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ABSTRACT 

 

ENGINEERING 3D ARCHITECTED METAMATERIALS FOR ENHANCED 

METAMATERIALS AND FUNCTIONALITIES 

Huan Jiang 

February 26, 2023 

 

Compared with conventional materials, architected metamaterials have shown 

unprecedented mechanical properties and functionalities applications. Featured with 

controlled introduction of porosity and different composition, architected metamaterials 

have demonstrated unprecedent properties not found in natural materials. Such design 

strategies enable researchers to tailor materials and structures with multifunctionalies and 

satisfy conflicting design requirements, such as high stiffness and toughness; high strength 

with vibration mitigation properties, etc. Furthermore, with the booming advancement of 

3D printing technologies, architected materials with precisely defined complex topologies 

can be fabricated effortlessly, which in turn promotes the research significantly. The 

research objectives of this dissertation are to achieve the enhanced mechanical properties 

and multifunctionalities of architected metamaterials by integrative design, computational 

modeling, 3D printing, and mechanical testing.  
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Phononic crystal materials are capable of prohibiting the propagation of mechanical 

waves in certain frequency ranges. This certain frequency ranges are represented by 

phononic band gaps. Formally, band gaps are formed through two main mechanisms, 

Bragg scattering and local resonance. Band gaps induced by Bragg scattering are dependent 

on periodicity and the symmetry of the lattice. However, phononic crystals with Bragg-

type band gaps are limited in their application because they do not attenuate vibration at 

lower frequencies without requiring large geometries. It is not practical to build huge 

models to achieve low frequency vibration mitigation. Alternatively, band gaps formed by 

local resonance are due to the excitation of resonant frequencies, and these band gaps are 

independent of periodicity. Therefore, lower frequency band gaps have been explored 

mostly through the production of phononic metamaterials that exploit locally resonant 

masses to absorb vibrational energy. However, despite research advances, the application 

of phononic metamaterials is sill largely hindered by their limited operation frequency 

ranges. Designing lightweight phononic metamaterials with low-frequency vibration 

mitigation capability is still a challenging topic. On the other hand, conventional phononic 

crystals usually exhibit very poor mechanical properties, such as low stiffness, strength, 

and energy absorption. This could largely limit their practical applications. Ideally, 

multifunctional materials and structures with both vibration mitigation property and high 

mechanical performance are demanded. In this work, we propose architected polymer foam 

material to overcome the challenges. 

Beside altering the topological architecture of metamaterials, tailoring the composition 

of materials is another approach to enhance the mechanical properties and realize 

multifunctionalities. Natural materials have adopted this strategy for long period of time. 
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Biological structural materials such as nacre, glass sea sponges feature unusual mechanical 

properties due to the synergistic interplay between hard and soft material phases. These 

exceptional mechanical performance are highly demanded in engineering applications. As 

such, intensive efforts have been devoted to developing lightweight structural composites 

to meet the requirements. Despite the significant advances in research, the design and 

fabrication of low-cost structural materials with lightweight and superior mechanical 

performance still represent a challenge. Taking inspiration from cork material, we propose 

a new type of multilayered cellular composite (MCC) structure composed of hard brittle 

and soft flexible phases to tackle this challenge.  

On the other hand, piezoelectric materials with high sensitivity but low energy 

absorption have largely limited their applications, especially during harsh environment 

where external load could significantly damage the materials. Enlightened by the 

multiphase composite concept, we apply this design motif to develop a new 

interpenetrating-phased piezoelectric materials by combining PZT material as skeleton and 

PDMS material as matrix. By using a facial camphene-templated freeze-casting method, 

the co-continuous composites are fabricated with good quality. Through experiment and 

simulation studies, the proposed composite demonstrates multifunction with exceptional 

energy absorption and high sensitivity. Based on the above experimental studies, we further 

propose to use topology optimization framework to obtain the composites with the best 

performance of multifunctionalities. Specifically, we will use the solid isotropic material 

with penalization (SIMP) approach to optimize the piezoelectric materials with multi-

objectives of 1) energy absorption and 2) electric-mechanical conversion property. The 

materials for the optimization design will be elastic PZT as skeleton and elatic material 
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PDMS as matrix. To enable the gradient search of objective function efficiently, we will 

use adjoint method to derive the shape sensitivity analysis.  
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CHAPTER 1 

INTRODUCTION 

1.1 Overview of architected materials 

Since the early 2000s, metamaterials have emerged as a rapidly growing interdisciplinary 

area, involving physics, engineering, materials science, optics, and nanoscience. The 

properties of metamaterials are tailored by manipulating their internal physical structure. 

This makes them remarkably different from natural materials, whose properties are mainly 

determined by their chemical constituents and bonds. Originating from creating artificial 

electromagnetic materials [1], metamaterial concept has extended to various fields, for 

example, phononic metamaterials [2, 3], thermal metamaterials [4, 5], phonontic 

metamaterials [6, 7], mechanical metamaterials [8, 9] etc. 

The term “architected material”, which also means metamaterial, was first used in an 

overview paper by Ashby and Brechet [10]. It was coined to make link between the practice 

in architecture and structural engineering which uses topology optimization to produce 

reliable, lightweight constructions. An architected material is combination of several 

materials with certain amount of porosity which can be configured to reach performances 

not offered by any individual material. Hence, there is clear target in terms of the properties 

and performance at the onset, which motivates and thereafter guides its development. 

Architected materials are unique, in the sense that the performance is exclusively controlled 
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by geometry at multiple length scales, rather than the chemical composition or processing 

alone.  

Analogous to the lattice structure of a crystal in solid state physics, metamaterials 

typically refer to cellular materials with periodic arrangements of unit cells in two 

dimensions or representative volume element (RVE) in three dimensions [11]. Among 

various material architectures, metamaterials can achieve the highest structure efficiency 

per unit weight [12]. Therefore, they have been widely used in engineering applications 

where weight is critical, such as aerospace engineering, automobiles, medical engineering, 

etc. In recent years, the research interests in metamaterials has expanded broadly to solve 

the challenges that haven’t been tackled before. Figure 1 summarizes some characteristics 

of architected metamaterials that are of particular interest in a wide range of engineering 

disciplines. New designs, functions, and applications are still quickly and continuously 

added to this figure.  

The intensive research on architected metamaterials is attributed to mainly two factors. 

The one that comes first is the rapid progress in the development of the 3D printing 

technologies. Notably, the emergence of various additive manufacturing technologies 

enables fabrication of architected materials with significantly complex architectures, small 

scale prototypes, detailed features and excellent quality by using a variety of materials. Up 

to now, polymers, metals, and ceramics have been broadly used as the base material for 

additive manufacturing for the purpose of different applications. Correspondingly, the 

different additive manufacturing processes for disparate materials include 

stereolithography (SLA), fused deposition modeling (FDM), two-photon lithography, 

powder bed fusion, binder jetting, etc. Remarkably, the 3D nickle nano-architected 
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materials are fabricated by a lithography-based process [13], marking a milestone of 3D 

printed architected materials. The second factor is the advancement of the optimization 

algorithm and computational capability to handle large-scale models. Essentially, the 

design of architected materials is to find the architecture with material layouts. Computers 

with the efficient algorithms can determine the final topological architectures.    

 

Figure 1 Application of architected metamaterials in different industry sectors 
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1.2 Background and motivation 

1.2.1 architected materials for vibration attenuation 

Noise and vibration are becoming an increasingly hazardous form of pollution as cities 

become busier and technology advances. Sources of noise and vibration pollution can be 

airborne or structural-borne and include construction, traffic, and wind. These undesired 

noises and vibration not only have negative impacts on the physical and social health by 

impacting sleep patterns, hearing abilities, and concentration [14, 15], but also deteriorate 

the structural integrity of civil infrastructures [16, 17] and the functionality of high-

precision industrial equipment [18]. To control noise and vibration pollution, both active 

and passive control methods have been developed in the past few decades. Active noise 

control works best for mechanical waves that travel primarily in the longitudinal direction 

through gas mediums, such as air. Passive control involves the passing of waves through a 

soft or hard material so that the mechanical waves will either be dampened or reflected, 

respectively. While each method is effective in its own way, these control methods can 

contribute negatively to the cost or mass of a system and are not appropriate in all 

applications [19]. Many newly-developed composites such as carbon fiber-reinforced 

composites exhibit increased strength properties at the expense of noise and vibration 

control capabilities compared to more traditional soft bulk materials used in passive control 

approach [20]. For this reason, the architectures and mechanical properties of composite 

materials are being analyzed and optimized to exhibit enhanced strength and damping 

properties [21, 22]. Moving towards architected materials, which are rationally designed 

multiscale material systems, exhibit novel functionalities and unique properties that cannot 

be readily achieved in natural bulk solids [23, 24]. In addition to the unusual mechanical 
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and physical properties, architected materials have been designed and optimized for novel 

elastodynamic wave phenomena. One example of such architected materials is phononic 

metamaterial, which consists of periodically topological structures and materials 

dispersions and has the ability to manipulate the propagation of mechanical waves [25-32]. 

The periodic structures of phononic crystals produce omnidirectional band gaps-ranges of 

frequencies where elastic waves cannot propagate. In these band gaps, mechanical waves 

decay exponentially and are thus mitigated.  

Intrinsically, phononic band gaps are formed through two main mechanisms, Bragg 

scattering and local resonance. Band gaps induced by Bragg scattering are dependent on 

order and the symmetry of the lattice and can be modified with a stronger or weaker 

mismatch in the mechanical impedance of a composite’s materials [33, 34]. Band gaps 

form by way of local resonance due to the excitation of resonant frequencies; these band 

gaps are independent of periodicity [35-39]. Phononic crystals with Bragg-type band gaps 

are limited, however, in their application because they do not attenuate vibration at lower 

frequencies without requiring large geometries. Inducing these lower frequency band gaps 

is being achieved through the production of phononic metamaterials that exploit locally 

resonant masses to absorb energy [40]. Despite these advances, the application of phononic 

metamaterials is largely hindered by their limited operation frequency ranges and inferior 

mechanical properties. Designing lightweight phononic metamaterials with low-frequency 

vibration mitigation capability is still challenging. 

In the past decades, hollow sphere foams (HSFs) have been investigated intensively, 

because of their exceptional acoustic properties. It has been demonstrated that both random 

and rationally designed HSFs can manipulate mechanical wave propagation. For instance, 
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perforated HSFs with wide acoustic attenuation ranges show great promise to serve as 

acoustic liners for airplane engines [41]. Our recent numerical work further demonstrates 

that perforated AHSFs can simultaneously control sound and elastic wave propagation [42]. 

In addition, HSFs offer manufacturing flexibility in material selection and can be 

assembled into relatively defect-free periodic structures [43, 44], making them ideal for 

use in multiple fields of application. Moving towards architected hollow sphere foams, we 

propose newly designed architected foam structure to tackle the challenge of low-

frequency vibration mitigation. 

1.2.2 Mechanical performance of architected foams under large deformation  

On the other hand, materials and structures featured with high stiffness, strength, 

energy absorption, etc. are highly demaned in various applications, such as aerospace 

engineering, auto industry, defense industry, etc. Conventionally, random foam materials 

such as syntactic foams, Voronoi foams, and Alporas foams have been studied. For 

example, the mechanical behavior of a sandwich structure with syntactic foam core was 

investigated under quasi-static and dynamic loading [45]. It was found that the energy 

absorption increased by 23 % under dynamic load compared to a quasi-static load. The 

failure mechanism for syntactic foam under quasi-static and dynamic load was found to be 

shear cracking. Mechanical behavior of 3D Voronoi foam with closed-cell morphology 

was also studied [46]. It was shown that the plateau stress can increase by 8.6 times, and 

energy absorption can be enhanced by 8.5 times through manipulating the degree of the 

cell shape irregularity. Laguerre tessellation foam model was explored to show different 

responses to the variation of cell size and cell wall thickness [47]. It was found that the 

compressive and shear strength are more sensitive to cell size and thickness variation than 
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compressive and shear stiffness, and the combined effect of cell size and thickness on 

strength is less than the sum of their individual effects. Despite these prominent mechanical 

properties, the lack of control at the microstructural level for random foams poses a 

challenge for predicting the long-term stability in structure and performance [48][13]. In 

contrast, architected materials with rationally designed structures can be employed to 

achieve engineered mechanical properties and functionalities [49]. Architected materials, 

such as lattice [50] or honeycombs [51] have been reported to be significantly more 

structurally efficient than stochastic foams with the same relative density [52]. 

More recently, functionally graded design strategy (FGDS) has drawn much attention 

due to its capability to enable the creation of materials with lightweight, damage tolerant, 

and high energy absorption. FGDS was first proposed by Niino et al. [53] to overcome the 

huge temperature difference between the outer surface of the spacecraft and the internal 

space caused by air friction. Since then, this concept has enlightened researchers to create 

novel FGDS to achieve better mechanical performance. For example, additively 

manufactured BCC-lattice and BCCz-lattice of uniform and graded design were 

investigated by compressive experiments [54]. It was found that with the same amount of 

energy absorption, the densification for graded structure occurred at 7 % lower strain 

compared to the uniform one. This contributes to the impressive feature that the graded 

materials can absorb significantly more energy under compressive deformation than the 

uniform materials with the same volume fraction. Additionally, the uniform structure 

shows shear failure mode at the early stage of strain, while the graded structure exhibits a 

layer-by-layer failure mechanism. This can be employed to eliminate undesirable failure 

modes in lattice structures while maintaining high specific energy absorption.  
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Despite the above-mentioned development in architected materials for high mechanical 

performance, the materials featuring with simultaneous high mechanical performance and 

vibration mitigation is still a challenging topic. Following the architected hollow sphere 

foam structure model, we apply the graded design strategy to tackle this challenge. Using 

the experimental and numerical approaches, we will demonstrate that the architected 

hollow sphere foam structure can be featured with multifunctionality.  

1.2.3 Mechanical and piezoelectric performance of multiphase metamaterials 

Besides focusing on the architecture of the metamaterials as discussed before, tailoring 

the composition of materials is another approach to enhance the mechanical properties and 

realize multifunctionalities. Efforts have been devoted to develop multi-material lattices 

combining strength and ductility through multiphase designs. For example, metal-coated 

hybrid meso-lattice composites were studied for their mechanical performance; by 

combining multi-scale experimental analysis employing high-resolution imaging system 

with a simulation model that incorporates progressive damage and fracture mechanics, it 

was shown that the average stiffness and strength can be enhanced by 68.3% and 34.9% 

compared to the polymer only lattices [55]. Three-dimensional high-entropy alloy-polymer 

composite nanolattices were fabricated via two-phono lithography and magnetron 

spuutering deposition [56], it was reported that the composite nanolattices exhibit a high 

specific strength of 0.027 MPa/kg·m3, and an ultrahigh energy absorption per unit volume 

of 4.0 MJ/m3, coupled with nearly complete recovery after compression under strains 

exceeding 50%. This study overcomes the traditional strength-recoverability trade-off, 

showning the superiority of multiphase material design. Architected lattices with 

multicore-shell was 3D printed using novel 3D printing technique [57], and a high stiffness 
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and toughness were achieved. Other lattice-based architected material studies also 

demonstrated that the multimaterial design strategy can be leveraged to obtain significant 

enhancement of mechanical properties compared to single material design [58-60]. 

However, the above-mentioned investigations are mainly focused on the lattice structures 

due to the difficulties of fabrication of complicated 3D geometrical models. Recent 

advances in additive manufacturing such as multi-material and multiscale 3D printing have, 

however, enabled the production of bioinspired nacreous composites by emulating internal 

architectures and compositions [61-64]. Bio-inspired natural materials have offered great 

insights for designing architected engineering materials with fantastic material properties. 

For example, the hierarchical assembly of brittle minerals and soft proteins provides 

nacreous composites an unusual combination of stiffness, strength, damage tolerance, and 

impact resistance [65-68]. Similar microstructure designs with the synergistic interplay 

between hard brittle and soft organic layers have also been identified in glass sea sponges 

[69, 70], bones [71, 72], and teeth [73], which feature with remarkable mechanical 

properties. Meanwhile, biological materials inspired by wood and cork [74] exhibit 

superior mechanical properties while maintaining the characteristics of lightweight. 

Therefore, it is possible to tailor custom lightweight, high specific strength, and energy 

absorption characteristics by engineering the topology of cellular materials. Inspired by the 

cork structure, we propose multilayered cellular composites to enhance the mechanical 

properties.  

