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a b s t r a c t

Multi-material 3D printing offers design flexibility for the manufacture of new architectured

composite materials and has been increasingly used to explore themechanical properties of

bioinspired composites. In this study, the influence of scale andsizeonmechanical properties

of periodic two-phase composites with various architectures of a stiff and a soft phase are

explored. The studied composites include an interpenetrating phase composite with two

continuous phases (inspired by bone), a matrix-inclusion composite with a continuous and a

discontinuous phase, and a discontinuous phase composite where both phases are discon-

tinuous. These composites are fabricated by additive manufacturing, and their mechanical

properties are evaluated experimentally using a compression test complemented by digital

image correlation, and numerically through finite element analysis. Overall trends show that

the elastic moduli and yield strengths decrease as the scale is increased. Our results on size

effects reveal an increase in elastic modulus and yield strength with increasing size of the

sample. Our investigation outcomes help to better understand some of the challenges in

studying andapplications of additivelymanufactured composites and shed light on scale and

size effects on mechanical properties of 3D printed two-phase composites. This paper illus-

trates aneed for further studies of scale andsize effects in additivelymanufacturedmaterials.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
materials with complex architectures and microstructures

1. Introduction and background

Within the last decade, additive manufacturing (AM) has

become a powerful tool for studying cellular and composite
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[1,2]. In particular, 3D printing has been used for fabricating

bioinspired materials and structures. For example, the reason

for the square cross-section of the seahorse tail was explored
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sections [3]. Square tails were shown to increase the resilience

of the tail and impact resistance to crushing forces compared

to round tails. 3D printing was also employed to adapt the

mouthpiece of the sea urchin for use as a sediment sampler

[4]. Nacre and bone, among other natural materials, have also

been important sources of bioinspiration for designs of new,

3D printed composites. Previous work has investigated their

fracture toughness [5,6], impact resistance [7], and energy

dissipation [8] through 3D printed analogues. A bioinspired

design incorporating two levels of the hierarchy of nacre

showed that the impact resistance improved dramatically

over only having one level of nacre structure [9]. Inspired by

the stiffness gradients at the interface of the rigid ring teeth in

squid suckers, functional stiffness gradients were found to

minimize stress concentrations at the interfaces between 3D

printed soft and rigid components [10]. Similarly, stiffness

gradients were found to reduce the chance of interfacial fail-

ure upon the impact of jumping, 3D printed soft robot [11].

Mechanical properties of materials of other organisms have

also been studied, such as the effect of ammonite suture ge-

ometries on interface properties [12,13], the fracture resis-

tance of whale baleen [14], and mechanics of helicoidal fiber

structures of the mantis shrimp dactyl club [15]. A recent re-

view [16] provides a framework for using AM for

bioinspiration.

AM has also been a vehicle for evaluating the effect of

microstructures (architectures) on the mechanical proper-

ties of composite materials with stiff and soft phases. The

effects of connectivity of phases on elastic modulus and

stress and strain distributions have been investigated [1,17].

Composites with two interpenetrating (connected) phases

were found to have superior mechanical properties to com-

posites with inclusions [17]. Nacre, which is generally

thought to primarily have a brick and mortar structure of

ceramic plates and protein, actually contains mineral

bridges between adjacent ceramic plates. Studies of nacre-

inspired 3D printed composites show that mineral bridges

help maintain stiffness and improve the toughness of com-

posites [18].

Multi-material 3D printing has been useful for studying the

architectures of composites as it allows the flexibility of de-

signs and ease of manufacture of materials with desired ge-

ometries. Also, printers can blend different polymers to

achieve more fine-tuned material properties [17]. However,

given that the technology is still in development, some

shortcomings and artifacts are present in the resulting prints.

For example, Yap et al. [19] found that dimensional accuracy

was dependent on the printing orientation, position on the

printing surface, and surface finish of the print (glossy or

matte). Material properties of 3D printed materials are

dependent on print conditions, AM technique used (e.g.,

extrusion-based, material jetting, powder bed fusion), di-

mensions of the sample, and other factors [20]. Bass et al. [21]

showed that the print orientation has a more pronounced

effect on material anisotropy of soft materials than stiff ma-

terials. The effect of aging on the tensile properties of 3D

printed polymers was also explored, and tensile properties

showed no change until the sixth week, after which the ten-

sile strength and elastic modulus increased [21]. While the

influence of printing parameters on mechanical properties
has been explored, most studies focused on the properties of a

single material. Moreover, there is a dearth of literature on

size and scale effects in 3D printed composites. Understand-

ing of the size and scale effects onmechanical properties of 3D

printed materials is needed for interpretation of results and

accurate determination of properties.

Boundary conditions generally influence experimental and

computational results when the sample size is smaller than a

representative volume element (RVE). In such a case, apparent

properties are obtained (measured or computed) instead of

effective properties [22]. The RVE is defined, following Hill [23],

“as a region large enough so that the size of inclusions ismuch

smaller than the size of the sample and overall material

properties do not depend on boundary conditions.” When a

sample size used in experiments or a region used in compu-

tations of properties is smaller than the RVE, then the prop-

erties are bound from above by the results obtained using

displacement boundary conditions and from below by those

computed using traction boundary conditions [21,24e27].

Mixed boundary conditions, generally applied in experiments,

give results that fall between these two bounds. Thus, the

apparent properties depend on the size of the sample (region)

and boundary conditions; these are called scale and boundary

conditions effects. For periodic composites, the application of

periodic boundary conditions in computations results in

effective properties.

In this paper, we investigate the scale effects (by varying

number of unit cells while keeping samples’ volume/size

constant) and size effects (using samples with a single unit cell

and changing their volume/size) on mechanical properties of

cubic, periodic two-phase composites with several different

architectures. We conduct this study experimentally by 3D

printing three types of composites of a stiff and soft phase:

1) Discontinuous phase composite (DPC) with two discon-

tinuous phase,

2) Matrix-inclusion composite (MIC) with one continuous

phase and one discontinuous phase (cubic inclusions), and

3) Interpenetrating phase composite (IPC) with two contin-

uous phases.

