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Abstract

Additive manufacturing presents opportunities to treat bone defects using biomimetic tissue 

scaffolds. Past investigations have explored modulating scaffold mechanical properties through 

varying materials and geometric motifs. Herein, we applied the rotated plywood structure of bone 

tissue to a 3D printed scaffold with the goal of improving mechanical performance compared to an 

orthogonal mesh design commonly used in tissue scaffold applications. The scaffolds were 

subjected to uniaxial compression followed by scanning electron microscopy and microcomputer 

tomography. The uniaxial compression test was characterized through elastic modulus (mean 1.32 

GPa biomimetic, 0.196 GPa orthogonal, p < 0.001), ultimate compressive strength (mean 16.546 

MPa biomimetic, 6.309 MPa orthogonal design, p < 0.001), and ultimate compressive strain values 

(4.867% biomimetic, 9.000% orthogonal, p < 0.005). Correlation of microfracture imaging to bulk 

scaffold mode of failure suggest that utilizing the biomimetic plywood design not only improved 

mechanical performance, but also reduced asymmetrtic buckling, plastic deformation, and fracture 

propagation similar to bone tissue.
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1. INTRODUCTION

Treatment of critical sized bone defects resulting from traumatic fractures through a space-

filling, load-bearing bone graft substitute is an area of increasing interest in the development 

of orthopedic implants.1–3 Traditional methods of treatment through autologous or allogenic 

bone grafts, while fulfilling criteria of osteoconductivity (surface biocompatibility for 

growth of bone tissue) and osteoinductivity (recruitment and stimulation of immature cells 

into preosteoblasts), feature risks of complications and are highly invasive, which may be 

addressed through the synthesis and design of synthetic bone scaffolds.4

Solid free-form fabrication (SFF) approaches to porous bone scaffolds have garnered much 

attention in recent months because of their convincing and proven demonstration of 

capabilities to produce complex 3D structures generated from patient imaging modalities 

and computer-assisted design (CAD) models.5–8 More specifically, the binder-jetting 3D 

printing (3-DP) method selectively deposits a liquid binder solution onto a spread powder 

bed to construct a CAD model on a layer-by-layer basis. This technique features the 

versatility in materials composition using the ability to accommodate a wide range of 

powders and binder formulations, including metal alloys relevant to load-bearing orthopedic 

and craniofacial implants such as titanium and titanium alloys, Fe-based alloys including 

novel Fe-based alloy compositions developed in our lab and elsewhere have indicated 

promise of undergoing resorption under physiological conditions.9–14

The impact of structural design on mechanical performance of SFF scaffolds has been an 

investigative subject of increasing interest in the field of materials science. Especially 

relevant to the field of orthopedic implant design, titanium and titanium alloy scaffolds have 

been fabricated in geometric matrix designs prior to mechanical investigations. Although 

past investigations have been successful in demonstrating significant differences in 

mechanical performance in relation to scaffold design, replication of complex behaviors of 

native tissue through biomimetic design is a direction requiring further study.15,16 Similarly, 

bioceramic and polymer composite scaffolds have also been explored for structure–

performance relationships, but most fabricated scaffold designs remain relatively 

unsophisticated in terms of the geometric organization and their relationship to both 

mechanical and potential physiological performance.17–19 Previous investigations have 
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commonly relied upon a standardized orthogonal porous mesh design for simplicity in 

exploring compositional variations. However, in this study, a focus will be placed on the 

significance of biomimetic structural design.20,21

Although mechanical performance has been one of the primary driving factor in the 

exploration of material alternatives for orthopedic load-bearing SFF applications, several 

studies have emphasized the significance of structural organization on mechanical 

performance in natural bone tissue.22–26 The concept of biomimetic design itself has been 

explored on a variety of size regimes for bone tissue engineering (BTE) given the 

hierarchical nature of bone structure.27–32 However, the translation of bioinspired structural 

motifs to SFF exploiting the advantage of 3-DP fabrication in creating complex architectures 

may expand our control over modulation of mechanical performance through specialized 

design incorporating stress-adapted behaviors of natural bone tissue.

Recent studies have suggested a prominent motif of lamellar plywood organization in 

natural bone tissue, where subsequent layers of parallel mineral-embedded microfibers are 

rotated to create an overall spiral twist, which then organize into cylindrical units referred to 

as osteons.33 Mechanical properties, including extensibility, flexibility, load-bearing, and 

energy-dissipating capacity against fracture crack propagation, are derived from variations in 

the microfiber lamellar angle of this plywood motif, and are highly relevant to the design 

and performance of a functional biomimetic orthopedic scaffold, which may also affect the 

extent of cellular infiltration during the tissue regenerative process.34

Utilizing binder-jet 3-DP, we aim to explore the structure-based variations in mechanical 

performance of a simplified cylindrical lamellar scaffold featuring a biomimetic rotated 

plywood organization, with accompanying material and biological characterization. 

