visual appeal 9.482 5 0.091 n.s. (trend) 

Q4 – Perceived invasive species impact 2.808 5 0.730 n.s. 

Q5 – Importance of public awareness 9.592 5 0.088 n.s. (trend) 

Q6 – AR model realism 6.100 5 0.297 n.s. 

Q7 – Dodecahedron usefulness 9.747 5 0.083 n.s. (trend) 

Q8 – Data / simulation usefulness 7.508 5 0.186 n.s. 

Q9 – Immersion 7.977 5 0.158 n.s. 

Q10 – Likelihood to tell others 13.505 5 0.019 Significant 

Table 3. Kruskal-Wallis analysis of survey items by AR Station group. 

Note: n.s. = not significant. Trend indicates 0.05 ≤  p  ≤ 0.10. 
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mission, rather than being perceived as technology deployed 
for its own sake. This alignment is critical for outreach-
oriented applications, where sustained attention and       
message retention are central objectives. 
 

Beyond overall satisfaction, the modeling results provided 
insight into which aspects of the experience most strongly 
influenced user willingness to share the information with 
others. Immersion emerged as the most influential factor, 
followed closely by the realism of the AR models and the 
perceived usefulness of the data or simulation components. 
These findings suggest that outreach effectiveness is     
maximized when users feel absorbed in the experience,  
perceive the virtual content as realistic and credible, and 
clearly understand how the interactive data or simulations 
contribute to learning. Design efforts that prioritize        
immersion and realism are therefore likely to yield the 
greatest gains in outreach amplification. At the same time, 
this finding highlights an important consideration: highly 
immersive technologies may also increase the persuasive 
impact of presented content, regardless of its accuracy. This 
underscores the importance of ensuring that AR-based   
educational experiences are grounded in scientifically    
validated information and carefully designed to support 
accurate interpretation, particularly when engaging general 
audiences. 
 

Several specific design implications emerged from these 
findings. Reducing interaction friction—such as improving 
tracking stability, minimizing load times, and shortening the 
path to the initial “wow” moment—can enhance immersion 
and sustain user engagement. Incorporating short narrative 
sequences that guide users through stages of observation, 
identification, impact, and action may further strengthen the 
educational arc of the experience. Improvements to model 
fidelity, including enhanced lighting, shadows, scale cues, 
and animation, can increase perceived realism and reinforce 
user trust in the content. In addition, making the value of the 
data or simulation components more explicit through     
concise visual callouts or a brief summary panel at the   
conclusion of the experience may help users better articulate 
what they learned and why it matters, thereby increasing 
their likelihood of sharing the experience with others. 
 

The group-level differences observed in perceived inter-
face intuitiveness and willingness to tell others highlight the 
importance of consistent deployment practices. Variations 
in facilitation, onboarding, crowding, or device availability 
may influence user perceptions even when the underlying 
technology remains the same. Providing a standardized 
onboarding script or clearly visible instructional signage, 
along with tracking facilitator presence and approximate 
time-on-task, may help reduce variability across deploy-
ments and improve consistency in user experience. Several 
limitations of this study should be acknowledged. The high 
overall ratings across most survey items indicate the pres-
ence of a ceiling effect, which may limit sensitivity to 
smaller differences among participants or design variations. 

Additionally, the evaluation was conducted using a single 
instrument in a specific deployment context, and future 
studies involving additional sites and audiences are needed 
to establish broader generalizability. Finally, the results rely 
on self-reported perceptions rather than objective perfor-
mance or learning measures. Future work could strengthen 
evaluation by incorporating behavioral metrics such as time-
on-task, interaction completion rates, or pre- and post-
experience knowledge assessments to complement subjec-
tive user feedback. These findings align with prior AR and 
MR (mixed-reality) research demonstrating that immersive, 
well-designed interactive systems can improve engagement, 
learning, and user motivation across educational and train-
ing contexts (Dakeev & Aljaroudi, 2022; Dakeev et al., 
2022; Ibáñez & Delgado-Kloos, 2018). This reinforces   
theoretical frameworks that emphasize immersion and   
presence as central mechanisms through which virtual and 
augmented environments influence user behavior and learn-
ing (Makransky et al., 2021; Slater & Wilbur, 1997). 
 

Conclusions 
 

In this study, the authors demonstrated that a dodecahe-
dron-based AR Station can achieve strong usability and 
engagement while supporting invasive species outreach 
objectives. Survey results from 238 participants showed 
consistently high ratings and excellent instrument reliability. 
Group comparisons indicated that session-level implementa-
tion factors can measurably affect perceived intuitiveness 
and willingness to share. Most importantly, immersion, AR 
model realism, and perceived usefulness of data and simula-
tion components are key drivers of user willingness to tell 
others, offering clear priorities for iterative improvement 
and scaling. 
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