Our prior study focused on the effect of the geometrical

arrangement of phases on the mechanical behavior of such

composites [28]. We found that a continuous stiff phase in-

creases the elastic modulus and that compressive load is

carried mainly by the stiff phase. In contrast, the soft phase

contributes to the deformation of these composites. That

study also investigated these composite models in the context

of bone and found a good agreement between computational

results using the IPC model and experimental measurements

of bone at the microscale.

In the present study, we vary the size and number of unit

cells to understand their effects on the mechanical properties

of 3D printed composite materials and compare these results

to those of finite element (FE) simulations. Such knowledge is

needed for the fundamental understanding of the measured

or computed properties of 3D printed composites so they can

be safely used in technological andmedical applications. Such

insight can also benefit future experimental and computa-

tional studies of AM materials, and architectured materials in

https://doi.org/10.1016/j.jmrt.2020.10.052
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general, and contribute to further advancements in the 3D

printing industry.
2. Materials and methods

2.1. 3D printing and optical microscope imaging

Unit cell geometries of the composites were created in Solid-

works (Dassault Syst�emes, V�elizy-Villacoublay, France) and

printed using an Objet 350 Connex3 printer (Stratasys, Poway,

CA, USA) in Digital Materials Mode, which deposits layers of

material with a thickness of ~30 mm. The materials used were

VeroClear, which represents the stiff phase, and

TangoBlackþ representing the soft phase. Three types of two-

phase periodic composites were printed: a DPC, a MIC, and an

IPC, all with a 50% volume fraction of each phase (Fig. 1),

following [28]. In DPC and MIC composites, the phases were

also interchanged, leading to five cases. Samplesmade of only

one phase (stiff or soft) were also printed to measure each

phase’s properties. All samples were printed with the “matte”

setting to ensure a uniform support material coverage instead

of a glossy setting, which uses the support material at the

bottom but no support material on other surfaces when

printing a cube sample. After printing, support material was

removed from samples using a high-pressure water jet and

scraping off support material. To ensure adequate support

material removal for small samples, such as those with edge

lengths 3.18 mm and 1.58 mm, an optical microscope was

used to look at the samples. Specimens were allowed to dry at

least 12 h before testing. Samples were tested over the course
Fig. 1 e Types of unit cells from left to right showing increasin

fraction.
of a few weeks due to their large number and were kept away

from light during storage before testing to prevent exposure to

ultraviolet (UV) light, which is used during printing to cross-

link the printed polymers [29].

Surfaces of VeroClear and TangoBlackþ samples were

imaged using a Keyence VK-X1000 3D Laser Scanning

Confocal Microscope (Keyence, Itasca, IL, USA) with objective

lenses ranging from 5X to 20X. A 3D surface profile was

created using a 405-nm laser to measure the sample surface

throughwidefield focus variation andwas processed using the

instrument’s embedded software. One sample of each Ver-

oClear size was imaged and one TangoBlackþ sample with

edge length 6.35 mm was imaged. The thicknesses of aggre-

gate layers were measured using ImageJ.

2.2. Mechanical testing and analysis

Quasi-static compression tests were performed according to

ASTM Standard D695-15 [30] at a strain rate of 0.51% min�1.

Sample geometry was changed from 2:1 to 1:1 length:width

ratio compared to the ASTM standard since some samples

were prone to buckling and slippage. Samples were tested so

that the printing direction, which dictates lamellar alignment,

was perpendicular to the compressive load. This protocol was

followed to avoid layer effects of the stiff VeroClear material

when compressed parallel to the direction of printing due to

the innate microstructural features from layer-by-layer

printing. It is important to note that while the failure mode

of VeroClear tends to differ between samples compressed

perpendicular (buckling) and samples compressed parallel to

the print direction (splitting), the anisotropy of the material
g number of unit cells. Each composite has a 0.5 volume
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Table 1 e Mechanical properties of the stiff polymer
(VeroClear) given by the manufacturer and obtained from
experiments (a) and (b). Sample size is 12.7 mm for both
experiments (a) and (b). Values are given as average
(standard deviation (s.d.)). Six samples of each polymer
were tested.

E (MPa) Compressive yield
strength (MPa)

Manufacturer [52] 2000e3000 e

Experiments (a) 1220 (40) 67.3 (0.7)

Experiments (b) 1068.9 (17.0) 67.0 (2.1)
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properties is minimal (<5%) [31,32]. The testing order of

specimens was randomized using a random number gener-

ator. A linear fit was applied to determine the elastic modulus

of samples. Average curves were plotted by interpolating

stress-strain curves at evenly spaced intervals.

Two sets of compression experiments were conducted:

(a) Same-sized samples (12.7� 12.7 � 12.7 mm3) with

different numbers of unit cells including a single unit

cell (1� 1� 1), 2� 2� 2, 4� 4� 4, and 8� 8� 8 shown in

Fig. 1,

(b) Individual unit cells with edge lengths of 12.7, 6.35, 3.18,

and 1.58 mm that correspond to the edge lengths of

single-unit cells in the samples in set (a).

The set (a) explored the effects of scale by increasing the

number of unit cells while keeping the size of samples the

same. The set (b) gave themechanical properties of samples of

different sizes but having only a single unit cell. Theminimum

feature size (i.e., outer later in MICs or side strut in IPCs) was

~0.21 mm, which is almost an order of magnitude larger than

the resolution of the 3D printer ~0.030 mm. Six samples were

printed for each sample type in the experimental set (a), and

three samples were printed for each sample type in the set (b)

after the set (a) showed low variation in mechanical proper-

ties. The smaller samples (6.35, 3.18, and 1.58 mm edge

lengths) were tested with an MTS Insight electromechanical

testing systemwith a 2000 N load cell (MTS systemCorp., Eden

Prairie, MN). The larger samples (25.4, 12.7, and 6.35 mm edge

lengths) were tested with an Instron 3367 load frame (Instron,

Norwood, MA, USA) with a 30 kN load cell so that experi-

mental loads were appropriate for the load cells used. The

6.35 mm samples were tested using both load cells to ensure

consistent results between the two load cells. The 6.35 mm

samples tested with the 2000 N load cell are denoted as

6.35 mm-A, and the 6.35 mm samples tested with the 3000 N

load cell are denoted as 6.35 mm-B. The yield stress was

defined as the maximum stress before buckling, before a

resulting drop in stress occurs. The yield strain is reported as

the strain at the defined yield stress. For samples that did not

have a clear yield point, yield stress and strain were not

reported.

