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Functionally gradient materials, characterized by a smooth compositional change over space, have gained attention in recent years
due to their tunable properties and ability to reduce mechanical stress concentrations. Specifically, attaining high stiffness without
compromising toughness is a challenge, as the properties are inversely related. Varying moduli gradients, as seen abundantly in bio-
logical materials, do not present this trade-off, facilitating increased rigidity without altering maximum elongation. In this paper, the
application of stiffness gradients in porous structures is investigated through compressive mechanical testing, computerized tomog-
raphy imaging, and finite element modeling. Gradients are compared to several alternative designs to investigate the importance of
a smooth material transition and increased radial stiffness. All groups are compressed to 50% strain and the pre- and post-pore clo-
sure modulus, toughness, and dimensional change in the transverse and radial directions are measured. The findings indicate that a
mechanical gradient with increasing radial stiffness allows for balance of mechanical integrity and favorable recovery characteristics,
crucial for long-lasting performance. Furthermore, the structures with an increasing radial stiffness out-perform those with a decreas-
ing radial stiffness in all aspects. The results emphasize the mechanical advantages and optimization potential of a radial stiffness
gradient for a wide range of load-bearing applications.

1 Introduction

Mechanical gradients are commonly observed in materials throughout the body and in nature. For ex-
ample, mechanical performance of bones [1], teeth [2], tendon-to-bone insertion sites [3], and arteries [4]
are due to gradients in tissue composition and structure. A smooth progression in material properties
offer many advantages, including the ability to simultaneously exhibit both high stiffness and tough-
ness, properties that are often mutually exclusive [5]. Many load-bearing structures require heteroge-
neous material properties. However, materials with a blunt interface can induce undesirable stress con-
centrations and strain mismatches at the transition [6]. Mechanical gradients have the potential to over-
come this obstacle, allowing for improved functionality and increased failure and recovery properties [7].
For this reason, gradients have been employed in a variety of industries, including aerospace, electronics,
and biomedical implants [7].

The benefits of replicating structural and compositional gradients in biomedical applications are exten-
sive. Utilizing multi-layered materials with a smooth compositional gradient in medical implants allow
for better recapitulation of spatial variations in mechanical behavior of native tissues [8]. Pertinently,
materials with compositional gradients have been shown to have better structural integrity and increased
life compared to a homogeneous counterpart [9], an important factor for reducing the need for revision
surgery. Maximum stress and overall energy absorption, which is important for supporting the continu-
ous loads during daily activity, have also been shown to be greater in gradient structures [10]. For exam-
ple, bone scaffolds are common biomedical implants that utilize both compositional and pore size gradi-
ents to mimic the native tissue [8].

The intervertebral disc (IVD) is the load bearing tissue of the spinal column. The disc must withstand
complex six-degrees-of-freedom dynamic loading during daily activities. There has been growing interest
in developing implantable materials that aim to replicate the function of the healthy IVD using three-
dimensional (3D) printing techniques [11, 12]. Recently, 3D printing was used to create a porous scaf-
fold for the IVD, where spaces between deposited material would allow cells to deposit extracellular ma-

TEqual first co-authorship.
- Corresponding author: ggu@berkeley.edu



WILEY-VCH

trix [13]. While the scaffold incorporates a pattern density to attempt replication of the difference in
strength throughout the disc, the design strategies in previous work do not focus on mechanical integrity
and predictive failure. Mechanical integrity under compressive loading is a required obstacle that must
be addressed before clinical application [12, 14, 15, 16] through the use of a compositional gradient. Most
scaffolds have been created using a single material, which has been shown to create undesirable stress
concentrations [6] and does not replicate gradients in stiffness and composition, which is important for
stress distribution and mechanical function in healthy stable discs [17, 18].