Piezoelectric materials have been intensively used in various applications due to the 

unique piezoelectric effect. The conventional piezoelectric materials are limited by their 

poor sensing and mechanical performance. Enlighted by the multiphase cellular 
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composites, we apply this design strategy to piezoelectric materials. Piezoelectric 

composites have not been a new concept, it has been studied since last century [75]. As 

they discussed in the paper, connectivity is a critical parameter in composites designed for 

use as piezoelectric transducers or sensors. Totally 10 important connectivity patterns in 

diphasic solids, ranging from 0-0 unconnected checkboard pattern to 3-3 pattern where 

both phases are interpenetrating self-connected. However, the fabricating techniques at that 

time was quite limited, 3-3 connectivity composites can hardly be constructed. The 

advancement of 3D printing techniques today make it possible.  

Piezoelectric composites, which can generate electric signals upon impacts by the 

piezoelectricity of its piezoelectric fillers and consume the imposed mechanical energy by 

the viscoelasticity of its polymeric matrix, have been considered as a desired candidate for 

the advanced multifunctional materials. However, the performance of conventional 0–3 

and 1–3 hybrid piezoelectric composites is restricted by the random distribution of the 

spatial discontinuous particles and fibers, respectively, which renders poor stress transfer 

efficiency from the surrounding polymeric matrix to the active piezoelectric fillers [76, 77]. 

As a result, the energy-absorbing capability and piezoelectric response of these 

piezoelectric composites are quite limited. A proper combination of the two disparate 

constitutive materials will enable the design of multifunctional composites with 

exceptional energy dissipation behavior, considerable mechanical flexibility, and high 

piezoelectrical sensitivity simultaneously. Recent studies indicate that introducing bi-

continuous architectures to composite materials is an alternative way that can fulfill the 

multifunctional need [55, 78, 79]. For instance, M. Yan [78] and our coworkers [79] have 

demonstrated that the bi-continuous architected piezoceramic-polymer composite can 
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render highly effective load transfer, resulting in significantly improved piezoelectricity, 

while M. Zhang [55] has provided a multi-design strategy to enhance the damping 

capacities in metals by developing a bi-continuous interpenetrating-phase architected Mg–

NiTi composite. Furthermore, it has been reported that the aligned microstructure can 

improve the electric poling of structured piezoelectric materials [80], and architected 

composite structures have long been a subject of great interest towards the development of 

improved impact and vibration protection systems [81]. However, there still lacks research 

to simultaneously enhance piezoelectricity and damping capacities. To implement this 

multifunctional need and achieve a good combination of damping and piezoelectricity, H. 

Cui and co-workers [82] surface-functionalized the piezoelectric nanoparticles with 

ultraviolet sensitive monomers and used the 3D printing method to sculpt the 

functionalized piezoelectric nanoparticles into designed 3D structures. However, this 

method needs complex functionalization processes and a high-resolution additive 

manufacturing system, which hinder its large-scale practical applications. In this work, in 

order to solve the challenges, we use a facial camphene templated freeze-casting method 

to fabricate the 3-3 connectivity piezoelectric composites. Combining experimental 

characterization and numerical simulation, we will study the multifunctionalities of the 

proposed composites.  

1.2.4 Topology optimization of multifunctional composites 

Architected materials have demonstrated their capabilities in achieving unprecedented 

mechanical properties and functionalities. However, how to optimally control the porosity 

distribution and material layouts become crucial in designing the architected materials. 

Conventionally, experiment-based trial and error, intuition-driven, and experience-driven 
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design approaches are used for attaining the optimized design. These methods have been 

proved to be expensive and inefficient. Topology optimization, on the other hand, is 

capable of effectively navigating the rapidly expanding design space. Intrinsically, formal 

mathematical programming coupled with physics modeling is used to drive the design 

decisions, and thus exploration proceeds in a systematic manner toward (locally) optimal 

designs. This mathematically driven nature makes topology optimization a powerful 

alternative to alter structure connectivity has produced a number of compelling examples 

of high-performance, non-intuitive devices and comonents, from compliant mechanism 

inverters [83] to multiphysics actuators [84], cellular composites with negative Poisson’s 

ratio, and lattice metamaterials with wave attenuation properties.  

Up to now, there have been several topology optimization frameworks developed to 

solve the structural optimization problem. One main approach to structural design for 

variable topologies is the method of homogenization [85-87], where a material model with 

microscale voids is introduced and the optimization problem is defined by finding the 

optimal porosity using one of the optimality criteria. By transforming the topology design 

problem into an easier ‘sizing’ problem, the homogenization technique is capable of 

producing internal holes without knowing their existence. However, homogenization 

approach is not without its drawbacks. In fact, most of the time, the homogenization 

method may not yield the intended results for some objectives in the modeling of structural 

design. It often yields the designs with infinitesimal pores in the materials which makes 

the structure not manufacturable. In addition, numerical instabilities could introduce ‘non-

physical’ artifacts in results and make the designs sensitive to variations in the loading. In 

order to tackle these problems, different other techniques have been brought out. For 
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example, solid isotropic material with penalization (SIMP) is one of the approaches, which 

is conceptually simple [88-90]. In this method, material properties are assumed to be 

constant within each element used to discretize the design domain, and the design variables 

are element densities. This material properties are modeled to be proportional to the relative 

density raised to some power. The power-law-based method has been widely used to 

various problems with multiple constraints, multiple materials, and multiple physics. 

Another approach for topology optimization is called evolutionary structural optimization 

(ESO) [91]. This method is based on the concept of gradually removing the material to 

obtain an optimal design. The approach was developed for various problems of structural 

optimization including stress considerations, stiffness constraints, and frequency 

optimization, etc. The key process of this approach is to use proper criterion to assess the 

contribution of each element to the specific response of the structure and subsequently to 

remove some elements with the least contribution. Level set-based topology optimization 

is another method that has been intensively applied in designing structures. The concept of 

level set was initially proposed by Osher and Sethian [92]. The overall concept involves 

eliminating materials in regions where the stress is low and adding materials in regions 

where the stress is high. The advantages of this method can be summarized in three points 

[93]. First, it has the potential to concurrently deal with the complicated shape and topology 

change of structural boundaries. Second, the weak material is moved away in the finite 

element analysis, which avoids the occurrence of artificial localized modes. Third, 

structural can be formulated as the solution to Hamilton-Jacobi equation with relation to 

shape derivative of the boundaries.  
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In this work, we use the solid isotropic material with penalization (SIMP) topology 

optimization method to optimize the piezoelectric composites due to the easier 

implementation. We will use the adjoint method to derive the sensitivity analysis of the 

objective function. For simplicity, we assume the linear elastic behavior of the material 

properties. 

Overall, the research objective of this thesis is to achieve enhanced mechanical 

performance and multifunctionalities using architected metamaterials by integrative 

numerical and experimental approaches. We first propose architected hollow sphere foam 

structure and demonstrate the effectiveness of noise and vibration control with superior 

mechanical performance. We then present multi-phase composites with exceptional energy 

absorption and multifunctionality. Finally, a topology optimization framework is proposed 

to optimize the composite structure with optimum performance of energy absorption and 

sensing.  
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Periodic structures and wave propagation 

A periodic structure is defined as an assembly of objects that repeat regularly in space. 

Depending on its repeating directions, we have one-dimensional (1D), two-dimensional 

(2D), and three-dimensional (3D) periodic structures. To demonstrate the periodic feature 

of the periodic structure, we will use a two-dimensional periodic structure as an example. 

Figure 2 (a) shows a representative 2D periodic lattice structure, which extends infinitely 

in the 2D plane. It is noticeable that the point lattice is equivalent to the repeated objects. 

We can use the two lattice vectors (a1, a2) along with a lattice angle to uniquely define the 

periodic structure: 

 1 2 2n n 1R a a                (2.1) 

where n1 and n2 are arbitrary integer numbers. Depending on the structural periodicity, 

there are five types of two-dimensional point lattices, i.e., oblique, rectangular, square, 

triangular, and rhombus. A similar procedure can be applied to 1D and 3D periodic 

structures. 

To study wave propagation in periodic structures, it is necessary to find the relation 

between wave vectors and their corresponding eigenfrequencies, which is called a 

phononic dispersion relation. The most fundamental property of phononic dispersion
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relation is the existence of complete wave band gaps: frequency range where wave 

propagation is suppressed. To do this, we need to find the wave vectors associated with the 

periodic structure that can completely describe the wave propagation. When the plane wave 

propagating in periodic structures, there are certain wave vectors that satisfying the 

periodicity of the point lattice. As a result, we have 

 

Figure 2 Schematic of a two-dimensional periodic lattice structure (a) point lattice in real 

space (b) reciprocal lattice in k-space 

 

     iie e    k r Rk r                   (2.2) 

By combining Eq. (2.2) with Eq. (2.1), we can calculate the wave vector, k, as shown in 

Figure 2. By connecting the midpoints of the reciprocal lattices, we have a highly 

symmetric yellow area, which is called irreducible Brillouin zone. 
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2.2 Finite element simulations 

In chapter 3, Finite element simulations were conducted to understand the wave 

propagation behavior of architected foam structures. For the acoustic wave simulation, the 

governing equations can be expressed as the frequency-domain Helmholtz equation: 

 
2
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p

c


 
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  (3-1) 

where p  is the pressure,   is the mass density,   is the angular frequency, and lc  is the 

speed of sound. We assume that the architected foam is infinite and periodic in x , y , and 

z  directions. Numerical simuulations are conducted on a unit cell with Floquet-Bloch 

periodic boundary condition to capture the infinite periodic nature of the 3D architected 

foams. The Floquet-Bloch periodic boundary condition is applied to the unit cell along 

three directions, respectively and can be expressed as  
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  (3-2) 

where 1a , 2a  and 3a  are lattice constants along x , y , and z  directions, respectively. 1k , 

2k  and 3k  are the Bloch wave vectors. The governing equation (3-1) combining with the 

boundary condition (3-2), leads to the standard eigenvalue problem: 

  2 0p K M   (3-3) 

where K  and M  are assembled stiffness matrix and mass matrix of the unit cell, 

respectively. The unit cell is discretized using ten-node tetrahedron elemeents. In the 
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simulations, we have used a discretization of ten elements for the minimum wave-length. 

Equation (3-3) is then numerically solved by imposing the three components of the wave 

vectors and hence calculates the corresponding eigenfrequencies. The acoustic dispersion 

relations are obtained by scanning the wave vectors in the first irreducible Brillouin zone, 

as introduced in the section 2.1. 

The governing equation of elastic wave propagating in the 3D architected foam is given by  

 
       2 2

2 1 2 1 1 2

E E

v v v
     

  
u u u   (3-4)  

where u  is the displacement vector and   is the angular frequency. E , v , and   are 

Young’s modulus, the Poisson’s ratio, and the density of the constituent materials, 

respectively. By following a similar procedure as acoustic wave dispersion relation 

analysis, we can construct the elastic wave dispersion relations for the 3D architected 

foams by applying Floquet-Bloch periodic boundary conditions and scanning the wave 

vectors along the first irreducible zone. For both acoustic and elastic wave simulations, we 

choose a glassy polymer (Nylon 12) as the solid phase with a modulus of 1.6 GPa, 

Poisson’s ration of 0.33, and a density of 1174 kg/m3. The transverse and longitudinal wave 

velocities of this polymer are 715.79 m/s and 1421.01 m/s, respectively, while the 

longitudinal velocity and density of air are 343 m/s and 1.2 kg/m3, respectively. 

In chapter 4, we use simplified elastic-plastic model to simulate the Nylon-12 material. The 

constitutive model for the 3D printed Nylon material was characterized by uniaxial tensile 

tests of three dogbone samples. The test was performed according to the ASTM D638 

standard. The measured stress-strain relation is shown in Figure 3. Here, nominal stress 
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and nominal strain were calculated by Eq. (2.3) and (2.4), respectively. True stress and true 

strain were calculated by Eq. (2.5) and (2.6), respectively. 

 0 0F A    (2.3) 

 0 0L    (2.4) 

  0 01T      (2.5) 

  0ln 1T     (2.6) 

where 0  and 0  represent the nominal stress and nominal strain. F , 0A ,  , and 0L  are 

the load, original cross-section area, displacement, and original length of the sample, 

respectively.  T  and T  denote true stress and true strain. The Young’s modulus was 

extracted as the average slope of the stress-strain curves. The average slope of the stress-

strain curves mean the average of three repeated tests for the first slope in Figure 3 (b).  

 

Figure 3 Stress-strain relation from experimental data (a) Nominal stress vs. nominal strain 

of three dogbone samples. (b) True stress vs. true strain of three dogbone samples and the 

fitted elastic-plastic model. 
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In chapter 5, for the VeroWhitePlus polymer material, a user-defined viscoplastic 

constitutive model was first developed to simulate the response of the 3D printed polymer 

in [94], where the detailed description of implementation was given. In addition, reference 

also adopted this model and made it publicly available. In this paper, we referred to for this 

constitutive model. The strain energy potential for the Arruda-Boyce model is [95] 

2
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(2.7) 

where   is the initial shear modulus, L  is the limiting network stretch, 0K  is the initial 

bulk modulus, eJ is the elastic volume ratio related to temperature. 1I is defined as  

  2 3
1 1I I J    (2.8) 

   1 11 22 33( )I trace B B B   B     (2.9) 

where is left Cauchy-Green deformation tensor. The total volumetric ratio  can be described 

as  

   det( )J  B        (2.10) 

If thermal effect is not considered, eJ J . 

The effective shear strain rate can be determined through equation [95] 
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where 0  is the pre-exponential shear strain rate, s is the thermal shear yield strength,  is 

the Boltzmann’s constant, e is the effective stress, G is the initial free energy change. 

The rate of shear yield strength for strain-softening is determined through [95] 

  1 p
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s h

s


 
  

 
  (2.12) 

where ss is sat steady state, h  is the slope of strain-softening zone. 

2.3 3D printing of architected metamaterials 

In chapter 3 and 4, we use the HP jet fusion 580 printer (HP Inc., USA) for fabricating. HP 

jet fusion 580 printer is featured with the unique multi-agent and multi-pass printing 

process. The resolution of this printer is 80 m . Nylon-12 (Polyamide-12) polymers were 

used as the base material. Nylon-12 is a semi-crystalline polymer with superior properties, 

such as good processability, high mechanical property at moderate temperatures [96], and 

low costs. Nylon-12 has long been used by injection molders and more recently has been 

adopted as base material in additive manufacturing for fabricating functional parts and 

prototypes. The Nylon-12 powder melting point is 189 C , and the particle size is 58 m . 

The Nylon-12 powder exhibits initial viscosity of 660 Pa s at 190 C  and increases to 

800 Pa s  within 10 min. This commercial HP printer adopts Multi Jet Fusion technology, 

also known as MJF. It utilizes two carriages to transform powdered Nylon-12 into solid 

parts. The process parameters are set as follows, Printing Profile: Mono Balanced; Cooling 

Profile: Auto Cool and Reclaim; Annealing Profile: Auto; Fresh Percentage Mix Ratio: 

20 %. Initially, the material is spread evenly across the build platform, then a carriage with 

HP thermal inkjet array passes over the working area, printing fusing, detailing, and 
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coloring agents on the material. During another pass of the carriage, this working area is 

exposed to the thermal fusing energy, which bonds the part layers together. Unlike other 

3D printing technologies, the new materials and agents are printed on top of a previous 

layer that is still molten. Therefore, these two layers can fuse completely, and polymers 

can lock in with each other across the layer boundary, making high-quality products.  

In chapter 5, we use Objet260 Connex3 printer (Stratasys Ltd., USA) to fabricate our 

samples, which is a high-resolution multi-material color 3D printer with a resolution of 16 . 

VeroWhitePlus (VW+) is used as the base material. VW+ Resin is a material used to create 

3D printed objects from a base of photosensitive polymer liquid. VW+ Resin enables the 

printer to create objects which are particularly smooth and precise. Compared with standard 

engineering plastics, such as standard ABS thermoplastic, VW+ is stronger and stiffer. 

Therefore, the VW+ material is generally designated for functional testing, patterns, 

prototypes, and models. During the printing process, the liquid photopolymer resin is 

ejected onto the printer tray from the printer head orifices, and then immediately cured by 

UV light. Once a layer is cured, the following layer repeats the same process. This layer-

by-layer fabrication mode enables high-quality products. When the printing process was 

complete, samples were carefully moved to the WaterJet (Stratasys, USA) machine to 

remove the supporting material.  

