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This thesis explores the use of 3D printing to fabricate soft hydrogel lattice structures with 

consistent properties, including varying levels of mechanical anisotropy. Magnetic resonance 

elastography (MRE) is a non-invasive imaging tool to estimate and characterize the mechanical 

properties of tissue. MRE “phantoms” (physical surrogate models) have been used to assess how 

well MRE can measure and estimate mechanical properties. While gel phantoms generally 

simulate brain tissue, almost all have been isotropic. Prior studies have shown that white matter 

brain tissue is structurally and mechanically anisotropic. To validate anisotropic MRE, phantoms 

with controllable, reproducible anisotropic material properties are needed. This project comprised 

three Aims: (1) to design and fabricate scaled lattices that exhibit consistent anisotropy and 

apparent elastic moduli on the order of kPa; (2) to investigate the effects of lattice geometry on 

lattice mechanical properties; and (3) to develop composite phantoms that incorporate a lattice 

structure in a gel matrix and exhibit mechanical anisotropy. This thesis project confirms that 3D 

printing can allow for tailoring of structural and mechanical properties to improve the ability an 

MRE phantom to mimic brain tissue within a wider range of anisotropic mechanical properties.   
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Chapter 1: Motivation and Background: 

Mechanical Anisotropy in Soft Tissue and 

3D-Printed Soft Materials 

1.1 Overview 
 Magnetic resonance elastography (MRE) is a valuable method for measuring  properties of 

soft tissue, such as brain white matter, non-invasively in vivo. However, brain tissue is 

mechanically and structurally anisotropic. Thus, there is a need to verify that MRE can accurately 

estimate anisotropic mechanical properties using phantoms that have consistent, reproducible, 

tunable mechanical properties and can be characterized by simple mechanical tests for direct 

comparison with MRE measurements. 3D printing can allow for tailoring of structural and 

mechanical properties to improve an MRE phantom’s ability to mimic brain tissue within a wider 

range of mechanical properties. This chapter will give a brief overview of mechanical anisotropy 

in brain tissue, the design and fabrication of 3D-printed hydrogels, and lattice structures. In it I 

identify the gaps in the literature on MRE anisotropic phantoms and propose an approach to exploit 

3D-printed hydrogel lattices to fabricate anisotropic MRE phantoms. 
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1.2 Motivation and Significance  

1.2.1 Traumatic brain injury (TBI)  

TBI is a leading cause of worldwide deaths, accounting for 30% of injury-related deaths 

from 2018 to 2023 (Demlie et al., 2023). To better understand TBI, magnetic resonance 

elastography (MRE), a non-invasive “mechanical imaging” method, has been used to estimate and 

characterize the mechanical properties of brain tissue (Muthupillai et al., 1995). MRE can be used 

to determine the stiffness of a tissue noninvasively in the intact, living brain, making MRE 

potentially useful for the diagnosis and characterization of diseases and injuries.  

1.2.2 Mechanical anisotropy  

Many fibrous, biological tissues, such as brain white matter tissue, are structurally and 

mechanically anisotropic (Bayly et al., 2014; Feng et al., 2013; Romano et al., 2012; Schmidt et 

al., 2018). Structural anisotropy refers to direction-dependent differences in the organization or 

orientation of tissue components. Mechanical anisotropy describes differences in the response of 

a material to loading in different directions. While mechanical anisotropy often accompanies 

structural anisotropy, they are not equivalent. Materials can be anisotropic in tension or shear, with 

corresponding tensile or shear moduli that describe their intrinsic stiffness (McGarry et al., 2022a; 

Smith et al., 2022). Because brain tissue mechanical properties can change during growth, disease, 

or degeneration, (Bayly et al., 2014) it is useful to characterize its mechanical and structural 

properties accurately.  

1.2.3 3D-printing  

3D-printing can fabricate mechanically tunable gel structures, particularly hydrogels, 

which are 3D networks of polymerized chains capable of holding water while maintaining their 

structure. Hydrogels comprise a network of polymerized chains, allowing customization of 
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biological and mechanical properties (Li et al., 2020). Hydrogels can be fabricated using natural 

bioink or synthetic photoink solutions. Natural polymers include alginate, gelatin, and collagen 

(Lee & Mooney, 2001). Synthetic polymers include gelatin methacrylate (gelMA), polyethylene 

glycol (PEG), and polyethylene glycol diacrylate (PEGDA) (Choi et al., 2019). Hydrogels have 

proven to be effective materials for mimicking biological tissue mechanical properties and 

behavior. For example, Distler et al. (2020) demonstrated that alginate-gelatin hydrogels could 

mimic the non-linear material properties of fibrous porcine brain tissue. Additionally, (Tejo-Otero 

et al., 2022) fabricated soft gelMA, agarose, and PHY hydrogels, and suggested that GelMA and 

agarose best replicated human brain tissue’s viscoelastic properties.  

3D-printing offers customization of shape and structure, enabling replication of small-scale 

organ geometry and tissue structure (Ramiah et al., 2020). To achieve free-form geometry 

fabrication, common 3D-printing methods used include ink-jet printing (Cui et al., n.d.), laser-

assisted printing (Guillotin et al., 2010), extrusion printing (Hinton et al., 2015), and 

stereolithography (Guvendiren et al., 2016). Print resolution, geometry, and mechanical and 

structural properties are also important for printing biomimetic tissue or organ surrogates (Bishop 

et al., 2017). Extrusion printing, which produces soft, polymeric structures, has a low print layer 

resolution of 200 um (Pati et al., 2015), limiting its ability to print complex and porous structures 

with smaller features. Conversely, digital light projection (DLP) printing, to create tough, 

polymeric structures with resolutions as small as 35-100 um, enabling the printing of geometries 

with finer features, such as lattice structures.  

1.2.4 Lattice structures  

 Lattices use repeated unit cells to form geometrical strut-based structures with consistent 

mechanical properties (Pan et al., 2020), an important trait for measuring MRE phantoms. Lattices 
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can be categorized by their geometry (e.g., strut diameter, cell size, and scaling) (Silva et al., 2021) 

or topology (e.g., cubic, diamond, and vintile) (Abou-Ali et al., 2022), making them extremely 

versatile in structural modification. In principle, anisotropy may be introduced by a reinforcing 

fiber network or by lattice structures (Abate et al., 2020; Zheng et al., 2014). Previous work has 

characterized anisotropy (Abate et al., 2020; Egan et al., 2019) and transverse isotropy (Alaña et 

al., 2022; Peng & Bargmann, 2022) in 3D-printed lattice structures.  

 Few studies have incorporated lattice-like structures in MRE phantom design. For example, 

Guidetti et al., 2019, 2021, used direct ink writing (DIW) 3D printing to fabricate simple 2D and 

3D fiber-like grid structures with inherent anisotropic properties to create anisotropic composites 

and MRE phantoms of skeletal muscle. While they found their 3D-printed anisotropic phantom’s 

properties were comparable to values seen in the literature, the very basic grid design was 

extremely coarse relative to the sample and offered few options for influencing mechanical 

anisotropy.  

1.2.5 MRE phantoms  

 Magnetic resonance elastography (MRE) is a non-invasive experimental technique that 

relies on magnetic resonance imaging (MRI) to capture tissue displacements induced by low 

amplitude shear waves to estimate mechanical properties (Muthupillai et al, 1995; Manduca et al, 

2001). Tissue surrogate objects, or “phantoms,” are often used to evaluate magnetic resonance 

imaging (MRI) and image analysis procedures. In addition, they are good physical alternatives for 

measuring, comparing, and validating MRE experimental data obtained from human subjects and 

numerical studies (C. K. McGarry et al., 2020). Previous studies on phantoms have mostly focused 

on isotropic designs (Okamoto et al., 2011; Chatelin et al., 2014; Feng et al., 2022; Tejo-Otero et 

al., 2022). Some studies have used soft, moldable gel-based materials like gelatin, poly(vinyl 
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alcohol) (PVA), and agarose to mimic brain tissue (Surry et al., 2004; Okamoto et al., 2011; 

McIlvain et al., 2019).  

 Several studies have explored methods to create anisotropic MRE phantoms (Guertler et 

al., 2020; Guidetti et al., 2019; Qin et al., 2013; Schmidt et al., 2018) but these approaches often 

face challenges in fabrication. For instance, Namani et al., (2009) utilized fibrin gels to induce 

anisotropy but required an externally generated magnetic field to align the fibrin. Qin et al., (2013) 

embedded elastic spandex fibers in a PVA hydrogel, but this method relied on a temperature-

dependent freeze-thaw cycle to stiffen the PVA. Similarly, Guertler et al., (2020) and Schmidt et 

al., (2016) used solid fibrous animal meat, such as turkey breast and chicken breast, respectively, 

embedded in gelatin, requiring additional preparation of the fiber material, which can be 

inconsistent and impractical. In addition, most of these studies, it is unclear if anisotropy was 

introduced in both shear and tension/compression, and how the resulting mechanical properties 

(e.g. shear or tensile/Young’s moduli) could be affected by any design changes, or how the 

phantom material’s mechanical properties could be directly verified through mechanical testing.   

1.3 Summary of Objectives 
To achieve direct comparison with MRE experimental results, we need to build anisotropic 

phantoms with consistent, reproducible, and tunable mechanical properties that can be easily 

assessed using simple mechanical tests. 3D-printed hydrogel lattices enable the creation of 

complex structures with the desired geometry and consistent anisotropic mechanical properties 

akin to those of brain tissue. By leveraging lattice topologies and 3D printing, we can tailor and 

produce simple and customizable anisotropic structures with uniform mechanical properties. 3D 

printed hydrogel lattices can serve as a baseline for fabricating MRE phantoms. The hydrogel 

lattice composite phantoms can be used to measure and characterize their properties using 
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mechanical testing and anisotropic MRE and directly compare both method’s measured 

mechanical properties. This approach will significantly aid in assessing the measurement and 

calibration of anisotropic MRE. To support this objective, the remainder of work is divided into 

three specific aims. 

1.4 Specific Aims and Dissertation Outline  
• Aim 1: Design, fabricate, and characterize lattice-based anisotropic structures 3D-printed in 

polyethylene glycol diacrylate (PEGDA) hydrogels.  

• Aim 2: Structurally tune anisotropic mechanical properties of 3D-printed PEGDA hydrogel 

lattice structures.  

• Aim 3: Design, fabrication, and characterization of lattice-reinforced gel composites.  

Chapter 2 gives a brief theoretical background on continuum mechanics, experimental 

characterization, and wave behavior to describe the structural and mechanical behavior of the 3D-

printed lattice structures and lattice composites. The mechanisms behind digital light projection 

(DLP) printing and photo crosslinking are also introduced.  

Chapter 3 (Aim 1) discusses the use of lattices and geometric scaling to 3D-print lattice structures 

with consistent structural and mechanical anisotropy. Digital light projection (DLP) printing was 

used to fabricate cubic, diamond, and vintile hydrogel lattice topologies. The lattices were scaled 

to introduce structural anisotropy, 3D-printed, and tested in dynamic shear and static compression 

experiments to measure anisotropic mechanical properties. Finite element (FE) simulations were 

conducted to support experimental results and characterize differences seen between material and 

mechanical behavior.  
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Chapter 4 (Aim 2) discusses structural modifications to tune and extend the anisotropic 

mechanical properties of vintile lattice hydrogels; these include adjusting the unit cell size, strut 

diameter, and geometric scale factor. The lattices were subjected to experimental dynamic shear 

and static compression. FE simulations were conducted to support experimental results and 

characterize differences seen between material and mechanical behavior. The Gibson-Ashby 

model was used to predict mechanical properties with respect to volume fraction/density.  

Chapter 5 (Aim 3) discusses the ability to mold lattice-reinforced gelatin composites to exhibit  

consistent anisotropic mechanical properties using 3D-printed scaled vintile lattices from Chapters 

3 and 4. The lattice composites were subjected to experimental dynamic shear and static 

compression testing.  

Chapter 6 summarizes the thesis, describes future work, and identifies the main 

accomplishments and contributions. 

The Appendix discusses MRE phantom fabrication and FE simulation setup. Simulation results 

illustrate wave fields in an unscaled and scaled lattice based on mechanical properties of a vintile 

lattice.   

1.5 Statement of Contributions  
This written thesis describes my contributions in the Bayly Lab at Washington University in St. 

Louis from August 2021 through April 2024. All research work exhibited in this thesis was guided 

by Dr. Philip Bayly and partially advised by Dr. Kevin Eckstein. My contributions are listed below.  

The work described in Chapter 3 is reproduced from Yoon et al., 2023. This journal publication 

was primarily a collaboration between me and Margrethe Ruding. I used Rhinoceros 7 to 3D-

model cubic, diamond, and vintile lattices. I performed dynamic shear testing (DST) of the 3D-
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printed hydrogel lattices using a lab-built DST tester and conducted data analysis and statistics of 

experimental DST data. I built finite element models to simulate and predict shear and compression 

testing. Margrethe Ruding also used Rhinoceros 7 to design the unscaled and scaled lattices, used 

the Lumen X bioprinter to 3D-print PEGDA hydrogel lattices, performed compression testing of 

the 3D-printed hydrogel lattices, conducted data analysis and statistics of experimental 

compression data, and took microscope images of the hydrogel lattices. With the combined results 

and analysis done by me and Margrethe Ruding, we both wrote the paper together with guidance 

from Philip Bayly in writing and Ruth Okamoto in statistical analysis.   

The work described in Chapter 4 is reproduced from Yoon et al., 2024. This journal submission 

was a collaboration primarily with Kevin Eckstein and Philip Bayly. I used Rhinoceros 7 to 3D-

model vintile lattices. I performed experimental DST and compression testing of the 3D-printed 

hydrogel lattices, conducted data analysis, and took microscope images of the hydrogel lattices. 

Kevin Eckstein built finite element models to simulate and predict shear and compression testing. 

With the combined results and analysis done by Kevin and me, we both wrote the paper together 

with guidance from Philip Bayly.  

The work described in Chapter 5 is part of an ongoing manuscript. This research work is in 

collaboration with Kevin Eckstein and Philip Bayly. I used Rhinoceros 7 to 3D-model vintile 

lattices. I performed experimental DST and compression testing of the 3D-printed bare hydrogel 

lattices and composite lattices and conducted data analysis. All Chapter 5 text is written by me 

with guidance from Philip Bayly.  
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Chapter 2: Review of Relevant Topics in 

Solid Mechanics, Mechanical Testing, and 

3D-Printing   

2.1 Overview 
This chapter provides background information on how the lattice structures (further discussed in 

Chapters 3, 4, and 5) are modeled and characterized. Solid mechanics concepts discussed include 

stress, strain, and constitutive behavior. Material models, including the linear elastic isotropic 

model and the linear elastic transversely isotropic model, are briefly reviewed. This chapter also 

provides an overview of the mechanical tests performed on soft materials such as gelatin, lattices, 

and lattice-gelatin composites, and how our hydrogel lattices are 3D printed using the digital light 

projection (DLP) printing technique and photopolymerization.  

 

2.2 Stress  
Consider an infinitesimal rectangular cuboid, seen in Fig. 2.1, with three Cartesian coordinates, 𝑋, 

𝑌, and 𝑍 and corresponding unit vectors, 𝑒𝑖 (e.g. 𝑒1 = 𝑒𝑋, 𝑒2 = 𝑒𝑌, and 𝑒3 = 𝑒𝑍) (Gould & Feng, 

n.d.). Components of the traction stress vector, �⃑⃑�𝑖, acting on a face, 𝑖, are written in the form,  

�⃑⃑�𝑖 = 𝜎𝑖𝑗𝑒𝑗,  (1) 

Which is explicitly expanded into,  

�⃑⃑�𝑋 = 𝜎𝑋𝑋𝑒𝑋 + 𝜎𝑋𝑌𝑒𝑌 + 𝜎𝑋𝑍𝑒𝑍 (2) 

�⃑⃑�𝑌 = 𝜎𝑌𝑋𝑒𝑋 + 𝜎𝑌𝑌𝑒𝑌 + 𝜎𝑌𝑍𝑒𝑍 (3) 
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�⃑⃑�𝑍 = 𝜎𝑍𝑋𝑒𝑋 + 𝜎𝑍𝑌𝑒𝑌 + 𝜎𝑍𝑍𝑒𝑍 (4) 

The nine stress components, 𝜎𝑖𝑗 make up the Cauchy stress tensor, 𝝈. Normal components, 𝜎𝑖𝑖, are 

positive in tension or negative in compression. Shearing components, 𝜎𝑖𝑗, are positive if acting in 

the positive 𝑒𝑖 direction on the face with positive normal, 𝑒𝑗. The stress tensor can be written as a 

matrix of its components, as illustrated Fig. 2.1,  

𝝈 = [

𝜎𝑋𝑋 𝜎𝑋𝑌 𝜎𝑋𝑍

𝜎𝑌𝑋 𝜎𝑌𝑌 𝜎𝑌𝑍

𝜎𝑍𝑋 𝜎𝑍𝑌 𝜎𝑍𝑍

].  (5) 

 

Figure 2.1: Schematic diagram of the components of stress in 3D.  

2.3 Strain  
Consider an undeformed and deformed configuration of an elastic body, with two sets of 

coordinates to represent the initial (�⃑�𝑖) and final coordinates (�⃑�𝑖) of a material element in the 

undeformed and deformed configurations, as seen in Fig. 2.2. The two position vectors are related 

by the displacements, �⃑⃑�. The variation in displacement with position can be expressed using the 

displacement gradient: 𝑑�⃑⃑� =
𝜕�⃑⃑⃑�

𝜕�⃑⃑�
𝑑�⃑� . To describe small deformations, the components of the 

infinitesimal strain tensor are defined in Cartesian coordinates as  
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𝜀𝑖𝑗 =
1

2
(
𝜕𝑢𝑖

𝜕𝑋𝑗
+

𝜕𝑢𝑗

𝜕𝑋𝑖
), (6) 

 

 

Figure 2.2: Schematic diagram of displacement vector associated with deformation. 

The infinitesimal strain tensor, 𝜺 can be explicitly written in terms of its Cartesian components,   

𝜺 = [

𝜀𝑋𝑋 𝜀𝑋𝑌 𝜀𝑋𝑍

𝜀𝑋𝑌 𝜀𝑌𝑌 𝜀𝑌𝑍

𝜀𝑋𝑍 𝜀𝑌𝑍 𝜀𝑍𝑍

].  (7) 

2.4 Linear Elastic Isotropic Material 

2.4.1 Generalized Hooke’s Law  

The stress-stain relationship for an elastic material can be derived from a strain energy density 

function, 𝑊, defined in terms of strain components, 𝜀𝑖𝑗. As a material body undergoes small 

strains, the relationship can be written,  

𝜎𝑖𝑗 =
𝜕𝑊(𝜀𝑖𝑗)

𝜕𝜀𝑖𝑗
,  (8) 
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For a linearly elastic material Eqn. 8, the generalized Hooke’s law in a Cartesian coordinate system 

is written as  

𝜎𝑖𝑗 = 𝐸𝑖𝑗𝑘𝑙𝜀𝑘𝑙,  (9) 

The components of the elasticity tensor 𝐸𝑖𝑗𝑘𝑙 are typically expressed in terms of elastic moduli.  

2.4.2 Elasticity and compliance matrices 

The relationship between stress and strain can be written as a matrix-vector equation  

�⃑� = 𝐶𝜀, where �⃑� = [𝜎𝑋𝑋,𝜎𝑌𝑌,𝜎𝑍𝑍,𝜎𝑌𝑍,𝜎𝑍𝑋,𝜎𝑋𝑌]𝑇 , 𝜀 = [𝜀𝑋𝑋, 𝜀𝑌𝑌, 𝜀𝑍𝑍, 𝜀𝑌𝑍, 𝜀𝑍𝑋, 𝜀𝑋𝑌]𝑇and 

the symmetric elasticity matrix, 𝐶, relates the stress and strain “vectors”, in the general form  

[
 
 
 
 
 
𝜎𝑋𝑋
𝜎𝑌𝑌
𝜎𝑍𝑍
𝜎𝑌𝑍
𝜎𝑍𝑋
𝜎𝑋𝑌]

 
 
 
 
 

=

[
 
 
 
 
 
 
𝐸𝑋𝑋𝑋𝑋 𝐸𝑋𝑋𝑌𝑌 𝐸𝑋𝑋𝑍𝑍 𝐸𝑋𝑋𝑌𝑍 𝐸𝑋𝑋𝑍𝑋 𝐸𝑋𝑋𝑋𝑌

𝐸𝑌𝑌𝑌𝑌 𝐸𝑌𝑌𝑍𝑍 𝐸𝑌𝑌𝑌𝑍 𝐸𝑌𝑌𝑍𝑋 𝐸𝑌𝑌𝑋𝑌

𝐸𝑍𝑍𝑍𝑍 𝐸𝑍𝑍𝑌𝑍 𝐸𝑍𝑍𝑍𝑋 𝐸𝑍𝑍𝑋𝑌

𝐸𝑌𝑍𝑌𝑍 𝐸𝑌𝑍𝑍𝑋 𝐸𝑌𝑍𝑋𝑌

𝑆𝑌𝑀 𝐸𝑍𝑋𝑍𝑋 𝐸𝑍𝑋𝑋𝑌

𝐸𝑋𝑌𝑋𝑌]
 
 
 
 
 
 

[
 
 
 
 
 
𝜀𝑋𝑋
𝜀𝑌𝑌
𝜀𝑍𝑍
𝜀𝑌𝑍
𝜀𝑍𝑋
𝜀𝑋𝑌]

 
 
 
 
 

. (10) 

The elasticity matrix of linear elastic isotropic material can be written with two Lame constants, 𝜇 

and 𝜆, as in: 

[
 
 
 
 
 
𝜎𝑋𝑋
𝜎𝑌𝑌
𝜎𝑍𝑍
𝜎𝑌𝑍
𝜎𝑍𝑋
𝜎𝑋𝑌]

 
 
 
 
 

=

[
 
 
 
 
 
2𝜇 + 𝜆 𝜆 0 0 0 0

𝜆 2𝜇 + 𝜆 𝜆 0 0 0
𝜆 𝜆 2𝜇 + 𝜆 0 0 0
0 0 0 2𝜇 0 0
0 0 0 0 2𝜇 0
0 0 0 0 0 2𝜇]

 
 
 
 
 

[
 
 
 
 
 
𝜀𝑋𝑋
𝜀𝑌𝑌
𝜀𝑍𝑍
𝜀𝑌𝑍
𝜀𝑍𝑋
𝜀𝑋𝑌]

 
 
 
 
 

, (11) 

where the Poisson’s ratio, 𝑣, is defined by the ratio of transverse strain over the longitudinal strain. 

