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1. Introduction

Injury and survivability assessments are critical to the design and success of
protective systems for the Soldier. The validity of the assessments depends on the
quality of the human surrogates, which may involve the use of anthropomorphic
test devices (ATDs) or postmortem human subjects (PMHSs). ATDs are used most
frequently because they can be easily instrumented and are high durable. However
ATDs lack the biofidelity of human anatomy. The constituent materials often fail
to replicate important properties such as density, stiffness, fracture toughness, wave
speed, and others that are essential to capturing the response of materials under
dynamic loading conditions.}? Without these properties, the ATD is unable to
reproduce realistic loading paths through the body both before and after tissue
failure. Alternatively, testing with a PMHS improves the level of biofidelity but
comes with inherent uncertainties caused by variability in donor tissue. The
development of synthetic surrogate tissues that reproduce the underlying biological
material response in a repeatable, consistent manner will improve the fidelity while
also reducing experimental uncertainty. Toward this goal, we aim to create
synthetic materials that mimic the mechanical response of human cranial bone in
both constituent material behavior as well as microstructure. Developments in
additive manufacturing (AM) and materials provide an opportunity for creating
surrogates with detailed, organic features similar to those observed in cranial bone.

1.1 Cranial Bone

Cranial bone is unique in its characteristic 3-layer sandwich construction,
consisting of hard cortical bone on the inner and outer surfaces, known as the tables,
with a porous region in the middle. The porous region is also referred to as
trabecular bone and, specifically in the cranial vault, this region is called the diploé.
The material constitution of the bone is same across these layers, consisting of
hydroxyapatite, collagen, and water. On a macroscopic scale, the gradient in
porosity gives the appearance of 3 layers, though there is no distinct demarcation
when inspecting the microstructure. Unlike the load-bearing bones of the legs, the
cranial bone does not exhibit any significant anisotropy in mechanical properties.
For this reason, cranial bone is a suitable candidate for early surrogate material and
processing development.

A thorough characterization of cranial bone microstructure has been completed at
the US Army Research Laboratory.® The study focused on the parietal and frontal
bones extracted from 4 adult male PMHSs aged between 76 and 86.
Microcomputed tomography (CT) was used to characterize the porosity through the
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thickness of each bone to generate porosity-depth profiles, as shown in Fig. 1. The
thickness of the tables and diploé layers were also measured, where a porosity
greater than 30% was chosen as the metric to define the transition. Table 1
summarizes the overall thickness of the parietal and frontal bones and the
proportion of the thickness comprising the tables and diploé. While these values
serve as guidelines when defining dimensions for the development of surrogate
cranial bone designs, it should be noted that human cranial bone exhibits significant
variability in architecture and mechanical response among similar populations.*

100
—P(d), pCT data

80

Skin-most side

60

Porosity (%)

depth

I
: diploe

i 1 1
| innery | ! y outer
0 20 40 60 80 100
Depth (%): Inner Surface (0%), Outer Surface (100%)

Brain-most side

Fig.1  (Left) CT images of a sample of cranial bone illustrating the characteristic 3-layer
sandwich structure and associated porosity. (Right) Porosity as a function of depth from inner
to outer surface of the skull.®

Table 1 Summary of dimensions measured for parietal and frontal bones tabulated from
Alexander et al.?

Thickness Parietal Frontal
bone bone
Overall (mm) 6.7+1.3 84+1.4
Outer table (%) 19.4+6.3 22727
Diploé (%) 66.0 £ 9.8 43.2+11.9

Inner table (%) 146 +4.7 34.1+12.0

Advances in medical imaging allow us to generate detailed 3-D digital models of
human bone structures. These models in theory can then form the basis of
computer-aided design (CAD) files that are used to print anatomical surrogates.
However, limitations in printing resolution precludes the reproduction of
micronscale features while the random, organic nature of these structures poses
further challenges to the manufacturing process. While this approach may
eventually prove to be the most biofidelic, we also consider the development of a
generic architecture that captures the salient features of the sandwich structure in
human cranial bone.
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1.2 Additive Manufacturing (AM)

AM, in particular stereolithography (SLA), may be a potential direct manufacturing
pathway to development of synthetic surrogate human tissues. Reproducing the
micronscale features that typify trabecular bone requires high-resolution
manufacturing methods, which makes SLA one of the best suited compared to other
AM techniques at present. In our previous work, we have used SLA to evaluate
materials that may be suitable mechanical surrogates for cranial cortical bone.>® In
this work, we focus on the design and processing of a surrogate pore structure to
mimic the diploé. Therefore, the material used in this study was chosen for its ease
of processing, availability, and moderately high mechanical properties. In the
future, we plan apply the design and manufacturing approaches developed in this
study to manufacturing surrogates using a more biofidelic material. The primary
objective of this study is to develop a methodology for the design and
manufacturing of structures with biomimetic responses, like those of human cranial
tissue.