Advances in additive manufacturing equipment allow for multiple materials to be used in a single print
or design. This enables the use of compositional gradients in the design of biological tissue analogs. Specif-
ically for the IVD, there are two primary regions with drastic differences in tissue structure, composi-
tion, and function. The disc is comprised of the soft gelatinous nucleus pulposus (NP), which is semi-
constrained by the annulus fibrosus (AF), a fiber-reinforced composite with alternating layers of stiff
collagen fiber sheets (Figure 1). Even within the AF, gradients in tissue composition and structure are
observed from the inner AF to the outer AF, with the outer AF being stiffer [7]. Under mechanical load-
ing, the NP absorbs most of the compressive load, ultimately applying radial tensile stresses to the AF.
The outer AF acts to reduce overall disc bulging, while the more flexible and softer inner AF helps to
absorb the stresses transferred from the NP [19]. While a mechanical gradient is crucial for biological
load-bearing tissues such as the disc, there is limited research on application and mechanical properties
of a stiffness material gradient in a porous structure. Porous structures are crucial for replicating bio-
logical tissue such as in an intervertebral scaffold design. Furthermore, while demonstrated in natural
material, the importance of an increased radial stiffness with a smooth transition has never been mea-
sured. Therefore, it is critical to understand how increased radial stiffness and a smooth transition will
influence modulus, recovery, and fracture.

Figure 1: Dissected frozen bovine intervertebral disc. The compositional gradient through the NP, inner AF, and outer AF
is depicted. The dashed oval encompasses the NP

The primary objective of this study was to highlight benefits of employing a bioinspired radially increased
stiffness design on compressive mechanical behavior. To do so, the mechanical properties and failure be-
havior of a 3D printed porous mechanical gradient composite design were compared to its homogeneous
counterparts. As the IVD naturally incorporates a radial stiffness gradient and undergoes compressive
loading, the general geometry of a porous IVD scaffold was replicated [13]. The specific specimen geom-
etry was selected as it has already been proven to provide adequate housing for cell culturing but has
limited mechanical integrity, crucial for its load-bearing application. 3D printed scaffolds were fabricated
and mechanically tested with several material designs to understand the importance of an increased ra-
dial stiffness gradient with respect to mechanical integrity of the bulk structure, fracture behavior, and
recovery after loading. Particularly, a five-material gradient with an increase in stiffness from the center
to the outside was compared under compressive loading to reverse gradient, two-material, and homoge-
neous materials.
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While there is an abundance of research on replicating or replacing tissues through the use of scaffolds
(12, 13, 15, 16, 20, 21, 22], there is a shortcoming of research on structural integrity. Specifically, the
mechanical properties and recovery behavior of incorporating a material gradient with increased stiff-
ness has never been studied. Radial stiffness gradients will play a principal structural role in develop-
ing future biological implants that undergo compressive loading, such as [IVD and trabecular bone scaf-
folds. Additionally, gradients provide design parameters for fine-tuning of mechanical properties through
material selection, gradient structure, and geometric optimization. Therefore, the increased radial stiff-
ness gradient can also be applied to a wide range of structural applications, including the automotive,
aerospace, and civil industries.

2 Methods

2.1 Design Considerations

A computer aided design of the geometry was created based on the IVD scaffold design described in Wu
et. al. [13]. The scaffolds were scaled to fall within the typical range of a human IVD disc size, with a
disc height of 9 mm and a diameter (anterior-posterior plane) of 40 mm [23]. The overall geometry bet-
ter resembled the geometry of a bovine caudal disc rather than the kidney bean shape of human IVDs.
When scaling the disc height and diameter of the Wu et. al. scaffold design to the size of a human IVD,
the resulting scaffold support struts scaled proportionally to 1 mm in diameter. The cross-sectional view
was split radially into five separate sections to tune for specific material gradients in the radial direction.
This radial split along with the associated volume fractions of each layer are shown in Figure 2a. The
initial split was at the center of the inner ring (split radially at 12.31 mm), depicting the steepest tran-
sition between the NP and the AF. After this initial transition, the remaining body is evenly split radi-
ally into 4 additional bodies (radial splits at 14.25 mm, 16.15 mm, and 18.10 mm, respectively). For the
two-material specimens, the initial split created the inner and outer step of the specimen, where the two-
material specimen consisted of the stiffest and most flexible materials.

(©)
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24.1%

Figure 2: Specimen material gradient splitting and overall geometry. (a) Material gradient body splitting. Pink lines illus-
trate radial split of five constituent materials. Layer 1 replicates the NP and layers 2-5 replicate the AF, with a stiffness
gradient that increases toward layer 5.