2.4 Mechanical testing  

All the architected polymer foam samples are uniaxially compressed by an Instron 

universal testing machine (5569A, Instron, USA). The compressive extension rate was set 

to 3.75 mm/min, corresponding to the compressive strain rate of 45 10 s . The specimens 
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are loaded to 70 % strain. Prior to the testing, 2D Digital Image Correlation (GOM, 

Germany) equipment is installed to capture deformation patterns and failure modes.  
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CHAPTER 3 

3D ARCHITECTED HOLLOW SPHERE FOAMS FOR NOISE AND VIBRATIOIN 

CONTROL 

3.1 Introduction 

Noise and vibration, arising from construction such as pile driving and blasting, ground 

transportation, airplane engines, and fluid flow, are not only an annoyance, but also have 

adverse health, social, and economic impacts. To mitigate the undesired noise and vibration, 

active control and passive control approaches have been widely adopted and remained the 

same for decades [97]. Though these approaches are effective under certain circumstances, 

they still suffer from some drawbacks. For example, the attenuation frequency range is 

relatively narrow in the active control, limiting its potential applications in complex noise 

and vibrational environments. For passive control, there is a conflict between the wave 

energy absorption and structural weight as well as mechanical robustness. As such, 

conventional approaches have resulted in suboptimal control of noise and vibration. 

Moving towards architected metamaterials, which are rationally designed multiscale 

material systems, exhibit novel functionalities and unique properties that cannot be readily 

achieved in natural bulk solids. One example of such architected metamaterials is phononic 

metamaterial, which consists of periodically topological structures and materials 

dispersions.  



25 
 

Here we choose architected hollow sphere foams (AHSFs) as the model system to 

address the above challenge. In the past decades, hollow sphere foams (HSFs) have been 

investigated intensively, because of their exceptional mechanical, thermal, and acoustic 

properties. For example, earlier finite element simulations have revealed that architected 

hollow sphere metallic foams with a face-centered cubic lattice symmetry exhibit the 

highest moduli and yield strength when compared with foams with other lattice symmetries 

[43, 98]. In addition, anisotropic feature and considerable fatigue resistance of HSFs have 

been reported [99, 100]. Under large deformation, HSFs show good energy absorption 

characteristic, which is controlled by loading rate, geometric parameters, and topologies 

[101]. These prominent mechanical properties make hollow sphere foams ideal candidate 

for automotive applications where lightweight design and enhanced mechanical properties 

are simultaneously pursued. In addition to these mechanical properties, theoretical models 

along with finite elements simulations indicate that architected hollow sphere foams can 

be designed with low thermal conductivity by tailoring the packing fraction, shell, and 

binder geometry [44]. In parallel, it has been demonstrated that both random and rationally 

designed HSFs can manipulate mechanical wave propagation. For instance, perforated 

HSFs with wide acoustic attenuation ranges show great promise to serve as acoustic liners 

for airplane engines [41]. Our recent numerical work further demonstrates that perforated 

AHSFs can simultaneously control sound and elastic wave propagation [42]. In addition to 

these multifunctionalities, HSFs offer manufacturing flexibility in material selection and 

can be assembled into relatively defect-free periodic structures [43, 44], making them ideal 

for use in multiple fields of application. Because of the multifunctionalities, versatile 

design space, and manufacturing flexibility, AHSFs offer an ideal model system to 
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investigate how to achieve lightweight phononic metamaterials with low-frequency 

vibration mitigation. 

3.2 Model description 

In this work, we designed and fabricated AHSFs composed of hollow spheres connected 

by binders with a body-centered-cubic (BCC) lattice symmetry (Figure 4(a)). The unit cell 

for Bloch wave propagation analysis and detailed geometric description of each component 

can be found in Figure 4(b) and (c). We demonstrate both experimentally and numerically 

the existence of phononic band gaps in the proposed AHSFs. Numerical simulations 

indicate that the band gap properties are controlled by the geometric features of the hollow 

sphere and binder. Remarkably, phononic band gap can be altered to a low-frequency range 

by tailoring the stiffness contrast between the hollow sphere and binder. In addition to the 

AHSF with a BCC lattice symmetry, we will show that the elastic wave phenomena persist 

in AHSFs with other topologies. 
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Figure 4 Geometric description of the proposed architected hollow sphere foam (AHSF) 

with a body-centered-cubic (BCC) lattice symmetry (a) AHSF consists of spheres (blue) 

and binders (red). (b) The unit cell of the AHSF for Bloch wave analysis. The lattice 

constant is d . (c) Dimensions of the hollow sphere and binder. Here R  and t  are the 

sphere’s outer radius and thickness, respectively. l  and w  are the binder’s length and 

diameter, respectively.   is half of the angle subtended by the binder. 

3.3 Numerical model validation with experiment 

We start by focusing on the existence of phononic band gaps in the proposed AHSFs 

through a combined experimental and numerical effort. For our simulations and experiment, 

the lattice constant of the unit cell is 3 cm and the volume fraction of the sample is 10.8%. 

The lattice constant is determined by the operating frequency range of the dynamic signal 
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analyzer and the maximum build volume of our 3D printer. To avoid unsintered powder to 

be encapsulated inside the hollow spheres, AHSF model composed of 6 × 3 × 3 unit cells 

was cut into six equivalent layers and fabricated by using an HP Jet Fusion 3D 4200 printer 

(Figure 5(a)). Then, the six layers were glued together using glue gel, and the assembled 

sample was kept at room temperature for seven days to allow for the saturation of the curing. 

The mechanical properties of the constitutive material Nylon PA12 were measured by 

following ASTM D695. The basic properties of Nylon PA12 are characterized by Young’s 

modulus E = 1.312 GPa, Poisson’s ratio ν = 0.33, and density of 3979 kg m  . 
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Figure 5 Elastic wave transmission test on the 3D printed AHSF and numerical modeling 

validation (a) 3D printed AHSF composed of 6 × 3 × 3 unit cells for elastic wave 

transmission test. Here 3d   cm, 3 5R d , 10R t  , 2l w   and 18   . Scale bar: 

2 cm. (b) Experimental setup for elastic wave propagation test. (c) Measured elastic wave 

transmission spectra along ΓH (x) direction. (d) Simulated phononic dispersion relation. (e) 

Simulated wave transmission spectrum. The gray shaded areas in (c)-(e) indicate the band 
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gaps. (f) Finite element model and dynamic responses of the AHSF under excitation 

frequencies outside (point A: f = 2.8 kHz) and inside (point B: f = 10.6 kHz) the band gap. 

The color legend represents total displacement amplitude. 

To confirm the experimentally observed attenuation zone, we performed numerical 

simulations on the single unit cell and the finite size AHSF with 6 × 1×1 unit cells using a 

commercial finite element package, COMSOL MULTIPHYSICS. Floquet-Bloch periodic 

boundary conditions introduced in CHAPTER 2 are applied in COMSOL. The phononic 

dispersion relation is constructed by performing eigenfrequency analyses to a unit cell. The 

unit cell is discretized using 4-node tetrahedral elements, which are one-tenth of the 

minimum wavelength. The dynamic response of the proposed AHSF under elastic wave 

excitations is calculated by performing frequency domain analyses. Perfectly matched 

layers (PMLs) are applied at the two ends of the homogeneous parts to prevent reflections 

by scattering waves from the domain boundaries. Figure 5(d) and (e) report the simulated 

phononic dispersion relation and transmission spectrum, respectively. Notably, we have a 

good qualitative agreement for the partial band gap between the simulations and 

experiments (highlighted in gray). The dynamic responses of the AHSF under harmonic 

excitation frequencies inside and outside the band gap further solidify this phenomenon 

(Figure 5(f)). When the incident frequency lies outside the band gap (point A), elastic wave 

can propagate freely through the AHSF. By contrast, the incident wave energy will be 

reflected when the incident wave frequency is located inside the band gap (point B). 
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3.4 Design flexibility of phononic band gaps 

3.4.1 Effect of geometric parameters 

We then numerically investigate the effects of architected foam geometric features on the 

evolution of the first phononic band gap. The unique design of architected foams allows us 

to study the roles of the hollow sphere and binder independently. The mechanical 

properties of the constitutive material are defined by Young’s modulus 1.6GPaE  , 

Poisson’s ratio 0.33  , and density of 31174 kg m   unless otherwise specified. As 

shown in Figure 6(a), by increasing the fillet angle of binder, the relative size of the 

omnidirectional band gap decreases gradually. The relative band gap size was changed 

from 0.68 to 0.31 when the fillet angle is doubled from 10˚ to 20˚. By contrast, the binder 

slenderness ratio has a pronounced impact on the band gap properties. For a wide binder 

( 2l w  ) representing a strong connection between binders and hollow spheres, the first 

omnidirectional band gap has a relatively small size of 0.1. When the binders become 

slender ( 10l w  ) corresponding to a soft connection, the band gap size increases to 1.47, 

which is one order of magnitude larger (Figure 6(b)). To further understand these trends, 

one can assume that the proposed AHSF behaves as a 3D mass-spring system, where 

hollow spheres act as lumped masses and binders work as springs. Each mass is 

accompanied by its eight nearest neighbors and connected by the spring. Analytical 

formulations reveal that the first omnidirectional phononic band gap results from 

oscillation and interaction among these masses [102-104] and thus the opening of the first 

band gaps are controlled by the geometric features of the binders and hollow spheres. To 

confirm this, Figure 6(c) shows the effect of hollow sphere thickness and thus the mass on 

the band gap properties. As expected, by increasing the sphere thickness and thus the 
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lumped mass of the system, a larger omnidirectional band gap can be observed. These 

parametric analyses not only demonstrate the design flexibility of the proposed AHSFs 

with targeted phononic band gaps, but also imply that a weak connection among hollow 

spheres can lead to large band gap size in a low-frequency range. 

 

Figure 6 Effects of binder and hollow sphere geometric features on the phononic band gap 

properties (a) Effect of binder fillet angle. Here 3d   cm, 3 5R d , 10R t  , and 

2l w  . (b) Effect of binder slenderness ratio. Here 3d   cm, 3 5R d , 10R t  , and 

18   . (c) Effect of hollow sphere thickness. Here 3d   cm, 3 5R d , 2l w  , and 

18   . The normalized frequency is defined as tfd c  , where tc  is the transverse 

velocity of the solid phase. The omnidirectional band gap size (green squares □) is defined 

as    2d u l u lf f f f f   , where uf  and lf  present the frequencies of upper (blue 

triangles Δ) and lower (red circles ○) band edge limits of the omnidirectional band gap, 

respectively. 
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3.4.2 Effect of stiffness contrast 

We have shown the targeted phononic band gaps can be achieved by tailoring the geometric 

parameters of the AHSFs. Next, we fix the geometric parameters of the AHSFs and change 

the stiffness contrast between spheres and binders ( s bE E ) to study the effect of this 

contrast on the band gaps. Here we choose 3d   cm, 3 5R d , 10R t  , 2l w   and 

18   . As displayed in Figure 6, the first omnidirectional band gap is enlarged from 

Ω = 0.36∼0.55 to Ω = 0.18∼0.53 when the binder stiffness varies from one to one-tenth 

that of the sphere. By further decreasing the stiffness of the binders, the first band gap 

rapidly shifts toward a much lower frequency range. For example, when the stiffness ratio 

is 1000s bE E  , the frequency range of the band gap decreases to Ω = 0.02∼0.094. To 

gain physical insights into this trend, we plot the eigenmodes at high symmetry points of 

the band edges, as shown in Figure 7. The initial AHSF with a single constitutive material 

shows a Bragg type band gap because of the global vibration modes at the band edges 

(Figure 7(a)-(b)). With the increase of stiffness contrast, the vibration modes demonstrate 

a strong localized characteristic. For example, as one can see in Figure 7(c) and (d), the 

vibrational energy is localized in the hollow spheres at the upper band edges; at the lower 

band edges, the wave energy is concentrated on the soft binders. Essentially, these 

eigenmodes analyses suggest that by tailoring the stiffness contrast between components, 

the band gap formation mechanisms can be switched from Bragg scattering to local 

resonance. 
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Figure 7 Effect of stiffness contrasts between spheres and binders on phononic dispersion 

relations of the AHSF with a BCC lattice symmetry (a) 1s bE E  , (b) 10s bE E  , (c) 

100s bE E  , and (d) 1000s bE E  . Here 3d   cm, 3 5R d , 10R t  , 2l w  and 

18   . The gray shaded areas in the dispersion relations represent the first 

omnidirectional band gaps. The contour plots are eigenmodes at high symmetry points of 

the first irreducible Brillouin zone. 

A more detailed analysis of the effect of stiffness contrast on the first band gap 

properties is summarized in Figure 8. The band gap is abruptly shifted toward low-

frequency range with the increase of stiffness ratio, while the relative band gap size 
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increases linearly until a critical value is reached. At this threshold, the stiffness contrast is 

50. Compared with conventional approaches such as harnessing structural instability to 

tune band gap properties [105, 106], the proposed approach does not need to change the 

architectures by applying external stimuli. Importantly, compared with existing 3D 

phononic crystals [102, 103, 107, 108], the proposed AHSF only requires a volume fraction 

of 10.8% while exhibiting a comparable band gap size exceeding 130%. This remarkable 

low-frequency band gap feature along with the lightweight design offers a promising 

approach for low-frequency vibration control, such as ground transportation induced 

vibrations and low amplitude seismic waves [109, 110]. In addition to choose different 

constitutive materials, the stiffness contrast can be accomplished by using active materials, 

such as shape memory polymers [111], shape memory alloys [112], and magnetic 

elastomers [113, 114]. As demonstrated by recent experimental work, the stiffness of 3D 

printed shape memory polymer can be tuned over three orders of magnitude by resistance 

wire heating [115]. For our case, by wrapping the binders with designed resistance wire, 

one can tune the binder stiffness and hence achieve tunable low-frequency band gaps, as 

predicted by our numerical simulations. 
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Figure 8 Effect of stiffness contrast on the first phononic band gap properties. (a) 

Omnidirectional band gap position (a) Omnidirectional band gap position. (b) The relative 

band gap size of omnidirectional band gaps. For the definition of normalized frequency 

and band gap size, please refer to the caption of Figure 6 for explanation. 

3.4.3 Effect of lattice symmetry 

The elastic wave propagation results reported so far are focused on AHSFs with a BCC 

lattice symmetry. We now proceed to examine the effect of lattice symmetry on the band 

gap properties. Figure 9 reports the phononic dispersion relations of AHSFs with a simple 

cubic (SC) and a face-centered-cubic (FCC) lattice symmetry. For the AHSF with an SC 

lattice symmetry, an omnidirectional band gap is observed in Ω = 0.28∼0.47, which is 

shifted to Ω = 0.05∼0.25 when the stiffness contrast increases to 100. Notably, the relative 

band gap size is enlarged from 0.52 to 1.36. Similar evolution trend of the first band gap 
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can be observed in the dispersion relations of the AHSF with an FCC lattice symmetry. 

The relative band gap size is increased from 0.22 to 1.23. Physically, the global vibration 

modes of the initial AHSFs with SC and FCC lattice symmetries indicate Bragg type band 

gaps, while the localized deformation patterns in AHSFs with a high stiffness contrast 

suggest locally resonant band gaps. These results imply that the proposed design strategy 

and physical mechanisms are robust and can be extended to architected foams with other 

topologies. 

 

Figure 9 Effect of lattice symmetry and stiffness contrast on phononic dispersion relations 

(a)-(b) AHSFs with a simple cubic (SC) lattice symmetry, but with 1s bE E   and 
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100s bE E  . (c)-(d) AHSFs with a face-centered-cubic (FCC) lattice symmetry, but with 

1s bE E   and 100s bE E  . Here 3 5R d , 10R t  , 2l w   and 18   . 