Although this design is a simplification of the complex periodic structure of natural bone 

tissue, it offers a new level of biomimetic complexity in the design and demonstrates the 

fabrication capacities of binder-jet 3-DP in comparison against current structural designs in 

SFF literature designed primarily for prototyping of materials development.35–38

Mechanical performance of similar fiber-reinforced composite materials has previously been 

evaluated through analysis of stress–strain performance, crushing modes, and their 

associated crushing mechanisms which contribute to the overall structural failure under 

compressive loading.39–41 Although ply orientation has previously been implicated in 

composite energy absorption, we seek to relate this previous insight into bone tissue 

engineering through investigation of mechanical performance of a complex biomimetic 

structure. At the same, the objective will be to maintain previously established fundamentals 

of mechanical and crushing analysis while applying it to the area of bone modeling and 

regeneration.42,43 A secondary aim of this study is to investigate the causes of possible 

underlying structure-associated trends of failure mechanisms primarily applying imaging 

analyses employing scanning electron microscopy (SEM) as well as microcomputed 

tomography (μCT) analysis exploiting quantitative and qualitative modes to garner 

predictive concepts related to bone regeneration.
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This structure-centered approach introduced herein may also provide insight toward 

development of 3D printed orthopedic implants in a variety of material contexts. 

Understanding of complex fibrous scaffold behaviors in failure and retaining natural bone 

biomechanics in a load-bearing application may contribute toward the large-scale bone 

defect repair of considerable relevance to civilian and military related traumatic injuries.

2. MATERIALS AND METHODS

2.1. Scaffold Design

Two scaffold designs were generated using Autodesk Inventor software featuring lamellar 

strut orientation variations on a hollow cylinder design. Height and diameter of the samples 

were 36.0 and 12.0 mm respectively, with an inner diameter of 6.0 mm. Both designs 

exhibited three nested concentric lamellae of orthogonal mesh pattern struts with circular 

cross-section of diameter 1.0 mm for a total layer thickness of 3.0 mm. Vertical and 

horizontal distance between struts for both scaffold designs are exhibited in Table 1 for each 

lamellae.

For the “orthogonal” scaffold design, orthogonal lamellae were oriented along the 

cylindrical longitudinal axis and transverse planes. Longitudinal and transverse struts were 

aligned in the radial outward direction to mimic the straight porous channels implemented in 

previous SFF scaffold designs. For the “alternating” scaffold featuring the biomimetic 

rotated plywood structural motif, quantitative lamellar angular rotation data was extracted 

from previous structural elucidation of secondary human bone osteons carried out using X-

ray microdiffraction.33 Because of the constraints of the fabrication process, a representative 

section of the total quantitative microdiffraction structural data was used in scaffold design 

to accommodate for simplification of 3 lamellae in a hollow cylindrical model for angular 

rotations of 68, 25, and 80° off the longitudinal axis, from the outermost lamellae inward. 

These scaffold designs are exhibited in Figure 1a, b. Additional images and characterization 

of dimensions are given in Figures S1–S3.

Based on the CAD data, scaffolds (n = 13 for each design) were fabricated by means of a 

binder-jetting 3D printing process (The ExOne Company, LLC, North Huntingdon, PA) 

from iron (Fe) powder with average particle size of ~45 μm (99%, Höganäs AB, Höganäs, 

Sweden). Printed green constructs were cured at 195 °C for 1 h to improve part stability, 

then depowdered using pressurized air and sintered at 1100 °C for 3 h to remove the binder 

and densify the parts.

2.2. Scaffold Physical Properties

Porosity values for scaffolds were calculated according to both CAD engineered porosity 

and fabrication introduced porosity (in binder-jetting 3D printing, curing, and sintering 

processes). Engineered CAD porosity (ρCAD) was calculated according to the following 

equation

(1)
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Where Vsc is the total volume of the CAD scaffold design and Vcyl is the overall volume of 

the theoretical hollow cylinder enclosed by the outer and inner peripheries of the CAD 

scaffold design.