𝑣 =
𝜆

2(𝜇+𝜆)
 (12) 
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The stress-strain relationship for isotropic, linear elastic material can also be expressed in terms of 

the compliance matrix, 𝑆 = 𝐶−1,  

𝜀 = 𝑆�⃑� (13)  

Or  

[
 
 
 
 
 
𝜀𝑋𝑋
𝜀𝑌𝑌
𝜀𝑍𝑍
𝜀𝑌𝑍
𝜀𝑍𝑋
𝜀𝑋𝑌]

 
 
 
 
 

=

[
 
 
 
 
 
 
 
 
 

1

𝐸
−

𝑣

𝐸
−

𝑣

𝐸
0 0 0

−
𝑣

𝐸

1

𝐸
−

𝑣

𝐸
0 0 0

−
𝑣

𝐸
−

𝑣

𝐸

1

𝐸
0 0 0

0 0 0
1

2𝐺
0 0

0 0 0 0
1

2𝐺
0

0 0 0 0 0
1

2𝐺]
 
 
 
 
 
 
 
 
 

[
 
 
 
 
 
𝜎𝑋𝑋
𝜎𝑌𝑌
𝜎𝑍𝑍
𝜎𝑌𝑍
𝜎𝑍𝑋
𝜎𝑋𝑌]

 
 
 
 
 

.  (14) 

Furthermore, a third engineering constant, 𝐺, the shear modulus, can be determined, given that 

when the material is in pure shear, 𝜎𝑋𝑌 𝑎𝑛𝑑 𝜎𝑌𝑋 are constant and 𝜎𝑖𝑗 = 0, expressed as,  

𝜎𝑋𝑌 = 2𝜇𝜀𝑋𝑌 = 2𝐺𝜀𝑋𝑌 (15) 

𝜇 = 𝐺 (16) 

𝐺 =
𝐸

2(1+𝑣)
  (17) 

2.4.3 Material Characterization  

Infinitesimal deformation of a homogenous, elastic sample under uniaxial load can be modeled 

using a linear relationship based on Hooke’s law,  

𝜎 =  
𝐹

𝐴
.  (18)  
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Here, uniaxial stress, 𝜎, is defined by the axial load, 𝐹, divided by the cross-sectional sample area, 

𝐴. Similarly, strain, 𝜀, is the measure of deformation, defined in the uniaxial case as the change in 

sample length, ∆𝐿, divided by the original length, 𝐿𝑜, of the sample 

𝜀 =  
∆𝐿

𝐿𝑜
.  (19)  

2.4.4 Uniaxial Behavior  

Taking 𝜎 and 𝜀 from Section 1.4.1, Hooke’s law is described as a linear, one-dimensional 

relationship between force and elongation (Eqn. 20).  

𝜎 = 𝐸𝜀.  (20) 

Here, 𝐸 is the modulus of elasticity or Young’s modulus. In mechanical tests, such as compression 

testing (Fig. 2.3), Young’s modulus characterizes a material under compressive stress or strain.  

 

Figure 2.3: Schematic diagram of a compression test. A cylindrical sample of defined original 

height, 𝐿𝑜, and diameter, 𝑑, is uniaxially compressed by load, 𝐹. The sample is compressed to its 

final length, 𝐿. 

 

2.5 Linear elastic, transversely isotropic material 
For an infinitesimal, incompressible material with a singular aligned fiber direction, Feng et al., 

(2013) propose a strain energy density function, 𝑊, that describes the relationship between shear, 

deformation, and fiber stretch, such that the material model undergoes small deformations. 
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𝑊 = 
𝜇

2
[(𝐼1̅ − 3) + 𝜁(𝐼4̅ − 1)2 + 𝜑𝐼∗̅

5] +
𝑘

2
(𝐽 − 1)2,  (21) 

Here, 𝜇 is the shear modulus in the plane of isotropy; 𝜁 and 𝜑 are anisotropic parameters related 

to fiber stretch and shear parallel to fibers, respectively; and 𝑘 is the bulk modulus that relates 

stress to volumetric strain. Full derivation of the strain energy function can be found in the 

Appendix to Feng et al., (2013). For the case in which fibers lie parallel to the 𝑋-axis, the 

compliance matrix, 𝑆 = [𝑠𝑖𝑗], is obtained using parameters from the strain energy function, in the 

incompressible limit where 𝑘 → ∞ and 𝐽 → 1.  

[𝑠𝑖𝑗] =

[
 
 
 
 
 
 
 
 
 
 

1

𝜇(4𝜁+3)

−1

2𝜇(4𝜁+3)

−1

2𝜇(4𝜁+3)
0 0 0

−1

2𝜇(4𝜁+3)

𝜁+1

2𝜇(4𝜁+3)

−(2𝜁+1)

2𝜇(4𝜁+3)
0 0 0

−1

2𝜇(4𝜁+3)

−(2𝜁+1)

2𝜇(4𝜁+3)

𝜁+1

2𝜇(4𝜁+3)
0 0 0

0 0 0
1

𝜇
0 0

0 0 0 0
1

𝜇(1+𝜑)
0

0 0 0 0 0
1

𝜇(1+𝜑)]
 
 
 
 
 
 
 
 
 
 

. (22) 

Here, the compliance matrix is composed of three parameters, 𝜁, 𝜑,  and 𝜇. 𝜁 is expressed as the 

non-dimensional relative difference between two Young’s moduli, 𝐸𝑋 and 𝐸𝑍, that govern the 

normal (tensile or compressive) strains parallel (𝜀𝑋𝑋) and perpendicular (𝜀𝑌𝑌, 𝜀𝑍𝑍) to the fiber axis,  

𝜁 =
𝐸𝑋

𝐸𝑍
− 1. (23) 

𝜑 is expressed as the non-dimensional relative difference between two shear moduli, 𝜇𝑋 and 𝜇𝑌, 

represented as the moduli governing shear  parallel (𝜀𝑋𝑍, 𝜀𝑋𝑌,) and normal (𝜀𝑌𝑍) to the fiber axis, 

𝜑 =
𝜇𝑋

𝜇𝑌
− 1.  (24) 

The compliance matrix can also be expressed in terms of classical engineering parameters 

(Young’s moduli, shear moduli, and Poisson’s ratios) in Fig. 4. Because of symmetry about the 
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fiber axis (𝑒𝑥) some components are related: 𝐸𝑌 = 𝐸𝑍, 𝑣𝑌𝑍 = 𝑣𝑍𝑌, 𝑣𝑋𝑌 = 𝑣𝑋𝑍, 𝑣𝑌𝑋 = 𝑣𝑍𝑋 ,

𝜇𝑋𝑍 = 𝜇𝑋𝑌(= 𝜇𝑋), and 
𝑣𝑍𝑋

𝐸𝑍
=

𝑣𝑋𝑍

𝐸𝑥
.  (25) 

𝑆 =

[
 
 
 
 
 
 
 
 
 

1

𝐸𝑋
−

𝑣𝑍𝑋

𝐸𝑍
−

𝑣𝑍𝑋

𝐸𝑍
0 0 0

−
𝑣𝑋𝑍

𝐸𝑋

1

𝐸𝑍
−

𝑣𝑍

𝐸𝑍
0 0 0

−
𝑣𝑋𝑍

𝐸𝑋
−

𝑣𝑍

𝐸𝑍

1

𝐸𝑍
0 0 0

0 0 0
1

𝜇𝑌
0 0

0 0 0 0
1

𝜇𝑋
0

0 0 0 0 0
1

𝜇𝑋]
 
 
 
 
 
 
 
 
 

 (26) 

 

Figure 2.4: A transversely isotropic fibrous material in the 𝑿 − 𝒀 − 𝒁 reference 

configuration. The  fibers (red) are aligned in the 𝑋 axis. The planes normal to the 𝑋 axis, 𝑌 and 

𝑍, are isotropic. 

Axis of symmetry: 𝑎 =  (1 0 0) 

2.6 Mechanical testing methods  

2.6.1 Rotational oscillatory shear 

Viscoelasticity describes the behavior of a material that both exhibits elastic and viscous behavior 

(Gould & Feng, n.d.). Elastic behavior is where the material is deformed by a force or strain but 

can return to its original shape. Viscous behavior is where the material is deformed but measures 

the resistance by a rate like creep. The material may be able to recover to its original shape but 

may undergo permanent deformation. Both elastic and viscous behavior can be characterized using 
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a rheometer, which is used to measure the complex shear modulus, 𝐺𝑎𝑝𝑝
∗ . 𝐺𝑎𝑝𝑝

∗  is defined by the 

storage modulus, 𝐺’, and the loss modulus, 𝐺’’. The storage modulus represents elastic behavior, 

or the energy required to reversibly distort the sample, whereas the loss modulus represents viscous 

liquid-like behavior or the energy dissipated throughout the sample. The storage and loss moduli 

describe viscoelasticity, the material’s ability to display viscous and elastic behavior during shear. 

A frequency sweep made the rheometer repeatedly apply a rotational internal torque on the 

sample’s top surface to create oscillatory strain (Fig. 2.5).  

 

Figure 2.5: Schematic diagram of rheological shear testing of a solid disk sample. Disk sample 

undergoing rotational oscillatory shear displacement, 𝛾(ω), at angle, 𝜃, from applied motor torque, 

Ω. The undistorted sample is defined by its height, ℎ, and radius or diameter, (𝑟 or 𝐷). 

The contact platen rotated to impose angular stress in the specified frequency range, and the 

rheometer measured 𝐺’ and 𝐺’’  to calculate the apparent shear modulus. Assuming the material is 

incompressible and isotropically elastic, the apparent complex shear modulus, 𝐺𝑎𝑝𝑝
∗ , in the 

frequency domain, is calculated from the rheometer’s internally measured variables and sample 

geometry’s constraints/dimensions, seen in Eqn. 27 (Barnes, 2000).  

𝐺𝑎𝑝𝑝
∗ = 𝐺′ + 𝑖𝐺′′ =  

𝜏(𝑖𝜔)

𝛾(𝑖𝜔)
=

𝑀(𝑖𝜔)𝐾𝜎

𝜃(𝑖𝜔)𝐾𝛾
=

(
2

𝜋𝑟3)𝑀(𝑖𝜔)

(
𝑟

ℎ
)𝜃(𝑖𝜔)

            (27)  
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The storage (𝐺′) and loss (𝐺′′) moduli are further decomposed into the measured rotational shear 

stress, 𝜏(𝑖𝜔), and the measured angular shear strain, 𝛾(𝑖𝜔),which result from the torque applied by 

the tester motor, 𝑀(𝑖𝜔), the rotation angle, 𝜃(𝑖𝜔), and the geometric shape constraints, 𝐾𝜎 and 𝐾𝛾 

(e.g., a circular disk with radius 𝑟 and thickness ℎ). While a rheometer is useful to measure the 

complex shear modulus, it can only run frequency sweeps between 0-10 Hz. The limited frequency 

range is due to the internal mechanical inertia being unable to keep up with higher frequencies, 

resulting in the input oscillatory strain going out of sync (Barnes, 2000). To circumvent this, a 

custom-built system was designed and fabricated to measure the viscoelastic behavior using 

dynamic shear testing (DST). 

2.6.2 Linear oscillatory shear 

Analogous to the rheometer, a custom instrument designed by (Okamoto et al., 2011), based on a 

method known as dynamic shear testing (DST). The instrument is used to measure the apparent 

shear modulus, 𝐺𝑎𝑝𝑝
∗ , but with applied horizontal unidirectional shear rather than torsional shear 

(Fig. 2.6).  

 

Figure 2.6: Schematic diagram of dynamic shear testing (DST) of a lattice structure. Disk 

sample undergoing harmonic shear displacement. Undistorted sample defined by height, ℎ, and 

diameter, 𝐷, and nominal area, 𝐴 =  
𝜋𝐷2

4
.   

Because shear occurs in only one direction, DST can determine mechanical properties in two 

perpendicular directions (e.g. X and Y axes). Thus, DST is useful for materials with complex 

architecture or materials with anisotropy or fibrous in nature. A vibratory “chirp” input was applied 
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to the bottom plate of the tester, creating harmonic shear displacement between 0-300 Hz. In the 

frequency domain, the harmonic displacement behavior was formulated as in Eqn. 1 (Okamoto et 

al., 2011) and was calculated from the raw signal variables and sample dimensions, as seen in Eqn. 

28: 

𝐺𝑎𝑝𝑝
∗ = 𝐺′ + 𝑖𝐺′′ =  

𝜏𝑥𝑧(𝑖𝜔)

𝛾𝑥𝑧(𝑖𝜔)
=

𝐹𝑠(𝑖𝜔)/𝐴

u𝑜(𝑖𝜔)/ℎ
.  (28) 

The harmonic coefficient of the apparent shear stress, 𝜏𝑥𝑧(𝑖𝜔), was calculated from the measured 

shear force, 𝐹𝑠(iω), divided by the sample area, 𝐴. Further,  𝜏𝑥𝑧(𝑖𝜔) was divided by the harmonic 

coefficient of the shear strain, 𝛾𝑥𝑧(𝑖𝜔), calculated from the measured harmonic displacement, 

u𝑜(𝑖𝜔), was divided by the sample height, ℎ.  

2.6.3 Uniaxial Compression 

Unconfined compression testing is used to determine a material’s behavior under applied 

compressive loads. The material geometry is typically cylindrical, or cube shaped. The test 

measures the load response and displacement, values which can be used to calculate the effective 

stress and strain of the material.  

 

Figure 2.7: Schematic diagram of compression testing of a lattice structure. Cube-shaped 

sample undergoing simple uniaxial compression. The uncompressed cube sample is defined by its 

nominal sample height, 𝐻𝑜; the nominal area is 𝐴 =   𝑊2. 

The upper platen was lowered, applying a pre-load force on the sample to ensure proper contact 

(Fig. 2.7) and vertically displaced the sample in the Z direction until 10% strain was measured. 
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The force and displacement values were used to calculate the sample’s linear stress/strain curve, 

and the results were used to calculate the apparent Young's modulus. Assuming small strains, 

Young’s modulus was formulated, as seen in Eqn. 29. 

𝐸𝑎𝑝𝑝 =
𝜎

𝜀
=

𝐹/𝐴
𝐻−𝐻0

𝐻0

       (29) 

The apparent stress, 𝜎, was determined by taking the measured uniaxial force, 𝐹, divided by the 

sample’s cross-sectional area, 𝐴. The apparent strain, 𝜀, was determined by measuring the change 

in the sample’s height, 𝐻 − 𝐻0, divided by the original height, 𝐻0. Dividing the apparent stress by 

the apparent strain gives the sample’s Young’s modulus, 𝐸𝑎𝑝𝑝. In this work, cube shaped lattice 

structures made of PEGDA StartTM were used to test and evaluate the Young’s modulus of the 

lattice structures. (Chapters 3, 4, and 5).  

2.7 Digital Light Projection (DLP) 3D-Printing  

In 3D printing, universally, the printer reads from a digital stereolithography (.STL) file, 

containing a triangulated 3D mesh of the desired object. The printer lays down material onto a 

build plate layer-by-layer. The layers solidify and combine into one singular part. In the case of 

hydrogels, 3D networks of polymerized chains, they are crosslinked. For photo-crosslinkable 

hydrogels, they are cross-linked by photopolymerization (Choi et al., 2019). A pre-polymer 

photoink, such as gelatin methacrylate (GelMA) or polyethylene glycol diacrylate  (PEGDA), is 

photo-polymerized in the presence of a photoinitator and light.  
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Figure 2.8: (a) Lumen X bioprinter printing a lattice in photoink; the print layer is cured by 

ultraviolet (UV) light. Adapted from CELLINK Inc. (b) Photopolymerization. A chemical diagram 

of pre-polymer, PEGDA, and photo initiator reaction, LAP, to UV light. The reaction initiates 

photo crosslinking, generating free radical molecules and forming long polymerized chain 

networks, hardening PEGDA. Adapted from Khalili et al., (2023).  

Fig. 2.8 shows the photopolymerization process shining ultraviolet (UV) light on the photo 

initiator. A projector at the bottom of the printer projects the current image slice (depending on the 

photo-ink used). UV light of 200-700 nm wavelength is exposed onto the photo initiator. A photo 

initiator, such as lithium phenyl-2,4,6,-trimethylbenzoyl phosphate (LAP), initiates the photo-

crosslinking reaction and polymerizes PEGDA (Fairbanks et al., 2009). Free radicals form which 

reacts with the PEGDA vinyl bonds. The LAP-UV light reaction initiates free radical chain 

polymerization, solidifying the current slice print layer (Annabi et al., 2014). The build plate raises 

vertically up to move onto the next slice layer. The photopolymerization process is successively 

repeated for all print layers.    
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Chapter 3: Design and Characterization of 

3D-Printed Hydrogel Lattices with 

Anisotropic Mechanical Properties1 
 

3.1 Overview 
 The goal of this study was to design, fabricate, and characterize hydrogel lattice structures 

with consistent, controllable, anisotropic mechanical properties. Lattices, based on three unit-cell 

types (cubic, diamond, and vintile), were printed using stereolithography (SLA) of polyethylene 

glycol diacrylate (PEGDA). To create structural anisotropy in the lattices, unit cell design files 

were scaled by a factor of two in one direction in each layer and then printed.  The mechanical 

properties of the scaled lattices were measured in shear and compression and compared to those 

of the unscaled lattices. Two apparent shear moduli of each lattice were measured by dynamic 

shear tests in two planes: (1) parallel and (2) perpendicular to the scaling direction, or cell 

symmetry axis. Three apparent Young’s moduli of each lattice were measured by compression in 

three different directions: (1) the “build” direction or direction of added layers, (2) the scaling 

direction, and (3) the unscaled direction perpendicular to both scaling and build directions.  For 

shear deformation in unscaled lattices, the apparent shear moduli were similar in the two 

perpendicular directions. In contrast, scaled lattices exhibit clear differences in apparent shear 

moduli. In compression of unscaled lattices, apparent Young’s moduli were independent of 

direction in cubic and vintile lattices; in diamond lattices Young’s moduli differed in the build 

direction, but were similar in the other two directions. Scaled lattices in compression exhibited 

 
1 This chapter and its associated appendix is reproduced from Yoon, D., Ruding, M., Guertler, C. A., Okamoto, R. 

J., & Bayly, P. V. (2023). Design and characterization of 3-D printed hydrogel lattices with anisotropic mechanical 

properties. Journal of the Mechanical Behavior of Biomedical Materials, 138. 

https://doi.org/10.1016/j.jmbbm.2023.105652. Author contributions are listed in Chapter 1.  
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additional differences in apparent Young’s moduli in the scaled and unscaled directions. Notably, 

the effects of scaling on apparent modulus differed between each lattice type (cubic, diamond, or 

vintile) and deformation mode (shear or compression). Scaling of 3D-printed, hydrogel lattices 

may be harnessed to create tunable, structures of desired shape, stiffness, and mechanical 

anisotropy, in both shear and compression.  

3.2 Motivation and Background  
Many fibrous, biological tissues, like white matter in the brain, are structurally and mechanically 

anisotropic (Bayly et al., 2014; Feng et al., 2013; Schmidt et al., 2018). Structural anisotropy refers 

to direction-dependent differences in the organization or orientation of tissue components. 

Mechanical anisotropy describes differences in the response of a material to loading in different 

directions. While mechanical anisotropy often accompanies structural anisotropy, they are not 

equivalent. Materials can be anisotropic in tension or shear, with corresponding tensile or shear 

moduli that describe their intrinsic stiffness. Mechanical properties of tissue may also change 

during human development, disease, or degeneration (Bayly et al., n.d.).  

Mathematical models of soft tissue biomechanics are emerging as tools to understand and prevent 

a variety of disorders. One example is modeling traumatic brain injury (TBI), which is a significant 

contributor to mortality and morbidity among children and adults in the United States (Coronado 

et. al, 2011). TBI is caused by high skull acceleration, often due to impact, which in turn leads to 

tissue deformation followed by neuronal death, axonal disruption, and consequent loss of function, 

such as deficits in cognition or memory (Strich, 1956; Strich & Oxon, n.d.).  Brain biomechanics 

models have been developed to elucidate the processes underlying TBI; such models require 

accurate material properties of brain tissue (Alshareef et al., 2021; Ji et al., 2014; Kleiven & Hardy, 
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2002; Panzer et al., 2012). Similarly, material properties of muscle are needed for musculoskeletal 

simulations.  

Magnetic resonance elastography (MRE) is a non-invasive technique that relies on MR imaging 

of shear waves to estimate mechanical properties noninvasively (Manduca et al., 2001; Muthupillai 

et al., 1995). Tissue surrogate objects, or “phantoms,” are often used to develop and evaluate 

magnetic resonance imaging (MRI) and image analysis procedures, including MRE. Soft gel 

(gelatin, agar, PDMS) phantoms have been used to simulate brain tissue for MRE studies (Chatelin 

et al., 2014; Feng et al., 2022; Kruse et al., 2008; Okamoto et al., 2011). Tissue-mimicking 

phantoms have been used in other biological tissues studies such as the breast (Liney et al., 1999), 

muscle (de Merxem, n.d.), and pelvic bone (De Bazelaire et al., 2004). However, with a few 

exceptions (Guertler et al., 2020; Guidetti et al., 2019; Qin et al., 2013; Schmidt et al., 2018) MRE 

phantoms have predominantly been isotropic. There is a pressing need for anisotropic phantoms 

with consistent, reproducible, tunable mechanical properties that can be characterized by simple 

mechanical tests for direct comparison with MRE.  

Introducing anisotropy is particularly challenging in soft materials. A small number of recent 

studies have investigated the use of anisotropic phantoms in MRE (Guertler et al., 2020; Guidetti 

et al., 2019, 2021; Qin et al., 2013; Schmidt et al., 2018). In most of these early studies, it is not 

clear if anisotropy is introduced in both shear and tension/compression, how shear or 

tensile/Young’s moduli would be affected by design changes, or how properties could be verified 

by direct mechanical testing.  

Methods involving 3D printing of biocompatible hydrogels can approximate organ geometry and 

tissue structure (Ramiah et al., 2020; Strobel et al., 2020; Theus et al., 2020). Hydrogels comprise 
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a network of polymerized chains, allowing customization of biological and mechanical properties 

(Li et al., 2020). 3D-printing allows further customization of shape and structure. In principle, 

anisotropy may be introduced by a reinforcing fiber network or by lattice structures (Abate et al., 

2020; Zheng et al., 2014). Previous work has characterized anisotropy in 3D-printed lattices (Abate 

et al., 2020; Egan et al., 2019) in materials greatly stiffer than soft tissue. Egan et al. (2019) 

reported a wide elastic modulus range between 16.3-155 MPa for lattice structures with four 

different unit-cell types.   

 Common 3D printing methods used in bioprinting include ink-jet (Cui et al., n.d.), extrusion 

(Hinton et al., 2015), laser-assisted (Guillotin et al., 2010), and stereolithography (SLA) 

(Guvendiren et al., 2016).  The bio-ink used depends on the printing method and the application 

(Bishop et al., 2017). Natural polymers include alginate, gelatin, and collagen. Synthetic polymers 

include gelatin methacrylate (gelMA), polyethylene glycol (PEG), and polyethylene glycol 

diacrylate (PEGDA). For this study, synthetic, pre-made PEGDA StartTM (CELLINK LLC, 

Boston, MA; Carlsbad, CA) photo-cured with the LumenX+ (CELLINK) was used for the low 

material cost, good fabrication accuracy, quick print time, and easy modification of physical and 

chemical parameters.   