3.5 Simultaneous existence of omnidirectional acoustic and elastic band gaps 

To demonstrate the simultaneous acoustic and elastic wave attenuation capabilities in the 

proposed 3D AHSFs, we begin by constructing their acoustic and elastic dispersion 

relations, as shown in Figure 10. For the purpose of comparison, acoustic and elastic wave 

dispersion relations for the initial cellular solid structure are also presented. As shown in 

Figure 10(a), no omnidirectional band gap is perceived in the acoustic dispersion relation 

for the cellular solid structure. This is because the volume fraction (58.1%) of the solid 

phase is still too low to generate destructive interferences, as evidenced by the eigenmodes 

at the high symmetry points A and B. While a large omnidirectional band gap ranging from 

7.313 kHz to 25.574 kHz emerges in the elastic wave phononic dispersion. Direct 

observation of the eigenmodes at the high symmetry points C and D indicate that this large 

omnidirectional band gap is due to the Bragg scatterings of propagating elastic waves 

(Figure 10(b)). These analyses denote that a large volume fraction of the solid phase is 

essential for simultaneous noise and vibration control, which eventually compromises their 

structural efficiency. 
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Figure 10 Acoustic and elastic dispersion relations for the conventional solid sphere foam 

and proposed hollow sphere foam (a) and (b) Acoustic and elastic dispersion relations for 

solid sphere foam, respectively. (c) and (d) Acoustic and elastic dispersion relations for the 

proposed hollow sphere foam with 10R t  . Here, 3a  cm, 3 5R a , 2hr t , 

2l w   and 18   . The gray shaded areas in the dispersion relations represent the 

omnidirectional band gaps. The contour plots are eigenmodes at high symmetry points of 

the first irreducible Brillouin zone. The legend for acoustic analysis represents the 

amplitude of the pressure field, while for elastic wave analysis, the legend indicates the 

displacement amplitude. 
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By contrast, an omnidirectional acoustic band gap is observed in the proposed AHSF, 

due to the local resonance 10(c)). The drilled hollow spheres act as multiple Helmholtz 

resonators and are regularly connected by the binders. It is interesting to note that even the 

volume fraction of the solid phase is significantly reduced (from 58.1% to 10.2%), an 

omnidirectional elastic band gap with considerable width persists. The global vibrational 

modes at the elastic band gap edges suggest that the Bragg scatterings are responsible for 

this omnidirectional elastic wave band gap (Figure 10(d)). These numerical simulations 

imply that by simply modifying the sphere geometry, the acoustic and elastic wave can be 

attenuated simultaneously, without significantly sacrificing the mechanical properties of 

the 3D AHSFs.  

To validate the simulated acoustic and elastic band gaps in the AHSFs, we calculate 

the acoustic and elastic wave transmission spectra along    direction by performing 

frequency domain analyses on finite-size AHSFs. Perfectly matched layers (PMLs) are 

applied at the two ends of the homogeneous parts to prevent reflections by the scattering 

waves from the domain boundaries [34, 116]. The PMLs have the same dimensions as the 

unit cell. Homogenous parts having the same width and height, but a length twice that of 

the unit cell are positioned between the AHSFs and the PMLs. Mechanical properties of 

the glassy polymer are assigned to both PMLs and the homogeneous parts. To model 

acoustic wave propagation in the AHSFs, a low-amplitude harmonic pressure field is 

applied on the surface between the PML and the homogeneous part on the left-hand side. 

Similarly, to model the elastic wave propagation in the AHSFs, a low-amplitude harmonic 

displacement is applied on the surface between the PML and the homogeneous part on the 
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left-hand side. Here, we only consider the longitudinal polarization of elastic waves. We 

have again used a discretization of 10 elements for the minimum wavelength.  

The finite element simulation details are described in chapter 2. Figures 11(a) and (b) 

show the simulated transmission spectrum for acoustic wave and elastic propagation in 

AHSFs, respectively. A strong attenuation zone from 4.5 kHz to 5.4 kHz is observed in the 

acoustic wave transmission spectrum (Figure 11(a)), which agrees well with the partial 

band gaps along    direction in Figure 10(c). The attenuation zone from 8.9 kHz to 

11.2 kHz for elastic wave propagation (Figure 11(b)) also matches well with the partial 

band gaps along    direction in Figure 10(d). To more clearly demonstrate the acoustic 

and vibration mitigation capabilities of the proposed AHSFs, dynamic response of the 

AHSFs under excitation frequencies within and outside the band gaps are presented. For 

example, at point A with a frequency of 3.6 kHz and point C with a frequency of 3.3 kHz 

outside the band gaps, the incident acoustic wave and elastic wave can propagate freely 

throughout the AHSFs. By contrast, both acoustic and elastic wave energy is reflected by 

the AHSFs when the excitation frequencies lie in the band gaps, for example at point B and 

D. These transmission spectra along with the dynamic response not only validate against 

the simulated phononic band gaps for infinite AHSFs, but also demonstrate the potential 

applications of finite-size AHSFs for simultaneous noise and vibration mitigation. 
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Figure 11 Finite element simulated acoustic and elastic transmission along 𝛤 − 𝛨  

direction (a) Acoustic wave transmission spectrum. (b) Elastic wave transmission spectrum. 

(c) Dynamic response of the finite-size AHSFs under different excitation frequencies. The 

gray shaded areas in the transmission spectra correspond to the first partial band gaps in 

figure 10. The legend for acoustic analysis represents the amplitude of the pressure field, 

while for elastic wave analysis, the legend indicates the displacement amplitude. 

3.6 Conclusions 

In summary, we have numerically and experimentally demonstrated the existence of an 

omnidirectional band gap in the 3D printed architected hollow sphere foam. The wave 

attenuation zone in the measured transmission spectrum agrees well with our our numerical 

predictions. Because of the unique design of the proposed architected foams, we have 
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shown the design flexibility to change the band gap properties by tailoring the geometric 

and material parameters of the binder and hollow sphere. Remarkably, without changing 

the architecture or breaking lattice symmetry, the omnidirectional phononic band gaps can 

be shifted toward a low-frequency range by simply tailoring the stiffness contrast between 

hollow sphere and binder. We also evidenced that the proposed design paradigm and the 

physical mechanisms are robust and are applicable to AHSFs with other lattice symmetries. 

Remarkably, omnidirectional elastic wave band gaps can be fully decoupled from acoustic 

waves and independently tuned by tailoring the binder stiffness. The simultaneous acoustic 

and elastic wave band gaps make the proposed lightweight AHSFs particularly useful for 

suppressing the undesired noise and vibrations in transportation, navel, and marine 

engineering.  
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CHAPTER 4 

3D PRINTED ARCHITECTED POLYMER FOAM FOR ENHANCED MECHANICAL 

PROPERTIES 

4.1 Introduction 

Recent advances in the industrial and defense industries require innovative engineering 

designs to address the unprecedented combinations of necessary mechanical properties, 

including high stiffness, strength, toughness, and energy absorption, with minimal weight 

and cost. Sandwich structures have attracted increasing interest because of their lightweight, 

acoustic attenuation, energy absorption, and thermal conductivity. Mechanical behavior of 

sandwich structures under the blast, low-velocity impact, and quasi-static loading 

conditions have been extensively investigated. In these sandwich structures, energy-

dissipating mechanisms were found to include fiber damage [117], matrix fracture [118, 

119], delamination [118, 120], friction [119], core crushing [121, 122], plugging [123, 124], 

and debonding between the core and facings [118, 125]. In particular, the core of a 

sandwich structure often absorbs more than half of the initial kinetic energy imparted to 

plate [125]. Therefore, significant works have been directed towards core topologies. An 

optimal core should exhibit restricted and constant reactive forces, long-stroke, stable 

deformation mode, and high specific energy-absorption capacity. However, it is 

challenging to create such cores because some of the mechanical properties, such as 

stiffness, strength, and energy absorption, are often mutually exclusive. 
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Traditionally, random foam materials such as syntactic foams, Voronoi foams, and 

Alporas foams have been used as sandwich cores. For example, the mechanical behavior 

of sandwich structure with syntactic foam core was investigated under quasi-static and 

dynamic loading [45]. It was found that the energy absorption increased by 23% under 

dynamic load compared to a quasi-static load. In contrast, architected materials with 

specially designed structures can be employed to achieve engineered mechanical properties 

and functionalities [49]. Architected materials, such as lattice [50] or honeycombs [51] 

have been reported to be significantly more structurally efficient than stochastic foams with 

the same relative density [52]. More recently, functionally graded design strategy (FGDS) 

has drawn much attention due to its lightweight, damager tolerant, and high energy 

absorbing capability. FGDS was first proposed by Niino et al. [53] to overcome the huge 

temperature difference between the outer surface of the spacecraft and the internal space 

caused by air friction. Since then, this concept has enlightened researchers to create novel 

FGDS to achieve better mechanical performance. Conventional methods of fabricating 

graded materials have proven to be limited [126], especially for complicated structures. A 

more state-of-the-art method to fabricate graded materials is additive manufacturing (AM). 

One way is to design the graded structure in advance, and then print the model by importing 

the geometry to the printer. The other way is to control the mechanical parameters during 

the manufacturing process [127-130]. Despite the tremendous efforts devoted to the 

functionally graded additive manufacturing process, the majority of the research reported 

has focused on the control in the design process rather than the control of parameters in the 

manufacturing process to produce graded structures [131]. 
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Architected polymer foam composed of beam binders and hollow spheres is a type of 

lightweight architected material that exhibits interesting mechanical properties. We 

recently studied the mechanical behavior of architected polymer foams under large 

deformations [49]. It was found that tuning the binder is a more efficient way to tailor the 

mechanical property compared to relative density. In parallel, the effect of wall thickness, 

perforated hole diameter, binder radius, and spatial arrangement of architected polymer 

foams on stiffness and initial yield stress was investigated [132]. The crushing behavior of 

Simple-Cubic (SC) metal hollow sphere foams with uniform, random, and graded design 

was investigated [133]. They showed that the deformation modes of the three types of 

models tend to be consistent when the impact velocity increases. But the impact resistance 

will increase if the high-density part is positioned in the impact end, which agrees with the 

findings from [134, 135]. In addition to these mechanical properties, we found that these 

architected foams can be engineered with simultaneous noise and vibration control 

capabilities [136]. Notably, it was reported that the phononic band gap can be shifted to a 

low-frequency range by changing the stiffness difference between spherical shell and 

binder [137]. Most of these works are focused on the uniform design of architected foams. 

Here, following our previous work, we will explore the role of different graded designs on 

the mechanical performance of architected foams. We first systematically study the effect 

of the binder size and shell thickness on the mechanical behavior of architected uniform 

foam (UF) (Figure 12(a)). Then we focus our work on the investigation of three types of 

graded designs, which are graded binder foam (GBF), graded thickness foam (GTF), and 

hybrid graded foam (HGF) (Figure 12(b)-(d)). 
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4.2 Model description 

The representative volume element (RVE) of the proposed architected foam model consists 

of perforated spherical shells and beam binders, as shown in Figure 12(e). The lattice 

constant of the RVE is a . The detailed geometrical dimensions are shown in Figure 12(f). 

Perforated spherical shell is characterized by external radius R , thickness t , and 

perforated radius r . Binder is featured by the binder angle  , fillet radius b , and strut 

length l . It should be noted that unlike the perforated spherical shell, the binder can be 

fully determined by any one of its featured parameters,  , b , or l  can be equivalently 

expressed by external radius R and binder . In our following investigation, we will use  

to characterize the size of the binder for the purpose of consistency.  

Here, in our design, we adopt the assumption [49] 

 6 3 25R a                                        (4.1) 

 The perforated radius is fixed as  

 3 10r R                     (4.2) 

With Eq. (4.1) and (4.2), and the featured dimensions in Figure 12(f), the relative density 

of the UF can be calculated as  
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(4.3) 

where c  is the correction coefficient for the volume of binder due to the difficulty of 

obtaining it analytically. 0.65c   is determined by fitting Eq. (4.3) with CAD calculations 

[138]. By altering the spherical shell thickness t , one can change the relative density. By 

modifying the binder angle  , one can tailor the size of the binder. The GBF, GTF, and 
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HGF are designed by varying binder angle and shell thickness. It should be noted that in 

our design, the external radius R  is kept unchanged.  

The UF model, here, is defined by 0.15s   , and 15   . The GBF model is 

defined by 0.15s   , and    increasing linearly from 5  to 20  along vertical direction. 

The GTF model is defined by s   increasing linearly from 0.15  to 0.30  along vertical 

direction, and 15   . The HGF model is defined by s   increasing linearly from 0.15 

to 0.30 and   increasing linearly from 9  to 20  along the vertical direction. Lattice 

constant a=25 mm.  

 

Figure 12 Design and 3D printing of uniform foam (UF), graded binder foam (GBF), 

graded thickness foam (GTF), and hybrid graded foam (HGF)  (a)-(d) 3 3 5   

representative volume elements (RVEs) of UF, GBF, GTF, and HGF. (e) Representative 

volume element (RVE). a  denotes lattice constant. (f) Detailed geometric parameters for 



49 
 

spherical shell and binder. R ,  , t , b , l , r denote spherical radius, binder angle, shell 

thickness, fillet angle, binder length, and perforated hole radius, respectively. (g)-(j) 3D 

printed samples of UF, GBF, GTF, and HGF. 

4.3 Results and discussion 

4.3.1 Effect of binder size 

4.3.1.1 Experimental study 

The effect of binder size variation on the mechanical behavior of foams is investigated in 

this section. To this end, seven different binder sizes 5   , 7.5 , 10 , 12.5 , 15 , 17.5  

and 20  were considered. For the purpose of comparison, the relative density of each 

sample was kept the same (0.15). The stress-strain curves for the samples with different 

binder sizes are shown in Figure 13(a). When the binder size is very small ( 5   ), the 

stresses drop to zero at the strain of 0.29. If the binder size is in the medium range ( 7.5   , 

10 , and 12.5 ), the stress-strain curve shows relatively smooth behavior as the 

deformation proceeds. However, when the binder size is much larger ( 15   , 17.5 , and 

20 ), the stress-strain curve exhibits significant rises and falls for each subsequent failure. 

These three typical failure modes can be exemplified by three configurations, 5   , 7.5 , 

and 15 , as shown in Figure 13(b). The three types of failure mechanisms are different 

from the failure mode in our previous investigation [49]. In our previous work, we only 

found the third failure mode reported here due to the limited binder range we chose. The 

failure modes found here play an important role in our graded design structures, as will be 

discussed later. Deformation patterns of the three failure modes are shown in Figure 13(c)-

(e). At the strain 0.03y  , the image of 5    model shows that one of the binders 

fractured, as highlighted in the image. Meanwhile, the spherical shells remain intact, 
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indicating the inability of the binder to connect shells effectively. On the other hand,  

7.5   , and 15    models exhibit no signs of fracture at this point. As the strain 

proceeds to 0.1y  , 5    model displays that more binders fail without notable 

deformation of spherical shells, as one can observe from the highlights in the image. 

However, at this stage, 7.5    model begins to show failure for some layers. Unlike 

5   , the failure of binders is accompanied by the significant bending of shells. This 

indicates that binders are strong enough to force the bending deformation of spherical shells, 

but not strong enough to withstand failure past a certain strain. This mechanism is insightful 

for our graded design. At this strain, the 15    model shows spherical shell failure 

without any signs of binder fracture. As the deformation proceeds, at the strain of 0.25y  , 

5    model shows that most of the binders are failed, which leads to the exploding at the 

strain of 0.29y  . On the other hand, 7.5    model exhibits further failure of binders 

and spherical shells for 0.25y   and 0.5y  . For 15    model, layer-by-layer failure 

occurs at strain 0.25y   up to 0.5y  . At this stage, there is no observed binder failure 

even though some of the spherical shells fractured significantly. 
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Figure 13 Effect of binder size on mechanical performance (a) Stress-strain curve for 

different binder sizes. (b) Stress-strain curve for three typical deformation modes and the 

inset is the FE simulation result. (c)-(e) Deformation patterns for 5   , 7.5    and 

15    at different strain conditions. 
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The relative stiffness sE E  is plotted against binder angle   on a log-log scale and 

fitted with a power-law curve, as shown in Figure 14(a). The relationship is found to be 

0.655
s ~E E  . This relation does not have the classical meaning of deformation mechanism. 

Instead, it only represents the experimental observation of the relative stiffness with respect 

to binder angle  . The bottom horizontal axis of this plot is the binder angle, and the top 

horizontal axis is relative density s  . It is shown that increasing binder angle will 

slightly raise the relative density but significantly enhance the stiffness. For example, when 

the binder angle increases from 10  to 20 , the relative density increases by 2%. However, 

the stiffness is enlarged by ~100%. The stiffness, strength, and energy absorption for 

different foams are summarized in Figure 14(b)-(d). The error-bars are attached to these 

category plots. However, it should be noted that in this group of compressive tests, the 

repeated tests were conducted for only part of the models due to the expensiveness of 

printing. The ones that were not repeat tested are 10   , 12.5 , and 17.5 . Nevertheless, 

from the experimental results of those foams which were repeatedly tested, the results 

repeated very well. Figure 14(b) and (c) show that the stiffness and strength increase with 

the increase of the binder angle. It is also found that the strength of 5    model is 

considerably low compared to other binder angles. Figure 14(d) shows that energy 

absorption increases with the binder angle. However, the energy absorption of 5    is 

extremely low, indicating the critical role of binder size in designing the architected foam. 