2. Method

2.1 Materials

Somos WaterShed XC 11122 (DSM Functional Materials, Elgin, IL) was used to
create bone-like sandwich structures via AM. XC 11122 is a commercially
available, unfilled, acrylonitrile butadiene styrene (ABS)-like photopolymer
material system, specifically designed for SLA processing. XC11122 has a high
degree of optical clarity in the cured state, which allowed qualitative assessments
of the part build to be made visually during processing. This material has acceptable
structural rigidity for the purpose of developing the AM processing technigues in
this study. However, the strength and stiffness of this material are well below that
of human bone and thus do not make it a suitable candidate as a surrogate material.
Mechanical properties for XC-11122 are provided in Table 2 along with typical
property values cited for the cortical bone in the human cranium.
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Table 2 Material properties of Somos XC 11122

Density Tensile Flexural Tensile Flexural
Somos XC 11122 (glem?) modulus modulus strength strength
(GPa) (GPa) (MPa) (MPa)
Manufacturer? 1.12 2.77 2.21 50.4 68.7
As-tested 1.16° 2.69¢ 2.364 56.5¢ 73.74
Human cranial 1.8¢ 1261 6.29 721 85"
cortical bone ’ ’ '
Notes: 2DSM S7
bASTMS
CASTM®
dASTM1O
ePeterson and Dechow!!
\Wood?!2

9Auperrin et al.*3
"Motherway et al.*

2.2 Sample Design

In this report, we focus on porosity as a key characteristic to reproduce in the bone
surrogate structures, since the strength and stiffness of human bone is inversely
proportional to its porosity.** Reproducing the thickness of the 3-layer structure
likewise has a great effect on mechanical response and serves as a key design
parameter. The layer thicknesses and ranges in porosity we seek to reproduce in the
surrogate structures are given in Table 3. These characteristics were chosen based
upon a survey of cranial bone properties cited in the literature,>*'1* while also
keeping the initial design parameters within the limitations of current AM
processing capabilities.

Table 3 Thickness dimensions of the tables and diploé and associated porosity ranges
targeted for the first-generation designs

Thickness Porosit
(mm) Y
Outer table 1.7 0
Diploé 2.8 ~40%-80%
Inner table 1.7 0
Total 6.2 ~20%-35%

The design of our first surrogate bone structure uses a unit cell approach for
generating sandwich-like porous structures. The unit cell is used to create highly
simplified geometries that are used for initial manufacturing and modeling studies
of these types of structures. For simplicity, the initial designs do not include
curvature or variation in thickness within each layer.

The unit cell has 6 variable parameters in rectangular Cartesian (x-y-z) coordinates
including 3 sides and 3 radii. In the first generation of these structures, the variables
are reduced from 6 to 2, in that the structures are cubic and have pores of uniform
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radii. Figure 2 shows the CAD model of the simple rectangular unit cell that was
used to generate the open cell porosity representing the diploé region. This unit cell
was repeated in the X, y, and z directions by using a patterning feature in the CAD
software. Finally, the solid outer surface tables were added to the model. The
overall dimensions of the structure in the width, length, and thickness are
customizable, as are the dimensions of the pore wall thickness, a, and radius, r, the
number of pore layers, and thickness of solid outer surfaces.

Cp generate column ©» add cortical tables

unit cell pattern in x-y =

Fig.2  CAD process for generating the bone-like sandwich structures

Using this design process, Fig. 3 illustrates how pore diameter, pore wall thickness,
and number of pore layers through the thickness relate to total solid volume in the
porous region. Considering our target values and manufacturing limitations we
have focused on 3 designs, designated here as A, B, and C, with characteristics
listed in Table 4 and illustrated in Fig. 4.
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Table 4 Characteristics of the pore structure for surrogate structures fabricated

Total solid Total No. of Pore Pore wall
Design volume porosity pore diameter thickness
(%) (%) layers (rm) (rm)
A 70 30 3 653 280
B 75 25 3 560 373
C 75 25 4 490 210
65% solid 70% solid 75% solid 81% solid
s W——
3 pore layers m
[rrr——

4 pore layers

|

Fig.4  Select cross-sectional views of design 1 variants with 3 and 4 layers of pores. Sample
designs A, B, and C are shown in darker color.