(b) Profile of the specimen, with an initial height, H of 9 mm and an initial diameter, D of 40 mm.

2.2 3D Printing and Post-Processing

The specimens were fabricated with Stratasys Objet350 Connex3™™  a multi-material PolyJet 3D printer.
For the single material specimens, material assignment consisted of selecting the entire specimen body
and assigning a single material. To assign materials to the gradient and two-material specimens, each
radial section (Figure 2a) was selected individually and assigned to a separate material. Each specimen
was removed from the print bed with a spatula. A low pressure water-jet was used to remove support
material throughout the specimens. Removal was performed meticulously to avoid damage to the scaf-
folding.
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2.3 DMaterial Selection

The specimens were constructed using Stratasys digital materials which have been commonly used in
previous literature [24, 25, 26, 27]. For the current iteration of the study, polymers were chosen that are
not biocompatible. These polymers are used as a proxy in this work to study the effect of a mechanical
gradient on the IVD scaffold design, but are not representative of real polymers that could feasibly be
used in an IVD scaffold. The two base resins used were VeroPureWhite”™ | a rigid opaque photopolymer
with mechanical properties most similar to acrylic, and TangoBlackPlus?, a thermoplastic elastomer-
with rubber-like characteristics. Additional materials, referred to as digital materials, were generated

by blending different volume fractions of their proprietary polymer base resins, VeroPureWhite?* and
TangoBlackPlus?™ . These digital materials are preset mixtures available in Objet Studio, the software
used to 3D print with Stratasys 3D printers and materials. To model the IVD, TangoBlackPlus’™ was
used to mimic the flexible properties of the NP, while VeroPureWhite?™ was used to emulate the stiffer
properties of the AF. FLX defines the softest, most rubbery material used in this study and is dark in
color (Figure 3a), while RGD represents the class of the four stiffer materials utilized and is lighter in
color (Figure 3b-e). The shade of gray of the digital materials is a visual indicator of the proportion of
the FLX and RGD materials present. The numbers that follow FLX or RGD indicate the level of stiff-
ness of the material; a larger number indicates a lower stiffness and a smaller number indicates a higher
stiffness (e.g. RGD8530 is less stiff than RDG8515). FLX9895 was selected to mimic the NP’s viscoelas-
tic mechanical behavior, as FLLX9895 also exhibits viscoelastic properties. Materials RGD8530, RGD8525,
RGD8520, and RGD8515 were selected to mimic the AF due to the fibrous structure and composition
of the AF which provide the tissue with high stiffness [28]. It should be noted that the AF becomes in-
creasingly stiff from the inner radius of the IVD to the outer radius [29], which is why the materials were
printed in the aforementioned order. While using a larger number of material steps in the gradient spec-
imens would have been ideal to mimic the continuous natural gradient observed in the IVD, the number
of materials used in this study were limited by the capabilities of Stratasys software and the desire to
limit the size of the stiffness gradient between the innermost layer (Layer 1, Figure 2) and the outermost
layer (Layer 5, Figure 2).

A two-material gradient consists of one transition between the softest and stiffest constituents moving
radially outward from the specimen center. A gradient specimen is defined as five consecutive materials
transitioning radially outward from the center of the specimen with increased stiffness. A reverse gradi-
ent (either two- or five-material) exemplifies a transition from the stiffest to the softest material, moving
radially outward from the center of the specimen.

2.4 Mechanical Testing

Compression testing was performed with an Instron Model 5500 Series (Norwood, MA) equipped with
compression platens. The fixtures are designed to evenly distribute compressive loading throughout the
test specimen. The compression rate was 1 mm/min, in accordance with ASTM D695-02a [30]. Each
specimen was compressed by half the average of the specimen heights —determined for each group type—
measured prior to testing. At 50% compressive strain with respect to the initial specimen height, the

test was concluded and the upper grip fixture was retracted for insertion of the subsequent specimen.
Load-extension data was extracted from each run. To evaluate elastic recovery of the specimens, height
and diameter measurements were taken at three different instances; prior to testing, immediately after
testing, and 24 hours after testing.