Unsintered (ρUS) and sintered (ρS) porosities represented deviation in scaffold material 

density compared against a theoretical density of pure iron and do not include engineered 

CAD porosity of overall scaffold designs. These were calculated according to the following 

equation

(2)

Where ρFe is the density of nonporous iron (7.874 g/cm3) and ρsc is the density of the 

manufactured scaffolds (before or after sintering), calculated using the weight and volume of 

the scaffolds (n = 3 for orthogonal, n = 2 for alternating, unpaired).

2.3. Mechanical Testing

Compressive testing was conducted in accordance with ASTM-E9. Uniaxial compressive 

testing was performed with sintered scaffolds at room temperature with an Instron 5566 

mechanical testing system (Instron, Norwood, MA) using a cross-head speed of 3 mm/min 

and a 5 kN load cell. Ultimate compressive strength, Young’s modulus, and strain (percent 

elongation) at failure were determined from stress–strain curves generated from each 

specimen. Young’s modulus was obtained as the slope of linear regression over the elastic 

performance region of each stress–strain curve. Ultimate compressive strength and strain at 

failure were determined as the maximum compressive stress and corresponding strain. 

Average, standard deviations, and one-way independent ANOVA results for both scaffold 

designs (n = 8 for each design) are reported.

2.4. Scanning Electron Microscopy

Scanning electron microscopy (SEM) images were also taken of sintered scaffolds before 

and after uniaxial compressive testing using a Philips-XL30 FEG (Philips, Amsterdam, The 

Netherlands) at 10.0 kV at various magnifications for surface fracture analysis.

2.5. Microcomputed Tomography (μCT)

Scaffold specimens (n = 3 for each design) were scanned with a VivaCT40 (Scanco Medical 

AG, Bruttisellen, Switzerland) and 30 μm voxel size (70 kV, 110 μA). For analysis, scanned 

scaffold volumes were digitally reoriented, filtered from background signal, and converted 

to.stl format for standardized quantitative analysis using Mimics Medical 17.0 (Materialise 

NV, Leuven, Belgium). For directionality analysis of different modes of failure between 

scaffold designs, outward deformation measurements in radial step size of 30 degrees were 

taken at transverse slices of 5 mm step size for each scanned specimen, and plotted as a 

deformation profile illustrating significant variations in radial direction of deformation.
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3. RESULTS

3.1. Scaffold Porosity

Calculated porosities, total surface area, and average cross sectional surface area for CAD 

scaffold designs and fabricated samples are listed in Table 2. Both scaffold designs exhibited 

an engineered porosity of approximately 53–54%, while additional porosity in the 3-DP 

fabrication process was introduced at approximately 15% for all the unsintered specimens. 

After sintering, the material porosity decreased for both scaffold designs to approximately 

8% for orthogonal specimens (n = 6) and 14% for alternating specimens (n = 4). Variations 

in porosity introduced through the fabrication process was less than 5%. Total surface area 

for both scaffold designs was approximately 46 cm2, whereas scaffold volumes were 

calculated to be 1.436 cm3 for the orthogonal design and 1.407 cm3 for the alternating 

design. Greater variation was seen in the average calculated scaffold cross-section area, with 

0.4047 cm2 for the orthogonal design and 0.2087 cm2 for the alternating design.

3.2. Mechanical Behavior

Stress–strain relationships plotted in Figure 2 were calculated using values for average cross 

sectional area for respective scaffold designs. The stress primarily reflected force acting 

upon the overall scaffold structure and does not represent stress within the individual struts.

Significant variation is illustrated in the stress–strain plots for all compressed samples 

between the two scaffold designs (n = 8 each). Orthogonal and alternating specimens varied 

in slope of stress against strain immediately following start of compression in the elastic 

performance region (shown in Figure 3). Orthogonal design specimens demonstrate a 

distinct transition from elastic to plastic performance in change of slope with positive linear 

trends for both regimes. Alternating design specimens demonstrate no discrete change in 

slope from start of compression to peak load at failure. Performance is instead characterized 

by a gradual, curved trend. Scaffold performance after failure for alternating design 

specimens was characterized by interruptions in decreasing trend after peak load, whereas 

orthogonal designs featured smooth decreases in stress–strain relationships.

Scaffold mechanical properties shown in Table 3 were derived from stress–strain 

relationships plotted in Figure 2. The elastic modulus was calculated using linear regression 

of the region of elastic response (Figure 3). Ultimate compressive strength was defined as 

the peak stress measured before scaffold failure. Ultimate compressive strain was defined as 

the strain corresponding to ultimate compressive strength. Values in Table 3 are plotted in 

Figure 4a, b, and c in the form of means (n = 8 for each scaffold design). Alternating 

scaffolds featured higher elastic modulus (p < 0.0001), higher ultimate compressive strength 

(p < 0.0001), and lower strain at failure (p < 0.0004).