The digital image correlation (DIC) method was performed

on the samples to obtain strain fields. Compression tests were

recorded using a Coolpix L830 (Nikon Inc, Tokyo, Japan) at

720p and 30 fps. Videos were cropped and processed using a

Matlab script so that every 25th framewas converted to a TIFF

image. Ncorr [33] was used for DIC to look at planar (2D)

displacement and strain maps. First, a reference image was

loaded, and then a region of interest was selected as the

sample surface facing the camera. DIC parameters such as

subset radius and spacing were changed according to the

sample but had values of approximately 25 and 5 pixels,

respectively. Step analysis with seed propagation and auto

propagation of seeds was enabled.

2.3. Finite element modeling

The composites were also modeled using FE software Abaqus

(v. 6.14). Two sets of simulations were performed to
complement and verify the results obtained from the two sets

of experiments. The stiff and soft polymers were modeled as

elastic-plastic and non-linear hyperplastic materials, respec-

tively. In the first set of simulations, the mechanical proper-

ties of constituent phases of set (a) samples were used:

Young’smodulus (E) of 1.22 GPa and yield strength of 67.3 MPa

were used for the stiff phase after which a perfectly plastic

behavior was assumed. In the second set of simulations, the

properties obtained from set (b) samples were utilized: E and

yield strength were 1.07 GPa and 67.0 MPa for the stiff poly-

mer. These properties were obtained by testing samples with

edge lengths of 12.7 mm, and are listed in Table 1; the values

provided by the manufacturer are included for comparison.

Poisson’s ratio of 0.41 was used for the stiff polymer in both

sets of simulations. The soft phase was modeled using Yeoh

formulations [34]. The Yeoh model, also called the third-order

reduced polynomial form, is used to describe isotropic

incompressible rubber-like materials. In this model, the strain

energy function (W) is described by Eq. (1):

W¼
X3

i¼1
Ci0ðI1 � 3Þi (1)

where Ci0 are material parameters I1 and is the first strain

invariant. The Yeoh model depends only on the first strain

invariant, as given in Eq. (1). There are two options for

inputting properties into the Yeoh model in Abaqus software.

The first option is to enter coefficients of the model while the

second option is to input stress-strain results directly, and the

software calculates the coefficients for the model. In this

study, the experimental test results on the soft polymer were

directly entered into Abaqus. Poisson’s ratio of 0.495 was used

for the soft polymer as provided by the manufacturer.

Two interface boundary conditions were considered. First,

the interfaces between stiff and soft phases were assumed to

be perfectly bonded, and the models were analyzed under

compression. Then, MICs and IPCs were simulated, allowing

free slippage/separation at interfaces. Hard contacts were set

up in the normal direction, while frictionless slip was

assumed in the tangential direction. The DPC was not

modeled, assuming free slippage interfaces, as the structure

would not stay together without bonding at interfaces. It was

observed that assuming the free slippage/separation at in-

terfaces did not significantly affect the overall modulus or

maximum obtainable stress for MIC and IPC. In the DPC

model, each cubic block of material (either soft or stiff) was

imported separately into Abaqus, and then proper constraints

(perfect bonding) were applied at the interfaces. Another

https://doi.org/10.1016/j.jmrt.2020.10.052
https://doi.org/10.1016/j.jmrt.2020.10.052


Table 2 e Surface area of the interface between the two
phases to volume ratio of the overall sample with
dimensions 12.7� 12.7� 12.7 mm3. Units are in mm¡1.

1� 1�
1

2� 2�
2

4� 4�
4

8� 8�
8

Discontinuous Phase

Composite

0.24 0.71 1.65 3.55

Matrix-inclusion Composite 0.29 0.59 1.18 2.36

Interpenetrating Phase

Composite

0.24 0.47 0.94 1.89
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option is to import all four blocks of each phase as a whole, in

which case a stiffer response is expected. Ten-node quadratic

tetrahedron elements (C3D10) were used to mesh the models,

and amesh convergence study was done for each geometry to

ensure adequate fineness of the mesh.

The compression test was simulated by applying mixed

boundary conditions (MBCs) to represent the experimentally

applied boundary conditions. Sidewalls were traction free, the

base platen had zero displacements, while the top platen had

zero horizontal displacements and an applied vertical

displacement. The conditions reflected the high surface

roughness at both platens and assumed no slip. By increasing
Fig. 2 e Stressestrain curves of 3D printed cubic samples (12.7 m

phase composites, (b) matrix-inclusion composite with soft fra

interpenetrating phase composite with soft frame, and (e) inter

(solid, dashed, and hashed lines) are results from finite elemen

boundary conditions (BC). Elastic moduli of the soft and stiff ma

1.22 GPa, respectively. *Indicates linear assumption for the soft
the number of unit cells in experiments (a), the results should

approach those obtained by periodic boundary conditions

(PBCs) applied to a unit cell. Thus, PBCs were also used to

compare the results with those from experiments (a).
3. Results and discussion

3.1. Scale effects: increasing number of unit cells for a
constant sample size

The first set of samples tested (set (a)) included the five types

of model composites with four different numbers of unit cells

(1� 1� 1, 2� 2� 2, 4� 4� 4, and 8� 8� 8) in a given sample

while keeping the overall test sample size constant (12.7� 12.7

� 12.7 mm3). These experiments allowed us to study scale

effects, namely, the effect of the number of unit cells while

keeping the overall samples size constant (which resulted in

changing the size of a unit cell) on apparent mechanical

properties. Following Huet [22], effective properties are

approached by increasing the number of unit cells.