The first-generation structures are low complexity, highly ordered geometries, and
have the following basic characteristics:

1) Flat surfaces/no curvature
2) Constant cross-sectional thickness

3) Solid cortical region (disregarding typical void content due to SLA
processing)

4) Highly ordered trabecular region based on single repeating unit cell of
constant radii

Future designs could systematically incorporate higher levels of complexity such
as nonspherical pores and porosity gradients. Computational modeling and
simulation can be combined with statistical analysis of tested mechanical properties
in order to identify the most influential design parameters affecting structural
response.

2.3 Processing

The sandwich structures were produced via SLA AM using a Viper-Si (3D
Systems, Rock Hill, SC). A typical SLA machine cyclically raises and lowers a
platform on which the parts are fabricated in a bath of photosensitive liquid resin,
as shown in Fig. 5. With each cycle, a blade is passed across the platform to create
a uniform layer of resin. The resin layer is exposed to a UV laser that traces a cross
section of the desired geometry, thereby selectively curing the resin into a specific
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pattern. The process is repeated as the platform is lowered into the resin and the
next layer is cured on top of the previous layer.

—
..\
——

E

Print Direction

- LI
: \**\9\“1[155&:\1
zZy ' .RESEE\TE)"E

K,

Fig.5  Schematic of the SLA AM process

In fabricating each structure, files specific to each surrogate pore design were
exported from the CAD software as .stl files. These files were then preprocessed
within 3D Lightyear (version 1.4) software using building parameters (style files)
specific to the XM 11122 polymer system and Viper-Si and subsequently loaded
into the Viper-Si for fabrication using software 3D Systems Buildstation (version
5.5.1). Parts were printed using the high-resolution setting of the Viper with an
incremental layer thickness of 0.040 inch. The temperature of the resin bath was
maintained at 30 °C.

Postprocessing and cleaning of the parts is a significant manufacturing challenge
for porous structures. Uncured polymer, trapped within the internal porous volume,
must be removed prior to postcure. Typical methods involve solvent washing, but
care must be taken to remove the uncured polymer without degrading of the
structure. Pores under roughly 1000 um diameter required multiple solvent washing
iterations, during which the optical transparency of the cured XM 11122 polymer
was a tremendous asset for determining when the resin had been removed.

The cleaning process consisted of initially applying compressed air to remove
excess resin from the porous region of the specimen. Specimen were submerged in
a bath of isopropyl alcohol (IPA) and attached via wire mesh to a magnetic stirring
bar. The stirring bar was rotated at about 600 rpm for 15 min, after which the
specimen were removed and again subjected to compressed air. This was followed
by another soak with agitation in IPA for 5 min and final exposure and drying under
compressed air. The final step of processing was to postcure the samples in a UV
oven. Postcuring was performed in a 3D Systems Model 300 oven for 30 min.

Approved for public release; distribution is unlimited.
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Studies were conducted to evaluate manufacturing feasibility using square-shaped
samples. The size of the design 1 variants A, B, and C was scaled uniformly in all
directions by 200%, printed, cleaned, and postcured. This process was repeated at
scales of 175%, 150%, 125%, and finally 100%, as pictured in Fig. 6.

(A) Wpl‘l L T

. iyl

% s | |

70% solid 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 2
3 pore layers .

@Iiil

W\anul Jli! |||||||| L L O A

75% sohd
3 pore lavers

3 567891011121314151617133202¢??11.’.'

—_
| H!l
~

'Wﬂ’m"“ UHIHIH L \WIM \I‘ \I[I L H‘\ ‘\ T T

75% solid 7 8 8 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

4 pore layers

Scale: ! 2x 1.75x 1.5x 1.25x Ix Ix (flexure)
Fig. 6  Physical samples fabricated by SLA with surrogate pore designs A, B, and C

2.4 Micro-CT Analysis

Micro-CT analysis of printed structures was performed on select samples post
processing. Images (Fig. 7) were obtained on a Skyscan 1072 micro-CT with the
following settings: 40 kV, 3 W (75 mA), 4.2479-um voxel size, 3-s exp time, and
1601 projections.