The objective of the current study is to design, fabricate, and characterize scaled and unscaled 3D-

printed hydrogel lattices with controlled structural and mechanical anisotropy. These 3D-printed 

hydrogel lattices could be used to create soft structures of desired shape and consistent mechanical 

properties for potential use as anisotropic tissue mimics. The paper covers design techniques to 

generate 3D-modeled unit cell lattices using CAD software, fabrication using SLA, predictions of 

mechanical properties by finite element simulation, and experimental characterization by two 

types of benchtop mechanical tests: the dynamic shear test (DST) and uniaxial compression test.  
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3.3 Materials and Methods  

3.3.1 Lattice unit cell design   

Samples were designed using the 3D modeling software, Rhinoceros 3D (Rhino7, Robert McNeel 

& Associates, Seattle, WA) and plugins Grasshopper and Intralattice (ADML, Montréal, QC; 

McNeel, 1993; Kurtz, 2013). Unscaled and scaled versions of three lattices (cubic, diamond, and 

vintile), were generated (Fig. 3.1).  

 
Figure 3.1: Unit-cell models and microscopic images of cubic, diamond, and vintile lattices. (a-c) 

Representations of each lattice unit cell in Rhino7. (d-f) Microscope photographs of the 3D-printed, 

unscaled lattices. (g-i) Microscope photographs of the 3D-printed, scaled lattices.  [Microscope: ZEISS Axio 

Observer Z1m] 

Unscaled lattices were generated using the basic unit cell with the same parameters in all directions 

(Fig. 1a-c). Unscaled lattices had a unit cell spacing of 1.25 mm; strut diameter was 0.4 mm for 

cubic lattices and 0.3 mm for vintile and diamond lattices. Scaled lattices were created by 

uniformly scaling the lattice by a factor of two in one direction (denoted as the 𝑋-direction). A 
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sample image of the design software and Grasshopper with Intralattice pipeline can be seen in 

supplementary Fig. A1, A2.  

3.4 Fabrication   
A LumenX+ stereolithographic (SLA) bioprinter (CELLINK, Boston, MA) was used to 3D print 

samples (Fig. 3.2).  

 

 
Figure 3.2: Fabrication process for a scaled vintile lattice. (a) Representation of a 3D-rendered, scaled, 

vintile lattice exported as an .STL file. (b) The file is transferred to the LumenX+ bioprinter and the lattice 

is printed in PEGDA StartTM photo-ink; the print is cured via blue light projection. (c) Resulting scaled, 

vintile lattice. 

PEGDA StartTM (polyethylene (glycol) diacrylate < 2000 Da, CELLINK), a photocurable bioink, 

was cured with 100-μm layer resolution at a light intensity of 20 mW/cm2. Each slice was 

illuminated for 5 sec when in contact with the print bed; the first and last layers were illuminated 

for 25 sec. Disk and cube samples were printed using three unit cell lattice structures: cubic, 

diamond, and vintile, both unscaled and scaled. Lattice disks were nominally printed 15.00 mm 

(12 unit cells) in diameter and 3.75 mm (3 unit cells) in height for DST testing. Lattice cubes were 

nominally printed 10.00 mm in depth, width, and height (8 × 8 × 8 unit cells) for compression 

testing. The 3D-printed cube specimens (Fig. 3.2c) included solid “wing” supports that extend 0.50 

mm in height from the samples base and 2.45 mm radially beyond the sample to provide stability 

during printing. These “wings” were removed with a straight razor blade after printing. Once 

fabricated, samples were individually stored in DI water and placed in the refrigerator at 4° C to 

prevent dehydration and degradation. Unscaled and scaled vintile samples (disk and cube) can be 
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seen in Fig. 3.3. A total of 72 samples were created and used in this study: n=6 for each lattice 

type (cubic, diamond, and vintile), sample shape (disk and cube), and scaling (unscaled and 

scaled). 

 
Figure 3.3: Unscaled and scaled vintile lattices for DST and compression tests. (a) Unscaled, vintile 

lattice sample for DST. (b) Unscaled, vintile lattice sample for compression. (c) Scaled, vintile DST 

sample. (d) Scaled, vintile compression sample.  

3.5 Mechanical Testing     

3.5.1 Dynamic Shear Testing (DST) 

Each disk-shaped DST sample in DI water was removed from the refrigerator and allowed to 

equilibrate at room temperature (~23o C) for 30 minutes. Pre-test measurements of the mass, 

thickness, and diameter were taken for each sample. Samples were tested using DST procedures 

established previously (Fig. 3.4, Okamoto et al, 2011).  

 

 
Figure 3.4: Schematic diagram of dynamics shear testing (DST) of a lattice structure. Disk sample 

undergoing harmonic shear displacement. The undistorted sample is defined by its height, ℎ, and diameter, 

𝐷. The nominal area, 𝐴 =  
𝜋𝐷2

4
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Samples were placed in a chamber on the platform of a flexure connected to a voice-coil actuator 

(LA15-16-024A, BEI Kimco, Vista, CA). A top platen instrumented with dynamic load cells (PCB 

209C11, PCB Piezotronics, Depew, NY) was lowered until contact was achieved. Horizontal 

(shear) displacement of ~ 100 µm over a frequency range of 20-100 Hz was applied by driving the 

voice-coil actuators with a “chirp” signal. Shear testing was repeated at 4%, 8%, and 12% 

compressive strain, achieved by lowering the platen to the appropriate height. Each sample was 

tested twice, with displacement applied in two perpendicular directions. Scaled samples were 

sheared parallel (“𝑋”) and perpendicular (“𝑌”) to the scaling direction (Fig. 3.5b,d). Unscaled 

samples were sheared in two directions (“1” and “2”) aligned with symmetry axes of the lattice 

(Fig. 3.5a,c). In all cases the loading is perpendicular to the build (“𝑍”) direction. Testing of each 

sample in both directions was completed within 10 minutes. 

 
Figure 3.5: Schematic diagram of DST samples showing lattice and test directions. (a-b) 3D models 

rendered in Rhino7. (c) Unscaled vintile lattice with harmonic shear directions depicted by red arrows. 

Resulting apparent shear moduli are 𝐺1 and 𝐺2
2. (d) A scaled vintile lattice with harmonic shear directions 

depicted by red arrows. Apparent shear moduli are denoted as 𝐺𝑋𝑍 and 𝐺𝑌𝑍, respectively.   

 
2 Not to be confused with Chapter 2 notation, 𝐺1 = 𝐺13 and  𝐺2 = 𝐺23. For consistency, all subsequent Chapters uses 

𝐺1 and 𝐺2, with respect to the unscaled build direction, 3.   
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3.5.2 Uniaxial Unconfined Compression Testing 

Each cube-shaped compression sample in DI water was removed from the refrigerator and allowed 

to equilibrate at room temperature (~23o C) for 30 minutes. For all tests, samples were submerged 

in DI water until testing. Samples were removed from DI water and tested on a rheometer (HR-

20, TA Instruments, New Castle, DE) in compression mode (Fig. 3.6).  

 
Figure 3.6: Schematic diagram of compression testing of a lattice structure. Cube-shaped sample 

undergoing simple uniaxial compression. The uncompressed cube sample is defined by its nominal sample 

height, 𝐻𝑜; the nominal area is the area of the entire, undeformed cube face: 𝐴 =   𝑊2. 

The top platen (20 mm, flat) was lowered until contact was reached with an axial force of 0.05 N. 

A displacement ramp of 1 mm/min to 10% compression was then applied; axial load and 

displacement were recorded. Each cube-shaped sample was tested three times in different 

directions. Scaled samples were compressed first in the build direction (“𝑍”), then in the scaled 

direction (“𝑋”), and last in the non-build, unscaled direction (“𝑌”). Unscaled samples were tested 

in the same order, where “1” is the build direction and “2” and “3” correspond to unscaled, non-

build directions. (Fig. 3.7). Testing of each sample in all directions was completed within 15 

minutes to minimize the effects of sample drying, and the sample was re-submerged between 

testing in different directions. 



31 

 

 
Figure 3.7: Schematic diagrams of scaled and unscaled 3D-printed lattices.   (a-h) 3D models rendered 

in Rhinoceros 7. (a) Numbered coordinate system used for unscaled lattices. (b) Unscaled vintile lattice 

depicting three loading directions and corresponding apparent Young’s moduli – 1 (𝐸1), 2 (𝐸2), and 3 (𝐸3) 

(uniaxial displacement depicted by red arrow). (c) Standard 𝑋 − 𝑌 − 𝑍 coordinate axis for scaled lattices. 

(d) Scaled vintile lattice depicting three loading directions and corresponding apparent Young’s moduli – 

𝑍 (𝐸𝑍), 𝑋 (𝐸𝑋), 𝑌 (𝐸𝑌) (uniaxial displacement depicted by red arrow). 
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3.6 Data analysis 

3.6.1 Dynamic shear moduli  

Data from DST was imported into the MATLAB environment (R2020a, MathWorks Inc., 2020) 

and analyzed using a custom script. The magnitude of the complex-valued apparent shear modulus, 

𝐺𝑎𝑝𝑝(𝜔), was calculated from: 

𝐺𝑎𝑝𝑝(𝜔) = |
�̅�(𝜔)

�̅�(𝜔)
| = |

𝐹𝑜(𝜔)/𝐴

𝑢𝑜(𝜔)/ℎ
|   (3.1) 

Here, harmonic force, 𝐹(𝑡) =  𝐹𝑜(𝜔) exp(𝑖𝜔𝑡), and displacement, 𝑢(𝑡) =  𝑢𝑜(𝜔) exp(𝑖𝜔𝑡), 

signals as well as the nominal top surface area, 𝐴 and sample height, ℎ. Nominal shear stress, 𝜏̅, 

was defined as the force, 𝐹𝑜(𝜔), divided by the nominal cross-sectional area, 𝐴, of the disk. 

Nominal shear strain, �̅�, was defined as the displacement, 𝑢𝑜(𝜔), divided by sample height, ℎ.  

Estimates of 𝐺𝑎𝑝𝑝(𝜔) were averaged over the frequency range from 20-100 Hz for each sample 

and direction of loading. For scaled samples the apparent shear modulus for loading in the 𝑋-

direction is denoted 𝐺𝑋𝑍 and for the unscaled Y-direction as 𝐺𝑌𝑍. In unscaled samples the values 

of apparent shear modulus are denoted simply by 𝐺1 and 𝐺2, in which subscripts represent test 

order.  

3.6.2 Young’s moduli  

Data, consisting of measured force and displacement values from compression tests, along with 

sample dimensions, was imported into the MATLAB environment (R2020a, MathWorks Inc., 

2020) and analyzed using a custom script.  The apparent Young's modulus in compression, E, 

(Eqn. 3.2) was estimated from the slope of the stress-strain curve.  

𝐸 =  
�̅�

�̅�
 =

−𝐹/𝐴

∆𝐻/𝐻
  (3.2) 
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Nominal normal stress, 𝜎, was calculated from measured force, F, and the nominal surface area of 

the top face, 𝐴. Nominal strain, 𝜀,̅ was measured from the displacement (change in height, ∆𝐻) 

divided by the overall sample height, H. The specimen is allowed to expand laterally under 

compressive load, as in a standard unconfined compression test to estimate 𝐸. Using the 

approximations of linear elasticity the undeformed area is used to estimate nominal stress. For 

scaled samples the apparent Young’s modulus for loading in the build 𝑍-direction is denoted as 𝐸𝑍, 

in the scaled 𝑋-direction 𝐸𝑋, and in the unscaled 𝑌-direction 𝐸𝑌. For unscaled samples the apparent 

Young’s modulus for loading in the build 𝑍-direction is denoted as 𝐸1, the unscaled 𝑋-direction 

𝐸2, and the unscaled 𝑌-direction 𝐸3. While the hydrogel material is expected to be nearly 

incompressible, the lattice has voids that allow effectively compressible behavior. 

3.7 Statistical analysis  
Post-hoc statistical analyses were performed on experimental estimates of apparent shear modulus, 

ratios of shear moduli, apparent Young’s modulus, and ratios of Young’s moduli.  

Apparent shear modulus: The null hypothesis is that loading direction (with respect to the lattice 

axes) has no effect on the apparent shear modulus for a specific lattice type (cubic, diamond, 

vintile; scaled or unscaled). To investigate this hypothesis, a paired t-test was conducted to 

compare the apparent moduli 𝐺1 and  𝐺2 observed by loading the unscaled samples in different 

directions. The same t-test was used to compare apparent moduli 𝐺𝑋𝑍 and 𝐺𝑌𝑍 observed in the 

same scaled sample by loading scaled samples in the scaled (𝑋) and unscaled (𝑌) directions. To 

determine if the difference between the two group means was statistically significant a critical p-

value, 𝛼 = 0.05, was used. In graphs, significance is denoted by asterisks (*p<0.05 (significant); 

**p<0.01, ***p<0.001, ****p<0.0001). 
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Ratio of apparent shear moduli: The null hypothesis is that lattice scaling has no effect on the ratio 

of apparent shear moduli for a specific lattice type.  An un-paired t-test was conducted to compare 

the ratios 𝐺1/ 𝐺2 in unscaled samples to the ratios 𝐺𝑋𝑍/𝐺𝑌𝑍 in scaled samples.  

Apparent Young’s modulus: The null hypothesis is that loading direction (with respect to the 

lattice axes) has no effect on the apparent Young’s modulus for a specific lattice type. To 

investigate this hypothesis, a one-way ANOVA multiple group comparison was conducted to 

compare the apparent moduli 𝐸1, 𝐸2, and 𝐸3 in unscaled samples. The same ANOVA comparison 

was used to compare the apparent moduli 𝐸𝑋, 𝐸𝑌, and 𝐸𝑍 in scaled samples. To determine if any 

differences between the three group means were significant, a critical p-value, 𝛼 = 0.05, was used.  

Ratios of apparent Young’s moduli: The null hypothesis is that lattice scaling has no effect on the 

ratios of apparent Young’s moduli for a specific lattice type. Un-paired t-tests were conducted to 

compare the ratio 𝐸1/𝐸3 in unscaled samples to the ratio 𝐸𝑍/𝐸𝑌 in scaled samples, and to compare 

the ratio 𝐸2/𝐸3  in unscaled samples to the ratio 𝐸𝑋/𝐸𝑌 in scaled samples.  

3.8 Simulation   
Finite element (FE) models were used to simulate lattice mechanical behavior to compare with 

experimental shear (DST) and compression tests. The method was implemented using commercial 

FE software, COMSOL Multiphysics (v6.0, Stockholm, Sweden). Lattice geometry was imported 

from Rhino7 in STEP file format using the CAD Import module. The model geometry was 

discretized using a tetrahedral mesh with quadratic interpolation. To reduce computational time 

and focus on intrinsic behavior, the simulations were performed with reduced geometries (Fig. 3.8, 

3.9). DST model geometries were prismatic 12.5 mm × 2.5 mm × 2.5 mm (10 × 2 × 2 unit cells). 

Compression model geometries were 5 mm cubes (4 × 4 × 4 unit cells).  
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Figure 3.8: Simulations of DST in cubic, diamond, and vintile lattices. (a-i) 3D rectangular geometries 

for each simulation. Cubic (first column), diamond (middle column), and vintile (right column). (a-c) 𝐺, 

unscaled lattice, and (d-i) 𝐺𝑋𝑍 and 𝐺𝑌𝑍, scaled lattices. The scaled direction is always the 𝑋-direction. 

Direction of harmonic shear displacement on the top surface is represented by the red arrow. 

 
Figure 3.9: Simulations of uniaxial compression in cubic, diamond, and vintile lattices.  (a-i) Cube 

geometries for each simulation case. Cubic (first column), diamond (middle column), and vintile (right 

column). (a-c) 𝐸, unscaled lattice, and (d-i) 𝐸𝑌, 𝐸𝑍  and 𝐸𝑋, scaled lattices. The scaled direction is always 

the 𝑋-direction; the orthogonal directions are either 𝑌 or 𝑍.  Uniaxial displacement of the top surface is 

represented by red arrow. 
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In FE models, the lattice material (photo-cured PEGDA) was modeled as a linearly elastic, nearly 

incompressible, isotropic material undergoing infinitesimal deformations. Baseline properties 

were specified as density (ρ) of 1078 kg/m3, bulk modulus (K) of 12 MPa, isotropic loss factor (v) 

of 0.100, and shear modulus (G) of  600 kPa. Density was based on the manufacturer (CELLINK) 

reported value for PEGDA StartTM. The shear modulus of the photo crosslinked PEGDA material 

was estimated empirically since it depends strongly on 3D printing parameters. Experimental 

measurements of solid PEGDA samples printed with the same parameters as lattices exhibited a 

shear modulus of approximately 1 MPa. However, simulations of lattice behavior with 1 MPa 

material shear modulus exhibited stiffer behavior than expected. We believe that photo 

crosslinking differed slightly in 3D printing solid samples than in lattices. Based on comparison 

of apparent shear modulus in simulated and experimental DST in vintile lattices, a shear modulus 

of 600 kPa was used for all simulations. 

For DST simulations (Fig. 3.8), a prescribed shear displacement of 0.1 mm was applied on the top 

surface. The bottom surface was fixed. A frequency domain study was performed to simulate the 

response to a harmonic displacement of 0.1 mm applied to the upper surface from 0-10 Hz. The 

apparent shear modulus was calculated using Eq. 1.  

For compression simulations (Fig. 3.9), a prescribed uniaxial displacement was applied to the top 

surface. “Roller” boundaries were applied to all sides perpendicular to the surface to enforce 

symmetry about those planes. A parametric sweep was used to step from 0 mm to 0.5 mm to 

achieve 10% nominal compressive strain. The apparent Young’s modulus was estimated by fitting 

the slope of the force-displacement curve to Eq. 3.2.   
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3.9 Results   

3.9.1 Dynamic Shear Testing (DST)  

3.9.1.1 Apparent shear moduli from DST simulations 

Simulations of shear in unscaled samples reveal identical values of apparent shear moduli 𝐺1 and 

𝐺2 for each lattice type (Fig. 3.10(a), 3.11(a)). Scaled cubic lattice samples exhibited the highest 

apparent shear modulus when the harmonic displacement direction was in the Y-direction 

perpendicular to the direction of scaling:  𝐺𝑌𝑍 > 𝐺𝑋𝑍 in cubic lattices. In simulated shear of scaled 

diamond and vintile samples, the highest apparent shear modulus values occurred when the 

harmonic displacement direction was parallel to the scaled X-direction: 𝐺𝑋𝑍 > 𝐺𝑌𝑍 in diamond 

and vintile lattices. Numerical values of apparent shear moduli and their ratios from DST 

simulations are shown in supplementary material (Tables A1, A2).  

3.9.1.2 Apparent shear moduli from DST experiments  

For each lattice type, apparent shear moduli 𝐺1 and 𝐺2 in unscaled samples were similar (Fig. 

3.10(b), 3.11(b)), with no statistically significant differences found between the moduli in each 

direction. Apparent shear moduli were significantly different for different loading directions in 

scaled samples. In scaled cubic lattice samples 𝐺𝑌𝑍 > 𝐺𝑋𝑍, as seen in simulations. In diamond and 

vintile lattices, 𝐺𝑋𝑍 > 𝐺𝑌𝑍, as seen in simulations. Numerical values of apparent shear moduli and 

their ratios from DST experiments are shown in supplementary material (Tables A3, A4).  
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Figure 3.10: Apparent shear modulus estimates from DST simulations (a) and experiments 

(b). (a) Apparent shear moduli in unscaled lattices (solid bars) and scaled lattices (crosshatched 

bars) for cubic (left), diamond (middle), and vintile (right) lattices. (b) Apparent shear moduli in 

unscaled lattices (solid bars) and scaled lattices (crosshatched bars) for cubic (left), diamond 

(middle), and vintile (right) lattices. *p<0.05 (significant); **p<0.01, ***p<0.001. 

 
Figure 3.11: Ratios of apparent shear moduli from DST simulations (a) and experiments (b). (a) 

Ratios of apparent shear moduli in unscaled lattices (solid bars) and scaled lattices (crosshatched bars) for 

cubic (left), diamond (middle), and vintile (right) lattices. (b) Apparent shear moduli in unscaled lattices 
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(solid bars) and scaled lattices (crosshatched bars) for cubic (left), diamond (middle), and vintile (right) 

lattices. *p<0.05 (significant); **p<0.01, ***p<0.001. 

3.9.2 Uniaxial Compression  

3.9.2.1 Apparent Young’s moduli from simulation  

Apparent Young’s modulus values were independent of direction in simulations of compression 

of unscaled cubic and vintile samples (Fig. 3.12(a), 3.13(a)). In unscaled diamond lattices, the 

apparent modulus in the build direction, 𝐸1, is greatest and 𝐸2 = 𝐸3 due to the symmetry of the 

diamond unit cell. In simulations of scaled samples loaded in the “𝑍”, “𝑋”, and “𝑌” directions the 

largest apparent modulus value, 𝐸𝑋, was observed in compression parallel to the scaled 𝑋-

direction. In the cubic and vintile lattice types of the apparent modulus values 𝐸𝑌 and 𝐸𝑍 for the 

𝑌- and 𝑍-directions were the same. In scaled diamond lattices scaling in the X-direction induces 

anisotropy in the 𝑋-𝑌 plane so 𝐸𝑋 = 𝐸𝑌 .Numerical values of apparent Young’s moduli and their 

ratios from compression simulations are shown in supplementary material (Tables A5, A6).  

3.9.2.2 Young’s moduli from experiment  

Apparent Young’s moduli 𝐸1, 𝐸2, and 𝐸3 measured in unscaled samples depended on lattice type 

(Fig. 3.12(b), 3.13(b)) and build direction. In scaled lattices, apparent Young’s moduli 𝐸𝑍, 𝐸𝑋, and 

𝐸𝑌 differed in each lattice type and exhibited differences due to scaling. In the scaled cubic lattice, 

𝐸𝑌, the apparent modulus for loading in the non-build, unscaled direction, was the largest value 

observed and 𝐸𝑋, in the scaled direction, was the lowest. In the scaled diamond lattice, 𝐸𝑍, the 

apparent modulus in the build direction, was the highest, followed by 𝐸𝑋, while 𝐸𝑌  was the lowest. 

For the scaled vintile lattice, 𝐸𝑋  was the highest apparent modulus and 𝐸𝑌  was the lowest, just as 

in the corresponding simulations. Numerical values of apparent Young’s moduli and their ratios 

from compression experiments are shown in supplementary material (Tables A7, A8).  
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Figure 3.12: Young’s modulus estimates from compression simulations (a) and experiments (b). (a) 

Apparent Young’s moduli in unscaled lattices (solid bars) and scaled lattices (crosshatched bars) for cubic 

(left), diamond (middle), and vintile (right) lattices. (b) Apparent Young’s moduli in unscaled lattices (solid 

bars) and scaled lattices (crosshatched bars) for cubic (left), diamond (middle), and vintile (right) lattices. 

*p<0.05 (significant); **p<0.01, ***p<0.001. 