2.5 Statistical Analysis

An unpaired t-test was performed to determine statistical significance between each measurement (mod-
ulus, toughness, change in diameter, change in height) for the four different multi-material groups against
the single material RGD8530 group. A composite approach was used to select the RGD8530 group as
the control through a weighted sum of the modulus of each constituent material. The weights were de-
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2.6 Computed Tomography Scanning

fined by the associated volume fraction of each constituent. All multi-material groups had an approxi-
mated bulk modulus that was comparable to that of the RGD8530 group. Therefore, each measurement
within every multi-material group was directly compared to that of the RGD8530 group. Data was re-
ported as the average standard deviation, and statistical significance was assumed for p-values was less
than or equal to 0.05.

2.6 Computed Tomography Scanning

Specimens were imaged using computed tomography (CT) to visualize internal damage accumulation
(GE Healthcare eXplore Locus Micro CT scanner, 27 pm resolution). Two specimen groups (RGD8515
and gradient) were scanned before and 24 hours after compressive loading at 25% and 50% strain. A 4x4
bin mode was used to perform a two-frame stitching protocol to encompass the entire specimen surface
area in the axial direction. The crop coordinates were reconfigured to ensure the specimen volume was
encompassed within the image.

2.7 Finite Element Model

A finite element model of the specimens was created using Ansys Mechanical® Static Structural. The
balance of linear momentum was solved to determine the deformation and equivalent stress on the spec-
imen under specified loading and boundary conditions. The goal of this model was to approximate the
aforementioned compression test in simulation to qualitatively gauge zones in which cracks are more likely
to occur. A simple linear elastic constitutive model was used to observe the relative effects of strength
between the different material types. The linear elastic properties used for each constituent material in
the model was determined through tensile testing as described in 3.1.1 as well as [31]. The specimen

CAD was imported directly into Ansys Workbench. An adaptive tetrahedron mesh refinement strategy
was utilized using an average element size of 0.1 mm to ensure at least 10 elements spanned the diame-
ter of each individual scaffold.

Two rigid surfaces were created as separate bodies above and below the specimen. A prescribed down-
ward displacement was applied to the top surface while a fixed support boundary condition was applied
to the bottom surface. For 25% deformed specimen simulations, the top plate was displaced by 2.25 mm,
and for 50% deformed specimen simulations, the top plate was displaced by 4.5 mm. Both surfaces were
assigned hardened steel material properties to act as a rigid material and ensure they would be mini-
mally deformed while compressing the scaffold.

To apply the gradient material, the specimen CAD was radially split into five bodies. Bonded contacts
were applied between different constitutive material sections in order to align boundary elements in each
section such that the specimen was solved as a single body with varying spatial material parameters. A
frictional contact constraint was placed between the specimen and both plates to allow for radial growth
as it was compressed. Each body was assigned a material according to Figure 2a.

3 Results

3.1 Mechanical Testing

3.1.1 Specimen Fabrication

Nine specimen types were printed for mechanical testing, including five single-material specimens (Figure
3a-e), a two-material specimen (Figure 3f), a reverse two-material specimen (Figure 3g), a five-material
reverse gradient specimen (Figure 3h), and a five-material gradient specimen (Figure 3i). Five speci-
mens of each group were fabricated. The radial sections of the gradient specimen were assigned a ma-
terial beginning from FLX for the inner radius and ending with RGD at the outermost radius, as shown
in Figure 2a. Each of the five materials within the gradient specimen were used to create single mate-
rial specimens. Tensile testing was performed for each material group using ASTM D638-14, Standard
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Test Method for Tensile Properties of Plastics [32] at a rate of 5 mm/min to determine the elastic mod-
uli values (Table 1). The elastic modulus was defined per ASTM D638-14 as the ratio of stress divided

by strain in the linear region of the stress strain curve, where the stress was determined using the aver-

age original cross-sectional area of the gage length section of the specimen.

@ (b) ©

Single Material

FLX9895 (softest) RGD8530 RGD8525

(h)

Multi-Material

Two-Material Reverse Two-Material Reverse Gradient Gradient

Figure 3: All 9 specimen types, single material specimens (a-e), two-material specimens (f, g), and five-material gradient
specimens (h,i).