3.3. SEM Analysis

The morphologies of both 3-DP scaffold types are shown in Figure 5 before uniaxial 

compressive testing. No significant variations in particle size, extent of sintered porosity, or 

microstructure were observed. Qualitative surface analysis shows a porous topography 
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confirming previous applications of 3-DP scaffold applications, although printed scaffolds 

were not surface finished and no significant oxide layer was observed.

Figures 6 and 7 show failure characterization for both types of 3-DP scaffolds through 

microfracture analysis. Figure 6a, b illustrate typical fracture propagation through 

alternating design specimens. Both intralamellar and interlamellar fractures varied in 

orientation with respect to the longitudinal axis (indicated by red line), and depth on the 

transverse plane. Scaffold struts were also shown to fracture at different locations respective 

to intralamellar strut junctions. This mode of highly disorganized and deflected fracture 

propagation was consistent across the entire scaffold surface area in regions of failure for all 

the alternating design specimens, in contrast against orthogonal design specimens, as 

represented in Figure 6c, d. Failure microfractures, while misaligned in alternating design 

specimens across a range of angular orientations, showed a high level of organization in both 

longitudinal and transverse directions in orthogonal design specimens (longitudinal axis 

indicated in red) and affecting multiple strut lamellae. Occurring at the same angular 

orientation and location with respect to lamellar strut junctions, propagated fractures of 

greater continuous length and cross-sectional area were observed in orthogonal design 

scaffolds.

Figure 7 shows distinctions in individual strut performance before failure between the two 

scaffold designs. Struts in alternating design specimens underwent minimal plastic 

deformation before brittle fracture as shown in Figure 7a, b. Although microfracture 

initiation is apparent in Figure 7a, struts of both alternating directions remained generally 

unbent before failure (marked by dotted line), a trend reflected in fractured struts as in 

Figure 7b, where fractured strut ends were also observed to have undergone little plastic 

deformation. This is contrasted in orthogonal design specimens as shown in Figure 7c, d, 

where extensive asymmetrical plastic deformation can be observed in the vertical struts (in 

deviation from dotted line). Plastic deformation occurred prior to strut fracture as illustrated 

in Figure 7c in orthogonal design specimens, where fracture propagation has not yet fully 

occurred through the horizontally oriented struts (longitudinal axis indicated by arrow), 

whereas Figure 7d shows the aftermath of complete strut fracture after significant plastic 

deformation. Regions of greatest plastic deformation corresponded to asymmetrical buckling 

in scaffold overall structure, and were observed adjacent (nearest strut junction) to the large, 

continuous fractures noted in Figure 7c in accordance with the failure mode seen in Figure 

6c. Additional SEM images are shown in Figure S4.

3.4. μCT Analysis

3D renderings of representative scanned scaffolds are exhibited in Figure 8 and show distinct 

trends of deformation behavior resulting from compressive loading. Orthogonal design 

specimens featured severe asymmetric buckling and plastic deformation of longitudinal 

struts before extensive continuous fracture propagation through transverse struts parallel to 

the scaffold longitudinal axis. Radial position of these multistrut fractures commonly 

occurred orthogonally to the direction of plastic buckling. This failure mode characteristic of 

orthogonal design scaffolds was reflected in the deformation profile in Figure 9. Especially 

evident as transverse graphs progress toward the scaffold middle section, deformation 
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distance followed a negative trend under approximately 150° and an increasing trend over 

approximately 150°. Deformation trend took on an increasingly sinusoidal appearance 

characteristic of circular linear translation. A buckling radial direction typical of orthogonal 

design specimens can be identified as the angular position of the peak maximum in the 10 

mm deformation graph. Opposite to this direction, the specimen wall featured inward 

deformation following the pattern of outward deformation exemplifying plastic buckling 

behavior.

In contrast, deformation trends typical for alternating design specimens plotted on same axes 

scales show a significant decrease in variability for all transverse sections as exhibited in 

Figure 10. There remains a similar increasing trend in deformation distance as sections 

approach the region of failure. However, deformation distance did not depend on radial 

position, and no apparent maximum could be identified as in deformation trends of 

orthogonal design scaffolds. This distinct mode of failure deformation was apparent in the 

3D rendering in Figure 8 as a general radial outward crumpling of the scaffold wall. Plastic 

deformation was much less severe compared to orthogonal design scaffolds, with 

homogeneous distribution of smaller single-strut fractures over the entire surface of the 

failure region. No regions of inward deformation were identified for any alternating design 

specimens.