 
Figure 3.13: Ratios of Young’s moduli from compression simulations (a) and experiments (b). (a) 

Ratios of apparent Young’s moduli in unscaled lattices (solid bars) and scaled lattices (crosshatched bars) 

for cubic (left), diamond (middle), and vintile (right) lattices. (b) Ratios of apparent Young’s moduli in 

unscaled lattices (solid bars) and scaled lattices (crosshatched bars) for cubic (left), diamond (middle), and 

vintile (right) lattices. *p<0.05 (significant); **p<0.01, ***p<0.001. Note different axis limits for diamond. 
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3.10 Discussion 
The effect of geometrical scaling on the mechanical behavior of 3D-printed hydrogel lattices in 

shear and compression was investigated by FE simulation and experiment. For lattices tested in 

shear, apparent shear modulus values in unscaled lattices were identical (simulation) or very 

similar (experiment). In both simulation and experiment, in the scaled diamond and vintile lattices, 

𝐺𝑋𝑍, the shear modulus value from loading the disc sample parallel to the scaled 𝑋-direction, was 

higher than 𝐺𝑌𝑍, the shear modulus value from loading in the unscaled 𝑌-direction. The opposite 

effect (𝐺𝑌𝑍 > 𝐺𝑋𝑍) was observed for the scaled, cubic lattice (simulation and experiment). Thus, 

scaling the lattice geometry affects the shear modulus and introduces anisotropy in shear. The 

different effects of scaling in different lattices likely arise from the different effects of scaling on 

the number and dimensions of struts that resist the applied load.  

The behavior of lattices in compression revealed effects of geometry and scaling and possibly the 

effects of the layer-by-layer 3D-printing build process. In simulations, all three apparent Young’s 

modulus values predicted for unscaled vintile and cubic lattices were identical; in the unscaled 

diamond lattice a higher Young’s modulus is predicted in the build direction (𝐸1 > 𝐸2 = 𝐸3) due 

to the geometry of the diamond unit cell. In all simulations of compression in scaled lattices, 

scaling introduces differences in apparent Young’s moduli, with 𝐸𝑋 (the apparent modulus in the 

scaling direction) exhibiting the highest values.  

In experimental compression testing of unscaled cubic and vintile lattices, the apparent moduli are 

similar in each orthogonal direction, as predicted by the corresponding simulations. In the diamond 

lattice the modulus 𝐸1 in the build direction is higher (as in simulation). In the diamond lattice, the 

increased stiffness in the build direction is greater in experiment than in simulation, perhaps due 

to varying print properties inherent in the build (1, 𝑍) and non-build directions (2, 𝑋; 3, 𝑌) on the 
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Lumen X+ bioprinter, which might be modulated by the layer-to-layer thickness (resolution). 

Geometrical scaling clearly introduces additional mechanical anisotropy in experimental samples, 

as evidenced by statistically significant differences between moduli 𝐸𝑋  and 𝐸𝑌 in each lattice. The 

effects of scaling on mechanical anisotropy again differ between lattice types. Notably the 

measured effects are opposite in cubic lattices (𝐸𝑌 > 𝐸𝑋) than in diamond and vintile (𝐸𝑋 > 𝐸𝑌) 

lattices. Because of the clear and consistent effects of scaling on apparent moduli in the vintile 

lattice, coupled with the relatively minor effect of build direction on the apparent moduli, vintile 

lattices are particularly attractive for future study and applications. 

The effect of build direction has been previously investigated in hybrid composite resin dental 

material 3D-printed with stereolithography (SLA). Vertical printing, where layers are printed 

parallel to the build plate, resulted in a higher compressive strength than horizontal printing 

(Alharbi et al., n.d.). Another study (Liu et al., 2019) of the effect of build direction and orientation, 

using epoxy-based photo-curable resin NH-09 and the SLA printing method, showed the opposite 

effect: compression samples printed horizontally had a higher compressive strength than those 

printed vertically; this prior study found from the three printing orientations (00, 450, and 900), 900 

was shown to provide the highest strength (Liu et al, 2019). While prior studies show varying 

results, it is evident that build procedures can have a significant effect on how 3D-printed lattices 

will perform when loaded in shear or compression. These 3D-printing methods cure material on a 

layer-by-layer basis; thus parameters like light intensity, exposure time, slicing resolution, etc. can 

affect the resulting print. We also note a possible minor effect of test order, for example due to the 

sample drying slightly between the first and third tests.  

Comparison of apparent moduli estimated from simulations and experiments reveals important 

similarities and differences. Notably, the modulus of the base material, photo-cured PEGDA 
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StartTM, in simulations is clearly a key parameter. Since the modulus of the base material depends 

strongly on printing parameters, we estimated the material modulus using data from experimental 

shear tests of 3D printed vintile lattices. The shear modulus of the lattice material in simulations 

(600 KPa) was determined by comparing model-predicted to measured apparent shear moduli of 

unscaled vintile lattices. Also, simulations do not capture the effects of build direction, test order, 

or the effects of geometrical imperfections, or storage time. Multiple tests (two or three) were 

performed sequentially in each sample, which can amplify the effects of nonlinear behavior. Also, 

actual 3D-printed lattices inevitably differ from computer-generated models; a minor (10%) 

change in actual strut diameter compared to the nominal diameter can change the apparent shear 

modulus and the apparent Young’s modulus by 30%-40% (Supplementary Material Tables A9-

A12). Lattice behavior was not sensitive to storage time (Supplementary Figures A7-A8). Finally, 

future work should include more sophisticated simulations using multiscale homogenization (Shu 

and Stanciulescu, 2020). 

Nonetheless, scaling consistently induces mechanical anisotropy, which appears to be particularly 

predictable in the vintile lattice. In the scaled diamond and vintile lattices, shear applied in the 

scaling direction yielded the highest shear modulus value (𝐺𝑋𝑍 > 𝐺𝑌𝑍) in both simulation and 

experiment. Similarly, 𝐸𝑋 > 𝐸𝑌 in both scaled diamond and vintile lattices, in both simulated and 

experimental measurements of unconfined compression. The scaled cubic lattice differs from the 

other two lattice types in both shear (𝐺𝑌𝑍 > 𝐺𝑋𝑍, both simulation and experiment) and compression 

(𝐸𝑌 > 𝐸𝑋) (in experiment).    

3.11 Conclusion  
Geometrically-scaled, 3D-printed, hydrogel lattices exhibited mechanical anisotropy in 

compression and shear. The unit-cell type of each lattice had a major impact on its apparent 
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Young’s and shear moduli, and the effect of scaling on anisotropy was generally different in each 

lattice type. The vintile lattice exhibited clear, consistent, and predictable anisotropy in response 

to scaling, with relatively little effect of the build direction. Scaling in 3D-printed lattices is a 

potentially powerful method to introduce mechanical anisotropy into soft-hydrogel, composite 

materials for applications including MRE phantoms and engineered tissue surrogates.  
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Chapter 4: Structural Tuning of Anisotropic 

Mechanical Properties in 3D-Printed 

Hydrogel Lattices3 

4.1 Overview  
We investigated the ability to tune the anisotropic mechanical properties of 3D-printed 

hydrogel lattices by modifying their geometry (lattice strut diameter, unit cell size, and unit cell 

scaling factor). Many soft tissues are anisotropic and the ability to mimic natural anisotropy would 

be valuable for developing tissue-surrogate “phantoms” for elasticity imaging (shear wave 

elastography or magnetic resonance elastography). Vintile lattices were 3D-printed in 

polyethylene glycol di-acrylate (PEGDA) using digital light projection printing. Two mechanical 

benchtop tests, dynamic shear testing and unconfined compression, were used to measure the 

apparent shear storage moduli (G’) and apparent Young’s moduli (E) of lattice samples. Increasing 

the unit cell size from 1.25 mm to 2.00 mm or decreasing the strut diameter from 300µm to 200µm 

reduced the apparent tensile and shear moduli of the lattices. Increasing the geometric scaling ratio 

of the lattice unit cells from 1.00 to 2.00 led to increased mechanical anisotropy in both shear and 

compression. The effects of unit cell size and strut diameter were consistent with power law 

relationships between volume fraction and apparent elastic moduli; the apparent Young’s moduli 

agreed with the theoretical Gibson-Ashby model.  Thus, the anisotropic mechanical properties of 

a lattice can be tuned by the unit cell size, the strut diameter, and scaling factors. This approach 

 
3 This chapter and its associated appendix is reproduced from Yoon, D., Eckstein, K. N., Ruding, M., Bayly, P. V. 

(2024). Structural tuning of anisotropic mechanical properties in 3D-printed hydrogel lattices. Journal of the 

Mechanical Behavior of Biomedical Materials, [Manuscript submitted]. Author contributions are listed in Chapter 1. 
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will be valuable in designing tissue-mimicking hydrogel lattice-based composite materials for 

elastography phantoms and tissue engineered scaffolds.  
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4.2 Motivation and Background  

3D printing with hydrogels is a promising approach for producing soft structures with 

custom geometries and tunable mechanical properties. Hydrogels are 3D networks of polymerized 

chains that can absorb water while retaining their original structure. 3D printing with hydrogels 

has been used to make composite materials (Sheffield et al., 2018), biological organs (X. Wang et 

al., 2017), tissue scaffolding (El-Sherbiny & Yacoub, 2013), and lattice structures (Yoon et al., 

2023). Stereolithography, of digital light projection (DLP) 3D printing) can achieve high print 

resolutions between 80 µm to 300 µm (Loterie et al., 2020) and print complex beam-based lattices 

and porous hydrogels (Kelly et al., 2019).  

The mechanical behavior of a lattice structure (P. Egan et al., 2019) is defined by its  

geometric properties, such as unit cell size (Nazir et al., 2021), porosity (Zhang et al., 2022), strut 

diameter (Hanzl et al., 2019), volume density (P. F. Egan et al., 2022), and unit cell shape (Xu et 

al., 2016; Li et al., 2020; Kulagin et al., 2020). Unit cell-based lattice structures can be thought of 

as a combination of beams and struts (Park et al., 2022) that undergo compression (S. Wang et al., 

2020), shear (Babamiri et al., 2021), bending and buckling (Nazir et al., 2019). Changes in unit 

cell size and strut diameter will directly affect the lattice’s volume fraction; simple, predictive 

mathematical relationships have been proposed between volume fraction and apparent lattice 

mechanical properties (Gibson & Ashby, 1997). Lattice structures can be filled with a second 

material to form a composite material for certain applications. To achieve tunable mechanical 

properties, such composites can be made from a relatively stiff fibrous or lattice structure is 

embedded in a low-modulus material. The ability to customize structural geometry and unit cell 

topology in a hydrogel lattice offers a potential path to creating materials with properties 

comparable to those of soft tissue (Smith et al., 2022). 
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Mechanical properties of soft tissue, such as muscle (Guertler et al., 2020) and brain tissue 

(Feng et al., 2013), can be estimated using either magnetic resonance elastography (MRE) or shear 

wave ultrasound elastography (SWE) techniques to quantify tissue stiffness. In MRE (Muthupillai 

et al., 1995), a small harmonic displacement is externally applied to the tissue body (or phantom), 

causing shear wave propagation throughout the tissue body interior. Shear wave fields are captured 

using magnetic resonance imaging (MRI) and post-processed using an inversion algorithm to 

estimate the shear properties of the tissue or phantom material. SWE works similarly to MRE but 

uses an acoustic impulse radiation force to generate shear waves (Davis et al., 2019).  

Developers of elastographic imaging methods like MRE and SWE commonly use synthetic 

phantoms to mimic the mechanical properties of biological tissue (Lorenz et al., 2008) (Qin et al., 

2013). Recent advances in elastography techniques like MRE and SWE have enabled the 

measurement of anisotropic tissue mechanical properties (McGarry et al., 2021; Nightingale et al., 

2003), but there exists a need for anisotropic phantoms to evaluate these techniques. Using 

structural modification to tailor lattice structures with known and consistent structural and 

mechanical anisotropy, we can formulate and fabricate lattice composite phantoms with pre-

defined anisotropic properties. These phantoms will allow us to compare and verify the accuracy 

of anisotropic property estimates obtained from MRE or SWE with existing mechanical benchtop 

testing measurements.  

 The objective of this study is to investigate and exploit relationships between three lattice 

properties —strut diameter, unit cell size, and scaling ratio— to modify the apparent stiffness and 

mechanical anisotropy of the lattice. For this study, we focused on 3D-printed PEGDA lattices 

based on the vintile unit cell (Yoon et al., 2023). Benchtop mechanical tests (dynamic shear testing 

(DST) and unconfined compression testing) were performed to characterize lattice behavior. Finite 
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element models of the lattices were used to simulate these tests and explore the ability to predict 

apparent mechanical properties from the lattice design and material. Finally, we investigated the 

ability of a simple theoretical curve, the Gibson-Ashby model, (Gibson & Ashby, 1997) to predict 

apparent shear and compressive moduli of a lattice from its volume fraction.  

4.3 Material and Methods  

4.3.1 Lattice design 

Lattices were designed using a computer-aided design (CAD) software (Rhinoceros® 3D 

v7.0, Robert McNeel & Associates, Seattle, WA). Two plugins, Grasshopper 3D and Intralattice 

v0.8.1 (Additive Design & Manufacturing Laboratory, 2017), were used to generate unscaled and 

scaled vintile lattices. Fig. 4.1 shows the sequence from conceptual design to 3D model to 3D 

print.   

 

 
Figure 4.1: 3D model lattice generation and digital light projection (DLP) printing. (a) Intralattice 

module pipeline for generating vintile lattices. Screen capture is taken from Rhinoceros 3D. (b) Example 

3D mesh model of a vintile lattice with “rectangular arms” to aid build plate adhesion. (c) A Lumen X™ 
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bioprinter was used for 3D printing vintile lattices using STL files from Rhinoceros. (d) A finished vintile 

lattice disk print. 

Unscaled lattices were generated with a single vintile lattice unit cell having equal 𝑋, 𝑌, and 𝑍 

dimensions. Scaled lattices were generated by uniform scaling of unit cells by factors of 1.25, 1.50, 

1.75, and 2.00 in the 𝑋-direction. 

4.3.2 DST disk samples  

To test lattice geometries in shear with DST, lattice disk samples were printed with 15.00 

mm diameter and two-unit cells high. Accordingly, for the three-unit cell sizes, 1.25, 1.50, and 

2.00 mm, samples were 2.50, 3.00, and 4.00 mm high, respectively. As seen in Fig. 4.1(d), around 

the circumference of the 3D-printed disk samples, four equally spaced 1.00 mm high solid 

rectangular arms extend 7.5 mm radially to secure the sample during fabrication by increasing the 

area adhering to the build plate.  

4.3.3 Compression cube samples  

 To test lattice geometries in compression, lattice cube samples were printed as 8×8×8 unit 

cell (𝑁𝑋 × 𝑁𝑌 × 𝑁𝑍) macrostructures. Three unit cell sizes, 1.25, 1.50, and 2.00 mm, are shown in 

Fig. 4.2, led to samples with overall dimensions of 10×10×10 mm3, 12×12×12 mm3, and 16×16×16 

mm3. Three strut diameter sizes, 200, 250, and 300 µm, are shown in Fig. 4.3. Around the perimeter 

of the 3D models, four equally-spaced solid rectangular supports with lengths equal to the sample 

width, 4 mm wide, and 1 mm high were included to secure the sample during fabrication by 

increasing the area adhering to the build plate (Fig. 4.1(b,d)). Scaled lattice cubes were nominally 

printed as 4𝑆×4×4 unit cells where 𝑆 is the scaling factor in the 𝑋 direction. In Fig. 4.4, scaled 

vintile lattices of 2.00 mm base unit cell size and 1.25×, 1.50×, 1.75×, and 2.00× scaling, samples 

were printed into 10×10×10 mm3, 12×12×12 mm3, 14×14×14 mm3, and 16×16×16 mm3 cubes, 

respectively. The 3D-printed cube samples incorporated extended solid supports measuring 6.00 
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mm wide, 12.0 mm long, and 1.50 mm high. Photographs were taken using an LMS-Z230-T40 

microscope and a SeBaCam™ camera (LAXCO™, Mill Creek, WA).    

 
Figure 4.2: Unscaled vintile lattices of different unit cell sizes. (Top row) Rhinoceros® 7 3D lattice 

models and (bottom row) photographs of 3D-printed lattices with (a,d) 1.25, (b,e) 1.50, and (c,f) 2.00 mm 

unit cell spacing. 
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Figure 4.3: Unscaled vintile lattices of different strut diameters. (Top row) Rhinoceros® 7 3D lattice 

models and (bottom row) photographs of 3D-printed lattices with (a,d) 200, (b,e) 250, and (c,f) 300 µm 

strut diameter.   

 
Figure 4.4: Scaled vintile lattices with different scaling factors. (Top row) Rhinoceros® 3D lattice model 

and (bottom row) photographs of 3D-printed lattices with (a,e) 1.25x, (b,f) 1.50x, (c,g) 1.75x, and (d,h) 

2.00x scaling factors. 
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4.4 Sample fabrication 
A DLP bioprinter (Lumen X™, CELLINK, Boston, MA) was used to 3D print DST and 

compression samples (Yoon et al., 2023). Polyethylene (glycol) diacrylate <2000 Da (PEGDA 

Start™, CELLINK), was photocured with 100 µm print layer resolution, at 40% projector power 

(20.25 mW/cm2), and a five-second projection exposure. The first layer was exposed for 25 

seconds to ensure print samples adhered to the build plate. Lattice disk supports were cut off using 

a 15.0 mm circular punch, while a straight razor was used to cut lattice cube supports. The samples 

were then immediately placed in DI water to prevent shrinkage and drying. (Refer to Yoon et al., 

(2023) to see photographs of 3D-printed disk and cube lattice samples). 

4.5 Mechanical testing 

4.5.1 Dynamic Shear Testing (DST)  

The disk-shaped DST samples were tested the same day they were printed. The sample 

mass, thickness, and diameter were measured before testing and shown in the supplementary 

material (Table B1). Samples were tested using DST procedures previously established by 

Okamoto et al., 2011. Fig. 4.5 shows that, in both unscaled and scaled scenarios, loading was 

perpendicular to the build (“𝑍”) direction. Each sample underwent displacement in two 

perpendicular directions, 𝑋 and 𝑌. Unscaled samples were sheared in two directions (“1” and “2”) 

aligned with the lattice’s symmetrical axes (Yoon et. al, 2023). Scaled samples were sheared 

parallel (“𝑋”) and perpendicular (“𝑌”) to the scaling direction.  
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Figure 4.5: Schematic diagram of DST samples showing lattice and test directions. (a-b) 3D models 

rendered in Rhinoceros. Unscaled vintile lattice with harmonic shear directions depicted by red arrow and 

the shear moduli are 𝐺1 and 𝐺2. (d) A scaled vintile lattice with harmonic shear directions depicted by red 

arrows. Apparent shear moduli are denoted as 𝐺𝑋𝑍 and 𝐺𝑌𝑍, respectively. Reproduced with permission from 

Yoon et al., (2023). 

Briefly, samples were positioned on a metal platform supported by a flexure; a metal top 

platen was gradually lowered until contact occurred (Fig. 4.6) and then pre-compressed to one of 

three specified strain levels. Shear testing was conducted at compressive strains of 4%, 8%, and 

12%. DST samples were compressed at 4%, 8%, and 12% compressive strains to allow proper 

contact on the lattice’s top surface. A harmonic, horizontal shear displacement (𝑢(𝑡) = �̃�0𝑒
𝑖𝜔𝑡) of 

amplitude approximately 100 µm was applied by a voice coil actuator across a frequency range of 

0-100 Hz, driven by a “chirp” signal.  
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Figure 4.6: Schematic diagrams of DST and unconfined compression testing of lattice samples. Disk 

and cube-shaped samples undergo uniaxial shear (top row) and simple unconfined compression (bottom 

row). The undeformed disk sample is defined by its height, ℎ𝑜, and sample diameter, 𝐷.The uncompressed 

cube sample is defined by its height, 𝐻𝑜; the nominal area is 𝐴 =   𝑊2.     

4.5.2 Uniaxial compression testing  

 The cube-shaped compression samples were removed from the refrigerator and 

equilibrated at room temperature (~23oC) for one hour while still submerged in DI water. Before 

individual testing, samples were removed from the DI water and tested on a rheometer (HR-20, 

TA Instruments, New Castle, DE).  

 The top platen (20 mm diameter) was lowered until contact was made, then an axial pre-

load of 0.025 N was applied. Force and displacement were then measured during a displacement 

ramp at 0.025 mm/min to 5% compressive strain. Each sample was tested in three different 

directions, and the load and displacement measurements were recorded during testing. Each 

sample was resubmerged for 30 seconds between each test to prevent drying.  
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Figure 4.7: Schematic diagrams of unconfined compression tests of scaled and unscaled 3D-printed 

lattice samples. (a-d) 3D models rendered in Rhinoceros 7. (a) Numbered coordinate system used for 

unscaled lattices. (b) Unscaled vintile lattice depicting three loading directions and corresponding Young’s 

moduli – 1 (𝐸1), 2 (𝐸2), and 3 (𝐸3) (uniaxial displacement depicted by red arrow). (c) Standard 𝑋 − 𝑌 − 𝑍 

coordinate axis for scaled lattices. (d) Scaled vintile lattice depicting three loading directions and 

corresponding apparent Young’s moduli – Z (𝐸𝑍), 𝑋 (𝐸𝑋), 𝑌 (𝐸𝑌) (uniaxial displacement depicted by red 

arrow). *Note: Build direction in unscaled and scaled lattices are 1 and 𝑍, respectively.* Reproduced with 

permission from Yoon et al., (2023). 

As shown in Fig. 4.7, an example of unconfined compression on an unscaled sample, unscaled 

samples were first tested in the build direction, “1”, then in the two perpendicular non-build 

directions, “2” and “3”. Scaled samples, on the other hand, were first tested in the build direction, 

“𝑍”, followed by the scaled direction, “𝑋”, and the un-scaled, non-build direction, “𝑌”.  

4.6 Data analysis  

4.6.1 Dynamic shear modulus 

Data from DST were imported into MATLAB (R2023a, MathWorks Inc., 2023). The real 

part (apparent storage modulus, 𝐺’), the imaginary part (apparent loss modulus, 𝐺") and the 
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magnitude, 𝐺𝑎𝑝𝑝(𝜔), of the complex-valued  apparent shear modulus, a function of frequency, 

were calculated from Eqn. 4.1: 

𝐺𝑎𝑝𝑝(𝜔) =  |
�̅�(𝜔)

�̅�(𝜔)
| = |

𝐹𝑜(𝜔)/𝐴

𝑢𝑜(𝜔)/ℎ
| = |𝐺′ + 𝑖”𝐺"|. (4.1)  

𝐺𝑎𝑝𝑝(𝜔) is estimated from the measured input harmonic signals of both force, 𝐹(𝑡) =

 𝐹𝑜(𝜔) exp(𝑖𝜔𝑡), and displacement 𝑢(𝑡)  = 𝑢𝑜exp (𝑖𝜔𝑡), as well as the nominal sample 

measurements of the top surface area, 𝐴, and the sample height, ℎ. The nominal shear stress, 𝜏̅(𝜔), 

was defined as the measured compressive harmonic force, 𝐹𝑜(𝜔), divided by the nominal 

measured cross-sectional area, 𝐴, of the disk. Estimates of 𝐺’ in each sample, for each loading 

direction, were measured over the frequency range of 0-100 Hz. Only 𝐺′ was considered the lattice 

was elastically dominate, or quantitatively the loss factor, 𝛿 (𝐺"/𝐺′), was <0.05.  Numerical values 

of estimated apparent storage moduli are shown in the supplementary material (Fig. B1).  