4.3.1.2 FE simulation 

The purpose of the finite element simulation is to understand how the stress will be 

distributed around the foam model when the binder sizes are different. To simulate the 

compression experiments, we fixed the bottom plate translationally and rotationally ( 0xu  , 
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0yu  , 0zu  , 0xur  , 0yur  , 0zur  ). For the top plate, we constrained all the degrees 

of freedom except the displacement along z direction ( 0xu  , 0yu  , 87.5zu   , 0xur  , 

0yur  , 0zur  ). Figure 15 shows the simulation results for UF with three featured binder 

angles 5   , 7.5 , and 15 . The purpose of the simulation is to disclose the mechanism 

of binder size on the mechanical behavior of foams. Therefore, the simulation was 

performed for compressive strain up to 0.14, as shown in the inset in Figure 13(b). At the 

strain 0.01y  , the contour plot of 5    shows that the stress is much more 

concentrated on local binders than the spherical shells. However, 7.5    model displays 

rather even stress distribution on binders and shells. In contrast, the 15    model exhibits 

more stress distribution on shells than on binders. At the strain 0.05y  , the stress on the 

binders further increases for 5    model, while stress on the shells remains fairly the 

same. As for 7.5    model, both the binders and shells are gaining significant stress at 

this stage, indicating they are playing an equally important role. On the other hand, the 

stress for 15    model is more distributed on shells than binders, just like its previous 

stage. As the deformation proceeds, the same mechanism can be observed for these models 

at the strain 0.1y  . 
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Figure 14 Effect of binder size on mechanical performance (a) Relative stiffness as a 

function of binder angle and relative density. The circle line denotes the experimental result. 

The continuous solid line represents the fitted curve. The bottom axis is binder angle and 

the top axis is relative density (b) Stiffness  as a function of binder angle. (c) Strength as a 

function of binder angle. (d) Energy absorption as a function of binder angle. 
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Figure 15 Contour plots of Mises stress of different binder sizes (a) Contour plot of Mises 

stress for 5   . (b) Contour plot of Mises stress for 7.5   . (c) Contour plot of Mises 

stress for 15   . 
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4.3.2 Effect of shell thickness 

4.3.2.1 Experimental study 

The effect of shell thickness variation on the mechanical behavior of foams is studied in 

this section. Here, the shell thickness is described by relative density. Four different shell 

thickness cases were considered, 15%s   , 21% , 26% , and 30% . Likewise, the 

binder angle was fixed to 20    to isolate the effect of shell thickness. The stress-strain 

curves for different shell thickness models are shown in Figure 16(a). Considerable 

differences can be observed in these stress-strain curves across different shell thickness 

variations. It is noted that with the increase of relative density, the number of peaks-and-

valleys is reducing, whilst the difference from peaks to valleys is significantly increasing. 

This means that more pronounced failure occurs when relative density increases. Figure 

16(b) shows the stress-strain curves for the two extreme cases, 15%s   , and 

30%s   . Figure 16(c) and (d) display the deformation patterns for 15%s   , and 

30%s   . At the strain 0.05y  , the second layer from the top of 15%s    model 

begins to bend substantially, corresponding to the first peak in the stress-strain curve. 

However, the 30%s    model displays no observable deformation pattern. As the 

strain increases to 0.15y  , 15%s    model exhibits layer-by-layer failure for the 

first three layers, corresponding to the beginning three peaks in the stress-strain curve. On 

the other hand, 30%s    model still shows no noticeable deformation pattern except 

that global buckling occurs at this point. At the strain 0.32y  , most of the layers failed 

for 15%s    model through layer-by-layer failure mode. In contrast, 30%s    

model features a catastrophic failure, corresponding to the sudden drop of stress on the 
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stress-strain curve in Figure 16(a). As the strain further proceeds to 0.6y  , 15%s    

model is fully packed together, indicating the beginning of densification. 30%s    

model, however, is packed disorderly, showing pseudo-densification. 

The stiffness of the sample is extracted as the initial slope from strain of 0 to 0.02. 

The relative stiffness sE E  is plotted against relative density s   on a log-log scale and 

fitted with a power-law curve, as shown in Figure 17(a). The relation is found to be 

 1.56
~s sE E   , indicating a bending-dominant deformation behavior. This implies its 

superior energy absorption performance compared to random foam [52] but inferior 

stiffness behavior compared to some lattice structures [139, 140]. For example, when the 

relative density enlarges from 15%  to 21% , the stiffness increases by ~100%. However, 

according to our above investigation of the effect of binder angle, the stiffness increases 

the same amount only by gaining a relative density of 2%. This illustrates that tailoring 

stiffness by altering binder angle is much more efficient than changing the relative density, 

which is consistent with previous findings [49]. It should be pointed out that our previous 

study exhibited significant brittle failure due to different material properties, and in some 

cases, the stress dropped ~90% after initial yield strength [49]. However, the investigation 

here shows more ductile behavior. This progressive failure, coupled with the relation 

between the binder and mechanical performance, serves as the fundamentals for the 

subsequent graded designs. Yield strength and energy absorption are displayed in Figure 

17(b) and (c). As expected, strength and energy absorption are enhanced as the relative 

density rises. 
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Figure 16 Effect of relative density on mechanical performance (a) Stress-strain curve for 

different relative densities. (b) Stress-strain curve for two typical deformation modes. The 

inset is the FE simulation result. (c) and (d) Deformation patterns for / 0.15s    and 

/ 0.30s   . 
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Figure 17 Effect of relative density on mechanical performance (a) Relative stiffness as a 

function of / s  . The circle line denotes the experimental result. The solid line represents 

the fitted curve. (b) Stiffness category plot as a function of relative density. (c) Energy 

absorption category plot as a function of relative density. 

4.3.2.2 FE simulation 

The purpose of the finite element simulation is to understand how the stress will be 

distributed around the foam model when the shell thicknesses are different. To simulate 

the compression experiments, we fixed the bottom plate translationally and rotationally 

( 0xu  , 0yu  , 0zu  , 0xur  , 0yur  , 0zur  ). For the top plate, we constrained all the 

degrees of freedom except the displacement along z direction ( 0xu  , 0yu  , 87.5zu   , 

0xur  , 0yur  , 0zur  ). Figure 18 shows the stress contour plot of the simulation results 

of UF with different relative densities. The corresponding stress-strain curves are displayed 

in the inset of Figure 16(b). At the strain 0.01y  , the two different relative density 

models exhibit considerable differences in deformation patterns. / 0.15s    model 

shows that the stress is significantly concentrated on the spherical shells, while the stress 
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of / 0.30s    model is widely spread across the model. At the strain 0.05y  , the 

middle two layers of / 0.15s    begin to show buckling behavior. The experimental 

stress-strain curve confirms this observation as well. The / 0.30s    model, on the other 

hand, shows a further buildup of stress across the entire model at this point. As the strain 

proceeds to 0.1y  , most of the layers of / 0.15s    model are buckled. The valley 

point highlighted in the inset of Figure 16(b) verifies this behavior. However, for 

/ 0.30s    model, no observable deformation pattern can be found. This explains the 

smooth rising of stress-strain curve in the inset of Figure 16(b). Meanwhile, the 

experimental images also confirm this observation at this stage. 
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Figure 18 Contour plot of Mises stress of different relative densities (a) Contour plot of 

Mises stress for / 0.15s   . (b) Contour plot of Mises stress for / 0.30s   . 

It has to be pointed out that the finite element simulation results of different thickness 

model didn’t capture the global buckling mode observed in the experimental deformation 

image in Figure 16. This global buckling could be due to the imperfection of the sample, 

or because of the boundary conditions or the mechanical tester. This phenomenon will need 

to be further studied in the future to conduct more experiments, and use the commercial 

software to simulate the imperfection model to verify what leads to the global buckling 

phenomenon. Again, this does not affect the general conclusion of our research work that 
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with the increase of the thickness, the deformation behavior switchs from progressive 

failure to catastrophic failure. 

4.3.3 Effect of different graded design strategies 

4.3.3.1 Experimental study 

In the previous two sections, the effects of binder size and relative density variations on 

the mechanical performance of foams were investigated separately. The effect of different 

designs of architected foam is studied in this section. To this end, four design 

configurations, UF, GBF, GTF, and HGF are considered. Repeated tests were performed 

for all the samples in this group to eliminate the possibility of rare types of error that may 

be involved in the experiment. Figure 19(a) shows the experimental and simulated stress-

strain curves of UF, GBF, GTF, and HGF. It is noticeable that both UF and GBF exhibit 

inferior mechanical behavior compared to GTF and HGF. This means that uniform design 

cannot offer the best option for tailoring foams if the graded design is feasible. However, 

only designing a graded binder also fails to enhance the performance of foams. On the 

other hand, both GTF and HGF models exhibit a fluctuant increase of stress before the 

strain of 0.47. While HGF model keeps rising, GTF model displays a significant drop in 

stress after this strain. The FE simulation result in the inset shows a similar trend as the 

experiment. Figure 19(b)-(d) summarize the stiffness, strength, and specific energy 

absorption (SEA), respectively. It should be noted that SEA here is normalized with respect 

to UF model. As shown in Figure 19(d), the SEA of HGF model is enhanced by 125% and 

185% compared to UF and GBF model. The accumulated specific energy absorption for 

these four models is plotted in the inset of Figure 19(d). It is found that for the HGF model, 

the accumulated SEA increases much faster than that of UF and GBF. This indicates that 
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HGF model is significantly more efficient than UF and GBF model for energy absorption. 

On the other hand, though GTF shows similar relation with HGF model, the inflection 

point occurs at a strain of 0.47 for GTF, revealing that HGF is the best option. In fact, the 

specific energy absorption of HGF model increases by 34% compared to GTF model. 

 

Figure 19 Effect of uniform and gradient design on mechanical performance (a) 

Experimental stress-strain curve of UF, GBF, GTF, and HGF models. The inset is the 

stress-strain curve of FE simulation. (b) Stiffness category plot as function of different 

design configurations. (c) Strength category plot as a function of different design 

configurations. (d) Specific energy absorption (SEA) category plot as a function of 

different design configurations. 
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Figure 20 displays the deformation pattern for UF, GBF, GTF, and HGF model. At the 

strain 0.025y  , UF model shows no observable failure. GBF model exhibits notable 

binder failure at the top layer without visible shell bending behavior, meaning that the 

binder is too weak to bond the spherical shells. This corresponds to the first stress drop on 

the stress-strain curve in Figure 19(a). GTF model, at this stage, shows discernible shell 

bending deformation, which corresponds to the peak point on the stress-strain curve. HGF 

model, unlike the GTF model, reveals no noticeable deformation pattern. This is attributed 

to the binder size at the top layer. Therefore, the stress-strain curve shows smooth rising at 

this point. At the strain 0.14y  , the UF model displays a layer-by-layer failure 

mechanism. In contrast, the GBF model shows that the distinctive binder failure extends to 

the second layer. The highlights in this deformation image reveal that the two spherical 

shells remain intact, meaning that the binders of the second layer are not strong enough as 

well. For the GTF model, the first two layers failed at this moment. However, from the 

highlighted area, it is noticed that the binders remain intact even though the spherical shells 

are fully fractured. This observation indicates that the binder is extremely strong, and a 

catastrophic failure is prone to occur. At this point, the HGF model also shows that the first 

two layers failed, but no visible intact binder is found in the first layer. As the deformation 

proceeds, at the strain 0.47y  , all the layers of UF model fail by way of layer-by-layer 

failure. On the other hand, unlike its previous failure mode, GBF model shows that the 

binders at this stage are so strong that they remain intact even though shells fractured, as 

shown in the highlights. By contrast, GTF model displays the inability of the binders to 

function as effectively as in previous stages, shown in the highlights. This explains why 

stress drops at the strain of 0.47 on the stress-strain curve in Figure 19(a). As for HGF 
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model, the deformation proceeds consistently with previous stages. Unlike GTF model, 

there is no sustained stress-drop for HGF model. However, due to the fracture randomness, 

it is almost impossible to observe the ideal deformation pattern of one-layer shell failure 

followed by one-layer binder failure. This is responsible for some intact binders in the 

previous fractured zone. At the strain 0.55y  , the UF model begins to pack together to 

prepare densification. The GBF model shows layer-by-layer shell failure at this stage. On 

the other hand, the image of the GTF model further highlights the weakness of the binders. 

The HGF model shows densification at this point, which can also be observed from the rise 

of the stress-strain curve in Figure 19(a). 
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Figure 20 Effect of uniform and gradient design on mechanical performance (a)-(d) 

Deformation patterns for the UF, GBF, GTF, and HGF models at different strains. 

4.3.3.2 FE simulation 

Figure 21 shows the stress contour plot of simulation results of UF, GBF, GTF, and HGF 

models. As mentioned before, fracture criterion was deployed in the simulation 
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investigation in this section. However, due to the setup of fracture strain value in 

Abaqus/Explicit. The Abaqus/Explicit is a finite element analysis product that is 

particularly powerful to effectively handle severely nonlinear behavior such as contact, 

which makes it very attractive for the simulation of many quasi-static events, such as 

crushing of energy absorbing devices, i.e., the architected foam structure studied in this 

work. In our research study, the fracture will not occur when the binder is robust enough. 

This is why shells fracture and fall off for the GBF and HGF models, but not for the UF 

and GTF models. At the strain 0.014y  , the UF model shows the stress is mainly 

concentrated on the spherical shells of all layers. In contrast, the GBF model displays that 

stress is overwhelmingly concentrated on the binders of the first layer, meaning that the 

weakest part of this model is the binder in the first layer. On the other hand, both GTF and 

HGF reveal that the stress is increasingly spread from the bottom to the top, indicating that 

the top layers function more efficiently than the bottom layers at this moment. Meanwhile, 

the stress on the binders of GTF model is almost the same. However, the stress on the 

binders of the HGF model is distributed similarly to the stress on the spherical shells. This 

means that the binder at the top functions more efficiently than on the bottom. At the strain 

0.1y  , the UF model shows buckling of spherical shells for the second layer to the 

bottom. At this stage, the first layer of shells of GBF model falls off from the model due to 

the weakness of the binders in this layer, similar to what was observed in the experiment. 

In contrast, the GTF model shows no fracture at this point, signifying the robustness of the 

binder. For the HGF model, the first layer of shells falls off from the model as well. 

However, it should be noted that this is not the same as the GBF model. The spherical 

shells in the GBF model function far less efficiently than those in the HGF model before 



68 
 

falling off from the model because of significantly less stress distribution on the shell of 

GBF model than that of HGF model. At the strain 0.3y  , the UF model shows shell 

buckling of most layers. On the other hand, the GBF model displays that the shells keep 

falling off as deformation proceeds. However, the GTF model exhibits that the binder is 

not robust enough to sustain the load, as highlighted in the red area. This is responsible for 

the stress drop on the stress-strain curve in the inset of Figure 19(a). The HGF model 

follows the same deformation pattern as previous stages at this point.  
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Figure 21 Contour plot of Mises stress of uniform and graded design models (a)-(d) 

Contour plot of Mises stress for UF, GBF, GTF, and HGF models at different strains. 

4.3.4 Comparison of graded designs with existing architected materials 

Having studied the effect of binder size, relative density, and different design parameters, 

we compared the proposed designs with two other typical graded design structures that 

have been widely investigated [141]. To do so, the graded BCC-lattice model and graded 

TPMS-shell model were considered. To obtain a legitimate comparison, we adopted the 
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design strategy like our proposed model. The relative density at the top is kept as 

0.15s   , and 0.30s    is maintained for the bottom. This gives almost the same 

volume for these three models. The investigation in this section was conducted only in FE 

simulation due to the inadequate ductile property of nylon material. Meanwhile, no fracture 

criterion was incorporated in the simulation. 