4. DISCUSSION

The purpose of this study was to investigate changes in 3D fabricated scaffold mechanical 

performance arising solely from variation in the structural geometry using the biomimetic 

lamellar rotated plywood structural motif. Although previous investigations have also sought 

to demonstrate relationships between the structure and mechanical performance, our aim in 

applying the biomimetic approach to scaffolds for bone was to possibly replicate certain 

specialized behaviors of natural tissue in scaffold performance while demonstrating 

significant changes in the scaffold mechanical properties.40,44 Although matching the 

mechanical properties of bone tissue remains a future endeavor, another aim of this 

investigation was to demonstrate that other distinctions in performance, such as mode of 

failure, fracture propagation, and extent of plastic deformation, may also arise from variation 

in structural organization and may be significant for future tissue engineering implant 

applications.

Fabrication of complex scaffold designs with internal architectures was made possible 

through use of SFF binder-jetting printing techniques following printing to generate the 

green constructs followed by sintering. Another goal of this study was to determine the 

specific mechanistic origins of variations in mechanical performance for these different 

architectures. Other methods of additive manufacturing have recently gained popularity, 

such as laser or electron beam melting, and have seen relative success in producing similar 

strengths against cast and wrought samples as well.45,46 Investigation of structural impact on 

performance, being independent to material composition or mode of fabrication, may be 

easily adapted to these other methods of additive manufacturing.
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In this study, statistical analyses performed on mechanical properties extracted from the 

stress–strain relationships for the orthogonal and alternating scaffold designs revealed 

significant variation in elastic modulus, ultimate compressive strength, and ultimate 

compressive strain, with alternating design specimens being higher in the first two and lower 

in the last. One possible contributing factor to these variations in performance is the 

significantly lower cross sectional area for the alternating scaffold design as exhibited in 

Table 2. This was likely the result of geometric lamellar orientation, as the total scaffold 

volume, surface area, and engineered porosity were relatively similar between the two 

designs. These similarities support claims of structural orientation significance by 

controlling for other design differences between the two scaffold types (aside from sintered 

scaffold porosity). Because the alternating scaffold lamellae were rotated with respect to the 

scaffold longitudinal axis, equivalent transverse struts also shared complementary rotation, 

resulting in no struts lying parallel to the scaffold transverse plane and adding significant 

contribution to average cross sectional area. This was not the case in the orthogonal scaffold 

design, as transverse fibers contributed full fiber longitudinal cross section area to the 

average scaffold cross section area at those transverse ranges, resulting in approximately 

twice the overall scaffold average cross sectional area compared against the alternating 

design. Ultimate compressive strength differences reflected this as well, being on average 

6.309 MPa for orthogonal specimens and 16.546 MPa for alternating specimens (Table 3). 

However, the levels of load before conversion to stress for alternating scaffolds were still 

higher than orthogonal scaffolds, having more than twice the ultimate compressive strength.

To further investigate load-bearing differences between volumetrically similar scaffolds, 

finer analysis using SEM imaging contributes largely to the mechanistic fracture 

information. It was previously established that alternating specimens featured brittle strut 

fractures with no observable strut plastic deformation, whereas orthogonal specimens 

featured significant plastic deformation before undergoing eventual fracture of neighboring 

transverse struts. These differences in fracture mechanisms may also have been a result of 

variations in the geometric orientation of struts relative to the axis of applied loading. Plastic 

deformation, or buckling, is a common phenomenon of longitudinal axial compressive 

loading.42,47 However, alternating designs featured no strut longitudinal axial loading. 

Instead, all the stress was applied under an angular shear regime, resulting in brittle fracture 

with transverse fracture surfaces typical of metal specimens.48–50 On a macroscopic scale, 

these mechanistic differences resulted in a general “crumpling” for alternating designs as 

shown in Figures 8 and 10, wherein the failure was evenly distributed in the radial direction 

by strut fracture, whereas the large plastic deformation characteristic of orthogonal designs 

led to an overall “buckling” of the specimens as revealed by the deformation profile maps 

corresponding to the transverse μCT scan in Figures 8 and 9, respectively. These variations 

in the performance not only affected the scaffold mechanical properties, but also contributed 

to significant distinctions in the overall structure failure performance. General effects of 

these distinctions were characterized through the scaffold deformation profiles quantifying 

μCT 3D scans shown in Figures 8–10. Buckling of orthogonal specimens can clearly be 

compared against crumpling of the alternating strut design specimens by observing changes 

in deformation over radial position for transverse sections over the length of the specimens. 