3.1.2 Stress-Strain Curve

An averaged stress-strain curve (Figure 4b) was generated by averaging each data point from the load-
extension data for each specimen type shown (two-material, reverse two-material, reverse gradient, gra-
dient). The stress was calculated using the load-extension data by dividing the applied load by the bulk
cross-sectional area of the specimen. The bulk cross-sectional area was obtained from the CAD and does
not account for the pores throughout the specimen.

This study defines toughness as the area under the stress strain curve up to 50% strain (yellow shading,
Figure 4a). Toughness was calculated by integrating along the strain axis of the stress-strain curve using
the composite trapezoidal rule.

Utilizing each individual stress-strain curve, the modulus of elasticity was measured as the slope of the
linear portion of the curve [30], both pre- and post-pore closure (Figure 4a, red and purple lines, respec-
tively). While the “linear” portion used for measuring the pre- and post-pore closure moduli is arbitrary,
the curve-fit linear region was the same for each specimen. As the objective of this study was to com-
pare different mechanical gradients, moduli were compared between the 9 specimen groups rather than
compared to values in the literature for native tissues. Results for the pre- and post-pore closure moduli
and toughness were averaged for each specimen type and compared in Figure 5.

Under compression, the stress shows three distinctive stages for all specimens (excluding FLX), including
a pre-pore closure linear stage from 0.05-0.15 strain, a plateau “stiffening” stage from 0.15-0.23 strain,
and a post-pore closure linear densification stage from 0.23-0.50 strain (Figure 4b). Bulk compressive
stiffness of the two-material specimen was greater than the five-material gradient specimens (Figure 4c -
green line versus blue line), while the reverse two-material displayed lower strength compared to the five-
material gradient specimens (Figure 4c - orange line versus blue line). It was observed that the stiffness
increased as a function of volume fraction of RGD8515, as expected.

This three-stage deformation pattern is exemplary in most highly-porous structures [33]. In the pre-pore
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Table 1: Elastic moduli values of Stratasys digital materials utilized for specimens.

Layer Material  Elastic Modulus [MPa)

1 FLX9895 5.26
2 RGD8530 142.48
3 RGD8525 236.67
4 RGD8520 256.70
) RGDS8515 268.56

closure stage, the specimens experience linear deformation until pore closure begins. At the plateau stage,
the pores are compressed until they make contact with one another. Once the cell walls make contact,
the densification stage begins, in which there is a more dramatic increase in stress required to cause fur-
ther deformation. In this stage, a fully-dense material is being compressed, and the material provides the
bulk of compression resistance.

Contrastingly, the stress-strain curve for the FLX material (Figure 4a) can be categorized into two re-
gions, including a simultaneous pre-pore closure and densification stage and a post-pore closure stage.
The increased flexibility of FLX leads to simultaneous elastic deformation and pore closure, yielding a
linear region from 0.00-0.25 strain. A similar post-pore closure stage where there is a significant increase

in stress due to the more fully dense material, as observed in the other specimen types, occurs from 0.25-
0.50 strain.

(a) b
FLX9895 Stress Strain Curve ® RGD8515 Stress Strain Curve

== Pre-pore Closure Modulus: 0.1 MPa
== Post-pore Closure Modulus: 1.6 MPa
50% Toughness: 0.1 MPa
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= = Post-pore Closure Modulus: 31.2 MPa
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Figure 4: Compressive Stress-Strain Curves. (a) FLX9895 stress-strain curve highlighting toughness and pre-pore closure
+ densification and post-pore closure stages. (b) RGD8515 stress-strain curve highlighting toughness and pre-pore closure,
plateau, and densification stages. (c) Averaged compressive stress-strain curve for the 4 multi-material specimen types and
corresponding standard deviations (shaded regions).

3.1.3 Failure and Recovery

Overall specimen recovery was evaluated by examining dimensional recovery in both specimen height
and diameter. Specimen height recovery was calculated as the percent change in height after loading
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compared to the initial height prior to loading. Specimen diameter recovery was calculated as the per-
cent change in diameter after loading compared to the initial diameter prior to loading.