 

4.6.2 Young’s modulus 

To calculate the apparent Young’s modulus, measured force and displacement values and 

measured sample dimensions were exported into GraphPad Prism (v10.0.0, GraphPad Software, 

Boston, MA). As seen in Eqn. 4.2, the apparent Young’s modulus in compression, 𝐸𝑎𝑝𝑝, was 

estimated using a linear fit of the engineering stress-strain curve:  

𝐸𝑎𝑝𝑝 = 
�̅�

�̅�
=

−𝐹
𝐴𝑜

⁄

∆𝐻
𝐻⁄

 . (4.2) 

 Here, nominal normal stress, 𝜎, was calculated from the measured normal force, 𝐹, of the 

top metal platen, and the initial surface area of the top face, 𝐴𝑜. The nominal strain, 𝜀,̅ was 

measured from the real-time displacement (change in height, ∆𝐻) divided by the initial sample 
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height, 𝐻. The stress-strain curve used to estimate the apparent Young’s modulus is shown in the 

supplementary material (Fig. B2).  

4.7 Lattice characterization  

4.7.1 Volume fraction and the Gibson-Ashby model  

The calculated volume fraction, 𝑣𝑓, where 𝑣𝐿   is the volume of the lattice and vt is the 

total volume fraction containing the lattice and empty space, was used to determine the relative 

volume fraction:  

𝑣𝑓 =
𝑣𝐿

𝑣𝑡
 . (4.3) 

 

Here, 𝑣𝐿 is the lattice volume, calculated by the Rhino 7 software, and 𝑣𝑡 represents the solid 

volume spanned by the lattice, which includes both the lattice’s solid and vacant regions. The 

volume fraction was then used in a Gibson-Ashby model (Gibson & Ashby, 1982) to try to predict 

apparent shear or Young’s moduli based on the geometric properties of the lattice. Gibson and 

Ashby described a power law that accurately predicts the stress response of lattice structures with 

densities between 0.01-0.3 (Gibson & Ashby, 1982). For an isotropic open-cell foam, the relative 

density is determined by the foam’s cell geometry. As seen in Eqn. 4.4, this property can describe 

the relationship between the apparent elastic properties of the lattice and its volume fraction 

(Ashby, 2006; Gibson & Ashby, 1982, 1997).  

𝐸

𝐸𝑠
= 𝐶1(𝑣𝑓)

𝑛  (4.4) 

 

Here, 𝐸 represents the apparent Young’s modulus of the lattice and 𝐸𝑠 represents the 

Young’s modulus of the bulk material (i.e., crosslinked PEGDA), where 𝐸𝑠 = 3000 kPa was 
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chosen from finite element simulation parameters (Section 3.4, Simulation). The parameter  𝑣𝑓 

represents the volume fraction of the vintile lattice to the bulk PEGDA material. Gibson and Ashby 

postulate that for open-celled foams (e.g. lattices) that 𝑛 = 2 (Ashby, 2006). 𝐶1 is determined from 

experimental data and representative of bending-dominated structures (Maconachie et al., 2019). 

A similar relationship was proposed to model the shear modulus, 𝐺. Eqn. 4.5 relates the ratio of 

the apparent shear mechanical properties of the lattice and the bulk of the sample to the ratio of 

the relative fractions of the lattice and the bulk (Gibson & Ashby, 1997).  

𝐺

𝐺𝑠
= 𝐶2(𝑣𝑓)

𝑛  (4.5) 

 

 Here, 𝐺 represents the apparent shear modulus of the lattice (the vintile lattice) and 𝐺𝑠 

represents the shear modulus of the bulk PEGDA solid. For isotropic, incompressible materials, 

they are defined as 𝐸~3𝐺 (Taljanovic et al., 2017). Thus, 𝐺𝑠 = 1000 kPa. Further, 𝑣𝑓 represents 

the volume fraction of the vintile lattice to the bulk PEGDA material. Gibson and Ashby postulate 

for open celled foams that 𝑛 = 2 (Ashby, 2006). 𝐶2 is determined using experimental shear data. 

In our study, we used the shear data for a unit cell size change from 1.25 mm to 2.00 mm.  

4.8 Simulation  
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Figure 4.8 Representative subset of finite-element-model geometries that were used to predict shear 

moduli, G (G, GXZ, GYZ), and compressive moduli, E (E, EY, EZ, EX). Symmetry boundary conditions are 

depicted by light blue planes. a) Shear models of unscaled lattice (left), scaled lattice in the direction of 

scaling (middle), and scaled lattice transverse to the scaling direction (right), with one plane of symmetry 

applied. Pinned boundary conditions constrained the bottom. b) Unconfined compression models of 

unscaled lattice (left), scaled lattice transverse to scaling direction (middle), and scaled lattice in the 

direction of scaling (right), with three planes of symmetry applied. 

 

To elucidate the relationships between unit cell geometry and resulting anisotropic 

mechanical properties, and to generalize these predictions to a range of reproducible CAD 

geometries, we used finite element (FE) modeling to predict apparent shear modulus and Young’s 

modulus for various unit cell parameters (unit cell size (𝑎), strut diameter (SD), and anisotropic 

scaling). All models were created and solved using Abaqus/Standard (Dassault Systèmes, Vélizy-

Villacoublay, France) . Models investigated volume fraction by varying the size of the unit cell (𝑎 

= 1.25–2.50 mm) while maintaining strut diameter (SD = 300 𝜇m), or by varying strut diameter 

(SD = 200–325 µm) while maintaining unit cell size (𝑎 = 1.5 mm); these ranges enabled a broader 

prediction of geometry-mechanical property relationships compared to benchtop experimental 

testing.  Data were reported from 26 shear-testing models (Fig. 4.8a) and 26 unconfined 

https://www.3ds.com/
https://www.google.com/search?client=firefox-b-1-e&sca_esv=28bf11c19ea21427&sca_upv=1&sxsrf=ACQVn09qI4DcRfCvE7-GciTnd9iD-_M1FQ:1712172625520&q=V%C3%A9lizy-Villacoublay&si=AKbGX_oBDfquzodaRrfbb9img4kPQ4fCBZjeqAiaW1svvC8uXuEVpaD3zI-APHI2GzCKFI-3zieqvwmbdgyV-x9WYjpwPZoC0WJMvy-D9kl9mFiCq2EU5pN_v14lcOL4WkdEbqAhjXWgbYHbXieQUPnKjOMGjCG3uEe4G5L1kr-gUPl1X4AhcIdfQCIdX-42esyeXIekkTSC9tv85ANatc967q0cSnZdYQ%3D%3D&sa=X&ved=2ahUKEwjpmI2J5KaFAxX2kYkEHWcfD2IQmxMoAXoECFYQAw
https://www.google.com/search?client=firefox-b-1-e&sca_esv=28bf11c19ea21427&sca_upv=1&sxsrf=ACQVn09qI4DcRfCvE7-GciTnd9iD-_M1FQ:1712172625520&q=V%C3%A9lizy-Villacoublay&si=AKbGX_oBDfquzodaRrfbb9img4kPQ4fCBZjeqAiaW1svvC8uXuEVpaD3zI-APHI2GzCKFI-3zieqvwmbdgyV-x9WYjpwPZoC0WJMvy-D9kl9mFiCq2EU5pN_v14lcOL4WkdEbqAhjXWgbYHbXieQUPnKjOMGjCG3uEe4G5L1kr-gUPl1X4AhcIdfQCIdX-42esyeXIekkTSC9tv85ANatc967q0cSnZdYQ%3D%3D&sa=X&ved=2ahUKEwjpmI2J5KaFAxX2kYkEHWcfD2IQmxMoAXoECFYQAw
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compression models (Fig. 4.8(b)); within each category of tests (i.e. shear or compression), 6 

models tested the effect of varying unit cell size while maintaining strut diameter, 6 models tested 

the effect of varying strut diameter while maintaining unit cell size, and 14 models tested the effect 

of anisotropic scaling on resulting anisotropic mechanical properties (7 differing geometries tested 

in two directions each). 

The models predicted apparent shear modulus and Young’s modulus by simulating simple 

shear and unconfined compression. Model geometries (Fig. 4.8) mimicked the experimental 

structure geometries (i.e. 𝑁𝑋 × 𝑁𝑌 × 𝑁𝑍 unit cells). Shear models (Fig. 4.8(a)) used rectangular 

structures instead of the disc-shaped structures to ease model creation. Each shear model was 

simplified using one symmetry BC to reduce the model geometry by half. Bottom surfaces were 

pinned while all nodes on the top surface had their degrees-of-freedom fixed to a single reference 

point, which was displaced to 0.1% shear strain (a horizontal distance equal to 0.1% of the structure 

height). Static analyses were performed, assuming infinitesimal strains, which mimicked the 

small-strain conditions of DST testing. Outcome measures were the horizontal applied force, 

which was used to determine apparent shear stress and thus calculate apparent shear modulus. 

Unconfined compression models were simplified by using symmetry boundary conditions (BC’s) 

on the X, Y, and Z planes to reduce the model geometry by 8×. Compression was applied by 

simulating frictionless contact with a platen, represented as a rigid surface. Displacement boundary 

conditions were prescribed to the rigid platen to compress structures to 5% total strain. Static 

analyses were performed while considering nonlinear geometric effects. Outcome measures were 

the vertical (Z) reaction force on the platen, which was used to calculate apparent stress and thus 

predict apparent Young’s modulus of structures. Models assumed near-incompressible material (𝜈 

= 0.49). Young’s modulus (𝐸 = 3 MPa) was calibrated so that, for a baseline design using an 
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unscaled 𝑎 = 1.50 mm unit cell with 300 µm SD, FE-predicted apparent Young’s modulus (𝐸 = 

140 kPa) approximated experimentally-determined Young’s modulus (𝐸 = 134–164 kPa). Model 

calibration was performed because of uncertainty in the stiffness of the 3D printed material.  

Models were evaluated by mesh refinement studies and by comparing analytical solutions 

to simplified models. To determine appropriate mesh densities that ensured convergent solutions, 

mesh refinements were performed on four representative models spanning our design envelope, 

each of which were tested in compression and shear: 1. Lowest volume-fraction unscaled lattice 

(𝑎 = 2.50 mm, SD = 300 µm), 2. Highest volume-fraction unscaled lattice (𝑎 = 1.25 mm, SD = 

300 µm), 3. Transverse (𝑌-direction) loading of 2.5× scaled geometry, and 4. Axial (𝑋-direction) 

loading of 2.5× scaled geometry. All meshes used hybrid second-order tetrahedral elements 

(C3D10H). For all representative models, solutions converged as mesh size decreased; final 

meshes used elements with edge-lengths less than or equal to 1/4 the unit cell strut diameter, with 

predicted discretization error of <1%. The number of elements used in final models ranged from 

238 thousand to 1.4 million elements. The simple shear models’ formulation was evaluated using 

simulations of a slab of solid material, resulting in 5% discrepancy with pure shear calculations, 

which may be explained by differences in boundary conditions between simple shear (used in FE 

model) and pure shear. Formulation of unconfined compression simulations, including 

implementation of symmetry BC’s and frictionless contact, were verified against Hooke’s law 

(0.5% error) for uniaxial compression of a solid material.  
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4.9 Results 

4.9.1 Dynamic shear testing (DST)  

4.9.1.1 Effect of unit cell size on shear moduli from experiments and 

simulations  

In the unscaled samples, for each unit cell size, the experimental shear moduli in 

perpendicular directions, 𝐺1 and 𝐺2, were similar (Fig. 4.9a) with no statistically significant 

differences found between apparent shear moduli in each direction. In simulations of DST in 

unscaled samples, shear moduli were identical in each perpendicular direction (Fig. 4.9b). As unit 

cell size increased, apparent shear moduli decreased (Fig. 4.9). Numerical values of storage moduli 

and their ratios from DST experiments and simulations are shown in supplementary material 

(Tables B2 and B3).  
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Figure 4.9 Effect of unit cell size on the apparent shear (storage) modulus from DST experiments and 

simulations. (a) Apparent storage modulus value(s) for first shear direction, 𝐺1, and second shear direction, 

𝐺2.from experimental and (b) simulated DST in lattices with unit cell size (first column, blue) 1.25 mm, 

(second column, red) 1.50 mm, and (third column, purple) 2.00 mm.  

 

4.9.1.2 Effect of strut diameter on shear moduli from experiments and 

simulations  

 

In the unscaled samples, for each unit cell size, the experimental shear moduli in 

perpendicular directions, 𝐺1 and 𝐺2, were similar (Fig. 4.10a, 4.10b) with no statistically 

significant differences found between the apparent shear modulus in each direction. In simulations 

of DST in unscaled samples the apparent shear moduli in perpendicular directions were identical. 
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Numerical values of apparent shear moduli and their ratios from DST experiments and simulations 

are shown in supplementary material (Tables B4, B5).  

  

  

Figure 4.10 Effect of strut diameter on apparent shear (storage) modulus from DST experiments and 

simulations. (a) Apparent storage modulus value(s) for first shear direction, 𝐺1, and second shear direction, 

𝐺2, from experimental and (b) simulated DST in lattices with strut diameter (first column, blue) 200 µm, 

(second column, red) 250 µm, and (third column, purple) 300 µm.  

 

4.9.2 Unconfined compression  
 

4.9.2.1 Effect of unit cell size on apparent Young’s modulus from experiments 

and simulations  
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In the unscaled lattices, for all unit cell sizes, the apparent Young’s modulus in the build 

direction, 𝐸1, was modestly higher than moduli (𝐸2, and 𝐸3) in the non-build directions (Fig. 4.11a, 

4.11b). As unit cell size increases, apparent Young’s modulus decreases. In simulations of 

unconfined compression all apparent Young’s moduli were identical, without build direction 

effects. Numerical values of the apparent Young’s moduli and their ratios from compression 

experiments and simulations are shown in supplementary material (Tables B6, B7). 

 

Figure 4.11 Effect of unit cell size on apparent Young’s modulus  from unconfined compression 

experiments and simulations. Apparent Young’s modulus value(s) in (a) experimental and (b) simulated 

unconfined compression in lattice samples with unit cell size (first column, blue) 1.25 mm, (second column, 

red) 1.50 mm, and (third column, purple) 2.00 mm.  
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4.9.3 Effects of geometric scaling on anisotropy in shear 
 

4.9.3.1  Effects of geometric scaling on apparent shear moduli from 

experiments and simulations  

 

For each scaling factor, the experimental measurements of apparent shear moduli in the 

scaled lattices in the scaling direction (𝑋) and the unscaled direction (𝑌), 𝐺𝑋𝑍 and 𝐺𝑌𝑍, exhibited 

differences between (Fig. 12a, 12b). As scaling factor increases 𝐺𝑌𝑍 consistently decreases, and 

𝐺𝑋𝑍 is consistently greater than 𝐺𝑌𝑍. Apparent shear moduli from simulations of DST in scaled 

lattices exhibited similar behavior. The ratio of apparent shear moduli (
𝐺𝑋𝑍

𝐺𝑌𝑍
⁄ ) increases with 

the geometric scaling factor in both experiment and simulation at a similar rate (Fig. 13a, 13b). 

Numerical values of storage moduli and their ratios from compression experiments and 

simulations are shown in supplementary material (Tables B8, B9). 
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Figure 4.12 Effect of geometric scaling on apparent shear moduli from experiment and simulation. 

(a) Apparent storage modulus value(s) from experimental and (b) simulated DST in scaled vintile lattices 

(2.00 mm unit cell, 300 µm strut diameter) with geometric scaling factors of (first column, blue) 1.25×, 

(second column, red) 1.50×, (third column, purple) 1.75×, and (fourth column, gray) 2.00×.  
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Figure 4.13 Effect of geometric scaling on apparent shear anisotropy from DST experiments and 

simulations. Apparent storage modulus ratios from (a) experimental and (b) simulated DST in scaled 

vintile lattices (2.00 mm unit cell-size and 300 µm strut diameter) for the unscaled direction (first bar, light 

gray) and scaled direction (dark gray).  
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4.9.4 Effects of geometric scaling in unconfined compression  
 

4.9.4.1 Effects of geometric scaling on apparent Young’s moduli in 

experiments and simulations  

 

In the scaled lattices, for all values of the geometric scaling factor, the apparent Young’s 

modulus, 𝐸𝑋, in the scaling direction (𝑋)  differed from the apparent Young’s modulus, 𝐸𝑌, in the 

unscaled direction (𝑌) (Fig. 14a).  𝐸𝑌 consistently decreases with scaling ratio, while the apparent 

Young’s modulus in the build direction 𝐸𝑍 is usually greater than 𝐸𝑌 and the modulus in the scaling 

direction is substantially larger: 𝐸𝑋 >> 𝐸𝑍, 𝐸𝑌. As the scaling factor increases, this anisotropy 

increases. Apparent Young’s moduli from simulations exhibited similar behavior to those from 

experiment, except that there were no differences between moduli in build and non-build directions 

(𝐸𝑍 = 𝐸𝑌) (Fig. 14b). Overall, the apparent Young’s modulus ratio, (
𝐸𝑋

𝐸𝑌
⁄ ), increases with 

geometrical scaling, at similar rates in experiment and simulation (Fig. 15a, 15b). Numerical 

values of the Young’s moduli and their ratios from unconfined compression experiments and 

simulations are included in supplementary material (Tables B10, B11). 
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Figure 4.14 Effect of geometrical scaling on apparent Young’s moduli from unconfined compression 

experiments and simulations. Apparent Young’s moduli from (a) experimental and (b) simulated 

unconfined compression of scaled vintile lattices (2.00 mm unit cell, 300 µm strut diameter) for scaling 

factors of (first column, blue) 1.25×, (second column, red) 1.50×, (third column, purple) 1.75×, and (fourth 

column, gray) 2.00×.  

 

   

 



72 

 

  

Figure 4.15 Effect of geometrical scaling on ratios of apparent Young’s modulus from experiments 

and simulations of unconfined compression. Ratios of apparent Young’s moduli from (a) experimental 

and (b) simulated unconfined compression in scaled vintile lattices (2.00 mm unit cell, 300 µm strut 

diameter). Ratios are shown for (first row, light gray) compression in two unscaled directions (𝑌, 𝑍) and 

(second row, dark gray) compression along the scaled direction (𝑋) and the unscaled, non-build direction 

(𝑌).  
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4.10 Gibson-Ashby Model  
   

 

Figure 4.16 Model fitting of relationship between volume fraction (𝑽𝒇) and normalized apparent 

Young’s modulus, (𝑬 𝑬𝑺
⁄ ) and normalized apparent shear modulus (𝑮 𝑮𝑺

⁄ ) in experiment (Exp) and  

FE simulation (FE). The prediction of the Gibson-Ashby (G-A) model is also shown. (a) Normalized 

apparent shear modulus vs volume fraction under variation of unit cell size. (b) Normalized apparent shear 

modulus vs volume fraction under variation of strut diameter. (c) The normalized apparent Young’s 

modulus vs volume fraction under variation of unit cell size. Blue triangle: experimental data (solid line, 

power-law fit). Red open circle: FE simulation (dashed line, power-law fit). Black dotted line: Gibson-

Ashby theoretical model. 𝐸 represents the apparent Young’s modulus of the lattice, 𝐸𝑆 represents the 

apparent Young’s modulus of solid PEGDA. 𝐺 represents the apparent shear storage modulus of the lattice, 

𝐺𝑆 represents the apparent shear storage modulus of solid PEGDA.   

Fitting a power-law model (Eqn. 6) to experimental observations of normalized apparent 

shear modulus for different unit cell sizes (Fig. 4.16a) gives parameters: 𝐶1 = 3.29,  𝑛 = 4.05, 

and 𝑅2 = 0.999. Fitting a power-law model to experimental data for normalized apparent shear 

modulus for different strut diameters (Fig. 4.16b) gives parameters, 𝐶1 = 0.398, 𝑛 = 2.51, and 

𝑅2 = 0.997. The power law parameters are also shown in the supplementary material (Tables B13, 

B14, and B15). Fitting the experimental measurements of normalized apparent Young’s modulus 

for different unit cell sizes (Fig. 16c) leads to a Gibson-Ashby model with parameters,   𝐶1 = 1.01, 

exponent 𝑛 = 2 (assumed), and goodness of fit, 𝑅2 = 0.975. Volume fraction values are shown 

in the supplementary material (Table B12). 
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4.11 Discussion   
The effects of changing structural parameters (unit cell size, strut diameter, unit cell scaling 

factor) on the anisotropic mechanical properties of 3D-printed hydrogel lattices in shear and 

compression were investigated in experiments and simulations. Consistent relationships were 

observed between lattice parameters and both stiffness and anisotropy. 

The degree of mechanical anisotropy is controlled by geometric scaling of unit cells. In 

DST, both experimental and simulated, increasing the scaling factor in scaled vintile lattice 

samples increased the ratios between apparent shear moduli for shear along the scaled and unscaled 

directions.  Similarly, in compression experiment and simulation, increasing the unit cell scaling 

factor in scaled vintile lattice samples also increased the ratio between apparent Young’s moduli. 

These relationships between geometric scaling and anisotropy enable the design of vintile-unit-

cell lattices with predictable shear and compressive moduli ratios of up to 3 and 4.5, respectively.  

Results of experimental compression tests suggest that the 3D-printing process can 

influence direction-specific mechanical properties and introduce some degree of unintentional 

anisotropy. In unconfined compression testing of unscaled lattices (1.25, 1.50, and 2.00 mm unit 

cells), the apparent Young’s moduli are similar in the two non-build directions (2, 3). However, 

the apparent Young’s modulus, 𝐸1, in the build direction (1) was greater than 𝐸2 and 𝐸3. This is 

possibly due to the 3D printing orientation. In DLP printing, each resin layer is cured on the 2-3 

plane and runs perpendicular to the build direction. The layer-by-layer process results in a “stair-

stepping” profile between layers (Kowsari et al., 2018). These stair-stepping artifacts may result 

in differing stiffness in the 1-direction compared to the 2- and 3-directions. The 2- and 3-directions, 

however, remain geometrically equivalent to each other, and therefore should exhibit the same 

stiffness. Therefore, scaling unit cells in the build direction (1) may allow better control of 
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anisotropic mechanical properties by ensuring that stiffness in the transverse directions (2, 3) 

remains equal.  