> 500 um <

Fig. 7 Micro-CT images of the pore structure for design A
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3. Results

3.1 Tensile Testing

Tensile testing of the polymer system Somos 11122 was performed according to
ASTM D638-10.° Specimens were printed in a dumbbell geometry with a nominal
thickness of 3 mm. Instron model 1125B electromechanical frame with a 1 kip load
cell was operated in displacement control at a rate of 5 mm/min. Strain was
measured by digital image correlation (DIC), using a digital camera (Grasshopper
model, Point Grey Inc.). Tensile dumbbell specimen were fabricated in 2
orientations: flat type specimens (quantity 6) were made such that layer-by-layer
deposition coincided with the smallest dimension of the dumbbell tensile geometry
(thickness), and edge type specimens (quantity 3) in which the deposition occurred
across the face of the geometry, as illustrated in Fig. 8. Tensile response curves are
shown in Fig. 9.

Layer Deposition Relative to
Test Orientation

£
00

Fig. 8  Orientation of polymer layer deposition relative to dumbbell geometry for edge and
flat specimen types
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Fig.9  Tensile test results for Somos WaterShed XC 11122 photopolymer in edge and flat
printed orientations

3.2 Flexural Beam Testing

Flexural testing of the surrogate porous designs was performed according to ASTM
D790-10.1° Testing was performed wusing an Instron model 1125B
electromechanical frame with a 1 Kip load cell. Samples were displaced at a rate of
0.1 mm/min. The span of the 3-point bending fixture was 50 mm and diameter of
the loading pins was 5 mm.

Sandwich beams based on pore designs A, B, and C were fabricated out of material
XC 11122 photopolymer with nominal length of 60 mm and width of 8.3 mm. The
total thickness of each beam was 6.2 mm, where the outer faces consisted of solid
faces 1.7 mm thick and the central porous region was 2.8 mm thick, such that the
span-to-depth ratio was 8. Additional beams without central porous regions were
fabricated for comparison. These beams had nominal dimensions 60 mm length,
12.7 mm width, and 3 mm thickness, such that the span-to-depth ratio was 16.3.

Figure 10 shows the flexural response of surrogate designs A, B, and C versus that
of the solid beam. Photographs typical of the failure patterns of the beams are given
in Fig. 11.
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Fig. 10 Flexural response of surrogate designs A, B, and C compared to that of a solid beam
of the same material

brittle failure beneath shear failure through
loading pin the porous region
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Fig. 11 Photographs of flexural beams post failure. Design A failed directly beneath the
loading pin (left). Design B and C failed is a shear mode through the porous region of the beam
(right).

4. Discussion

Three candidate porous architectures were designed and fabricated to mimic the
physical characteristics of human cranial bone. Micro-CT imaging of one of those
architectures (design A) indicate that the SLA manufacturing successfully
produced porous structures as intended. Furthermore, the postprocessing conditions
were able to remove the majority of residual resin in the internal structure.
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The tensile modulus of the edge printed specimens was 2.64 = 0.03 GPa, slightly
lower than that of the flat printed orientation, which had a modulus of
2.72 £ 0.3 GPa. However, the tensile strength of the edge specimens
(55.0 £ 0.48 MPa) was higher than that of the flat specimens (57.7 £ 0.03 MPa).
This result indicates some processing induced anisotropy is introduced due to the
direction in which the layers are deposited. In both cases, the sequential layers run
parallel to the loading direction of the tensile specimen. Prior studies in a particle
reinforced material processed by the same machine have also observed a modest
variation due to the processing direction, which was attributed to unequal
distribution of reinforcement in the material.®> The 11122 material does not contain
any particle reinforcement, however. The source of this difference requires further
investigation. Despite this variation, the general the tensile response was similar to
that as quoted by the manufacturer, as listed in Table 2. The average tensile
modulus was slightly lower than that of the manufacturer while the tensile strength
was slightly higher but values were in the expected range.

Flexure response of the solid polymer beams was also similar though slightly higher
in terms of both flexural modulus and strength compared to that stated by the
manufacturer. Postcuring conditions can have an effect on modulus and strength,
which may explain the difference, though postcure conditions were not specified
on the manufacturer datasheet.