Stressestrain curves (Fig. 2) are separated by composite

type and include results from same-sized samples with

different numbers of unit cells and FE modeling for 1� 1� 1
m3) with increasing number of unit cells: (a) discontinuous

me, (c) matrix-inclusion composite with stiff frame, (d)

penetrating phase composite with stiff frame. The black

t modeling of each composite type for periodic and mixed

terial used for finite element simulations are 1.25 MPa* and

material for strains under 10%.

https://doi.org/10.1016/j.jmrt.2020.10.052
https://doi.org/10.1016/j.jmrt.2020.10.052


Fig. 3 e (a) Yield strength, (b) yield strain, (c) elastic moduli

of composites with a constant sample size and increasing

number of cells. Inset in (c) is zoomed in view of elastic

modulus for discontinuous phase composite and matrix

inclusion composite with soft frame. Finite element

modeling results in gray show results using mixed

boundary conditions (MBC) or periodic boundary

conditions (PBC).
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samples with MBCs (which approximate the experimentally

applied boundary conditions), PBCs, and a 2� 2� 2 sample

with MBCs. Behaviors of single-unit cells are described in [28],

and average stressestrain curves of unit cells are shown in the

Appendix (Fig. A1). In experiments, as the number of unit cells

increases, the DPC (Fig. 2a) maintains an almost constant

elastic modulus, but its yield strength and correspondingly

yield strain increase. The MIC with soft frame single unit cell

(Fig. 2b) exhibits a characteristic low stiffness at low strains

when the soft frame is deforming, and stiffening as the strain

increases due to the load being supported by the direct

interaction of stiff inclusions at higher strains. This behavior

is visible in the 1� 1� 1 and 2� 2� 2 samples, while for 4� 4�
4 and 8� 8� 8 unit cells we do not observe such dramatic

stiffening in the stressestrain curves. FE modeling results

show this characteristic behavior in the unit cell under both

MBCs and PBCs. Finally, for the MIC with a stiff frame and IPC

geometries (Fig. 2c, d, and e), the stiffness decreases as the

number of unit cells increases.

Scale effects have been studied for cellular solids [35e40]. A

theoretical study found that as scale increases, moduli in-

crease in ductile cellular materials under uniaxial compres-

sion and simple shear [35]. In experiments, the modulus was

found to increase to a plateau when L=dz6, where L is the

specimen size, and d is cell size; strength also increased with

an increased number of unit cells [36]. An experimental study

on triply periodic cellular solids concluded that a cubic sample

length of five unit cells was sufficient to measure effective

mechanical properties [37]. Abueidda et al. [38] showed that

depending on the applied strain rate and relative density,

samples of 3D printed triply periodic minimal surface archi-

tectures with 2x2x2 unit cells have nearly the same mechan-

ical properties as samples with a higher number of unit cells.

Our results show that even for samples with up to 8x8x8 unit

cells, a larger scale results in the decreased modulus and

compressive yield strength. In agreement with our results are

the FE findings [39] on cellular solids under direct compression

that show that increasing the number of repeated units of a

cellular solid in the loading direction results in a decrease in

compressive yield strength. However, our material is a filled

composite rather than a porous, cellular solid.

In almost every geometry, the FE models predict higher

strength and are generally consistent for 1� 1� 1 and 2� 2� 2

unit cells regardless of boundary conditions (Fig. 3a). Mean-

while, yield strain (Fig. 3b) is similar for all geometries with a

continuous stiff phase (MIC with a stiff frame and IPCs). FE

models also generally predict higher elastic moduli for all of

the model composites (Fig. 3c). The exceptions to this rule are

the DPC and IPC soft frame composites, which have higher

elastic moduli but lower yield strengths compared to the FE

results. Values for yield strain, yield stress, and elastic

modulus obtained experimentally and from FE simulations

are given in Table A1 in the Appendix.

Elastic modulus values can also be compared to those

estimated from the effective modulus predictions (based on a

constant volume fraction of 50% of each phase) of Voigt,

Reuss, VoigteReusseHill, and Hashin-Shtrikman bounds,

which are given by equations shown in Table 3. Values in

Table 3were calculatedwithmechanical properties of the stiff

and soft polymers obtained in experiments (a) given in Table
1. Values for elastic modulus obtained from FE simulations

are also listed in Table 3 for comparison. For these equations

to be used, materials are assumed to be linearly elastic and

isotropic. In the case of the soft phase, approximate linear and

elastic behavior at strains below 10% were assumed, and a

modulus of 1.25 MPa was used, which was measured from

mechanical testing by taking the tangent modulus starting at

the initial point. As mentioned previously, the anisotropy of

Objet PolyJet materials has been shown to be minimal, which

is why the isotropic material properties are valid for use [31].

The Voigt and Reuss models overestimate and underestimate

the elastic moduli, respectively. However, the Voigt model is

much closer to the value of the elastic moduli of the 1� 1� 1

IPC composites and the MIC with a stiff frame due to the

assumption of constant strain. In contrast, the Reuss model

assumes constant stress, making it closer to the behavior of

the MIC with a soft frame and stiff inclusions [40]. It is clear

from our previous work with these geometries that uniform

stress is not present and that the stress is mainly localized in

the stiff phase, especially when the stiff phase is continuous

[28]. While our composites follow neither uniform strain nor

uniform stress assumption, the former is a closer approxi-

mation than the latter. This is because the compression

platens constrain deformation, whereas internal stresses in

each phase are not uniform, as shown in our previous study

[28]. The results from Voigt and Reuss models differ signifi-

cantly due to the large mismatch between properties of the

two phases, while the VoigteReusseHill model provides

simple approximations of properties between the two [40].

https://doi.org/10.1016/j.jmrt.2020.10.052
https://doi.org/10.1016/j.jmrt.2020.10.052


Table 3 e Effective modulus equations and calculated values based on properties of VeroClear and TangoBlack þ with a
volume fraction (4) of 0.5 for each phase. Effective modulus values are estimates for all samples since all samples have 0.5
volume fraction of each phase. Values are calculated with mechanical properties of the stiff and soft polymers obtained in
experiments (a) given in Table 1: Elastic modulus (E) values are 1220 MPa and 1.25 MPa for stiff and soft polymer,
respectively. Values obtained from FE simulations using the same materials properties are also provided for comparison.