In unscaled lattices, apparent shear moduli for shear in different perpendicular directions 

were very similar (experiment) or identical (simulation). Either decreasing the unit cell size or 

increasing the strut diameter increased the apparent shear modulus. In both cases, the lattices 

increased in volume fraction or equivalently, decreased in porosity. Egan et al., (2017) also 

reported that as lattice porosity decreases, the apparent shear modulus increases. This behavior 

may be explained by the increase in bending and torsional stiffness that results from either 

shortening struts by decreasing unit cell size, or by increasing strut diameter.  

The relationships between apparent shear and compressive moduli and the volume fraction 

of lattices were investigated by fitting data from experiment and simulation to power-law and 

Gibson-Ashby models (Gibson & Ashby, 1997). The Gibson-Ashby model is a widely used model 

for open-celled foams and lattices (Gibson & Ashby, 1997). In both shear and compression, the 

volume fraction is clearly an important predictor of the apparent modulus of a hydrogel lattice. 

Power-law models fitted data well, for both experiment and simulation, for both shear and 

compression. The Gibson-Ashby model, specifically, while only qualitatively correct for 

predicting apparent shear moduli from volume fraction in these hydrogel lattices, appears to be 

quantitatively accurate for prediction of apparent Young’s moduli. 

Limitations of this study include the inability of simulations  to capture variations in 

intrinsic mechanical properties of the lattice base material (i.e. PEGDA) due to the 3D-printing 

process and environment. In particular, the properties of PEGDA directly control the apparent 

moduli of the lattice. Because the properties of the crosslinked PEGDA depend on printing 
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parameters, the shear and Young’s moduli used in simulations were estimated from a subset of 

experimental DST and compression tests in lattices. In addition, simulations do not consider effects 

of build direction, differences between nominal and actual printed geometry or swelling from 

submerging samples in DI water. In experiments, lattices are submerged in DI water prior to testing 

but dry somewhat during testing. As a result, the dimensions of the lattice and the properties of the 

base material may vary slightly over time and between tests. Although these variations may be 

small, performing tests submerged would minimize the effects of drying. Despite these limitations, 

the experiments in this study are a valuable confirmation of simulations to estimate and predict 

anisotropic mechanical properties of scaled hydrogel lattices.  

The ability to tune and predict the shear and elastic anisotropy of hydrogel lattices informs 

the future design of MRE phantom models to mimic anisotropic properties of biological tissue like 

white matter brain tissue. Smith et al., (2022) used MRE on healthy brain tissue to estimate brain 

tissue shear stiffness 𝜇 ~2.68 kPa, shear modulus ratio 𝐺𝑋𝑍/𝐺𝑌𝑍~1.16, and Young’s modulus 

ratio  𝐸𝑋/𝐸𝑍 ~2.05 in the corona radiata white matter tract. In comparison, in 2.00× scaled samples 

in the unscaled direction, we observed baseline shear modulus 𝐺𝑌𝑍 ~3.53 kPa, shear modulus ratio  

𝐺𝑋𝑍/𝐺𝑌𝑍 ~2.96, and Young’s modulus ratio 𝐸𝑋/𝐸𝑍 ~4.29. Other applications include anisotropic 

engineered tissues and biomaterials. For example, Xue et al., (2021) discusses work done on 

fabricating anisotropic 3D-printed hydrogel scaffolds to promote peripheral nerve and spinal cord 

regeneration. Using our results as a guide, composite scaffolds may be designed with desired 

anisotropic mechanical properties to study the effects of mechanical anisotropy on cell behavior. 

4.12 Conclusion  
The mechanical properties of hydrogel lattices can be tuned by geometric parameters. Both 

experiments and simulations show that decreasing unit cell size and increasing strut diameter 
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increase apparent shear modulus (𝐺1, 𝐺2) and Young’s modulus (𝐸1, 𝐸2, 𝐸3). In scaled lattices, 

increases in geometric scaling factor increase the mechanical anisotropy in shear moduli 

(
𝐺𝑋𝑍

𝐺𝑌𝑍
⁄ ) and Young’s moduli (

𝐸𝑋
𝐸𝑌

⁄ ) that govern loading in the scaling direction (𝑋) and 

unscaled direction (𝑌). By changing the geometrical parameters of  a 3D-printed-PEGDA-

hydrogel lattice, it is possible to attain anisotropic shear moduli in the ranges exhibited by soft 

tissue. Thus, this work supports the longer-term goal to develop anisotropic composite phantoms 

with tunable mechanical properties for MRE and shear wave elastography. 
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Chapter 5: Design, Fabrication, and  

Characterization of Lattice-Reinforced Gel 

Composites4 

5.1 Overview 
The purpose of this study was to design, fabricate, and characterize lattice-reinforced gel 

composites with consistent anisotropic mechanical properties. Unscaled and scaled hydrogel 

“bare” lattice structures were 3D-printed using digital light projection (DLP) printing of 

polyethylene glycol diacrylate (PEGDA). The mechanical properties of the “bare” and composite 

lattice structures were measured in shear and compression. Two apparent shear moduli of the bare 

lattices and composites were measured by dynamic shear test (DST) in parallel and perpendicular 

to the scaling direction. Three apparent Young’s moduli of the bare and composite lattices were 

measured in three directions: (1) the “build” direction, (2) the scaling direction, and (3) the “non-

build” direction, perpendicular to build and scaling directions. The shear and compression 

deformation in both the unscaled and scaled composite lattices were enhanced. The shear and 

compression properties in the scaled direction were consistently higher than the mechanical 

properties in the unscaled direction. 3D-printed scaled lattice structures can be molded into simple 

lattice composites to enhance and show consistent anisotropic mechanical properties to directly 

compare with experimental anisotropic MRE measurements.  

 

 
4 This chapter and its associated appendix is part of a manuscript in-preparation; Kevin N. Eckstein, Daniel Yoon, 

Margrethe Ruding, Ramin Balouchzadeh, Aaliyah Thompson-Mazzeo, Ruth J. Okamoto, Curtis L. Johnson, Matthew 

D. J. McGarry, Philip V. Bayly, Anisotropic mechanical properties in scaled lattice composites estimated by magnetic 

resonance elastography, [Manuscript is preparation]. Author contributions are listed in Chapter 1. 
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5.2 Motivation and Background  
Hydrogels are 3D structures with cross-linked polymeric networks in water. Hydrogels are 

extensively used in drug delivery (Li & Mooney, 2016), tissue engineering (Lee & Mooney, 2012), 

and regenerative medicine (Slaughter et al., 2009). Synthetic polymers such as poly(ethylene 

glycol) diacrylate (PEGDA), gelatin methacryloyl (GelMA), or methacrylated hyaluronic acid 

(MeHA) hydrogels (Choi et al., 2019), are favorable for their ability to tune the structural and 

mechanical properties (Lin & Metters, 2006; Madduma-Bandarage & Madihally, 2021).  

3D-printing is a process that can be used to fabricate freeform and complex solid and 

porous hydrogel structures, such as 3D-printed scaffolds, and mimic tissue mechanical properties 

such as brain tissue (Distler et al., 2020; El-Sherbiny & Yacoub, 2013; Li et al., 2020). 

Stereolithography allows for greater uniform layer deposition and yields higher print resolutions, 

ranging from 15-100 um (Luongo et al., 2020). Higher print resolutions can result in greater 

geometric freedom to 3D print microarchitectures, porous structures, and fibrous networks in 

hydrogels (Kim et al., 2018; Sun et al., 2022; Xue et al., 2019).  

Lattice structures allow for customizable structural properties to tune the structural and 

mechanical isotropic or anisotropic properties. Lattices are repeated unit cell structures, connected 

by individual struts (Ashby, 2006; Pan et al., 2020). Additional lattice geometric parameters, to 

name a few, include unit cell topology, size, and orientation, strut diameter, thickness, and cross 

section (Silva et al., 2021). By being able to tailor design and geometric parameters, they open the 

ability to create polymeric structures with anisotropic properties. A common strategy to achieve 

anisotropy is 3D printing gradient structures (Chen et al., 2022), made by using different stimuli 

strength such as light intensity, axially graded unit cell lattices, or multi material hydrogel scaffold 

(Kuang et al., 2019; Peterson et al., 2016; Zhou et al., 2020). However, while the localized or 
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global mechanical anisotropy changes, the original structure remains consistent, thus, structural 

anisotropy does not change. On the other hand, a matrix gel material can reinforce an existing 

structure that has been casted or 3D-printed to improve the tensile, compressive, or storage 

modulus (Bakarich et al., 2017; Ge et al., 2021; Markstedt et al., 2015; Rutz et al., 2015).  

The objective of this study is to use 3D-printed scaled vintile lattice structures embedded 

in gelatin to create lattice composites with consistent anisotropic mechanical properties. The 3D-

printed vintile lattices are filled with melted gelatin and molded into disk-shaped and cube-shaped 

lattice composite structures. The properties of the “bare” lattices and lattice composites are 

measured using dynamic shear testing (DST) and static compression mechanical testing.  
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5.3 Materials and Methods 

5.3.1 Lattice design  

Lattice samples were designed using a computer-aided design (CAD) software called 

Rhinoceros® 3D v7.0 (Robert McNeel & Associates, Seattle, WA) and two plugins, Grasshopper 

and Intralattice v0.8.1 (Additive Design & Manufacturing Laboratory, 2017). As seen in Fig. 5.1, 

unscaled and scaled vintile lattices were generated using Rhinoceros. 

  

Figure 5.1: (Top row) unscaled and (bottom row) scaled vintile lattices generated in 

Rhinoceros®. (First column) DST lattice samples and (second column) compression lattice 

samples. 

Unscaled lattices were generated with a singular vintile lattice unit cell with equal 

dimensions in 3D space (𝑋, 𝑌, and 𝑍). Unscaled and scaled lattices had a unit cell spacing of 2.00 

mm and strut diameter of 300 µm. Scaled lattices were generated through uniform scaling by a 

factor of two in the 𝑋-direction.  
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5.3.2 Vintile lattice printing 

A Lumen X™ bioprinter (CELLINK, Boston, MA) was used to 3D print DST and 

compression samples. PEGDA Start™ (polyethylene (glycol) diacrylate <2000 DA, CELLINK) 

was photocured with 100 µm print layer resolution, 40% projector power (20.25 mW/cm2), and a 

five-second projection exposure time. The first and last layers were exposed for 25 seconds to 

ensure print samples adhered to the build plate. DST disk samples were nominally printed to 

measure 15.00 mm in diameter and 4.00 mm in height. Compression cube samples were nominally 

printed to measure 16.00 mm in length, width, and depth. MRE phantom disk samples were 

nominally printed 32.00 mm to be in diameter and 9.00 mm high. Samples were submerged in DI 

water and stored in parafilm at 4ºC to minimize sample shrinkage and drying.  

 

5.3.3 Gelatin sample preparation  

 Bovine gelatin powder (Knox) was mixed with 100 mL of DI water and heated to between 

50º-60ºC. The heating temperature did not go beyond 60ºC as studies have shown that gel strength 

and molecular weight would decrease (Bradbury & Martin, 1952). The gelatin mixture was poured 

into Petri dishes 3 mm high. The petri dishes were wrapped with parafilm and placed in a 

refrigerator to set at 4ºC.  A 20 mm punch was used to create rheometer samples, and a 15 mm 

punch was used to create DST samples. The same procedure was used to make 7.20, 8.64, 10.1, 

11.5, 14.4, and 17.6 wt% gelatin concentrations. Prior to testing the gelatin samples on the 

rheometer, they samples were left to equilibrate for ~one hour to ensure they were at room 

temperature (24ºC).  

5.3.4 Composite lattice sample fabrication  

  To create 8.64 wt% gelatin, 8.64 g of bovine gelatin powder was mixed with 100 mL of 

DI water and heated to 50-60ºC, with stirring. Once the gelatin solution turned clear, it was strained 
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to remove agglomerated gelatin powder. Any remaining bubbles were removed by evacuating their 

contents with a plastic pipette. Unscaled and scaled 3D lattice prints were placed into disk and 

cube shaped molds.  

 

Figure 5.2: Lattice-reinforced composites in disk and compression molds. (a) DST disk lattice 

composite. (b) Compression cube lattice composite. 

 

The gelatin solution was cooled to 30º- 40ºC to avoid lattice warpage and shrinkage, then pipetted 

into the molds to completely fill the porous lattice. The composite samples were set aside to gel at 

room temperature for ~30 minutes, then wrapped in parafilm and refrigerated at 4ºC overnight to 

set completely.  

 

5.4 Experimental characterization  

5.4.1 Mechanical testing  

5.4.1.1 Rotational shear testing – rheometry   

 An HR-20 Discovery Rheometer (TA® Instruments, New Castle, DE) was used to measure 

the apparent shear modulus, 𝐺𝑎𝑝𝑝
∗ , which is defined by the storage modulus, 𝐺’, and the loss 
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modulus, 𝐺’’. The storage modulus characterizes elastic behavior whereas the loss modulus 

describes viscous behavior (TA Instruments, 2019). The storage and loss moduli together describe 

viscoelasticity, the material’s ability to display a combination of viscous and elastic behavior. In 

Fig. 4.3, an applied frequency sweep repeatedly applies a rotational internal torque on the sample’s 

top surface to create oscillatory strain.  

 

Figure 5.3: Schematic of rheological shear testing. (a) Photo of rheometer disk sample with 

upper platen. (c) Pictorial diagram of a rheometer sample (orange disk) sandwiched between the 

upper and lower plates. (b) Rheometer disk undergoing rotational oscillatory shear displacement. 

The applied motor torque, Ω, applies an angular shear strain, 𝛾(ω), within an oscillating angle, 𝜃. 

The undistorted sample is defined by its height, ℎ, and its radius, 𝑟. 

To test gelatin samples on the rheometer, the 20 mm circular upper platen was lowered to make 

uniform contact, with a preload force of 0.05 N. Oscillating frequency sweeps from 0-10 Hz were 

conducted at 1% strain, and the resulting measured angular strains and stresses determined 𝐺’ and 

𝐺”.  

5.4.1.2 Linear dynamic shear testing (DST)  

Bare lattices and disk-shaped lattice composite DST samples were tested the same day 

they were printed. Samples were positioned on a metal platform connected to a voice coil 

actuator (LA15-16-024 A, BEI Kimco, Vista, CA).  
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Figure 5.4: Schematic diagram of DST of a lattice structure. (a) Photograph of the DST setup. 

Two load cells are attached to the upper platen to measure the output force. (b) Closeup photograph 

of the lattice disk sample with the platen. (c) An undeformed disk sample is defined by its 

geometry, its height, ℎ𝑜, and its diameter, 𝐷. (d) The disk sample undergoes uniaxial shear from a 

harmonic displacement input, �̃�𝑜, applied by the platen. (e) The disk sample undergoes pre-

compressive strains at 0%, 4%, 8%, and 12%. 

To measure force output, the metal platen is connected to two load cells (PCB 209C11, PCB 

Piezotronics, Depew, NY; Fig.5.4a). A horizontal shear displacement of ~100 µm is applied by 

the voice coil actuator in the 𝑋-direction across a frequency range of 0-100 Hz. Shear testing was 

conducted at pre-compressive strains of 4%, 8%, and 12%, applied by the platen to the top of the 

sample. Each sample underwent displacement in two perpendicular directions, 𝑋 and 𝑌. Unscaled 

samples were sheared in two directions (“1” and “2”) aligned with the lattice’s symmetrical axes. 

Scaled samples were sheared parallel (“𝑋”) and perpendicular (“𝑌”) to the scaling direction. Fig. 

4.5 shows that, in both unscaled and scaled scenarios, loading was perpendicular to the build (“𝑍”) 

direction.  
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Figure 5.5: Schematic diagram of DST samples showing lattice composites and test directions. (a-b) 

3D models rendered in Rhinoceros. (c) An unscaled vintile lattice composite with harmonic shear directions 

depicted by red arrows. Resulting  shear moduli are 𝐺1 and 𝐺2. (d) A scaled vintile lattice composite with 

harmonic shear directions depicted by red arrows.  shear moduli are denoted as 𝐺𝑋𝑍 and 𝐺𝑌𝑍, respectively. 

5.4.1.3 Compression testing  

Bare lattices and lattice composite cube-shaped compression samples were equilibrated at 

room temperature (~24oC) for ~one hour, then placed on the HR-20 rheometer. As Fig. 5.6 shows, 

the 20 mm platen was lowered until contact is made, then a static axial pre-load force of 0.025 N 

was applied.  

 

Figure 5.6: Schematic of compression testing of a bare lattice structure cube. (a) Photograph of a lattice 

cube sample with the platen. (b) The uncompressed cube sample, shown in a side view, is defined by its 

geometry and its height, 𝐻𝑜, and its nominal area is 𝐴 =   𝑊2. (c) The cube sample undergoes a preload 

force, 𝐹𝑜. (d) The cube sample is displaced ∆𝑢 by a static displacement input, 𝑢𝑍, applied by the platen.  

 

Subsequently, the platen undergoes a displacement ramp of 0.025 mm/min to 5% compressive 

strain. The samples were compressed in the X, Y, and Z directions, and the resulting load output 
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measurements were recorded. Between each directional test, each sample was resubmerged in DI 

water to keep it from drying out.  

 

Figure 5.7: Schematic diagrams of scaled and unscaled lattice cube composites. (a-d) 3D models 

rendered in Rhinoceros 7. (a) Numbered coordinate system used for unscaled lattices composites. (b) 

Unscaled vintile lattice composite depicting three loading directions and corresponding  Young’s moduli – 

1 (𝐸1), 2 (𝐸2), and 3 (𝐸3) (uniaxial displacement depicted by red arrow). (c) Standard 𝑋 − 𝑌 − 𝑍 coordinate 

axis for scaled lattices. (d) Scaled vintile lattice composite depicting three loading directions and 

corresponding  Young’s moduli – 𝑍 (𝐸𝑍), 𝑋 (𝐸𝑋), 𝑌 (𝐸𝑌) (uniaxial displacement depicted by red arrow). 

As shown in Fig. 7, an example of uniaxial compression on an unscaled sample, unscaled samples 

were first tested in the build direction, “1”, then in the two perpendicular non-build directions, “2” 

and “3”. Scaled samples, on the other hand, were first tested in the build direction, “𝑍”, followed 

by the scaled direction, “𝑋”, and the un-scaled, non-build direction, “𝑌”.  
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5.5 Data analysis  

5.5.1 Shear modulus from rotational shear testing (rheometry) 

In Eqn. 5.1,  𝐺𝑎𝑝𝑝
∗ , the apparent complex shear modulus in the frequency domain, is calculated 

from the rheometer’s internally measured variables and the sample geometry’s 

constraints/dimensions, (Barnes, 2000):  

𝐺𝑎𝑝𝑝
∗ = 𝑮′ + 𝑖𝐺′′ =  

𝜏(𝑖𝜔)

𝛾(𝑖𝜔)
=

𝑀(𝑖𝜔)×𝐾𝜎

𝜃(𝑖𝜔)×𝐾𝛾
=

(
2

𝜋𝑟3)×𝑀(𝑖𝜔)

(
𝑟

ℎ
)×𝜃(𝑖𝜔)

 .           (5.1)    

The apparent storage (𝐺′) and loss (𝐺′′) moduli are further decomposed into the measured 

rotational shear stress, 𝜏(𝑖𝜔), and the measured angular shear strain, 𝛾(𝑖𝜔),which result from the 

torque applied by the test motor, 𝑀(𝑖𝜔).  The rotation angle  𝜃(𝑖𝜔), and the geometric shape 

constraints are 𝐾𝜎 and 𝐾𝛾 (e.g., a circular disk with radius 𝑟 and thickness ℎ). To estimate the 

gelatin’s elastic modulus, 𝐸∗, measured values of 𝐺’ were used in Eqn. 5.2:  

𝐸∗ = 2𝐺(1 + 𝑣) .    (5.2) 

The calculated value of the apparent storage modulus is related to the gelatin’s Poisson’s ratio, 𝑣. 

Assuming gelatin is nearly incompressible and isotropic, 𝑣, is ~0.49, and the calculated value of 

𝐸∗ is ~ 10.5 kPa. The value of E was assumed to be the same in all compressive directions, 𝑋, 𝑌, 

and 𝑍.  

 

5.5.2 Shear modulus from linear dynamic shear testing (DST) 

Data from DST testing was imported into MATLAB (R2023a, Mathworks Inc., 2023) to 

extract 𝐺’ from 𝐺𝑎𝑝𝑝(𝜔), which itself is a function of frequency, as seen in Eqn. 5.3: 

𝐺𝑎𝑝𝑝(𝜔) =  |
�̅�(𝜔)

�̅�(𝜔)
| = |

𝐹𝑜(𝜔)/𝐴

𝑢𝑜(𝜔)/ℎ
| = |𝑮′ + 𝑖𝐺"|. (5.3)  
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𝐺𝑎𝑝𝑝(𝜔) is defined by the measured input harmonic signals of both force, 𝐹(𝑡) =

 𝐹𝑜(𝜔) exp(𝑖𝜔𝑡), and displacement 𝑢(𝑡)  = 𝑢𝑜exp (𝑖𝜔𝑡), as well as the nominal sample 

measurements of the top surface area, 𝐴, and the sample height, ℎ. The nominal shear stress, 𝜏̅(𝜔), 

is defined as the measured compressive harmonic force, 𝐹𝑜(𝜔), divided by the nominal measured 

cross-sectional area, 𝐴, of the disk. To calculate 𝐺’ for given each loading direction, samples were 

measured over the frequency range of 0-100 Hz. “Good data”, i.e., noise-free data, was averaged 

over 20-50 Hz and exported into GraphPad Prism (v10.0.0, GraphPad Software, Boston, MA).  

2.4.3 Young’s modulus 

The stress-strain curves of the bare lattice and lattice composite were observed to be 

approximately linear, compressive elastic behavior. As seen in Eqn. 5.4, the apparent Young’s 

modulus, 𝐸𝑎𝑝𝑝, was calculated using the displacement inputs, force outputs, and sample 

dimensions: 

𝐸𝑎𝑝𝑝 = 
�̅�

�̅�
=

−𝐹
𝐴𝑜

⁄

∆𝐻
𝐻⁄

 . (5.4) 

Here, the nominal normal stress, 𝜎, was calculated from the measured normal force, 𝐹, 

applied by the metal platen, and the sample’s top surface area, 𝐴𝑜. The nominal strain, 𝜀,̅ was 

measured from the real-time displacement (change in height, ∆𝐻) divided by the initial sample 

height, 𝐻. Apparent Young’s modulus values were exported into GraphPad Prism (v10.0.0, 

GraphPad Software, Boston, MA). 
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5.6 Results 

5.6.1 Gelatin mechanical properties 

5.6.1.1 Rheometer test results 

 

  

Figure 5.8: Apparent storage modulus results from rheometer experiments at 7.20, 8.64, 10.1, 11.5, 

14.4, and 17.3 wt% at 4% compressive pre-strain. N=3 samples were tested for each gelatin 

concentration.   