The flexural response of the beams that incorporated the surrogate pore structures
revealed a range of responses resulting from the design of the pore structure. Since
the surrogate structures were identical in all respects except middle section, we
conclude that the design of the porous region dictated the bending response. As
expected, the solid sample without porosity exhibited a linear fracture response,
with some yielding behavior but mostly brittle failure. Fracture propagated directly
through the thickness of the specimen at a location below the central loading pin.
A similar response was observed for surrogate design A. The other architectures, B
and C, were not as stiff and exhibited a more gradual failure response, with some
specimen straining to as much as 20%-25% before eventual failure. In these cases,
the failure initiated on one face of the flexure specimen, propagated laterally
through the porous region, before eventually severing the sample into 2 pieces
without penetrating into the other face of the flexure specimen.

Interestingly, a similar behavior has been observed in the 3-point bending of cranial
specimen. Delille et al. performed flexural testing on 380 beam specimens extracted
from the parietal, frontal, temporal, and occipital regions of 20 human craniums.’
Representative force-displacement traces are shown in Fig. 12. In 93% of the cases,
the beam specimen exhibited brittle failure and fractured directly beneath the
loading pin. In the remaining 7% of the specimens, the flexural modulus was
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significantly lower and the failure much more gradual as the crack initiated from
the inner table, propagated laterally through the diploé region before eventually
fracturing into 2 pieces.

1600 -

2
1400 — < / "‘\
1200 oz — ] \/ (=) o
/ e brittle failure beneath

1000 s’ loading pin (93%)
[(l;—l P10
TO2-EPLI
T0O2-
r02-
102-
T02-
T02-
= T02-|

T02-

Foree (N)

shear failure through
the diploe region (7%)

Displacement (mm)

Fig. 12 Force-displacement traces for 3-point bend flexure of cranial bones. The 2 dominant
failure modes observed are highlighted.'’

We note the similarity in the range of flexural responses observed in the surrogate
structures. The response of the solid beam and that of design A (70% solid volume,
650-um pore diameter, 3 pore layers through-thickness) behaved like the majority
of the tests performed by Delille et al. The beam possessed sufficient flexural
rigidity, resulting from the shear strength of the pore design, to support significant
load, and upon tensile failure of the lower face, strain energy was rapidly released
and caused a crack to propagate directly through the beam.

In contrast, design B (75% solid volume, 560-um pore diameter, 3 pore layers
through-thickness) and C (75% solid volume, 420-um pore diameter, 4 pore layers
through-thickness) failed in the same progressive manner as the more compliant
beams tested by Delille et al. The shear strength of the pore region led to a low
flexural rigidity causing the beam to deflect significantly under relatively low loads,
and upon fracture of the lower face the crack progressively separated the core from
the face until eventual failure.

The features of each structure that controlled the response are still under
investigation. The higher solid content of designs B and C should make them
stronger rather than weaker compared to design A. However, designs B and C
consisted of the smallest pore diameters. These features may have too small to
reproduce accurately with SLA, thus resulting in a weakened structure particularly
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at the interface between the face and the core. These theories are the subject of
further investigation as we fabricate additional designs as shown in Fig. 3.

5. Conclusions

We have demonstrated the use of SLA AM to create surrogate structures to mimic
the layered construction and porous internal structure of the human cranium.
Surrogate structures were designed to replicate the solid volume and thickness of
the diploé and inner and outer tables typical of human cranial bones. Pore structures
in the diploé region were created based upon a repeating unit cell, whereby the pore
diameter and pore wall thickness were tuned to reproduce the target level of
porosity, while remaining within dimensions that could be reasonably reproduced
using the SLA process. Structures with solid volume content of 70% and 75% were
designed and fabricated using the SLA process. A low modulus, transparent
material was chosen for initial fabrication of the structures to aid in the development
and evaluation of the primary fabrication and postprocessing conditions to ensure
removal of residual liquid resin. When tested in flexure, the surrogate structures
exhibited a range of responses in terms of beam stiffness and failure characteristics.
While the material was not intended to mimic the much higher stiffness of human
bone, the qualitative failure response did resemble the 2 failure modes observed in
similar beam testing of cranial bone. As such, these results support further design,
fabrication, and testing of surrogate architectures made with this material as well
as materials that more closely match the mechanical properties of cranial bone.
Future designs could systematically incorporate higher levels of complexity such
as porosity gradients and simulated gradients. Computational modeling and
simulation can be combined with statistical analysis of tested mechanical properties
to identify the most influential design parameters affecting structural response.
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List of Symbols, Abbreviations, and Acronyms

3-D
ATD
CAD
CT
IPA
PMHS
SLA
uv

3-dimensional
anthropomorphic test device
computer-aided design
computed tomography
isopropyl alcohol
postmortem human subject
stereolithography

ultraviolet
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