Model Type Composite type Effective Modulus (MPa)

Voigt � 610

Reuss � 2.5

VoigteReusseHill � 306

Hashin-Shtrikman (upper bound) � 408

Hashin-Shtrikman (lower bound) � 3.74

FE simulations Discontinuous phase composite 7.67

Matrix-inclusion composite (soft frame) 28.4

Matrix-inclusion composite (stiff frame) 502

Interpenetrating phase composite (soft frame) 398

Interpenetrating phase composite (stiff frame) 378
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The Hashin-Shtrikman bounds give narrower predictions of

effective elastic modulus than the Voigt and Reuss models, as

expected [41]. The VoigteReusseHill and Hashin-Shtrikman

upper bound models more closely match the properties

observed in experiments for the MIC stiff frame and IPCs

elastic moduli since the stiff phase governs. The elastic

moduli obtained from FE simulations for all composite types

lie between results from Voigt and Reuss models. However,

when comparing FE results with the Hashin-Shtrikman

model, the elastic modulus of MIC with a stiff frame is

higher than the upper Hashin-Shtrikman bound. This may be

due to the cubic symmetry of the composites studied here

(except for the DPC) while the used Hashin-Shtrikman model

was developed for isotropic composites.

Planar (2D) strains were measured using DIC. The DIC re-

sults for εxy, εyy, and εxx at the end of the linear region of the

stressestrain curve are shown in Fig. A2 and Fig. A3. As pre-

viously observed [28], the soft phase contributes more to

deformation. The strain component εyy is highest in the soft

phase while the highest εxy strain is at the interface between

the stiff and soft phase. The deformations of samples after

compression until the end of the linear region of the

stressestrain curve are shown in Fig. 4. Arrows show the lo-

cations where the soft phase is deformed. Starting with the

DPC, it can be seen that the soft phase undergoes compres-

sion, while the stiff polymer regions generally stay relatively

uncompressed. Such deformation leads to eventual debond-

ing between the laterally adjacent stiff and soft units since the

corners between phases cannot stay joinedwhen only the soft

phase deforms. This is most visible in the 1� 1� 1 and 2� 2�
2 samples. Outward deformation of the soft phase can be seen

(pointed to by arrows) and is corroborated by the high shear

strain seen in DIC results (Fig. A2). As the number of unit cells

increases, it appears that the strain is more distributed

throughout the whole sample, leading to larger overall yield

strains as the platen can be seen compressing the sample

more for 4� 4� 4 and 8� 8� 8 samples to reach yield strain.

For the MIC soft frame, the strain is localized in the soft

phase as the number of unit cells increases. The strain local-

ization develops in regions in between the stiff inclusions and

leads to buckling of the sample during compression, which is

visible in the 4� 4� 4 and 8� 8� 8 samples (Fig. 4). In the DIC

results (Fig. A2), shear strains are localized in the regions
between the stiff inclusions in the 2� 2� 2 and 4� 4� 4

samples. Additionally, sample buckling results in the overall

shear deformation between the top and bottom halves of the

8� 8� 8 sample as can be seen by the red and blue coloration.

Strain localizations have less effect on overall material sta-

bility when there is a continuous stiff phase. This behavior is

seen in the MIC with a stiff frame and both IPC-types. For the

MIC with a stiff frame, buckling of the stiff phase can be seen

at the lateral walls of the material. As the soft phase deforms,

it pushes the thin walls at the edges of the samples outwards.

In both IPCs, the load is carried by the stiff phase, so the

compression of the soft phase and restriction from the stiff

phase causes the soft phase to deform where it can on the

outer surfaces. This behavior was also seen in our previous FE

modeling results [28].

While 3D printing has been used extensively to study

composites and their behaviors, the influence of interface

properties and thickness has not been studied in-depth, as

interfaces are generally assumed to be perfectly bonded.

Dimas et al. [5] made the assumption of perfect bonding after

observing that the interface adherence was stronger than the

strength of the soft phase. However, this interfacial behavior

may be due to the soft phase’s small dimensions in their

study, which was only 250 mm wide. They mention that

certain topologies were not synthesized well using the print-

ing process due to the small dimensions of the print and that

mixing likely occurs at the interfaces between the different

materials in the composite. With the AM method used, which

is the same as what is used in the current study, mixing of

materials at the interface is inevitable, and the influence of

these mixing or printing imperfections at the interface is

magnified as feature sizes become small. The interface

surface-area-to-sample-volume ratio increases as the number

of unit cells is increased,while keeping the overall sample size

the same. These values were calculated for our sample size

and are shown in Table 2. These results show that for a 12.7�
12.7� 12.7 mm3 sample size, we expect the stiffness of the

DPC to drop the most between the 1� 1� 1 and 8� 8� 8 since

the surface area-to-sample volume ratio increases the most.

The MIC and finally the IPC come next in this expected

behavior based on their surface area-to-sample ratio. The

exact opposite trend is observed in Fig. 3, where the DPC

stiffness increases slightly with the number of unit cells, MICs

https://doi.org/10.1016/j.jmrt.2020.10.052
https://doi.org/10.1016/j.jmrt.2020.10.052


Fig. 4 e Deformation of cubic samples (12.7 mm3) with different numbers of unit cells (1� 1� 1, 2� 2� 2, 4� 4� 4, and 8�
8� 8) at the yield strains for the respective sample types. From top to bottom (gray ¼ soft, green ¼ stiff): discontinuous

phase composite, matrix-inclusion composite with soft and stiff frames, and interpenetrating phase composite with soft

and stiff frames. Background was removed and samples were colored using Adobe Photoshop to make deformation more

visible. Yellow dotted lines are approximate locations of boundaries between phases shown for single unit cells. Arrows

point to regions of soft phase deformation.
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have a slightly decreasing trend, and IPCs decrease in stiffness

the most with the number of unit cells. This behavior of DPC

may be due to the lack of a continuous phase to transmit

loads.

The perfect bonding assumption was not found to be

valid for DPC through observations of the composite mate-

rials during experiments. The debonding can be seen most

easily in the DPC 1 � 1 � 1 composite at the corner region

between the phases, where there is a high shear strain, as

shown in DIC results (Fig. A2). Other composite types did not

exhibit such visible debonding behavior, as confirmed by FE

simulations. Assuming perfectly bonded interfaces

compared with free slippage at interfaces did not result in

significant changes in overall modulus or maximum

obtainable stress.

The scale effects show that increasing the number of unit

cells decreases material properties for most composite types.