 

Fig. 5.8 shows the storage modulus �̅�’ values for increasing gelatin concentrations. As gelatin 

concentration increase, the averaged storage modulus (𝐺’) increases. 8.64 wt% gelatin 

concentration was chosen as the properties of the gelatin and lattice composite can easily be 

compared in the MRE experiment but also the lattice properties will dominate the mechanical 
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response over the gelatin in a composite. Numerical values of the apparent storage modulus from 

rheometer experiments are shown in supplementary material (Table C1). 

 

Figure 5.9: Shear and elastic moduli from shear testing of 8.64 wt% gelatin. (a) Storage modulus (𝐺′)  

results from DST experiments and (b) Calculated Young’s modulus (𝐸∗) from shear experiments. 𝐺1,  𝐺2, 
shearing directions; 𝐸1, 𝐸2,  compression directions. Note: 𝐸∗ is calculated using Eqn. 5.2, assuming gelatin 

is isotropic and nearly incompressible. See Section 5.5.1 for details.   

The average storage modulus, 𝐺′, shown in Figure 5.9a, is 3.53 kPa. The storage moduli, 𝐺1 and 

𝐺2, were similar; the unscaled ratio  
𝐺1

𝐺2
⁄ = 1.16. Fig. 5.9b shows the calculated values of 

Young’s modulus, 𝐸1
∗ and 𝐸2

∗, determined using Eqn. 5.2 and material property assumption. This 

is previously explained in Section 5.5.1. Numerical values of the apparent storage modulus and 

their ratios from DST experiments are shown in supplementary material (Table C2). 
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5.6.2 Apparent mechanical properties of bare vintile lattice  

5.6.2.1 DST and compression test results   

 

Figure 5.10: Apparent shear modulus and Young’s modulus values from DST (top row) and 

compression experiments on bare lattices. (a) Apparent storage moduli (first row), 𝐺1 and 𝐺2, in unscaled 

lattices (first column),  (b) Apparent storage moduli, 𝐺𝑋𝑍 and 𝐺𝑌𝑍 , in scaled lattices (second column), 

apparent Young’s modulus (second row), 𝐸1, 𝐸2, and 𝐸3, in unscaled lattices and apparent Young’s 

modulus, 𝐸𝑍, 𝐸𝑋, and 𝐸𝑌, in scaled lattices. 

The apparent storage moduli, 𝐺1 and 𝐺2, in Figs. 5.10a and 5.10b. are similar. The apparent storage 

moduli, 𝐺𝑋𝑍 and 𝐺𝑌𝑍, in Fig. 5.8b. clearly show 𝐺𝑋𝑍 > 𝐺𝑌𝑍. Numerical values of apparent storage 

moduli and their ratios from DST experiments are shown in supplementary material (Table C3) 

The apparent Young’s moduli, 𝐸𝑍, 𝐸𝑋, and 𝐸𝑌, in the scaled lattices exhibited differences between 

the scaling direction (𝑋) and the unscaled direction (𝑌) (Fig. 5.9b). 𝐸𝑌 is the lowest value, while 

𝐸𝑋 >> 𝐸𝑍, 𝐸𝑌. Comparing the lateral directions (3; 𝑌) to the build direction (𝑍) is slightly higher 
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in the unscaled and scaled lattices (𝐸𝑍 > 𝐸𝑌) (Fig. 5.10c, Fig. 5.10d). Numerical values of the 

apparent Young’s moduli and their ratios from compression experiments are shown in 

supplementary material (Table C4). 

5.7.1 Apparent mechanical properties of vintile lattice 

composite  

5.7.1.1 DST test results  

 

Figure 5.11: Calculated apparent shear modulus from DST experiments of (first column) 8.64 wt.% 

gelatin, (second column) bare lattice, and (third column) lattice composites. (a) Shear moduli in 8.64 

wt.% gelatin, (b) Apparent storage moduli in unscaled lattice composites and (c) Apparent storage moduli 

in scaled lattice composites (crosshatched). 𝐺1,  the storage modulus in the first (1) direction, and 𝐺2, the 

storage modulus in the second (2) direction. 𝐺𝑋𝑍 apparent storage modulus in the scaled direction, X, and 

𝐺𝑌𝑍 is the apparent storage modulus in the unscaled direction, Y. 
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The scaled bare lattices and lattices composites’ experimental apparent shear moduli, 𝐺𝑋𝑍 and 𝐺𝑌𝑍, 

in the scaled lattices exhibited differences between the scaling direction (𝑋) and the unscaled 

direction (𝑌) (Fig. 5.11b). 𝐺𝑌𝑍 consistently decreases, while 𝐺𝑋𝑍 > 𝐺𝑌𝑍. The composite lattice’s 

mechanical properties increased, suggesting gelatin enhances the lattice’s structural properties. 

The numerical values of apparent storage moduli and their ratios from DST experiments are shown 

in supplementary material (Tables C5). 

5.7.1.2 Compression test results 

 

Figure 5.12: Apparent compression modulus estimates from compression experiments on (first 

column) 8.64 wt% gelatin, (second column) bare lattices, (third column) lattice composites. (a) 

Calculated Young’s moduli in 8.64 wt.% gelatin, (b) Apparent Young’s moduli in unscaled lattices and (c) 

Apparent Young’s modulus in unscaled lattices. 𝐸1 and 𝐸2 are the calculated Young’s moduli from the 

measured shear modulus values. 𝐸1, 𝐸2, and 𝐸3 are the apparent Young’s moduli in the unscaled directions, 

1, 2, and 3; Compressive loading direction orientation in scaled lattices, 𝐸𝑋, (crosshatched). 
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The apparent Young’s moduli, 𝐸𝑍, 𝐸𝑋, and 𝐸𝑌, measured in the scaled lattices exhibited differences 

between values in the scaling direction (𝑋) and the unscaled direction (𝑌) (Fig. 5.12b). 𝐸𝑌 is the 

lowest value, while 𝐸𝑋 >> 𝐸𝑍, 𝐸𝑌. Comparing the lateral directions (3; 𝑌) to the build direction (𝑍) 

is slightly higher in the unscaled and scaled lattices (𝐸𝑍 > 𝐸𝑌) (Fig. 5.12a, Fig. 5.12b). Numerical 

values of the apparent Young’s moduli and their ratios from compression experiments are shown 

in supplementary material (Tables C6). 

5.8 Discussion 

The anisotropic mechanical properties of composite materials made from 3D-printed 

hydrogel lattices embedded in gelatin were investigated in shear and compression. Consistent 

relationships were observed between the bare lattices and composite lattices in both stiffness and 

anisotropy.  

In the bare 3D-printed lattices, mechanical anisotropy is achieved by geometric scaling of 

unit cells. In DST and compression testing showed the anisotropic effects of geometric scaling on 

the mechanical behavior of bare and composite lattices. The apparent shear modulus values (𝐺𝑋𝑍)  

in the scaled direction (𝑋) were higher than the shear modulus values (𝐺𝑌𝑍) in the unscaled 

direction (𝑌). Likewise, the apparent Young’s modulus values (𝐸𝑋) in the scaled direction were 

higher than the apparent Young’s modulus values (𝐸𝑌, 𝐸𝑍) in the unscaled directions (𝑌, 𝑍), shown 

in a previous study done by Yoon et al., (2023).  

In composite samples, both lattice and matrix contribute to overall behavior. Experimental 

DST and compression testing of the unscaled and scaled hydrogel lattice composites showed that 

the apparent shear modulus and Young’s modulus of the lattice composites values were 

consistently higher than those of the unscaled and scaled bare hydrogel lattices. Additionally, the 
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ratios of apparent shear and compression moduli in scaled hydrogel lattice composite, 

(
𝐺𝑋𝑍

𝐺𝑌𝑍
⁄ ) , (

𝐸𝑋
𝐸𝑌

⁄ ), were lower than the ratios in the bare lattices. Tashkinov et al., (2023) 

reported filler material prevented further lateral expansion of lattice structures under compression. 

Thirunavukkarasu et al., (2023) reported that the filler material reduced lattice distortion and 

buckling to avoid higher stress concentrations at nodal points in the bare lattice. The current 

observations suggest that the overall moduli of the lattice composite are reasonably approximated 

by the sums of the corresponding moduli in the lattice and the gel matrix.  

  Limitations of this study include the inability to image actual deformations throughout the 

bare lattices and composite lattice samples. Partially addressing this limitation, finite element 

simulation studies can show how lattice structures behave under load, and additionally predict 

apparent shear and compressive properties for comparison to experiment. Gelatin is a simple, 

uniform, soft matrix material. However, gelatin is extremely sensitive to temperature and this can 

affect the properties of both pure gelatin and gelatin-based composite lattices.  

Despite these limitations, this study demonstrates the ability to design, fabricate, and 

characterize composite materials based on 3D-printed PEGDA hydrogel lattices and a softer 

gelatin matrix. The resulting composites exhibited consistent shear and elastic anisotropy. These 

materials, or lattice-gel composites with similar topology and constituents, are good candidates to 

be used in anisotropic phantoms for MRE or ultrasound elastography. In particular, anisotropic 

properties estimated from elastography could be directly compared to benchtop tests to assess and 

validate imaging methods and inversion algorithms. 
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5.9 Conclusion  
Scaled lattice structures with structural and mechanical anisotropy were embedded into an 

isotropic gelatin matrix to form hydrogel lattice composites with controllable anisotropic 

mechanical properties. Gelatin is a viable matrix material for such composites, but it is perishable 

and sensitive to environmental parameters. In future work it will be important to consider 

alternative matrix materials. Overall, our results demonstrate the ability to fabricate lattice 

composites that exhibit controllable mechanical and structural anisotropy, and thus can serve as 

biological tissue mimics and phantom materials to develop and evaluate MRE methods using direct 

comparison to mechanical tests.  
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Chapter 6: Summary and Outlook   

6.1 Overall Goals and Objectives 
The goal of this thesis work is to make tunable hydrogels to calibrate magnetic resonance 

elastography (MRE). MRE can provide estimates of tissue mechanical properties. MRE phantoms 

with consistent known properties can be used to validate these estimates. Once we know that MRE 

estimates are accurate, we can use them in finite element simulations to model and predict 

traumatic brain injuries (TBI).  

6.2 Summary of Thesis  
This thesis focuses on the design and characterization of 3D-printed hydrogel lattices with 

consistent structural and mechanical anisotropy to further work towards validating the accuracy of 

anisotropic MRE.  

Chapter 1 presents the motivation for designing and characterizing hydrogel lattices with 

anisotropic properties. It also gave a brief overview on 3D printing, mechanical anisotropy, 

hydrogels, lattice structures, and MRE phantoms.  

Chapter 2 provides background on the continuum mechanics concepts of stress, strain, 

material behavior, and wave mechanics to describe the mechanical and structural behavior of 

hydrogel lattice under load or shear. This chapter also introduces the DLP printing technique using 

photopolymerization and photo-crosslinking to create porous hydrogel lattices.  

Chapter 3 describes the design and fabrication of 3D-printed lattice structures with unit cell 

scaling to exhibit anisotropic mechanical properties in shear and compression (Aim 1). This work 

demonstrated that geometric scaling could introduce consistent anisotropy in lattice structures. The 

results in Chapter 3 illustrate how 3D-printed hydrogels lattices could be used to create soft 
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structures of desired shape and consistent mechanical properties for potential use as anisotropic 

tissue mimics in MRE phantoms.  

Chapter 4 describes the structural tuning of anisotropic mechanical properties of 3D-

printed lattices exhibited through experimental shear and compression testing (Aim 2). This work 

showed that altering unit cell size, strut diameter size, and scaling factor can widen the anisotropic 

mechanical property range in lattice structures. The results described in Chapter 4 demonstrate 

how simple structural modification can further tailor lattice structures to exhibit desired anisotropic 

mechanical properties comparable to biological tissue such as in-vivo brain tissue. 

Chapter 5 describes the design and fabrication of lattice-reinforced gel composites 

exhibiting consistent anisotropic mechanical properties, which were measured by experimental 

shear and compression testing (Aim 3). The results described in Chapter 5 demonstrate the ability 

to use hydrogel lattices to make gel-lattice composite materials to obtain consistent anisotropic 

mechanical properties. This study sets the stage for use of these gel-lattice composites in 

anisotropic MRE phantoms of the same structure and matrix material.  

6.3 Review and Critique of Finite Element (FE) Simulations  
The purpose of the simulations was to explore the theoretical effects of lattice structural 

design on the mechanical behavior of the lattices. The simulations were able to perform in silico 

shear and compressive mechanical testing. Simulations showed clear effects of unit cell size and 

strut diameter on stiffness that were also seen in experiments. Simulation allowed efficient and 

unconstrained exploration of parameter space. However, simulation predictions sometimes 

differed from experimental results. Simulation did not take “build” direction into account. The 

lattice sample size and shape as 3D-printerd were not exactly as designed in the 3D model. The 
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assumed modulus of the solid PEGDA was not known precisely and may have differed between 

solid PEGDA samples and lattice prints.  

6.4 Limitations  
Despite the ability to experimentally characterize anisotropic lattice structures, major 

parameters, such as 3D printing build orientation, hydrogel swelling, and local/global lattice 

structural characterization need further investigation. The scaled hydrogel lattices were printed 

with the scaled cells running in one of the two lateral directions, 𝑋, normal to the build direction 

but were not printed parallel to the build direction, 𝑍 As evidenced in previous studies, build 

direction influenced print properties; samples loaded normal to the build direction exhibit higher 

compressive and tensile properties (Alharbi et al., n.d.; Liu et al., 2019). 

In all three studies, the 3D-printed hydrogel lattices experienced swelling, affecting the 

anisotropy in the compressive mechanical properties of the unscaled and scaled lattices. Hydrogel 

swelling refers to the ability to absorb water, increasing their volume (Bashir et al., 2020). 

Temperature appeared to increase or decrease swelling when stored in cold, ambient, or warm 

environments, resulting in a structurally anisotropic difference between axial and lateral 

dimensions (Khalili et al., 2022). The lattice swelling behavior could additionally explain the 

mechanical property differences seen between Aim 1 and 2’s 1.50 mm unit cell size lattices.  

Further FE simulations could further illuminate structural behavior of lattices and lattice-

based composited. For example, experimental mechanical characterization was not able to 

explicitly show that the lattices experience strut buckling or non-linear behavior (Abate et al., 

2020; Kandil et al., 2021; Nazir et al., 2019) predicted by FE models. On the other hand, FE 

simulations do not readily capture important experimental effects, such as lattice swelling, strain 
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recovery, strain rate, build direction, and temperature effects. Thus, experiments are still needed 

to fully characterize the material behavior.  

6.5 Conclusions 
If a future student or different lab wishes to create MRE phantoms with tunable mechanical 

anisotropy, I have the following recommendations.  

1. Use the vintile lattice unit cell topology for its consistent, predictable, and tunable  

behavior.  

2. Adjust the lattice structural properties, unit cell size and strut diameter, to increase and 

decrease the shear and compression stiffness range. 

3. Adjust  the geometric scaling factor to tune mechanical anisotropy.  

6.6 Future Work  
Using 3D-printed anisotropic lattice composites work done in Chapter 5, we plan to 

incorporate vintile lattices into the design of MRE phantom, using 8.64 wt.% gelatin. The 

phantoms will be studied in MRE experiments to be conducted at the Washington University 

Medical School facility using a 9.4-Tesla Bruker MRI scanner. The resulting magnetic resonance 

imaging (MRI) images will capture shear wave propagation and be analyzed using MRI imaging 

software. For MRE experimental data analysis, we plan to use two shear wave equation inversion 

methods, using local frequency estimation (LFE) and transversely isotropic non-linear inversion 

(TI-NLI) tools to estimate anisotropic mechanical properties and parameters. TI-NLI will be used 

to find the anisotropic mechanical properties (shear modulus, damping ratio, shear anisotropy, and 

tensile anisotropy). FE models can be used to simulate shear wave propagation through a material 

composite structure that represents the MRE phantom.  
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 In other future work we will investigate poly(vinyl alcohol) (PVA) and polyacrylamide 

(PAM) gels as an alternative matrix material to replace gelatin in the lattice composites. PVA and 

PAM can provide improved thermal stability and storage shelf life for reusability and longevity.    

6.7 Summary of Achievements  
The goal of designing and fabricating hydrogel lattice structures and composites with 

consistent and controllable anisotropic mechanical properties was achieved. In this thesis, I 

showed that scaling the unit cell induces both mechanical and structural anisotropy into different 

lattice topologies (cubic, diamond, vintile). I demonstrated by changing the lattice structure 

properties (unit cell change, strut diameter size, scaling factor) the mechanical properties can be 

tailored to be higher or lower in stiffness and anisotropy.  

From Aim 1, I determined the vintile lattice showed the most consistent behavior, as 

indicated by generally smaller variations in measured moduli. Results from Aim 2 confirmed this. 

For example, in the unscaled vintile lattice with 2.00 mm unit cell and 300 µm the mean ± standard 

deviation of the shear moduli, 𝐺1 and 𝐺2, was 7.58 ± 637 kPa and 7.51 ± 0.774 kPa, respectively. 

The mean ± standard deviation of the Young’s moduli, 𝐸1, 𝐸2, and 𝐸3, were 21.4  ± 1.78, 29.1 ± 

0.522, and 28.7 ± 0.922, respectively (Appendix B).  

Overall, we used geometric scaling to introduce tunable mechanical anisotropy into soft 

hydrogel lattices. We further tuned the average lattice stiffness using unit cell size and strut 

diameter. Finally, we fabricated lattice-reinforced gel composites that exhibit controllable 

mechanical anisotropy.  These lattice-reinforced gel composites retain anisotropy of the base 

lattice, and can be used as tissue-mimicking phantoms for MRE or ultrasound elastography.  
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Appendix A: Chapter 3 Supplementary Data 
 

 

Figure A1: Rhinoceros software UI. Scaled vintile lattice (black mesh) generated using the 

built-in Grasshopper add-on. 

 

 

 

Figure A2: Design of a scaled vintile lattice in Rhino 7. (a) Graphical representation within 

Rhino7 of a Grasshopper pipeline interface using the Intralattice plugin. (b) Resulting 3D lattice 

mesh.   
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Figure A3: Apparent storage modulus measurements from experimental DST. Apparent 

storage moduli in (a) unscaled lattices and (b) scaled lattices at 8% and 12% compressive strains. 
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Figure A4: Apparent loss factor estimates from experimental DST. Apparent loss factor in 

(a) unscaled lattices and (b) scaled lattices at 8% and 12% compressive strains. 
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Figure A5: Stress-strain measurements from experimental compression tests. Stress-strain 

curves in (a) unscaled lattices and (b) scaled lattices at 10% compressive strain. 
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Figure A6: Schematic diagram of scaled vintile compression sample. (a) Isometric view of all 

six sides. 1-2 faces, 𝑋 direction; 3-4 faces, 𝑌 direction; 5-6 faces, 𝑍 direction. (b) Top-down view 

of 1-5 faces. (c-d) 3D printed box with corresponding face numbers. 
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Figure A7: Stress-strain measurements from experimental compression of same samples 

after seven months. Stress-strain curves in unscaled cubic lattice (top row), diamond lattice 

(middle row), and vintile lattice (bottom row) in the Z- (left), X- (middle), and Y-direction (right). 

Samples were loaded using identical procedures in May 2022 and December 2022. 
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Figure A8: Apparent shear modulus measurements and loss factor estimates from 

experimental DST of the same sample after 7 months. (a) Apparent storage modulus (top row) 

and (b) apparent loss factor (bottom row) at 8% and 12% compressive strains in an unscaled 

diamond lattice sample. Samples were loaded using identical procedures in May 2022 and 

December 2022. 
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Table A1: Apparent shear moduli and ratios from DST simulation – unscaled lattices 

 𝑮𝟏 (kPa) 𝑮𝟐 (kPa) 𝑮𝟏 𝑮𝟐⁄  

Cubic 9.43 9.43 1.00 

Diamond 27.8 27.8 1.00 

Vintile 54.2 54.2 1.00 

 

Table A2: Apparent shear moduli and ratios from DST simulation – scaled lattices 

 𝑮𝑿𝒁 (kPa) 𝑮𝒀𝒁 (kPa) 𝑮𝑿𝒁 𝑮𝒀𝒁⁄  

Cubic 8.11 9.18 0.88 

Diamond 41.7 16.9 2.46 

Vintile 55.9 30.1 1.86 
 

Table A3: Apparent shear moduli and ratios from DST experiment – unscaled lattices 

 𝑮𝟏 (kPa) 𝑮𝟐 (kPa) 𝑮𝟏 𝑮𝟐⁄  

 Mean Std. Dev Mean Std. Dev Mean Std. Dev 

Cubic 5.24 1.67 4.90 1.80 1.09 0.20 

Diamond 21.9 6.57 19.2 4.26 1.19  0.12 

Vintile 55.1 15.2 55.6 15.6 0.98  0.05 

 

 

Table A4: Apparent shear moduli and ratios from DST experiment – scaled lattices 

 𝑮𝑿𝒁 (kPa) 𝑮𝒀𝒁 (kPa) 𝑮𝑿𝒁 𝑮𝒀𝒁⁄  

 Mean Std. Dev Mean Std. Dev Mean Std. Dev 

Cubic 4.58 1.66 8.62 2.26 0.53 0.087 

Diamond 42.3 13.6 14.6 1.70 3.79 0.612 

Vintile 51.1 14.5 22.8 7.16 2.32 0.560 
 

Table A5: Apparent compressive moduli (kPa) and ratios from simulation – unscaled lattices 

 𝑬𝟏 (kPa) 𝑬𝟐 (kPa) 𝑬𝟑 (kPa) 𝑬𝟏 𝑬𝟑⁄  𝑬𝟐 𝑬𝟑⁄  

Cubic 144 144 144 1.00 1.00 

Diamond 102 32 32 3.18 1.00 

Vintile 171 171 171 1.00 1.00 

 

Table A6: Apparent compressive moduli (kPa) and ratios from simulation – scaled lattices 

 𝑬𝒁 (kPa) 𝑬𝑿 (kPa) 𝑬𝒀 (kPa) 𝑬𝒁 𝑬𝒀⁄  𝑬𝑿 𝑬𝒀⁄  

Cubic 140 150 140 1.00 1.10 

Diamond 55.0 147 10.2 2.67 14.4 

Vintile 115 275 115 1.00 2.39 

 

 



[124] 

 

Table A7: Apparent compressive moduli and ratios from experiment – unscaled lattices 

 𝑬𝟏 (kPa) 𝑬𝟐 (kPa) 𝑬𝟑 (kPa) 𝑬𝟏 𝑬𝟑⁄  𝑬𝟐 𝑬𝟑⁄  

 Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. 

Dev 

Cubic 197 33.1 211 45.7 252 51.6 0.81 0.217 0.856 0.220 

Diamond 160 71.4 41.6 6.97 44.7 7.01 3.63 1.63 0.929 0.025 

Vintile 368 61.3 299 85.7 339 45.0 1.09 0.139 0.907 0.297 

 

Table A8: Apparent compressive moduli and ratios from experiment – scaled lattices 

 𝑬𝒁 (kPa) 𝑬𝑿 (kPa) 𝑬𝒀 (kPa) 𝑬𝒁 𝑬𝒀⁄  𝑬𝑿 𝑬𝒀⁄  

 Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. 