Yu et al. Page 9

ACS Biomater Sci Eng. Author manuscript; available in PMC 2018 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



This is further evidence of the clear variation in failure performance for the two scaffold 

designs.

Previous investigation of failure mode fundamentals in fiber-reinforced composites 

(extrapolated to the fibrous lamellae organization of scaffold designs featured in this 

investigation) established classification of fracture behaviors into distinct categories of 

transverse shear, lamina bending, and local buckling under compressive loading. In 

consideration of the fracture behaviors exhibited by SEM images (Figure 7), we may 

translate distinct behaviors of alternating and orthogonal struts into these terms. In 

observation of fracture edges, interlaminar, and longitudinal cracks in partial lamina bundles 

demonstrated by alternating specimens, the mode of failure of this scaffold design may be 

classified as the transverse shearing crushing mode described by Farley and Jones.51 In 

orthogonal specimens, SEM results exhibit severe lamina bending, while interlaminar 

parallel-to-fiber cracks propagate within several adjacent laminae, whereas other lamina 

bundles exhibit significant plastic bending deformation before fracture. These behaviors 

result in the categorization of orthogonal scaffold design failure in the lamina bending 

crushing mode as described by Farley and Jones.51 These results thus contribute to our 

understanding of sustained scaffold crushing stress as a function of ply angle. In the context 

of a load-bearing, bone tissue engineering application, these variations in failure 

performance may be significant in changing the scaffold interaction with the tissue–scaffold 

interface. Given the importance of surface contact in physiological regenerative processes 

including cell infiltration and surface remodeling, and applied stress in stimulating osteocyte 

activity, radial and longitudinal profiling of deformation under compressive loading for this 

study’s cylindrical model illustrates the significance of geometric design.43,52,53 In 

consideration of the current geometric designs common to the field of SFF additive 

manufactured scaffolds, asymmetric plastic buckling of the orthogonal design featured in 

this study illustrates potential negative impacts upon the physiological interface. Although it 

is acknowledged that compressive loading was performed in a free-standing context, and 

that future implant applications in a fully tissue-embedded context may result in different 

deformation behavior because of stress transference to surrounding tissue, it remains that 

excessive asymmetric stress transference and tissue stimulation may be inferior to symmetric 

performance given the goal of bone tissue engineering to reproduce the loading environment 

of native tissue.54,55 We assert that for larger scales of bone tissue engineering, especially in 

a heavier load-bearing context akin to normal bone functioning, the alternating biomimetic 

design presented in this study offers superior performance in failure suitable for sustained 

biological interfacing.

Observing the SEM images presented in Figure 6 offers additional insight into possible 

biomimetic mechanical behavior arising from the biomimetic structural design for 

alternating specimens. Fibrous lamellae of bone tissue are known to contribute to 

mechanical performance through crack bridging and fracture deflection, where microscopic 

structures assist in preventing exacerbation of tissue defects.56,57 A similar phenomenon was 

observed in the alternating biomimetic design shown in Figure 6a and 6b, where fractures 

were highly varied in length and angle compared to the extensive, linear fractures observed 

in the orthogonal design seen in Figure 6c, d. We propose that this behavior is a macroscopic 

scaling of crack bridging and fracture deflection behaviors observed in microscopic 
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iterations of this lamellar rotated plywood structure, in that larger, continuous fractures were 

hindered in formation by the alternating design and varying strut orientation between 

different lamellae as well in adjacent struts within the same lamella. This presentation 

resulted in the presentation of a more homogeneous fractured outer surface texture, as well 

as contribution toward radially symmetric failure performance. Large, extensive fractures in 

orthogonal specimens were also correlated with severe plastic deformation in neighboring 

longitudinal struts, with both being characteristic of asymmetric failure performance.

Another notable characteristic of alternating specimen stress–strain relationships was the 

lack of a distinction between elastic and plastic regions of deformation. As exhibited in 

Figure 5, the graduated, sloping curvatures of alternating trends translates to more 

homogeneous behavior under compression than that of orthogonal specimens which featured 

two distinct regions of elastic and plastic mechanical behavior. Smooth compressive 

behavior may be a significant contributor to replicating organic phase contributions to bone 

tissue behavior, given the composition of bone tissue featuring collagen fibers that inherently 

behave more similarly to a viscoelastic tissue model than stress–strain behavior of metal 

alloys.