In this experimental set, as the scale is increased, the indi-

vidual unit cell size is decreased. We also explored size effects
to understand the effect of only decreasing unit cell size, as

discussed in the next section.

3.2. Size effects: decreasing size of a unit cell for a single
cell

The second set of samples (set (b)) involved testing individual

unit cells of different sizes to provide insights on the size ef-

fects in 3D printed composites. Fig. 5 shows the average

curves for each composite type related to size, and analysis

was done for specimens of the componentmaterials (Fig. 5a-b)

and the composites (Fig. 5c-g).

Starting with the single-phase samples and based on gen-

eralmaterials concepts, it is expected that the elasticmodulus

remains the same while the strength increases when the

sample size decreases. Previous studies on brittle materials,

such as ceramics and crystalline polymers, have shown that

strength increases because of the probability that defects are

present in a material decreases as the sample size decreases,

both in tension and compression testing [40,42e45]. The effect

of sample size has not been studied for additively

https://doi.org/10.1016/j.jmrt.2020.10.052
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Fig. 5 e Average stressestrain curves for 1� 1� 1 samples with different sizes. Component materials (a) soft phase material

(TangoBlack þ) and (b) stiff phase material (VeroClear), and composite geometries (c) discontinuous phase composite, (d)

matrix-inclusion composite with soft frame, (e) matrix-inclusion composite with stiff frame, (f) interpenetrating phase

composite with soft frame, and (g) interpenetrating phase composite with stiff frame are shown.
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manufactured composites. Also, size effects are still poorly

understood across different printing techniques for a single

material [45e48]. The homogeneous stiff and soft materials

stressestrain curves are shown in Fig. 5a, b. The nonlinear soft

material (TangoBlack þ) shows no significant size effect. For

the stiff polymer (VeroClear), the elasticmodulus and strength

decrease as the sample size decreases. An opposite trend is

seen in the literature for traditional brittle materials. Howev-

er, our results agree with [46], where size effect was studied

for additively manufactured stainless steel tested under ten-

sion. On the other hand, Bell and Siegmund [45] report a non-

monotonical dependence of strength on the size of 3D printed

polymer tested under bending. The change in stiffness may

imply that the print’s microstructure at small dimensions is

different (e.g., print layer thickness to sample size ratio),

resulting in a decreased elastic modulus [45].

For all composites, the elastic moduli of unit cells decrease

as the sample size decreases, which is counterintuitive given

that elastic modulus is amaterial constant and thus should be

independent of specimen size. Possible reasons for changes in

elastic modulus with size include: 1) an increase in UV expo-

sure in the smaller samples (since the specimens were all

printed during the same batch, small samples could receive

more UV exposure to the whole part while taller prints were

being completed during the print) and 2) increased hydration

in larger samples after the specimens were rinsed of support

material and not enough time passed for drying between

rinsing and mechanical testing. An increase in stiffness after

UV exposure has been documented in the literature [49].

However, the above reasons would imply that the smaller
samples should show an increase in elastic modulus, which is

the opposite of what was observed in mechanical testing.

Alternatively, the use of support material surrounding the

sample has been suggested to have a UV-shielding effect on

3D printed samples printed with RGD240, preventing it from

fully curing [49]. Since the samples in this study were printed

in the matte mode, which deposits support material on all

sides of the print, it is possible that the UV-shielding effect

would be more pronounced in smaller samples. In small

samples, the laterally deposited support material may shield

most of the sample. Conversely, the centers of the larger

prints are farther from the support material and may there-

fore cure more, resulting in larger samples being stiffer.

Another reason could be that the layer-by-layer printing of

the samples leads to surface defects, which influence the

elastic modulus. A decrease in elastic moduli of bone (when

assumed to be effectively homogenous) [50] as the size

decreased was reported. The explanation provided was that

this behavior was the result of material surface state, where a

surface that is rough and more compliant than the bulk ma-

terial can lead to lower stiffness [51]. In Fig. A5a, optical mi-

croscopy results show that the VeroClear samples have a

layeredmicrostructure at the surface. Fig. A5b and c show that

these layers are aggregates of even thinner layers. While the

exact thickness of the thinnest layers could not be resolved

from themicroscope images, they appear to be ~20 mm, which

is similar to the 30 mm layer thickness reported by the

manufacturer. Measurements of the aggregate layers for each

imaged sample are summarized in Table A3. They show that

the average aggregate layer thickness of VeroClear varies

https://doi.org/10.1016/j.jmrt.2020.10.052
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from 95 to 375 mm with large standard deviations within

each sample. The aggregate layer thickness of

TangoBlack þ appears to be smaller (~60 mm). However, a

comprehensive study should be done in the future to examine

the variation in aggregate layer thickness across all samples,

including the composite prints. The surface layer, constant in

thickness, would be larger by volume in smaller samples.

Besides, the larger aggregate layer thicknesses in VeroClear

may help explain why VeroClear shows a more pronounced

change in modulus compared to VeroClear. The composite

samples with VeroClear at the surface (Fig. 5e, g) also show a

larger decrease in modulus. This observation leads us to

conjecture that the softening in the 3D printed composites in

the current studymay be due to printing defects at the surface

or interfaces of samples.

Strength was found to decrease with the smaller sample

size. This trend is especially pronounced in the MIC and IPC

samples with stiff continuous outer phases. The elastic

modulus dropped dramatically for the aforementioned com-

posite types when transitioning from 3.18 mm to 1.58 mm

edge length (Fig. 6). As the sample becomes small, the thick-

ness of the outer phase becomes very small, and any printing

defects on the surface of the unit cell likely have a large effect.

In comparison, the MIC and IPC with a soft frame show lower

drop-offs in strength and stiffness. The central column in the

IPC with a soft frame likely helps maintain strength and

stiffness. DPCs show that the strength increases when the

unit cell size decreases, which is similar to what is seen in DPC

when the number of unit cells increases. Values for yield

stress and elastic modulus from experimental and FE simu-

lations are listed in Table A2 in the Appendix.