Figure 22(a) shows the stress-strain curves of the three configurations. It is noticeable 

that both the graded lattice model and HGF model exhibit smooth rising of stress when the 

deformation proceeds before the strain of 0.55. However, after this point, the graded lattice 

model begins to gain stress quite radically, while HGF model still displays progressively 

increasing stress. On the other hand, the graded TPMS model reveals considerably different 

stress marching behavior, which shows continuous oscillation during stress rising. Figure 

22(b) displays the stiffness. Interestingly, the stiffness of graded lattice is significantly 

smaller than the graded TPMS and HGF model. Meanwhile, the HGF model outperforms 

graded TPMS in this regard. The stiffness of HGF increases by 346% and 33% compared 

to the graded lattice and graded TPMS model, respectively. The accumulated SEA curves 

are plotted in Figure 22(c).  The HGF model is notably more efficient in energy absorption 

than the graded TPMS and graded lattice model. It should be noted that the turning point 

as highlighted for graded lattice in Figure 22(c) cannot be considered as increasing 

efficiency because the densification represents the collapse of the structure, which should 

be treated as more of a solid than a cellular structure. Figure 22(d) exhibits the specific 

energy absorption before densification. It is found that the SEA of HGF model increases 

by 141% and 32% when compared to the graded lattice model and graded TPMS model, 

respectively.  
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Figure 22 Comparison of typical graded materials (a) Stress-strain curve for graded lattice, 

graded TPMS, and HGF model. The inset is the stress-strain curve with a strain from 0 to 

0.45. (b) Stiffness category plot as a function of different design configurations. (c) 

Accumulated specific energy absorption (SEA) curve as a function of strain. (d) Specific 

energy absorption (SEA) category plot as a function of different design configurations. 

Here, we discuss the simulated mechanical behavior of different architectures. First of all, 

the graded lattice, graded TPMS structure, and the proposed HGF model are shown in 

Figure 23. The relative density for each model increases linearly from 0.15s    to 

0.30s   . We use the same constitutive model expect that no damage or fracture was 

considered. The Mises stress contour plot is shown in Figure 24. At the strain 0.05  , the 

graded lattice shows significant less stress distribution than graded TPMS and HGF model. 

This explains the low stress-strain behavior in Figure 22 (a). Compared with the graded 
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TPMS model, the HGF model shows considerable stress concentrated on the binder, while 

the graded TPMS model shows no observable difference between shells and binders. At 

the strain 0.15  , stress is largely concentrated on the strut joints rather than struts. This 

indicates that these structs are not fully used under compression. In contrast, graded TPMS 

and HGF model show relatively uniform stress distribution. However, the first layer 

binders of the HGF model experience substantial plastic deformation at this stage, while 

the graded TPMS model only shows shell buckling, as highlighted in Figure 24(b). This 

behavior corresponds to the fluctuation of the stress-strain curve of the graded TPMS 

model and a smooth climbing of stress for the HGF model. The significantly different 

responses further emphasize the vital role of binders in tailoring the mechanical 

performance of structures. At the strain of 0.55  , the struts of the graded lattice 

accumulate, leading to the turning point of stress-strain relation in Figure 24(a). The graded 

TPMS exhibits a layer-by-layer shell buckling behavior. In contrast, the HGF model shows 

simultaneous shell and binder buckling.  

 

Figure 23 Three architected materials with graded design (a) Graded BCC lattice model. 

(b) Graded TPMS model. (c) HGF model. 
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Figure 24 Mises stress distribution of three architected materials with graded design (a) 

Mises stress distribution of graded lattice model. (b) Mises stress distribution of graded 

TPMS model. (c) Mises stress distribution of HGF model. 
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4.4 Conclusions 

In this work, the effects of three types of graded designs, including binder size, shell 

thickness, and a hybrid strategy, on the compressive mechanical performance of architected 

polymer foams are investigated. It is found that three failure mechanisms dominate the 

behavior of different binder sizes. When the binder is small, stress will concentrate on the 

binder, leading to the failure of the binder. If the binder is medium-size, stress will spread 

to the binder and spherical shell uniformly. Therefore, the binder failure will be 

accompanied by the failure of the spherical shell. If the binder is large enough, significant 

stress will gather on the spherical shell. This results in the failure of the spherical shell. 

Moreover, the stiffness of architected foam can be tailored by choosing the proper binder 

size. When the binder angle increases from 10  to 20 , the relative density increases by 

2%, and the stiffness is enlarged by ~100%. On the other hand, the investigation of shell 

thickness variation shows that the relation between relative stiffness and relative density is 

 1.56
~s sE E   , indicating a bending-dominant deformation behavior. Investigations 

on graded designs indicate that the HGF model is significantly more efficient than UF and 

GBF models for energy absorption. The specific energy absorption of the HGF model is 

enhanced by 125% and 185% compared to UF and GBF models, respectively. Meanwhile, 

the GTF model shares similar energy absorption efficiency with HGF model before the 

inflection point at the strain of 0.47, after which the efficiency drops significantly. Notably, 

the specific energy absorption of the HGF model increases by 34% compared to the GTF 

model. Furthermore, the comparison of the HGF model and existing architected materials 

shows that the HGF model outperforms these structures in stiffness, energy absorption 

efficiency, and specific energy absorption. The stiffness of the HGF increases by 346% 



75 
 

and 33% compared to the graded lattice and graded TPMS models, respectively. When it 

comes to specific energy absorption, the HGF model increases by 141% and 32% 

compared to the graded lattice model and graded TPMS model, respectively. The findings 

presented in this work provide guidelines for engineering graded architected foams, which 

can be employed within a wide range of applications, including packaging, automotive, 

cores of sandwich structures, and personal protection equipment.  
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CHAPTER 5 

MULTIPHASE COMPOSITES WITH EXCEPTIONAL MECHANICAL 

PERFORMANCE  

5.1 Introduction  

Advanced structural materials featuring a combination of lightweight, exceptional stiffness, 

strength, energy absorption, and damage tolerance are becoming crucially important for 

multifunctional applications in aerospace, biomedical, semiconductor, and automotive 

engineering. Lightweight structural materials in automotive engineering offer significant 

potential to increase vehicle safety and efficiency [142]. A 10% reduction in vehicle weight 

can result in a 6%-8% fuel economy improvement [143]. This is particularly important for 

hybrid, plug-in hybrid and electric vehicles, for which lightweight materials improve 

operational efficiency and increase their all-electric range [144, 145]. Mechanical energy 

absorption and structural integrity are also essential for automotive structural components 

to function properly [146-149]; vehicle components such as door assemblies and bumper 

beams must be robust enough to maintain the safety of passengers even for severe crash 

conditions [150, 151]. Lightweight, cost-efficient materials and structures are also critical 

to next-generation aerospace vehicles, particularly emerging electric and hybrid-electric 

aircraft. To this end, intensive efforts have been devoted to developing lightweight 

structural composites with exceptional stiffness, strength, impact resistance, and durability. 

Despite recent advances in materials and manufacturing techniques, the design and 
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fabrication of low-cost structural materials with lightweight and superior mechanical 

performance still represent a challenge. 

Biological structural materials such as nacre, glass sea sponges, and cellular solids 

feature unusual mechanical properties that are difficult to reproduce in man-made and 

artificial materials. For example, the hierarchical assembly of brittle minerals and soft 

proteins provides nacreous composites an unusual combination of stiffness, strength, 

damage tolerance, and impact resistance [68, 152, 153]. Recent advances in additive 

manufacturing such as multi-material and multiscale 3D printing have, however, enabled 

the production of bioinspired nacreous composites by emulating internal architectures and 

compositions [62-64, 154]. Similar microstructure designs with the synergistic interplay 

between hard brittle and soft organic layers have also been identified in glass sea sponges 

[69, 70, 155, 156], bones [71, 72], and teeth [73, 157]. Cellular solids represent another 

type of lightweight structural system that can be found in biological materials such as wood 

and cork [74, 158]. By engineering the topology of cellular materials, one can tailor custom 

lightweight, high specific strength, and energy absorption characteristics. By using 3D 

printing techniques researchers have recently developed hierarchical honeycomb structures 

at cell-wall and macro cellular-structure levels with superior mechanical performance 

compared with their natural counterparts [159-161]. These numerical and experimental 

investigations indicate that natural materials are a rich source of inspiration for design 

principles to develop next-generation structural artificial solids. Most of the current efforts 

are still nevertheless focused on understanding the fundamental mechanical properties of 

bioinspired structural materials, such as stiffness, strength, and fracture toughness. Studies 

related to the mechanical behavior and failure modes under large deformations are 
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somewhat limited, leaving new deformation mechanisms and optimal materials design 

principles untapped under such conditions. 

In this chapter, we begin by exploring the mechanical behavior of bioinspired 

multilayered cellular composites under large deformation. The material system 

investigated here is inspired by the multiscale nature of cork microstructure. Cork is 

originated from the bark of the oak tree Quercus Suber that grows in sub-desertic areas 

[162]. The microstructure of cork was initially investigated by Robert Hooke in 1664 using 

an optical microscope and, in modern times, studied in detail by Gibson et al [162]. with a 

scanning electron microscope (SEM). Cork cells present a hexagonal prism shape (Figure 

26(a)) [163]. Due to this unique structure, cork exhibits some outstanding properties, in 

particular, superior energy absorption that can be used for impact-loaded applications [164]. 

Another distinctive characteristic of cork is the composition of its cell walls, involving 

several distinct material layers (Figure 26(b)) [165, 166]. The cork cell walls consist of a 

thin and stiff, lignin-rich middle lamella (internal primary wall), a thick secondary wall 

made up of alternating suberin and a wax lamella, and a final thin tertiary wall of 

polysaccharides (cellulose and hemicellulose). The exact chemical constitution depends, 

however, on factors such as the geographic origin, the climate and soil conditions, the 

genetic origin, the dimensions of the tree, together with its age and growth conditions [165, 

167]. From a mechanical viewpoint, the combination of its cellular structure and the 

specific chemical and geometric layout of the lamellae gives rise to the distinctive 

properties of cork.  
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5.2 Bioinspired multilayered composites for exceptional performance 

5.2.1 Model description  

The multilayered cell wall of cork inspires the proposed cellular composite design. It is not 

the intent of this work to replicate the cork structure at multiple length scales. Instead, we 

incorporate the multilayered nature into a simple cellular structure. Specifically, the 

proposed multilayered cellular composite design consists of a triply periodic minimal 

surface (TPMS) and it is inspired by the multi-material compositions of cork. TPMS 

models are mathematical surfaces that exhibit zero mean curvature. The smoothness of the 

surfaces and the absence of intersections enable the reduction of stress concentrations [168, 

169]. The Schwarz P minimal surface is one of the simplest TPMS models. For simplicity, 

the Schwarz P surface has been chosen here as our composite design. The level set function 

for the surface can be expressed as [170] 

1 1 1
( , , ) cos( ) cos( ) cos( ) cos( ) cos( ) cos( ) cos( ) cos( ) cos( )

2 2 2
f x y z x y z x y y z z z t           

(5.1) 

where the value of t determines the volume fraction of inside and outside the surface. It is 

found that the minimal surface divides the repeating unit cells (RUCs) in an even manner 

when 0.3095t   . Note that the lattice constant here is 2a   due to the 2 periodicity 

of this minimal surface function. The printed MCC structure is composed of 3×3×3 RUCs 

(Figure 25(c) and (d)). 

The model details are shown in Table 1, and Figure 25. 

Table 1. The parameters of the models with volume fraction from 10% to 50%. 

Volume fraction Layer thickness / m  

% 1st 2nd 3rd 4th 5th 
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10 791 132 791 132 791 

20 703 264 703 264 703 

30 615 395 615 395 615 

40 527 527 527 527 527 

50 439 659 439 659 439 

 

 

Figure 25 The design process of the proposed multilayered cellular composites (a) Schwarz 

P minimal surface that divides the representative volume element evenly. (b) 

Homogeneous VW structure with a volume fraction of 25% and (c) MCC structure with a 

total volume fraction of 25%.The thickness of each layer from inside to outside is 703𝜇𝑚, 

264𝜇𝑚, 703𝜇𝑚, 264𝜇𝑚, and 703𝜇𝑚. (d) 3D printed samples for VW structure and (e) 

MCC structure. 
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Figure 26 Bioinspired multilayered cellular composite design and uniaxial compression 

tests (a)-(b) Scanning electron microscope image of cork microstructure and its 

multilayered cell wall. (c)-(d) 3D printed cellular composite composed of five layers of 

hard and soft phases. The cellular structure is defined by a Schwarz P minimal surface. (e) 

Measured compressive stress-strain curves for the 3D printed MCC structure and a VW 

structure. (f)-(h) Comparisons between the measured stiffness, strength, and energy 

absorption, respectively. 

5.2.2 Results and discussion 

5.2.2.1 Uniaxial compression tests 

To understand the mechanical behavior of the MCC structure under large deformations, 

uniaxial compression tests with a strain rate of 5.5 × 10ିସ𝑠ିଵhave been performed. Figure 

26(e) shows the experimental stress-strain curves for the VW and MCC structures up to a 
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70% compressive strain. Tests were repeated three times and we have observed good 

repeatability of the results from each test, especially within the small strain range, as 

indicated by the small variation of stress ranges in the shadow. For the VW structure, the 

stress increases rapidly until the strain reaches 7% and then drops abruptly to zero, 

associated with a catastrophic failure mode. The MCC structure is more compliant than the 

VW configuration, and the initial stress peak occurs at 10% strain, followed by a long stress 

plateau until approximately 60% of compression before densification. This stark contrast 

between the two layouts is due to the different failure modes for the VW and MCC 

structures, which will be discussed below. Comparisons of stiffness, strength and energy 

absorption between the VW and MCC configurations are summarized in Figures 26(f)-(h). 

The MCC shows a decrease in the stiffness and strength compared to the VW decreased 

by 58.3% and 52.6%, respectively. The energy absorption is however increased by 317% 

in the case of the MCC configuration.  

To explain the significant difference in the compressive stress-strain behavior, the 

measured mechanical deformation patterns of the VW and MCC structures are shown at 

different strain levels. As shown in Figure 27(a), the VW structure begins to fracture locally 

at the bottom layer when the strain reaches 5.7% (Figure 27(b) A). Failure initiates in the 

bottom layer and locally within the top layer when the strain increases to 6.3% (Figures 

27(b) B and C). With the further release of strain energy, the fracture propagates, and the 

failure zone enlarges considerably when the compressive strain reaches 7.7% (Figure 27(b) 

D), followed by the structure breaking abruptly at 8.7% of strain (Figure 27(b) E). This 

deformation pattern indicates that the VW structure is relatively brittle, and it is not able to 

sustain large deformations characteristic of high energy-absorbing materials. Figure 27(c) 
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shows the deformation evolution of the MCC structure. The MCC configuration also 

fractures locally, however, the compressive strain has reached 10% by the time cracking is 

evident (Figure 27(d) F). The failure then propagates and expands to the whole MCC 

structure. It is worth noticing that most of the side holes fail at 14% of compressive strain 

(Figures 27(d) G and H). As the deformation progresses the structure begins to buckle at 

the bottom layer and engages contact between different layers. The middle layer fails at a 

global compressive strain of 28% (Figure 27(d) I). With further increase of the compressive 

strain, the cell walls in the MCC structure completely collapse and contact with each other, 

giving a rapid increase in stress at a compressive strain of 58% and gradually densifies 

towards the end (Figure 27(d) J). Compared with the VW structure, the MCC configuration 

features a more stable deformation pattern and exhibits a combination of ductile-like and 

brittle-like behavior under large deformations. The significantly different deformation 

patterns observed during the mechanical tests qualitatively explain the exceptional energy 

absorption of the MCC configuration. 
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Figure 27 Mechanical deformation of the 3D printed VW and MCC structures (a) and (b) 

Global deformation and corresponding local deformation of 3D printed VW structure at 

different strain levels, respectively. (c) and (d) Global deformation and corresponding local 

deformation of 3D printed MCC configurations at different strain levels, respectively. 
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5.2.2.2. Finite element simulations and DIC results 

To further understand the underlying deformation mechanisms related to these structures, 

finite element (FE) simulations have been performed on both the VW and the MCC 

structures. A user-defined viscoplastic model for the VeroWhitePlus and a hyperelastic 

model for Agilus30 have been implemented in a commercial finite element code 

(VUMAT/ABAQUS). Figures 28(a) and (d) show the comparison between measured and 

simulated stress-strain relations for the VW and the MCC structures, respectively. The 

experimental results and the FE simulations are in good quantitative agreement. Very good 

correlation is evident between experiments and simulations for the VW structure for strains 

lower than 8%. For the MCC structure, the two sets of stress-strain curves compare well 

for compressions lower than 10%. Furthermore, the large experimental deformation 

exhibited by the MCC structure also coincides very well with the FE simulation results for 

compressions lower than 40%. After this level of strain, the discrepancy between 

simulations and experiments begins to be significant as densification begins to occur. The 

main rationale behind the difference between experiments and simulations is the lack of 

incorporation of failure in the FE models. Nevertheless, the good agreement between 

experiments and simulations indicate that the FE modeling approach used here can predict 

the nonlinear mechanical behavior of the cellular structures within a sizeable compressive 

strain range. 