In all, this study was successful in demonstrating significant changes in the mechanical 

performance for the biomimetic variation in scaffold design with one-way independent 

ANOVA p-values less than 0.001 for elastic modulus, ultimate compressive strength, and 

less than 0.004 for strain at failure (Figure 4). Aside from mechanical parameters of 

performance, qualitative and quantitative analysis of failure mode and deformation also 

showed distinct behaviors of the two scaffold designs. Given the isolated variable of 

geometric design, we aim to apply a similar principle to future investigations featuring 

scaffold material compositions more widely accepted as standards for orthopedic 

implantation applications, namely titanium and its alloys. Verification of similar significant 

implications of structural variation in a greater variety of materials will generate stronger 

support for the possibility of fine-tuning structural design for mechanical performance in 

specific load-bearing contexts. The biomimetic design utilized in this study was generated 

from previous experimental data taken from human bone samples. Full complexity of 

elucidated native tissue structure may be more fully represented through more extensive 

design and fabrication for structures featuring higher numbers of lamellar angular periodic 

repetitions, as well as internal channel microstructure for more faithful replication of 

osteonal and vascular structures in bone likely requiring configurations with varying ply 

angle in line with Figures 8 and 9 discussed above replicating higher orders of tissue–bone 

interface interactions as also shown in Figures S1 and S2. Such configurations will likely 

help in achieving mechanical characteristics similar to what is seen in human bone tissues 

thus, offering new directions in scaffold design using additive manufacturing.

Aside from mechanical performance parameters, other behaviors exhibited by the rotated 

plywood design suggested possibility of scaling up microscopic organic tissue phenomenon 

in response to mechanical stimulation that may offer previously unconsidered benefits on a 

macroscopic scaffold level. Additional loading regimes including shear and flexure may 

warrant further investigation given the complex loading environment of native bone tissue 

and orthopedic implants upon clinical implementation. However, from the investigations 
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performed, we believe that the rotated plywood design in tissue engineering applications 

may offer significant improvement to mechanical performance on existing SFF additive 

manufacturing designs, and may also contribute to future macroscopic space-filling, load-

bearing applications for synthetic bone tissue replacements. Given the necessity of 

introducing tissuelike behaviors on a macroscopic level to nonorganic implants and 

scaffolds, the concept of biomimetic design inspired from complex hierarchical structures of 

bone tissue may provide a pathway to improve the compatibility of implant and scaffold 

performance beyond numeric parameter considerations, but also in more complex, structural 

geometry influenced behaviors such as compressive deformation, stress distribution, and 

fracture propagation. We believe this research to be especially compatible with many current 

investigations on various material compositions for orthopedic implants given the 

independence of scaffold structural design to structural composition, and that insights 

derived from the structural biomimetic design may be applied and hold true for a variety of 

materials, calling for further investigation. The design considerations observed and 

explained herein may provide novel approaches to the fabrication and manufacturing of high 

strength scaffolds as well as implants for load-bearing large critical-sized segmental bone 

defects, for which there are no current scaffold strategies. The approach can thus offer a 

unique solution for both existing traditional nondegradable implant systems such as stainless 

steel, titanium and titanium alloys including Co–Cr alloys as well as the new and evolving 

degradable magnesium and magnesium alloy-based metallic systems particularly, for load-

bearing orthopedic and craniofacial applications.

5. CONCLUSIONS

Using binder-jetting 3D SFF fabrication, biomimetic structural motifs may be implemented 

in load-bearing, lamellar, porous bone scaffolds to replicate and scale up complex 

hierarchical mechanical responses observed in natural tissues. Utilizing the rotated plywood 

design, deformation and buckling under compressive loading may be distributed evenly in 

the radial direction for superior interface with the surrounding physiological 

microenvironment in the context of implantation. Distinct changes in mechanical 

performance from the elastic to plastic deformation regime transition may also be reduced 

and smoothed to a single regime as another result of crumpling scaffold behavior introduced 

by the rotated plywood design. Mechanical performance parameters (including ultimate 

compressive strength and elastic modulus) may be greatly enhanced for rotated plywood 

design scaffolds of approximately similar bulk scaffold volume and porosity of compared 

against a standardized geometric mesh design. Implementation of a biomimetic rotated 

plywood design also introduced semblances of fracture crack deflection behavior between 

and within scaffold lamellae, also serving to homogenize the stress distribution away from 

asymmetries of stress concentration found in the orthogonal mesh design likely mimicking 

the mechanical characteristics of the tissue–bone interface. Control for structural effects on 

mechanical performance suggests further validation of design significance is possible for a 

wider range of scaffold materials. Quantitative variation on biomimetic design parameters 

for more specific control over aspects of mechanical performance remains an area of future 

investigation with the goal of creating scaffolds customized for specific stress–response 

behaviors in various dynamic loading regimes.
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Figure 1. 
CAD 3D rendering of (a) alternating design featuring rotated plywood motif for strut 

lamellae. Outer two layers have been transversely sectioned to reveal internal architecture; 