Thus, experiments (a) and (b) show similar trends. The

decreases in stiffness and strength are seen when increasing

scale (decreasing unit cell size while keeping the same sample
Fig. 6 e (a) Elastic moduli, and (b) yield stress o
size) or decreasing the unit cell size for samples with a single

unit cell. The main factors giving this trend are likely to be

imperfections on the surfaces of prints and the microstruc-

tures of the samples, including the print layer to the size of a

unit cell ratio [45].
4. Conclusions

Inspired by biological composite materials consisting of stiff

and soft phases arranged in different architectures, five ge-

ometries of two-phase polymer composites were tested to

understand scale and size effects on mechanical properties of

3D printed composites: a discontinuous phase composite

(DPC), a matrix-inclusion composite (MIC) with a stiff frame

and one with a soft frame, and interpenetrating phase com-

posites (IPC) with either a stiff or a soft frame. Two types of

comparison tests were performed: (a) increase the number of

unit cells while keeping the overall sample size the same,

which effectively decreases the unit cell size, and (b) increase

the sample size where only one unit cell is present.

Key findings are listed below and summarized in Table 4:

� Yield strength and elastic modulus generally decrease as

unit cell size decreases except of the yield strength for DPC.

Both elastic modulus and yield strength for MIC with a soft

frame do not show significant size effects.

� While the strain is higher in the soft phase and localization

of strain is observed from DIC and sample deformation

after compression in all samples, strain localization in the

matrix-inclusion composite with a soft frame leads to

overall material instability and sample bending for

4 � 4 � 4 and 8 � 8 � 8 samples.
f composites with decreasing unit cell size.
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Table 4 e Summary of trends in elastic modulus and compressive yield strength in the homogeneous materials and
composite types shown in this study. Arrows indicate increases (↑) or decreases (↓) in mechanical property values as scale
increases or size decreases. The numbers in parentheses indicate the percentage of change inmechanical property values
between 1 £ 1 £ 1 and 8 £ 8 £ 8 samples for scale effects, and sample size 1.59 mm and 25.4 mm for size effects.

Material Type Mechanical Property Scale [ Size Y

TangoBlackþ Stiffness e e

Compressive Yield Strength e e

VeroClear Elastic Modulus e Y (52.8%)

Compressive Yield Strength e Y (NA)

Discontinuous Phase Composite e Elastic Modulus [ (23.3%) Y (71.3%)

Compressive Yield Strength [ (1362.0%) e

Matrix Inclusion Composite Soft frame Elastic Modulus Y (20.0%) e

Compressive Yield Strength Y (93.1%) e

Stiff frame Elastic Modulus Y (14.5%) Y (99.8%)

Compressive Yield Strength Y (18.2%) Y (NA)

Interpenetrating Phase Composite Soft frame Elastic Modulus Y (34.5%) Y (56.7%)

Compressive Yield Strength Y (20.3%) Y (49.8%)

Stiff frame Elastic Modulus Y (23.7%) Y (97.8%)

Compressive Yield Strength Y (11.3%) Y (95.8%)
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� FE models generally predict higher strengths and elastic

moduli than experimental results for experiments (a) and

are consistent for 1 � 1 � 1 and 2 � 2 � 2 unit cells

regardless of boundary conditions. DPC and IPC soft frame

composites have higher elastic moduli but lower strengths

compared to FE results.

� The Voigt-Reuss-Hill and Hashin-Shtrikman upper bound

models predict an elastic modulus close to those of com-

posites with a continuous stiff frame (the MIC stiff frame

and IPCs), while the Hashin-Shtrikman lower bound is

closest to (but underestimates) the moduli of the DPC and

MIC with soft frame.

� In general, smaller 3D printed composites have lower

strength and elastic modulus. Imperfections from the 3D

printing process, such as the larger print ratio of layer

thickness to the overall sample size for smaller samples,

mixing at material interfaces, and UV-shielding effects

from the support material when printed in “matte mode”,

are likely the cause of these results.

This research provides a foundation for more compre-

hensive studies of the scale and size effects on mechanical

properties of 3D printed composites.
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Appendix A
3D Print Material Density

The printed samples had an average density ranging from

1.058 g/cm3 to 1.075 g/cm3 with an average density of

1.070 ± 0.003 g/cm3. The pure material average densities were

found to be 1.10 g/cm3 for VeroClear and 1.06 g/cm3 for

TangoBlackþ. Different dimensions were also measured

depending on the direction of printing as also observed from

other studies [53]. The height of the samples, which is the

dimension perpendicular to the printing plane, is shorter

than the two dimensions parallel to the printing plane.

Generally, the height was more dimensionally accurate than

the width and thickness dimensions of 3D printed compos-

ites. An increase in deviation from original computer-aided

design dimensions occurred as printed sample size

decreased.
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Table A1 e Yield strain, yield stress, and elastic modulus values from finite element (FE) simulations and experiments (a).
Values for experiments are given as average (s.d.) and n ¼ 6 for each sample type. FE results include those using mixed
boundary conditions (MBC) or periodic boundary conditions (PBC).

Network type Condition Sample
type

Yield Strain
(%)

Yield Stress
(MPa)

Elastic Modulus
(MPa)

Discontinuous phase composite FE MBC 1� 1� 1 e e 7.79

FE MBC 2� 2� 2 e e 7.98

FE PBC e e e 8.02

Experiment 1� 1� 1 3.3 (0.4) 0.78 (0.05) 27.9 (1.7)

2� 2� 2 7.9 (0.3) 1.87 (0.12) 25.67 (0.9)

4� 4� 4 15.6 (0.4) 4.51 (0.18) 28.7 (0.8)

8� 8� 8 32.9 (0.8) 11.4 (0.4) 34.4 (0.8)

Matrix-inclusion composite (soft frame) FE MBC 1� 1� 1 e e 29.60

FE MBC 2� 2� 2 e e 27.80

FE PBC e e e 27.80

Experiment 1� 1� 1 17.3 (0.4) 33.3 (0.6) 26 (2)

2� 2� 2 13.5 (0.2) 7.6 (1.1) 24.5 (0.9)

4� 4� 4 10.6 (0.6) 3.2 (0.3) 23.1 (1.5)

8� 8� 8 13.4 (0.5) 2.3 (0.1) 20.8 (0.8)