Two-dimensional DIC measurements were also taken to identify the strain patterns of 

the two configurations during the mechanical testing. The experimental and simulated 

strain distributions at a global strain level of 5% for the VW structure are displayed in 

Figures 28(b) and (c). The FE simulations overpredict the magnitudes of the maximum 
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tensile and compressive strain concentrations. This is because the 2D DIC system used 

here may not be able to accurately capture the strain distribution in the complex surfaces. 

Nevertheless, the local strain measurements and the FE predictions are in good qualitative 

agreement, with distinctive thin horizontal bands of tensile strain near the center of each 

cell. It is noteworthy that the catastrophic failure of the VW structure (see Figure 27(a)) 

initiated due to cracks forming in the banded tensile strain region shown in Figures 28(b) 

and (c).  

Figures 28(e) and (f) show the comparison between the DIC measurements and FE 

simulation results for the MCC structure at a global strain level of 5%. The MCC 

configuration does not feature the vertical strain concentrated in a small region, rather it is 

distributed evenly around the contact areas between unit cells along both the horizontal and 

vertical directions. The MCC configuration shows, therefore, a significantly more uniform 

stress distribution, suppressing rapid crack propagation and leading to a progressive failure 

behavior. Consequently, the MCC configuration exhibits the superior energy absorption 

capability under large deformations.  
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Figure 28 Digital image correlation (DIC) characterization and finite element (FE) 

modeling (a) Comparison of the stress-strain relations from the mechanical testing and the 

FE simulations for the VW structure. (b)-(c) Comparison between measured and simulated 

strain distributions for the VW structure. (d) Comparison of the stress-strain curves from 

experiments and FE simulations for the MCC configuration. (e)-(f) Comparison between 

measured and simulated strain distributions for MCC configuration. Here a common 5% 

of compressive strain is chosen for both the VW and MCC structures. 

Digital Image Correlation (DIC) (Correlated Solutions, USA) has been used to capture 

the deformation and the strain distribution of the samples during compression tests. Figure 

29(a) shows the DIC results for the VW structure at strains from 0 to 4%. With the progress 

of the compression test, a local thin band keeps its shape and position. The strain of the 

VW structure, therefore, accumulates in the local area, which then leads to the local stress 
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concentration. The MCC structure, however, features a more uniform distributed strain 

field as can be seen from Figure 29 (b). This feature is still present when the strain increases. 

One can even observe that the MCC architecture still exhibits a quasi-uniform strain 

distribution even when the structure begins to fail.  

 
Figure 29 Measured strain evolution of the 3D printed samples (a) VW and (b) MCC 

structure. 

The vertical strain distribution of the VW and MCC architectures from the FE 

simulations is shown in Figures 30(a) and (b), respectively. The simulated results are 

qualitatively consistent with those from the DIC at different strain levels. We also show 

the von Mises stress of the VW and MCC structures at different strains in Figures 30 (c) 

and (d). The von Mises stresses are concentrated at the local horizontal contact areas 

between unit cells for the VW configuration. The stress, however, is much more uniform 

around the sphere of the unit cell of the MCC structure. This further indicates that the MCC 

architecture has a highly efficient load transfer. 
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Figure 30 Simulated strain and von Mises stress evolution of the VW and MCC structures 

(a)-(b) Strain evolution of VW and MCC structures, respectively. (c)-(d) von Mises stress 

evolution of VW and MCC structures, respectively. The unit of von Mises stress is MPa. 

5.2.2.3. Shape recovery under loading-unloading condition 

Having explored the mechanical behavior and intrinsic deformation mechanisms of the 

MCC topologies, we proceed to study their structural integrity and shape recoverability. 

Cyclic loading tests on the MCC structures were performed for five cycles up to strains of 

20% and 40%, respectively. Figure 31(a) shows the stress-strain relations of the MCC 

structure when compressed up to 20%. For the first cycle, the structure can fully recover 

its initial form (Figure 31(i)). Even when failure initiates and propagates, the structure can 
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recover to the initial shape gradually when unloaded. This behavior is due to the synergistic 

interplay between the multilayered architecture and the two compositions involved. The 

soft phase in particular acts like a spring between hard layers that absorbs the elastic energy 

during compression and releases the stored elastic energy when the load is removed.  

To accelerate the cyclic tests, each compressed sample after the first cycle was heated 

up to 75 °C for 10 minutes. The samples can recover their initial form due to the shape 

memory effect of the VeroWhitePlus. The heated samples cooled down afterwards to room 

temperature in 30 minutes. Cyclic tests and shape memory assisted recovery were then 

performed on the samples at maximum compressible strains of 20% and 40%, respectively. 

Figure 31(b) shows that the effective stiffness of the MCC structure decreases with the 

number of cycles. This is because the fracture and failure zones increase and accumulate 

with the increase of the cycle number, similarly to the Mullins effect in porous solids [171]. 

For the 2nd, 3rd, 4th, and 5th cycles, the stiffness decreased by 23.8%, 25.9%, 29.6%, and 

51.1%, respectively. Figure 31(c) shows the maximum stresses at different cycles. The 

maximum stress, in this case, decreases from the 1st to the 4th cycle but then increases 

between the 4th and 5th. This is because the failure zone enlarges with the increase of the 

number of cycles, and this lowers the first peak stress and postpones the maximum stress 

point to the subsequent densification range. The energy dissipation ratio, defined as the 

ratio between the area enclosed by the stress-strain curve divided by the area under the 

loading portion of the stress-strain curve for a given cycle, is plotted in Figure 31(d). The 

energy dissipation ratio slightly changes during the different cycles, but all are between 0.8 

and 0.9, indicating that most of the energy input during the compressive loading phase is 

efficiently dissipated.  
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Figure 31(e) shows the stress-strain curve of the MCC configuration when compressed 

up to 40%. Once again, the MCC structure can recover its initial shape due to the same 

intrinsic deformation mechanisms (Figure 31(j)). The stiffness decreases quite remarkably 

from the 1st to 5th cycle by 42.7%, 67.9%, 97.1%, and 98.5%, respectively (Figure 31(f)). 

The reason for this rapid decrease is the generation of cracks and the enlarging of the failure 

zone accumulated in the structure with the increase of the number of cycles. The maximum 

stress shown in Figure 31(g) decreases by ~35% and then remains constant for the other 

cycles. Similarly, the energy dissipation ratio slightly decreases between the 1st and the 5th 

cycles with a stable value around 0.9, which indicates that the MCC structure is an excellent 

energy absorber (Figure 31(h)). These cyclic loading tests indicate that the proposed MCC 

configuration possesses excellent structural integrity and remarkable shape recoverability 

under large deformations due to the mutual bonding between hard and soft phases that can 

prevent catastrophic failure under compression. The compressive energy is partially 

dissipated by the viscoplastic deformation and fracture of the hard, brittle phase, while the 

soft phase, though only has a small fraction of the volume, can store considerable elastic 

energy. This stored strain elastic energy makes the soft phase act similarly to an elastic 

spring, which is essential for the shape recovery of the MCC structure during the unloading 

stage. 
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Figure 31 Mechanical properties of the MCC configurations under cyclic loading tests (a)-

(d) Stress-strain curves, stiffness, maximum stresses, and energy dissipation ratios at 

different cycles when the structure is compressed up to 20%. (e)-(h) Stress-strain curves, 

stiffness, maximum stresses, and energy dissipation ratios at different cycles when the 
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MCC configuration is compressed up to 40%. (i)-(j) Deformation of the MCC structures at 

different strain levels when the MCC structure is compressed up to 20% and 40% after the 

first cycle, respectively. 

5.2.2.4. Role of soft phase 

It is clear that the soft phase in the MCC structures plays a pivotal role in the energy 

absorption and shape recoverability of these materials. To further quantify the role of the 

soft phase on the mechanical performance, study has been performed on the effect of soft 

phase volume fraction (Vf). Here four additional samples with soft phase Vf of 10%, 30%, 

40%, and 50% have been designed, printed and compressed up to 70%. The stress-strain 

curve for each Vf is shown in Figure 32(a). Beyond the 10% of compressive strain, the 

stress drops rapidly for the MCC structure with Vf=10%. In this case, the soft phase 

fraction is so small that it cannot absorb enough elastic energy, and this gives rise to a 

brittle-like deformation behavior. The onset of failure begins to occur at the corners of the 

structure at 15% of compressive strain (Figure 32(e)) and the top layer fails in a brittle 

mode at 25%. The failure zone then expands to the bottom layer and the whole structure 

when the strain reaches deformations of 40% and 50%. No obvious densification is present 

due to the subsequent catastrophic failure of the structure. With the increase of the volume 

fraction, the MCC structure exhibits a stable and progressive failure mode. For example, 

when the volume fraction of the soft phase increases to 0.5 the stress-strain curve shows a 

long and constant stress plateau between 5% and 60% of compression, followed by 

noticeable densification. This stress evolution indicates a progressive failure mode, as 

highlighted by the deformation patterns shown in Figure 32(f). No visible failure is present 

within the structure before 25% of compression, and the structure releases strain energy 
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through buckling instead of fracture due to the significant portion of the soft phase. The 

structure then fractures in a small portion of the volume while maintaining overall integrity 

at a strain of 40% and 50%. 

The stiffness, strength and energy absorption of the MCC structures with various soft 

phase volume fractions are summarized in Figures 32(b)-(d). As expected, both stiffness 

and strength decrease with the increase of the soft phase volume fraction. The energy 

absorption increases only slightly when the volume fraction changes from 0.1 to 0.2, and 

this is attributed to the different failure modes present in the two different MCC structures. 

The energy absorption decreases significantly when the volume fraction increases up to 0.5 

to a final value of 0.26 MJ/m3, which is comparable to the energy absorption exhibited by 

the VW structure (0.27 MJ/m3). This indicates that when the volume fraction of the soft 

phase exceeds 0.5, it is not possible to obtain further energy absorption increases because 

of the decreases in stiffness and strength. 
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Figure 32 Effect of the volume fraction of the soft phase on the mechanical response of the 

MCC structures (a)-(d) Stress-strain curves, stiffness, strength, and energy absorption at 

different volume fractions, respectively. (e)-(f) Deformation patterns of the MCC 

structures with a soft phase volume fraction of 10% and 50%, respectively. 

5.3 Conclusions 

In summary, this paper presents the investigation of the mechanical response of a new type 

of 3D printed, bioinspired, cellular composite through a combined experimental and 

numerical effort. Compressive mechanical tests carried out on the 3D printed VW and 

MCC structures suggest that the multilayered architecture used in this work can turn a 
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structure possessing an original brittle, catastrophic failure mode into one featuring a 

progressive failure with enhanced energy absorption capabilities under large deformations. 

Finite element simulations along with 2D DIC measurements reveal that the mutual 

constraint and interaction between the two material phases, along with the microstructure 

of the MCC structure, are responsible for this enhanced mechanical performance. In 

addition, the MCC structures exhibit excellent and remarkable shape recoverability under 

a compressive strain up to 40 %, which is ascribed to the synergistic interplay between the 

two phases in the multilayered architecture. The enhanced energy absorption of the 

proposed cellular composites makes them ideal candidates for structures whose designs are 

controlled by crash or impact load cases. The remarkable shape recoverability is a feature 

that could be used to design novel morphing structures and soft robotics devices. 

Nevertheless, increasing energy absorption is often accompanied by a reduction of stiffness 

or strength. This issue can be remediated by using topology optimization or machine 

learning algorithms to optimize the balance between energy absorption and stiffness or 

strength. Although the 3D printed system evaluated in this work has features at the 

millimeter scale due to the resolution of the additive manufacturing equipment used, the 

design principles and the working mechanisms are transferable to other architected cellular 

materials across multiple length scales. The findings discovered here can be used as useful 

guidelines to novel develop lightweight composite architectures for various energy 

absorption engineering applications in automotive, aerospace vehicles, personal protective 

structures in sports, and lightweight package materials for the semiconductor and energy 

industry. 
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CHAPTER 6 

PIEZOELECTRIC COMPOSITES WITH MULTIFUNCTIONALITIES AND 

TOPOLOGY OPTIMIZATION 

6.1 Introduction 

Materials and structures having energy absorbing capability find broad applications 

ranging from personnel protection to impact mitigation in militaries [172-175]. Structural 

components in these applications are often subjected to extreme loading conditions such as 

transient shock, vibration, and other dynamic loads. Without sufficient protection, these 

undesired dynamic loads would cause injury to the occupants and damage of structural 

components [176-178]. This triggers the critical need to develop innovative energy-

absorbing materials for mitigating impact induced damage [179-181]. Traditionally, 

energy-absorbing materials were developed by exploiting intrinsic energy dissipation 

mechanisms, such as fragmentation in ceramics, viscous losses in polymers, and plastic 

deformation in metals [182-184]. However, due to the inherent randomness, how to 

accurately control the pore size, distribution of foams is still challenging, which is a 

substantial obstacle to ensure the stability of energy absorption. In contrast, architected 

materials have shown improved energy-absorbing capacity than their bulk counterpart 

through the interplay between designed architectures and base materials [174, 185].  

An intuitive yet logical approach to fulfill this multifunctional need is to create composite 

materials composed of the energy-absorbing phase and impact-sensing phase. Piezoelectric 
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composites, which can generate electric signals upon impacts by the piezoelectricity of its 

piezoelectric fillers and consume the imposed mechanical energy by the viscoelasticity of 

its polymeric matrix, have been considered as a desired candidate for the advanced 

multifunctional materials. However, the performance of conventional 0-3 and 1-3 hybrid 

piezoelectric composites is restricted by the random distribution of the spatial 

discontinuous particles and fibers, respectively, which renders poor stress transfer 

efficiency from the surrounding polymeric matrix to the active piezoelectric fillers [76, 77]. 

As a result, the energy-absorbing capability and piezoelectric response of these 

piezoelectric composites are quite limited. A proper combination of the two disparate 

constitutive materials will enable the design of multifunctional composites with 

exceptional energy dissipation behavior, considerable mechanical flexibility, and high 

piezoelectrical sensitivity simultaneously. Recent studies indicate that introducing bi-

continuous architectures to piezoelectric composite is an alternative way that can fulfill this 

multifunctional need [186-188]. 

Here, we proposed a three-dimensional (3-D) interpenetrating-phase piezoelectric 

composite (IP3C) composed of interconnected piezoelectric PZT ceramic scaffold and a 

polymeric matrix that can efficiently dissipate mechanical energy and simultaneously 

monitor the impact loadings. In an IP3C, each constituent phase completely interpenetrates 

through the composite microstructure in all three dimensions and contributes to the overall 

composite properties. As a result, the desired mechanical and piezoelectric properties are 

provided by the constituent phases and interfaces in a synergistic manner. In addition, since 

each phase in an IPC is continuous, the structural integrity will be retained by the remaining 

phases even after one phase is damaged or removed during multiple cycles. Therefore, the 
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proposed IP3C possesses a stronger energy-absorbing capability associated with a distinct 

perception function. 

Moving toward architected materials, the proposed piezoelectric composites achieve 

significant enhancement with respect to piezoelectric sensing and energy absorption. 

However, the current research is mainly concentrated on the experimental investigation, 

which adopts trial-and-error approach to design the piezoelectric composites. On the other 

hand, the piezoelectric performance and damping capacity are mutually exclusive. 

Increasing the volume fraction of one phase will result in the poor behavior of the other 

phase. In this sense, computational framework can be adopted to find the optimal volume 

ratio and morphology of the piezoelectric composite. Up to now, the optimization method 

includes homogenization method [189], simple isotropic material with penalization (SIMP) 

[190], evolutionary structural optimization (ESO) [191], level set method (LSM) [192], 

and machine learning (ML) method [193]. However, the homogenization method often 

produces designs with individual small pores in the structure that is usually 

unmanufacturable. ESO method uses a special criterion to assess the contribution of each 

element to the structure’s behavior and remove those with least contribution. Therefore, 

this approach is essentially focused on the local consequences other than the global 

optimum. It is also typically computationally expensive. ML has attracted researchers 

recently, but this method depends heavily on the training data. Usually, large amount of 

training data is required and there is no mathematical prove that can guarantee the result 

from ML is the global optimal design. Notably, LSM is a versatile method to analyze the 

motion of an interface and following the evolution of interfaces, which can easily develop 

and merge holes [194]. Furthermore, the continuous of interface will render the smooth 
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boundary between different material phases. Based on level-set topology optimization 

method, some works have been done to optimize the piezoelectric composites [195-197]. 

However, level set-based topology optimization is difficult to implement when it comes to 

multiphysics problem. In this work, we use SIMP due to its simplicity.  