Specimen height and diameter were measured immediately after loading to quantify the specimen’s in-
stantaneous recovery from 50% compressive strain. The samples were remeasured after 24 hours to quan-
tify anelastic recovery and the total plastic deformation. Specimen height and diameter for all three time
periods were averaged for each specimen group and the percent change with respect to the initial speci-
men height (Figure 5d) and diameter (Figure 5e) were calculated.

Both immediately and after 24 hours, the gradient specimens and the two-material specimens had a per-
cent height change closer to the flexible material specimen, with the gradient specimens outperform-

ing all specimen types except for FLX (Figure 5 d,e). These results indicate that the gradient specimen
shows the greatest recovery potential, compared to single and two-material designs, which is crucial for
performance under cyclic loading. The percent change in diameter was much smaller than that of the
height (Figure 5 d,e). While the percent change in diameter was minimal, a similar trend was seen, where
the RGD8515 material showed the largest percent change, while the gradient and two-material speci-
mens showed the smallest percent changes both immediately after testing and after 24 hours.

Upon visual inspection of the specimens post-compression testing, the FLX specimens showed no visible
sign of cracking, the RGD8515 specimens showed several signs of fracture and generally presented crack-
ing across different cells, and the gradient and two-material specimens showed some cracking, with the
majority seen at the material interfaces. These observations are further explored in Section 3.2.

3.1.4 Modulus and Toughness

In terms of pre- and post-pore closure modulus, the increased radial stiffness gradient specimens (both
two- and five-material) outperformed all specimens except for the three stiffest single material speci-
mens. This is despite the gradient specimens containing the smallest volume fraction of RGD amongst
the specimen groups with the exception of the single material FLX specimen. All four multi-material
specimens exhibited significantly higher toughness values than the single material specimens, with the
two-material being the toughest, and the gradient being the second toughest.

3.2 Specimen Fracture: FE Model with CT validation

While quantitative experimental measurements provide an understanding of bulk properties, geometry
dependent effects from loading are understood qualitatively through simulation and CT imaging. Four
simulations were conducted according to the parameters in Section 2.7 comparing the RGD8515 and gra-
dient specimen compressed to 25% and 50% strain. The simulation output the equivalent stress distribu-
tion over the specimen geometry. A section view of the specimen was observed on the second layer from
the top of the specimen.

The maximum tensile stress values for each constituent were used as a baseline for comparison with other
simulations. Figure 6 compares simulated equivalent stress distribution for these four specimens. Results
shaded in red exceed the maximum tensile stress for each constituent as defined by Stratasys [31], and
were considered as a potential failure region. The simulated results provided a qualitative understanding
of where each specimen might fail.

Simulated results (Figure 6) depict the largest number of stress concentrations on the 50% compressed
RGD8515 specimen. These stress regions are most prominent during the transition between the inner
and outer ring where scaffolds are slightly offset from one another, restricting the outward radial load
path. The gradient specimen displays lower stress concentrations between the inner and outer ring. In
both cases, stress concentrations are observed at the outer ring of the specimens, consistent with both
specimen types containing RGD8515 in their outermost regions. The 50% compressed RGD8515 speci-
men shows an onset of failure regions on the inner ring while the gradient specimen only shows the onset
of failure regions in the outer ring where RGD8515 is placed.
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Figure 5: Mechanical and recovery properties of all nine specimen types. (a) 50% Toughness (MPa) (b) Pre-pore closure
Modulus (MPa) (c) Post-pore closure Modulus (MPa) (d) Percent change in diameter versus percent change in height im-
mediately after loading. The bottom right corner indicates most improved recovery. (e) Percent change in diameter versus
percent change in height 24 hours after loading. The bottom right corner indicates most improved. * indicates statistical
significance (p < 0.05) compared to the RGD8530 group.