Matrix-inclusion composite (stiff frame) FE MBC 1� 1� 1 5.5 25.88 507.7

FE MBC 2� 2� 2 6 27.5 509.8

FE PBC e 6.7 29.87 514.3

Experiment 1� 1� 1 5.54 (0.12) 13.7 (0.4) 346 (15)

2� 2� 2 5.35 (0.12) 13.2 (0.7) 338 (12)

4� 4� 4 5.45 (0.10) 13.7 (0.2) 363 (11)

8� 8� 8 5.9 (0.2) 11.2 (0.2) 296 (8)

Interpenetrating phase composite (soft

frame)

FE MBC 1� 1� 1 5.1 20.5 403.8

FE MBC 2� 2� 2 5 19.8 403.8

FE PBC e 5.5 20 403

Experiment 1� 1� 1 4.9 (0.3) 17.2 (1.0) 472 (26)

2� 2� 2 4.31 (0.15) 14.5 (0.4) 439 (8)

4� 4� 4 8.20 (0.16) 16.0 (0.3) 369 (9)

8� 8� 8 6.4 (0.3) 13.7 (0.4) 309 (8)

Interpenetrating phase composite (stiff

frame)

FE MBC 1� 1� 1 5.5 18.42 379

FE MBC 2� 2� 2 6 20 398.1

FE PBC e 5.5 18.94 370.2

Experiment 1� 1� 1 5.09 (0.12) 12.4 (0.3) 341 (7)

2� 2� 2 5.36 (0.14) 12.04 (0.14) 323 (8)

4� 4� 4 5.5 (0.1) 12.1 (0.2) 312 (4)

8� 8� 8 6.7 (0.4) 11.0 (0.3) 260 (7)
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Table A2e Yield stress and elastic modulus of 1£ 1£ 1 sampleswith different unit cell size obtained from experiments (b)
and finite element modeling. Values for experiments are given as average (s.d) and n ¼ 3 for each sample type.

Sample type Condition Sample size (mm) Yield stress (MPa) Elastic Modulus (MPa)

Discontinuous phase composite FE e e 8.09

Experiment 1.59 mm 2.79 (1.01) 19.1 (4.8)

3.18 mm 1.06 (0.74) 10.9 (8.9)

6.35 mm-B 0.91 (0.09) 24.2 (3.6)

6.35 mm-A 0.74 (0.00) 21.8 (2.3)

12.7 mm 0.60 (0.02) 29.0 (4.1)

25.4 mm 0.67 (0.06) 66.5 (9.9)

Matrix-inclusion composite (soft frame)a FE e 38.1 26.2

Experiment 1.59 mm 32.8 (5.8) 10.1 (3.1)

3.18 mm 30.0 (1.9) 14.9 (2.1)

6.35 mm-B 29.8 (6.4) 17.7 (2.2)

6.35 mm-A 31.2 (0.5) 17.3 (1.2)

12.7 mm 37.0 (0.6) 14.8 (0.7)

25.4 mm e 11.6 (1.0)

Matrix-inclusion composite (stiff frame) FE e 17.5 246

Experiment 1.59 mm e 0.93 (0.46)

3.18 mm 1.58 (0.29) 10.6 (3.5)

6.35 mm-B 7.56 (0.66) 136 (9)

6.35 mm-A 7.83 (0.28) 167 (20)

12.7 mm 15.4 (0.5) 325 (23)

25.4 mm 26.5 (0.2) 515 (11)

Interpenetrating phase composite (soft

frame)

FE e 16.4 201

Experiment 1.59 mm 11.2 (1.1) 205 (20)

3.18 mm 12.1 (1.3) 253 (27)

6.35 mm-B 15.4 (0.9) 255 (18)

6.35 mm-A 13.8 (0.8) 391 (8)

12.7 mm 19.4 (0.6) 490 (5)

25.4 mm 22.3 (0.3) 473 (6)

Interpenetrating phase composite (stiff

frame)

FE e 13.8 183

Experiment 1.59 mm 0.74 (0.10) 9.00 (1.80)

3.18 mm 4.50 (0.39) 88.0 (8.0)

6.35 mm-B 8.80 (1.50) 162 (33)

6.35 mm-A 7.90 (0.93) 190 (26)

12.7 mm 13.3 (0.2) 339 (7)

25.4 mm 17.6 (0.5) 401 (17)

a Modulus values reported for MIC-soft samples are calculated based on the initial linear region in stressestrain curves.

Table A3 e Aggregate layer thicknesses and standard
deviations of VeroClear and TangoBlack þ calculated
from opticalmicroscope results. N represents the number
of measurements taken per sample.

Sample and Size Aggregate Layer
Thickness (mm)

Standard
Deviation (mm)

N

VeroClear (25.4 mm) 202 110 65

VeroClear (12.7 mm) 105 44 93

VeroClear (6.35 mm) 375 254 20

VeroClear (3.2 mm) 104 39 22

VeroClear (1.58 mm) 95 44 13

TangoBlackþ(6.35 mm) 60 31 38

Average stressestrain curves for single unit cells of the different

composite types discussed in this paper are shown in Fig. A1.
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Fig. A1 e Average stressestrain curves of composite unit cells with 12.7 mm edge length. Gray ¼ soft phase, green ¼ stiff

phase [21]. Strain maps of εxy, εyy, and εxx from digital image correlation are shown in Figs A2-4.

Fig. A2 e Strain maps for εxy for each composite geometry at the yield strains for the respective sample’s types. Boundaries

between phases are outlined with black dotted lines.
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Fig. A3 e Strain maps for εyy for each composite geometry at the yield strains for the respective sample’s types. Boundaries

between phases are outlined with black dotted lines.

Fig. A4 e Strain maps for εxx for each composite geometry at the yield strains for the respective sample’s types. Boundaries

between phases are outlinedwith black dotted lines. Optical microscopy images are shown in Fig. A5 and the thicknesses of

the aggregate layers are summarized in Table A3.
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Fig. A5 e (a) Optical microscope images of VeroClear of different sizes (25.4 mm, 12.7 mm, 6.35 mm, 3.2 mm, and 1.6 mm), (b)

magnified image of 25.4 mm sample showing aggregate lamellae, (c) a 3D image of surface profile the region shown in red

square in (b), and (d) optical microscope image of 6.35 mm edge length TangoBlackþ.
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