(b) orthogonal mesh design. Each strut lamella features same strut dimensions, transverse, 

and longitudinal interstrut distance as alternating design. Outer two layers have been 

transversely sectioned to reveal internal architecture.
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Figure 2. 
Engineering stress–strain relationships for all scaffold specimens. Photographs of 

representative specimens after mechanical failure are shown to the right.
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Figure 3. 
Engineering stress–strain relationships for all scaffolds abridged to specific data ranges for 

elastic performance regimes. Elastic moduli were calculated using slopes of linear 

regressions for positive linear trends.
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Figure 4. 
Values for (a) elastic moduli, (b) ultimate compressive strength, and (c) strain at failure for 

orthogonal and alternating scaffold designs. Bars represent means with error bars indicating 

standard deviation. Significance (* p < 0.001 and ** p < 0.004) analyzed using one-way 

independent ANOVA (n = 8 for each design).
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Figure 5. 
(a) Orthogonal design scaffold after fabrication and postprocessing. (b) Alternating 

(biomimetic plywood) design scaffold after fabrication and postprocessing.
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Figure 6. 
SEM imaging of representative scaffolds after compression showing varying patterns of strut 

failure. Parts a and b represent alternating scaffolds demonstrating varying directions of 

fracture propagation, whereas c and d represent orthogonal scaffolds demonstrating linear 

continuous fracture propagation. Red arrows indicate direction of scaffold longitudinal axis.
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Figure 7. 
SEM imaging of representative scaffolds after compression. Dashed lines indicate original 

strut direction before compression and red arrows indicate scaffold longitudinal axis. Parts a 

and b represent alternating scaffolds showing little to no strut plastic deformation seen in 

similarity of alignment to the dashed red line. Parts c and d representing orthogonal 

scaffolds show significant asymmetric plastic deformation after compression seen in the 

curved deflection of the scaffold away from the dashed red line.
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Figure 8. 
3D rendered micro-CT images for representative scaffold specimens. a–d represents 

alternating before compression, alternating after compression, orthogonal before 

compression, and orthogonal after compression, respectively.
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Figure 9. 
(a) Deformation profile of an orthogonal design specimen. (b) Transverse section graphs 

against radial position correspond to marked locations on μCT image to the right with 

deformation calculated against indicated center axis.
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Figure 10. 
(a). Deformation profile of an alternating design specimen. (b). Transverse section graphs 

against radial position correspond to marked locations on μCT image to the right with 

deformation calculated against indicated center axis.
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Table 1

Measured Distances between Struts Controlled in Both Alternating and Orthogonal Scaffold Designs for 

Concentric Scaffold Lamellae

layer longitudinal distance (mm) transverse distance (mm)

innermost 4.07 0.91

middle 2 5.41

outermost 2.24 7
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Table 3

Scaffold Specimen Mechanical Properties, Given As Mean ± Standard Deviationa

scaffold design elastic modulus (GPa) ultimate compressive strength (MPa) ultimate compressive strain (%)

orthogonal 0.196 ± 0.158   6.309 ± 2.308        9 ± 2.243

alternating 1.320 ± 0.369 16.546 ± 2.292 4.867 ± 1.017

a
N = 8 for each scaffold design.

ACS Biomater Sci Eng. Author manuscript; available in PMC 2018 February 12.


	Abstract
	Graphical abstract
	1. INTRODUCTION
	2. MATERIALS AND METHODS
	2.1. Scaffold Design
	2.2. Scaffold Physical Properties
	2.3. Mechanical Testing
	2.4. Scanning Electron Microscopy
	2.5. Microcomputed Tomography (μCT)

	3. RESULTS
	3.1. Scaffold Porosity
	3.2. Mechanical Behavior
	3.3. SEM Analysis
	3.4. μCT Analysis

	4. DISCUSSION
	5. CONCLUSIONS
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Table 1
	Table 2
	Table 3