Dev 

Cubic 212 26.1 132 72.8 347 12.2 0.61 0.065 0.380 0.207 

Diamond 126 32.4 114 16.8 15 3.3 8.25 0.821 7.70 1.384 

Vintile 214 62.4 418 71.5 174 30.5 1.21 0.212 2.42 0.297 

 

 

Table A9: Apparent shear moduli and ratios from DST simulation – unscaled vintile lattices 

with 10% deviation in strut diameter (SD) 

 𝑮𝟏 (kPa) 𝑮𝟐 (kPa) 𝑮𝟏 𝑮𝟐⁄  

Vintile 

0.33 mm SD 
72.0 72.0 1.00 

Vintile  

0.30 mm SD 
54.2 54.2 1.00 

 

Table A10: Apparent shear moduli and ratios from DST simulation – scaled vintile lattices with 

10% deviation in strut diameter (SD) 

 𝑮𝑿𝒁 (kPa) 𝑮𝒀𝒁 (kPa) 𝑮𝑿𝒁 𝑮𝒀𝒁⁄  

Vintile 

0.33 mm SD 
78.5 48.8 1.61 

Vintile  

0.30 mm SD 
55.9 30.1 1.86 

 

Table A11: Apparent compressive moduli and ratios from simulation – unscaled vintile lattices 

10% deviation in strut diameter (SD) 

 𝑬𝟏 (kPa) 𝑬𝟐(kPa) 𝑬𝟑(kPa) 𝑬𝟏 𝑬𝟑⁄  𝑬𝟐 𝑬𝟑⁄  

Vintile 

0.33 mm SD 
238 238 238 1.00 1.00 

Vintile  

0.30 mm SD 
171 171 171 1.00 1.00 

 

Table A12: Apparent compressive moduli and ratios from simulation – scaled vintile lattices 

10% deviation in strut diameter 
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 𝑬𝒁 (kPa) 𝑬𝑿 (kPa) 𝑬𝒀 (kPa) 𝑬𝒁 𝑬𝒀⁄  𝑬𝑿 𝑬𝒀⁄  

Vintile 

0.33 mm SD 
187 356 187 1.00 1.90 

Vintile  

0.30 mm SD 
115 275 115 1.00 2.39 
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Appendix B: Chapter 4 Supplementary Data 
 

Table B1: Sample masses in DST with different unit cell size, strut diameter, and unit cell 

scaling. 

𝒎𝐔𝐂 (𝒈) (all SD=300 µm) 𝒎𝐒𝐃 (𝒈) (all UC=1.50 mm) 𝒎𝐬𝐜𝐚𝐥𝐞𝐝 (𝒈) 

Unit  

cell size 

(mm) 

Mean Std. 

Dev 

Strut 

diameter  

(µm) 

Mean Std. 

Dev 

Scaling 

factor 

Mean Std. 

Dev 

1.25 0.620 0.052 200 0.617 0.033 1.25x 0.762 0.089 

1.50* 0.685 0.043 250 0.664 0.016 1.50x 0.667 0.043 

2.00 0.775 0.055 300* 0.685 0.043 1.75x 0.751 0.048 

      2.00x 0.641 0.046 
*Note – Both data sets were the same due to consistent lattice parameters (i.e. same unit cell and strut diameter)  

Table B2: Apparent shear moduli from shear simulations of effects of unit cell size. 

Unit cell 

size (mm) 

Shear modulus (kPa) Shear modulus ratio 

𝑮𝟏 𝑮𝟐 𝑮𝟏/𝑮𝟐 

1.25 88.52 88.52 1.00 

1.50 44.45 44.45 1.00 

1.75 24.73 24.73 1.00 

2.00 14.49 14.49 1.00 

2.25 8.85 8.85 1.00 

2.50 5.54 5.54 1.00 

 

Table B3: Storage moduli and ratios from DST of effects of unit cell size. 

Unit cell size 

(mm) 

Storage modulus (kPa) Storage modulus 

ratio 

𝑮𝟏(kPa) 𝑮𝟐(kPa) 𝑮𝟏/𝑮𝟐 

Mean Std. Dev Mean Std. Dev Mean Std. Dev 

1.25 79.9 10.3 80.9 6.83 0.983 0.059 

1.50 34.4 2.39 35.6 5.14 0.974 0.086 

2.00 7.58 0.637 7.51 0.774 1.01 0.033 

 

Table B4: Apparent shear moduli from simulation of effects of strut diameter. 

Strut diameter (µm) Shear modulus (kPa) Shear modulus ratio 

𝑮𝟏 𝑮𝟐 𝑮𝟏/𝑮𝟐 

200 8.92 8.92 1.00 

225 14.3 14.3 1.00 

250 21.7 21.7 1.00 

275 31.3 31.3 1.00 

300 43.5 43.5 1.00 

325 58.6 58.6 1.00 



[127] 

 

 

Table B5: Apparent storage moduli and ratios from DST of effects of strut diameter. 

Strut 

diameter 

size (µm) 

Storage modulus (kPa)  Storage modulus ratio 

𝑮𝟏 𝑮𝟐 𝑮𝟏/𝑮𝟐 

Mean Std. Dev Mean Std. Dev Mean Std. Dev 

200  1.30 0.564 1.32 0.518 0.977 0.057 

250  8.71 1.54 8.63 1.26 1.01 0.032 

300  23.7 4.89 24.5 2.20 0.969 0.161 

 

Table B6: Apparent Young’s moduli and ratios from simulations of effects of unit cell size. 

 Unit cell size (mm) 

Young’s modulus 

(kPa) 

Young’s modulus ratio 

𝑬𝟏 𝑬𝟐 𝑬𝟑 𝑬𝟏/𝑬𝟑 𝑬𝟐/𝑬𝟑 

1.25 280 280 280 1.00 1.00 

1.50 140 140 140 1.00 1.00 

1.75 74.9 74.9 74.9 1.00 1.00 

2.00 42.8 42.8 42.8 1.00 1.00 

2.25 25.8 25.8 25.8 1.00 1.00 

2.50 16.3 16.3 16.3 1.00 1.00 

 

Table B7: Apparent Young’s moduli and ratios from compression tests of effects of unit cell 

size. 

Unit 

cell 

size 

(mm) 

Young’s Modulus (kPa) Young’s modulus ratio 

𝑬𝟏 𝑬𝟐 𝑬𝟑 𝑬𝟏/𝑬𝟑 𝑬𝟐/𝑬𝟑 

Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. Dev Mean Std. 

Dev 

1.25 296 58.4 212 15.8 233 30.9 1.27 0.214 0.917 0.099 

1.50 164 19.3 135 22.2 134 20.3 1.23 0.131 1.00 0.017 

2.00 21.4 1.78 29.1 0.522 28.7 0.922 0.749 0.085 1.02 0.017 

 

Table B8: Apparent shear moduli and ratios from DST simulations of scaled samples. 

Scaling 

factor 

Shear modulus (kPa) Shear modulus ratio 

𝑮𝑿𝒁  𝑮𝒀𝒁  𝑮𝑿𝒁/𝑮𝒀𝒁 

1.00x 14.3 14.3 1.00 

1.25x 15.6 10.9 1.43 

1.50x 15.9 8.31 1.91 

1.75x 16.2 6.53 2.48 

2.00x 14.9 5.15 2.89 

2.25x 14.6 4.16 3.51 

2.50x 12.8 3.37 3.79 
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Table B9: Apparent storage moduli and ratios from DST measurements of scaled samples. 

Scaling 

factor 

Storage modulus (kPa) Storage modulus ratio 

𝑮𝑿𝒁  𝑮𝒀𝒁  𝑮𝑿𝒁/𝑮𝒀𝒁 

Mean Std. Dev Mean Std. Dev Mean Std. Dev 

1.25x 9.69 0.952 6.60 0.719 1.47 0.019 

1.50x 9.28 1.13 4.62 0.510 2.02 0.069 

1.75x 11.1 1.29 4.58 0.510 2.43 0.017 

2.00x 10.8 0.796 3.63 0.205 2.96 0.159 

 

Table B10: Apparent Young’s moduli and ratios from compression simulation of scaled samples.    

Scaling factor 

Young’s modulus 

(kPa) 

Young’s modulus 

ratio 

𝑬𝒁 𝑬𝑿 𝑬𝒀 𝑬𝒁/𝑬𝒀 𝑬𝑿/𝑬𝒀 

1.00x 41.7 41.7 41.7 1.00 1.00 

1.25x 35.1 57.9 35.1 1.00 1.65 

1.50x 29.3 72.8 29.3 1.00 2.48 

1.75x 24.3 85.6 24.3 1.00 3.52 

2.00x 20.3 96.7 20.3 1.00 4.76 

2.25x 16.8 103 16.8 1.00 6.13 

2.50x 13.3 114 13.3 1.00 8.57 

 

Table B11: Apparent Young’s moduli and ratios from compression tests of scaled samples.   

Scaling 

factor 

Young’s modulus (kPa) Young’s modulus ratio 

𝑬𝒁 𝑬𝑿 𝑬𝒀 𝑬𝒁/𝑬𝒀 𝑬𝑿/𝑬𝒀 

Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. 

Dev 

1.25x 34.1 7.28 42.8 4.39 28.3 2.69 1.12 0.152 1.51 0.014 

1.50x 22.5 2.27 51.3 6.13 23.9 4.86 0.951 0.092 2.16 0.189 

1.75x 19.4 1.59 53.1 4.93 16.7 0.80

7 

1.17 0.041 3.18 0.139 

2.00x 17.6 1.96 64.5 4.41 15.2 1.28 1.16 0.052 4.29 0.159 

 

Table B12: Volume fraction and porosity from DST and compression samples. 

Benchtop test Unit cell (mm) 𝒗𝒔 (𝒎𝒎𝟑) 𝒗𝒍 (𝒎𝒎𝟑) 𝒗𝒇 (
𝒎𝒎𝟑

𝒎𝒎𝟑) ∅ (
𝒎𝒎𝟑

𝒎𝒎𝟑) 

DST/Compression  

1.25 442 127 0.288 0.713 

1.50 530 109 0.208 0.794 

2.00 707 85.1 0.120 0.879 

 
Strut 

diameter (µm) 

    

DST 
200 530 49.9 0.094 0.906 

250 530 76.8 0.145 0.855 
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300  530 108 0.205 0.796 

 

Table B13: Power law constants for experimental data fits 

Geometric parameter  
Power law constants 

𝑪𝟏 𝒏 

Unit cell  – 𝐺UC 0.398 2.51 

Strut diameter - 𝐺SD  3.29 4.05 

Unit cell - 𝐸UC  0.646 1.98 

 

Table B14: Power law constants for FE data fits. 

Geometric parameter  
Power law constants 

𝑪𝟏 𝒏 

Unit cell  – 𝐺UC 4.74 3.86 

Strut diameter - 𝐺SD  0.258 2.09 

Unit cell - 𝐸UC  0.841 2.11 

 

Table B15: Power law constants for Gibson-Ashby model data fits. 

Geometric parameter  
Power law constants 

𝑪𝟏 𝒏 

Unit cell  – 𝐺UC 1.01 2.00 

Strut diameter - 𝐺SD  0.563 2.00 

Unit cell - 𝐸UC  1.04 2.00 
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Figure B1: Storage modulus data over frequency range 0-100 Hz. Example data from dynamic 

shear in the “1” and “2” directions for three values each of unit cell size (top row) and strut 

diameter (bottom row). Lattice parameters: 
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Figure B2: Stress-strain data from experimental compression test. Stress-strain curves in 

unscaled lattice (top row) and scaled lattice (bottom row) cases acquired during application of 0%-

5% compressive strain, categorized by compression direction. 
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Appendix C: Chapter 5 Supplementary Data 
 

Table C1: Rheometer sample data for six wt% gelatin concentrations. Each concentration has a 

sample set N=3. 

Gelatin concentration 

(wt%) 
Mean (kPa) Std. Dev  

7.20 1.12 0.0603 

8.64 1.72 0.105 

10.1 2.07 0.287 

11.5 2.65 0.0764 

14.4 4.00 0.352 

17.6 5.65 0.374 

 

Table C2: DST sample data for 8.64 wt% gelatin. 

Gelatin 

concentration 

(wt%) 

Storage modulus (kPa) Storage modulus ratio 

𝑮𝟏(kPa) 𝑮𝟐(kPa) 𝑮𝟏/𝑮𝟐 

Mean Std. Dev Mean Std. Dev Mean Std. Dev 

8.64  3.72 0.0507 3.70 0.168 1.01 0.0368 

 

 

Table C3: DST sample data for bare unscaled lattice.   

Vintile lattice 

Storage modulus (kPa) Storage modulus ratio 

𝑮𝟏(kPa) 𝑮𝟐(kPa) 𝑮𝟏/𝑮𝟐 

Mean Std. Dev Mean Std. Dev Mean Std. Dev 

Unscaled 7.24 0.151 7.25 0.424 0.999 0.00371 

 

 

Table C4: DST sample data for bare scaled lattice.  

Vintile lattice 

Storage modulus (kPa) Storage modulus ratio 

𝑮𝑿𝒁(kPa) 𝑮𝒀𝒁(kPa) 𝑮𝑿𝒁/𝑮𝒀𝒁 

Mean Std. Dev Mean Std. Dev Mean Std. Dev 

Scaled 10.7 0.295 3.53 0.122 3.04 0.119 

 

Table C5: Compression sample data for unscaled lattices.   

Vintile 

lattice 

Young’s Modulus (kPa) Young’s modulus ratios 

𝑬𝟏 𝑬𝟐 𝑬𝟑 𝑬𝟏/𝑬𝟑 𝑬𝟐/𝑬𝟑 

Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. 

Dev 

Unscaled  26.2 0.667 21.9 1.15 21.4 1.21 1.23 0.0626 1.03 0.0649 
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Table C6: Compression sample data for scaled lattices. 

Vintile 

lattice 

Young’s Modulus (kPa) Young’s modulus ratios 

𝑬𝒁 𝑬𝑿 𝑬𝒀 𝑬𝑿/𝑬𝒀 𝑬𝒁/𝑬𝒀 

Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. Dev 

Scaled 17.9 0.074 64.8 3.15 15.5 0.198 4.18 0.169 1.16 0.0183 

 

Table C7: DST sample data for unscaled lattice composite. 

Vintile lattice 

Storage modulus (kPa) Storage modulus ratio 

𝑮𝟏(kPa) 𝑮𝟐(kPa) 𝑮𝟏/𝑮𝟐 

Mean Std. Dev Mean Std. Dev Mean Std. Dev 

Unscaled 10.2 0.489 10.1 0.297 1.01 0.0927 

 

Table C8: DST sample data for scaled lattice composite. 

Vintile lattice 

Storage modulus (kPa) Storage modulus ratio 

𝑮𝑿𝒁(kPa) 𝑮𝒀𝒁(kPa) 𝑮𝑿𝒁/𝑮𝒀𝒁 

Mean Std. Dev Mean Std. Dev Mean Std. Dev 

Scaled 11.1 0.556 6.12 0.743 1.83 0.129 

 

Table C9: Compression sample data for unscaled and scaled lattice composite. 

Vintile 

lattice 

Young’s Modulus (kPa) Young’s modulus ratios 

𝑬𝟏 𝑬𝟐 𝑬𝟑 𝑬𝟏/𝑬𝟑 𝑬𝟐/𝑬𝟑 

Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. 

Dev 

Unscaled  55.6 7.31 49.8 5.83 45.8 9.1

1 

1.23 0.0970 1.09 0.0999 

 

 

Table C10: Compression sample data for scaled lattice composite. 

Vintile 

lattice 

Young’s Modulus (kPa) Young’s modulus ratios 

𝑬𝒁 𝑬𝑿 𝑬𝒀 𝑬𝑿/𝑬𝒀 𝑬𝒁/𝑬𝒀 

Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. 

Dev 

Mean Std. 

Dev 

Scaled 44.2 2.83 74.8 6.18 40.2 3.71 1.87 0.133 1.10 0.0440 
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Appendix D: Finite Element (FE) Simulation 

of Shear Waves in Hydrogel Lattice 

Composite MRE Phantom   

D1. Overview 
The lattice-reinforced gelatin composites fabricated and characterized in Chapter 5 were 

used in the MRE phantom experiments. The 3D-printed unscaled and scaled vintile lattice disks 

were embedded in a matrix material, gelatin, to form cylindrical gelatin-lattice composite 

phantoms The FE method was used to simulate the MRE phantom experiments. Shear wave 

propagation was simulated at four frequencies (300, 400, 500, and 600 Hz) using a 3D composite 

structure representative of the MRE phantom, modeled as a transversely isotropic material. 

The FE model showed shear wave propagation differed in the unscaled and scaled lattices, 

with the unscaled lattice showing a homogenous ring-shaped wave pattern while the scaled lattice 

showed an oval-shaped wave pattern. We demonstrate the use of a transversely isotropic material 

assumption in our simulation MRE phantom model to show the differences in wave propagation 

between an unscaled vs. scaled lattice.  

D.2 Methods 

D.2.1 MRE phantom fabrication 

MRE composite phantoms are fabricated using large 3D-printed vintile lattice disks and embedded 

inside cylindrical containers filled with gelatin. Fig. D.1 shows an example of an MRE composite 

phantom sample with unscaled and scaled vintile lattice disks embedded in 8.64 wt% gelatin.  
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Figure D1: Example of a double layered PEGDA lattice MRE phantom. (a) Unscaled PEGDA vintile 

lattice on top and (b) scaled vintile lattice below unscaled vintile lattice. (c) White "stinger" apparatus. 

Stinger has a white plastic tipped rod connected to a piezoelectric actuator (Silver oval) device. (d) The "X" 

direction represents the scaled direction, "Z" direction represents the print build direction. (e) Close-up of 

unscaled and scaled vintile lattices. Lattices embedded in gelatin. 

 

As seen in Fig. D1, there are four lattice composite phantom setups, all embedded in 8.64 wt% 

gelatin. #1, shows a plain gelatin phantom with no lattice; #2 shows a double-layered “X-Box” 

shaped lattice composite phantom, unscaled on top and scaled on bottom, embedded in gelatin at 

~5º.; #3 shows a double-layered lattice composite phantom, scaled on top and unscaled on bottom, 

embedded in gelatin and angled ~5º in gelatin; and #4 shows a scaled lattice disk embedded and 

angled ~5º in gelatin. Fig. D2 shows all four physical phantom setups.  
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Figure D2: Four MRE phantoms. (from left to right). Unscaled lattice disk phantom, double X-Box 

lattice phantom, double disk phantom, and scaled disk phantom. 

The section will focus on setup #3, a double-layered lattice composite phantom, scaled on top and 

unscaled on bottom, embedded in gelatin, and angled ~5º in gelatin. The following procedure and 

results will demonstrate shear wave propagation differences between the unscaled and scaled 

lattices.  

D.2.2 MRE phantom simulation  

To simulate the MRE phantom experiment setup, COMSOL Multiphysics v6.2. was used to model 

shear wave propagation in the frequency domain. The model uses two representative bulk unscaled 

and scaled lattices with their corresponding experimental isotropic and anisotropic properties 

calculated from DST and compression testing. The simulation model, shown in Fig. 3a, has a large 

cylinder 100 mm in height and 60 mm in diameter, with a thin, hollow cylindrical center 90 mm 
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in height and 3.2 mm in diameter, which is representative of the plastic stinger rod used to actuate 

shear wave propagation.  

 
Figure D3: Representative finite element model of a MRE composite phantom. (a) Isometric view of 

two embedded bulk disks and gelatin matrix (outer cylinder). (b) Vertical bisection view of disk inclusions 

and resulting wave propagation from the plastic stinger, represented by uniaxial harmonic displacement 

(red arrow), �̃�𝑜 = 2.5 × 10−5 𝑚𝑚. 

 

An angled heterogeneous bulk disk, representative of the scaled lattice, was embedded in the 

middle of the cylinder, as seen in Fig. D3a. The disk represents the lattice as a bulk solid with 

anisotropic properties, surrounded by a gelatin matrix cylinder, represented as a linear elastic 

material, represented as a confine for the two bulk solid disks. 𝐸1, 𝐸2, 𝐺𝑋𝑍, and 𝐺𝑌𝑍 were calculated 

and used to compute tensile anisotropy, ζ, and shear anisotropy, ϕ. Table A1 shows the material 

properties inputs.  
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Table A1 Material properties for unscaled and scaled vintile lattices and gelatin matrix cylinder. 

Geometry  Material properties  

Embedded “scaled lattice” bulk disk  

Tensile elastic modulus (𝑬𝟏) – 

parallel to scaled (𝑋) direction  

~120 (kPa) 

Tensile elastic modulus (𝑬𝟐) – 

perpendicular (𝑌) to scaled 

direction  

~36.8 (kPa) 

Shear modulus (𝑮𝑿𝒁) –  

transverse dominant direction (𝑋) 

~19.8 (kPa) 

Shear modulus (𝑮𝒀𝒁) – 

perpendicular (𝑌) to the dominant 

direction 

~10 (kPa) 

Tensile anisotropy (𝛇) 2.30 (1) 

Shear anisotropy (𝛟) 0.98 (1) 

Density 
802 

(kg/m3) 

Loss factor (𝜹) 0.005 (1) 

Embedded “unscaled lattice” bulk 

disk  

Elastic modulus (𝑬) 21.8 (kPa) 

Shear Modulus (𝝁) 7.25 (kPa) 

Density (𝝆) 
~968 

(kg/m3) 

Loss factor (𝜹) 0.005 (1) 

Gelatin matrix cylinder 

Elastic modulus (𝑬) 10.5 (kPa) 

Shear Modulus (𝝁) 3.45 (kPa) 

Density (𝝆) 
~853 

(kg/m3) 

Loss factor (𝜹) 0.07 (1) 

 



[139] 

 

The combination of the horizontal disk inclusion and large gelatin-glycerol cylinder represents the 

MRE composite. A prescribed uniaxial harmonic displacement (�̃�𝑜 = 2.5 × 105 𝑚𝑚) is applied 

within the inner cylindrical surfaces to simulate the plastic stinger and axially propagate shear 

waves throughout the embedded disk and cylinder (Fig. D.3a). Low-reflection boundaries are 

applied to the circumferential surfaces on the gelatin-glycerol cylinder to allow mechanical wave 

propagation throughout the geometry. A periodic condition is applied to the top and bottom 

surfaces to reflect the same wave behavior occurring on both sides. The model was meshed using 

a quadratic tetrahedral mesh containing 405,413 elements.  

D.3 Results  

D.3.1 MRE phantom simulation  

 

As seen in Fig. D4, shear waves are seen propagating at lower frequencies, wavelength is larger 

while at higher frequencies the wavelength gets smaller. Dependent on how stiff the disk inclusion 

is, the harder or easier it is to propagate waves through the material. In this case, the higher 

frequencies cause wave propagation to dissipate faster.  
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Figure D4: Radial shear waves in the simulation of the MRE phantom experiment at (first column) 300 

Hz, (second column) 400 Hz, (third column) 500 Hz, and (fourth column) 600 Hz. 
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