CT images of the same four specimens described in Section 2.6 were collected. Figure 6 provides a direct
visual comparison between the four specimens. Each CT scan was qualitatively inspected separately by
three individuals for any failures from an axial vantage point. Failures were defined either as a fracture
or delamination. A fracture was identified as a single discontinuity among the original geometry of the
layer as illustrated on Figure 7. A delamination was identified as a separation of material at the same
radial position in consecutive circumferential locations (Figure 7).
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Figure 6: Simulated stress concentration (top) and CT scan outputs of the second specimen layer (bottom). Red circles
denote fractured regions. Orange quadrilaterals denote delaminated regions.

Figure 7: Layer 2 of an RGD8515 specimen at 50% strain. Circles denote a fracture location, while the rectangle denotes
delamination.

Fracture was observed on the CT scans of the RGD8515 50% specimen in the same circumferential re-
gions as that of the maximum stress regions of the simulated specimen. All simulations displayed stress
concentrations on the positive and negative y-axis regions of the specimen on the outer ring where no
fracture was observed on the CT images. Both the RGD8515 and gradient specimens show near fracture-
free surfaces when compressed to 25% strain. The gradient specimen compressed to 25% strain exhibits
a lone fracture near a material transition region.

When compressed to 50% strain, the gradient specimen shows significant improvement in the total num-
ber of observed fractures compared to its RGD8515 counterpart. The reduction in fractures can be seen
particularly along the negative y-axis of the inner ring which is consistent with a reduction in maximum
stress areas in the analogous simulated specimens. The fractures occurred in quadrants 1 and 3 of the
x-y plane, consistent with stress concentration regions in the simulated specimen. The gradient speci-
men compressed to 25% strain did incur delamination at the material interface between RGD8515 and

10
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RGD8520, the two stiffest of constituent materials. This can be potentially attributed to a reduced com-
pliance in comparison to the other constituent materials. These delaminations can be minimized by uti-
lizing an increased number of material steps and constituent materials to reduce the change in mechani-
cal properties between each material step.

4 Discussion

4.1 Mechanical Testing

All comparisons of the gradient versus the reverse gradient in Figure 5 highlight the importance of in-
creasing the stiffness gradient from the center to the edge of a cylindrical specimen. The stiffness gradi-
ent resulted in greater toughness, pre- and post-pore closure modulus, and recovery (diameter and height
change) when compared to the gradient with a decreased radial stiffness. The performance of the in-
creased stiffness gradient agrees with observations of native IVD mechanics [19, 34, 35], underlining the
importance of a soft center to absorb the compressive load with a gradual stiffening towards the outer
surface to reduce the radial tensile stresses. Additionally, the soft center alleviates stress concentrations
through increased compliance, allowing for minimization of fracture and improved recovery [7].

Similarly, to study the importance of a smooth compositional progression, the gradient specimens are
compared to the two-material specimens. While the two-material specimen type had a higher tough-
ness and pre-pore closure modulus, this is due to its higher volume fraction of stiffer materials. The gra-
dient exhibits a higher post-pore closure modulus and overall recovery immediately and 24+ hours af-
ter loading. Due to minimal stress concentrations in the gradient material (Figure 6) a smooth material
transition improves overall recovery, crucial for all load-bearing applications [6, 7]. While this conclu-
sion agrees with previous literature, compositional gradients have not been widely applied to improve
the structural integrity of IVD scaffolds.

The increased radial stiffness gradient provides the best performance when considering toughness, elas-
tic modulus, and recovery simultaneously. The RGD outperforms the gradient in toughness and elastic
modulus but lacks in recovery. The FLX is superior in recovery but has very poor toughness and elas-
tic modulus. As such, the gradient balances these 3 essential intrinsic properties essential to high perfor-
mance of an IVD scaffold.

4.2 Specimen Fracture: FE Model with CT Validation

The FE model provides useful insight into specific regions of the specimen where higher stresses are ex-
pected which could be used to improve future scaffold designs. A simple constitutive model was chosen
to observe relative effects of the same loading conditions on specimens with varying material properties.
The results in Figure 6 demonstrate the efficacy of an increased radial stiffness gradient in comparison
with a single constituent material specimen. While the locations of stress concentrations are geometry
dependent and would be present regardless of the scaffold geometry chosen, the FE model results con-
firm that the material selection is the main driver of improvements between the single material and gra-
dient specimens.

The CT images in Figure 6 demonstrate qualitative agreement with the simple FE model. The second
layer from the top of the specimen was used for image and model comparison, as it was the layer with
the largest number of fractures. Out of the 10 specimen layers, layers 2 and 9 presented the most frac-
tures as well as the largest surface area of stress concentrations in the FE model which reduced moving
towards the center of the specimen. Layers 1 and 10 presented no fractures. This can be attributed to
the attachment of the outer layers to the flat metal chucks enforcing they maintain a flat surface. Layers
2 and 9 undergo the most compression due to loading conditions causing complex internal stresses. This
leads to the large number of cracks developing at geometric interfaces between scaffolds.
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5 Conclusion

An increased radial stiffness gradient, a solution inspired by biological tissue, offers a powerful and effec-
tive strategy to improve the overall mechanical performance of a compressive load-bearing application.
The fabrication, mechanical testing, and analysis of porous composite structures helped deduce the fol-
lowing inferences: (1) an increased radial stiffness gradient outperforms a decreased radial stiffness gra-
dient under compressive loading, (2) a smooth transition between stiffness outperforms a blunt transi-
tion between two heterogeneous materials, and (3) an increased radial stiffness captures an optimized
balance of strength, toughness, and recovery compared to all other tested specimen types (single mate-
rial, reverse two-material, and reverse gradient). First, an increased radial stiffness outperforms the re-
versed stiffness gradient under compression in all aspects. The increased radial gradient demonstrated
larger modulus and toughness values, higher percent recovery, and decreased overall fracture. The center
of the structure is softer, allowing for an absorption of the compressive stress while the outer rings be-
come gradually stiffer, encompassing the tensile load on the structure. When reversed, the center is stiff
and cannot absorb the load, leading to a dramatically decreased performance in every aspect, highlight-
ing the importance of biomimicry. Furthermore, comparing the gradient structure to the two-material
structure with a soft center, the gradient once again outperformed the two-material structure in all mea-
surements. This is expected, as the smooth progression decreases stress concentrations throughout the
structure.

There are several limitations in the present study that can be addressed in future work. The number of
materials used was limited to 5 in order to minimize the radial stiffness gradient given the available ma-
terial palette. Utilizing more materials with a controllable stiffness gradient matching that of the IVD
can provide insight with regards to the quantitative effect of radial stiffness gradient on the strength and
recovery of IVD scaffolds. This work can also be extended to include biocompatible polymers which can
be fabricated using the same PolyJet process. However, mixing biocompatible materials to create a gra-
dient requires additional manufacturing steps, which can negatively impact cell viability [36, 37, 38].

The conclusions made in this study regarding the superior performance of the gradient specimen were
determined based on a comparison with the other created specimen types, but does not indicate that
this specific gradient specimen is optimal for IVD scaffold design. A combinatorial optimization approach
is required in the scope of increasing radial stiffness composites to determine an optimal constituent con-
figuration for IVD loading and cell generation. The computational model is limited in terms of the ma-
terial model available for the proprietary materials used in this study. A tensile test was conducted (sec-
tion 2.4) to obtain linear elastic properties of each constituent which was used in the FE model to ob-
serve locations of high stress for comparison with CT scans of the specimens. An improved model would
consider a nonlinear constitutive model to discern between elastic and plastic deformation of each speci-
men type. Obtaining this material model necessitates additional bending and flexural tests of each con-
stituent material to accurately measure the associated nonlinear parameters.

From these results, two methods for improving a compressive load-bearing structure are possible: (1)

a softer center with stiffer exterior (2) a smooth progression outward. Overall, a mechanical gradient
with an increased radial stiffness provides an effective means to generate a structure with high strength,
toughness, and recovery while minimizing overall fracture. Additionally, the location of fracture and com-
pressive properties can be manipulated through material selection and gradient optimization. This can
be utilized in a wide range of applications, such as developing IVD scaffolds. Future work will use the
data from this study to develop a machine learning approach to optimize the mechanical gradient, in-
cluding the number of material steps and material stiffness used in each step to achieve superior mechan-
ical properties (e.g., strength, toughness, or recovery).
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