6.2 3D piezoelectric composites with high energy absorption and sensing 

6.2.1  Fabrication and structural characteristics 

We fabricated the IP3C s using a facile camphene-templated freeze casting method, 

as shown in Figure 33. The fabrication processes consists of five main steps: (i) dispersing 

the synthetic PZT ceramic powders and additive organic materials (PS and Hypermer KD-

4) in the molten camphene by magnetic stirring; (ii) freezing the prepared warm slurries in 

a water bath to create the frozen structure and then placing in a freezer to enhance the 

structural strength; (iii) sublimating the frozen camphene on sponge substrate; (iv) sintering 

the precursor in the alumina crucibles to yield the 3-D porous PZT ceramics. Meanwhile 

the additive organic materials (PS and Hypermer KD-4) are volatilized during this high-

temperature sintering process; and (v) infiltrating the porous PZT ceramics with PDMS to 

form the PZT-PDMS composites. Noticeably, compared to the common ice template, 

which requires costly cryogenic temperature for fast solidification, camphene templated 

(melting temperature 44-48℃) can be rapidly solidified at room temperature with 

manageable shrinkage of ~3.1% [198, 199]. Furthermore, by introducing the oligomeric 

polyester dispersant (Hypermer KD‐4) the PZT ceramic powders are homogenously 

dispersed in the slurry, while the added sufficient polystyrene (PS, 30 vol% to PZT) is to 

enhance the strength of the porous structures and obtain uniform pores during the frozen 

forming process [200]. 
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Figure 33 Diagram of the fabrication processes for the IP3C based on camphene-templated 

freeze casting. 

The surface and cross-sectional scanning electron microscopy (SEM) images of the 

PZT ceramic skeleton are shown in Figure 34(a)-(b), which features the uniform and 

interconnected porous structures with an average pore size of ~30 𝜇𝑚. The inset of Figure 

34(b) is the magnified SEM image of the PZT skeleton. Since the camphene and the 

additive organic materials (PS and Hypermer KD-4) would be sublimated and volatilized 

during the fabrication processes, the porosity (P) of the porous structured PZT ceramic 

skeleton is estimated by 𝑃 = (1 − 𝑃𝑍𝑇 𝑣𝑜𝑙%). The energy dispersive spectroscopy (EDS) 

mapping (Figure 34(c)) confirms that the elements of zirconium, lead, titanium and oxygen 

are homogeneously dispersed in the skeletons with the composition of [Pb(Zr0.52Ti0.48)O3]. 

Figure 34(d) shows the X-ray diffraction (XRD) pattern of porous PZT ceramic after the 

final calcination process, where the apparent perovskite phase can be observed. The 

splitting peaks of (002) and (200) indicate the presence of a typical tetragonal phase in the 

porous PZT ceramic.  

As illustrated above, the uncured polymeric PDMS was impregnated into the 

structured PZT ceramic skeletons to form the IP3C. Followed by the curing procedure of 
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the PDMS matrix, the PZT-PDMS composites were obtained, see Figure 34(e). The finger-

bent specimen in Figure 34(f) displays the moderate flexibility of the IP3C. The final as-

proposed IP3C for impact energy-absorbing and monitoring were finally obtained by 

cutting even around the PZT ceramic skeleton edges of the composites. 

 

Figure 34 Structural characteristics of the as-fabricated 3-D interpenetrating-phase PDMS-

PZT composites (a) The surface and (b) cross sectional SEM images of the 3-D structured 

PZT ceramic. (c) The EDS mapping analysis of the corresponding PZT skeletons. The 

elements of zirconium, lead, oxygen and titanium are homogeneously dispersed in the 

skeletons. (d) XRD diffraction spectra of the PZT ceramic skeletons. (e-f) Optical pictures 

of an as-prepared IP3C with good flexibility. 
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6.2.2 The experimental set-up for impact test and d33 measurement of the PZT-PDMS 

composites 

For determining the piezoelectricity coefficient (d33), colloidal silver paste (Ted Pella, 

Redding, CA) was coated on both surface sides of the PZT-PDMS composites, which can 

be solidified at room temperature. For the loading set-up, the bottom side plate was fixed 

to the frame and the loading force was applied by directly putting different weights on the 

top plate (Figure 35(a)). The generated charges were measured by an electrometer 

(Keithley, 6517B) and a testing circuit system based on LabVIEW software (Figure 35(b)). 

 

Figure 35 Experiment setup for piezoelectric coefficient measurement (a) The photo of the 

piezoelectric coefficient (d33) measurement set-up and (b) the piezoelectric performance of 

the PZT-PDMS composites under cyclic loadings. The inset is the testing circuit of the 

LabVIEW software. 

To illustrate the piezoelectric sensitivity and energy-absorbing capability of the 3-D PZT-

PDMS composites, the pendulum impact tests were carried out on an electronic IZOD 

impact tester(XJUD-5.5) with an impact speed of 3.5 m s-1. The testing produces are as 

follows: 
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Firstly, the surfaces on both sides of the 3-D interpenetrating-phase PZT-PDMS 

composites were coated with the colloidal silver paste (Ted Pella, Redding, CA) with a 

thickness of 4 mm and a width of 10 mm. Then, the composite specimens were clamped 

by two insulative plates with an exposing length of 25 mm and connected to an electric 

signal measurement system composed of a charge amplifier and oscilloscope. 

 

Figure 36 Experiment setup for impact test (a) The schematic of the testing set-up. The 

photos of the 3-D PZT-PDMS composites under the pendulum impact test using electronic 

IZOD impact tester (b) before and (c) after electric poling. When taking these photos, the 

pause button of the oscilloscope was pressed and the pendulum hammer of the impact tester 

was fixed. 

Thirdly, the cyclic impact loading was applied by a free-falling pendulum hammer. 

Finally, during the testing, the electric signal outputs were recorded by the oscilloscope, 

while the absorbing energy of the composites under the first impact was directly read from 

the impact tester. 
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Figure 36(b)-(c) display the piezoelectric responses of the 3-D interpenetrating-phase PZT-

PDMS composites before and after electric poling. In Figure 36(b), due to the absence of 

effective polarization of PZT ceramics within the PDMS matrix, the composites show low 

output voltage before electric poling treatment. In the case of the composites after poling 

(Figure 36(c)), the dipole moments of the PZT filler are aligned. As a result, more 

significant output voltage signals are generated. 

6.2.3 Experimental energy-absorbing behaviors 

To experimentally characterize the advantages of the as-fabricated IP3C in the 

mechanical energy dissipation, the energy-absorbing behaviors were systematically 

examined under both quasi-static and dynamic loading conditions. Here, for a fair 

comparison, the tested IP3C and the corresponding non-structured 0-3 hybrid composite 

have the same volume percentage of the PZT ceramic filler (50% porosity of the structured 

PZT skeleton to 50 vol% of filled PZT powders). Here, for fair comparison, we also tested 

the performance of non-structured 0-3 hybrid composite with the same volume percentage 

of the PZT ceramic filler (50% porosity of the structured PZT skeleton to 50 vol% of filled 

PZT powders). 

Figure 37 displays the quasi-static loading-unloading stress-strain curves of the PZT-

PDMS composites at 5% (solid line) and 10% (dashed line) strain, respectively, in which 

the hysteresis effect of the composite can be manifested by the stress-strain hysteresis loop. 

From the plots, it is evident that the proposed IP3C exhibits much more detectable 

circumscribed areas in the stress-strain hysteresis loop when compared to the 

corresponding non-structured 0-3 hybrid composite. This indicates that the hysteresis 

effect of the PZT-PDMS composite has been dramatically enhanced by the interpenetrating 
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architecture of the structured PZT ceramic and PDMS matrix. The inset of Figure 37 

schematically illustrates the characteristic mechanical energy dissipation and storage of the 

composite hysteresis effect at each loading-unloading cycle, which provides an insight into 

the deformation processes of the composite. The result reveals that the 3-D 

interpenetrating-phase feature is beneficial for generating substantial consumption of the 

imposed mechanical energy in the composite, which could be attributed to the structured 

PZT filler permitting effective stress transfer within each phase for the enhancement of 

material internal friction. In that case, the imposed mechanical energy can be additionally 

consumed by the mechanisms beyond merely viscous loss in the polymeric PDMS matrix, 

in particular, involving the strong two-phase interaction during the cyclic loading-

unloading conditions. Furthermore, due to the flexibility of the polymeric matrix, the 

integrity and continuity of the structured PZT ceramics are ensured with adequate shape 

recovery inside the composite. 

 

Figure 37 “Quasi-static” unidirectional loading-unloading stress-strain curves of the IP3C 

and the corresponding non-structured 0-3 PZT-PDMS composite at 5% (solid line) and 10% 

(dashed line) strain, respectively. The inset illustrates the characteristic in the energy 
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dissipation and storage during the deformation process at each loading-unloading cycle of 

the composite material. 

To understand the enhanced performance of the proposed 3-D interpenetrating-phase 

composite materials permitted by the structured PZT fillers for energy dissipation, finite 

element simulations were performed on representative volume elements of 

interpenetrating-phase composite (Figure 38 (a)). The finite element package (Abaqus, 

Providence, USA) was used for the simulation, the coupled mechanical and electrical 

problem was implemented by defining the piezoelectric element in the software. In the 

simulations, isotropic elastic constitutive model was used for both PZT ceramic phase and 

PDMS polymeric matrix phase. The von Mises stress contours of PZT ceramic phase of 

the randomly distributed 0-3 PZT-PDMS model with 30 vol% PZT powders and 3-D 

interpenetrating-phase PZT-PDMS model with the same volume fraction of 30% 

(corresponding to the porosity of 70%) at different compressive strains are shown in Figure 

38(b) and (c), respectively. It can be found that within the IP3C, the Mises stress is 

uniformly concentrated on the PZT skeleton compared with the randomly distributed PZT-

PDMS model. The stress in structured PZT spreads much more efficiently than random 

PZT model. However, for the randomly distributed PZT-PDMS model, the stress is mostly 

concentrated in the connected PDMS phase. This indicates the superior efficient stress 

transferability within the structured PZT skeleton and the potential high energy dissipation 

capability within the proposed IP3C, which are in good agreement with the experimental 

analysis. 
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Figure 38 Simulated mechanical response of the PZT-PDMS composites under 

compression (a) Geometric model of randomly distributed PZT-PDMS composite and IP3C. 

Mises stress contour of PZT-PDMS composites with (b) 30 vol% PZT powders and (c) 3-

D interpenetrating-phase PZT-PDMS model with the porosity of 70% at a compressive 

strain of 1%, 5% and 10%, respectively. 

To examine energy-absorbing behaviors of the IP3C under dynamic loading 

conditions, the storage and loss moduli of both non-structured 0-3 PDMS-PZT composite 

and IP3C were measured by using a dynamic mechanical analyzer at a constant strain of 

0.5%. Figure 39(a) displays the storage (𝐺ᇱ) and loss (𝐺ᇱᇱ) moduli of the tested composites 

as a function of loading frequencies (1Hz, 5Hz, 10Hz and 20Hz) at room temperature 25 ℃. 

As the storage and loss moduli measuring the stored energy and the dissipated energy 

during the deformation processes of materials, respectively, the plots clearly indicate the 

exceptional energy storage and dissipation capability of the PZT-PDMS composite with 3-

D interpenetrating-phase compared to the corresponding 0-3 hybrid composite. That 

reveals the fact that the 3-D architected ceramic filler playing a critical role in promoting 
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good damping capacities while ensuring potent mechanical energy storage by rendering 

highly effective load transfer throughout the composite. This finding agrees with our 

hypothesis that the interpenetrating architectures of the proposed IP3C is beneficial for 

generating essential energy storing and dissipating abilities in the PZT-PDMS composite 

by effective stress transferability. To be noticed that the slight increase of storage (𝐺ᇱ) and 

loss (𝐺ᇱᇱ) moduli with the loading frequencies is typical properties for polymers and their 

composites. 

 

Figure 39 Experimental mechanical characterizations of the PZT-PDMS composite under 

dynamic loading conditions (a) The comparison of the dynamic storage (𝐺ᇱ) and loss (𝐺ᇱᇱ) 

moduli of the composites under different loading frequencies. (b) The corresponding 

material loss factor (tan δ) of the composites. (c) The energy absorption efficiency of the 

IP3Cs fabricated from different porosity of structured PZT ceramic fillers during the 
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pendulum hammer impact. Connected lines are guides for eyes. Error bars indicate 

standard deviations from 5 independent measurements. 

Figure 39(b) shows the material loss factor (tan δ) of the PZT-PDMS composite as a 

function of loading frequencies, which is the ratio of the loss (𝐺ᇱᇱ) modulus to storage (𝐺ᇱ) 

modulus (tan δ = 𝐺ᇱᇱ 𝐺ᇱ⁄ ) for measuring damping performance in an energy-absorbing 

material. It can be seen that the IP3C presents a significantly higher loss factor (tan δ) than 

that of the corresponding 0-3 hybrid composite. Specifically, at 1 Hz loading frequency, 

the tan δ of the composite with 50% estimated porosity of the structural PZT filler is 0.246, 

which is 10 times higher than that of 50 vol% randomly distributed PZT powders filled 

composite (tan δ=0.023). As the loading frequency reaching 20 Hz, the IP3C shows a loss 

factor up to 0.35, which is much higher than traditional metals, polymers, composites and 

most foam and elastomers. Similar to experimental analysis of “quasi-static” loading case, 

this is believed to result from the synergistic mechanisms of mechanical energy dissipation, 

leading to remarkably increased damping capacities of our proposed IP3C. We also 

characterized the energy-absorbing capability of the proposed IP3C under practical impact 

loading by conducting a pendulum impact test using an electronic IZOD impact tester with 

an impact speed of 3.5 m s-1. As shown in Figure 39(c), the PZT-PDMS composite with 3-

D interpenetrating-phase exhibits much better energy-absorbing efficiency (~7.71×106 J 

m-3) compared to that of the corresponding 0-3 hybrid composite with random distributed 

PZT powder (~0.84×106 J m-3). This outstanding energy-absorbing efficiency of the IP3C 

can enhance the impact resistance for crucial structure protection by impact damage 

mitigation and vibration elimination. Interestingly, after electric poling treatment, the 

damping effect of the 3-D interpenetrating-phase composite becomes more pronounced 
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(~8.89×106 J m-3), which indicates that the structured PZT ceramic exploits its piezoelectric 

feature for the effective conversion of mechanical energy to electrical energy. The 

additional energy dissipation route of piezoelectricity helps remove imposed mechanical 

energy from vibrating structures, necessarily resulting in improving the structural damping 

performance. 

6.2.4 The experimental set-up and method of the d33 measurement of the PZT-PDMS 

piezoelectric composites 

For determining the piezoelectricity coefficient (d33), colloidal silver paste (Ted Pella, 

Redding, CA) was coated on both surface sides of the PZT-PDMS composites, which can 

be solidified at room temperature. For the loading set-up, the bottom side plate was fixed 

to the frame and the loading force was applied by directly putting different weights on the 

top plate (Figure 40(a)). The generated charges were measured by an electrometer 

(Keithley, 6517B) and a testing circuit system based on LabVIEW software (Figure 40(b)). 

 

Figure 40 Experiment setup for d33 measurement (a) The photo of the piezoelectric 

coefficient (d33) measurement set-up and (b) the piezoelectric performance of the PZT-

PDMS composites under cyclic loadings. The inset is the testing circuit of the LabVIEW 

software. 
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It should be noticed that we used this “putting-weight” method to test the piezoelectric 

response (d33) of the PZT-PDMS piezoelectric composites instead of commercial d33 meter. 

The reason is that during the measuring process of the commercial d33 meter, the specimen 

is point-to-point fixed using the meter’s probes with a static preload and this clamping 

characteristic is not suitable for flexible piezoelectric materials, in which the gravitational 

force will deform the flexible piezoelectric materials using this point-to-point clamping 

method and the applied force cannot be uniformly applied to the flexible material by the 

point loading. Furthermore, the piezoelectric charge coefficient relates the electric charge 

generated with an applied mechanical force and is expressed in the unit of 

Coulomb/Newton (C/N), In our work, we tested the piezoelectric coefficient by gently 

putting weight on the top surface of the IP3C specimen as the applied load and using a 

programmable digital electrometer (6517B, Keithley) to measure the generated charges. In 

this method, the mechanical force can be directly calculated from the applied weight, while 

the generated charge can be accurately measured from the digital electrometer. Therefore, 

this “putting-weight” method is good for the measurement of the piezoelectric coefficient 

of the flexible piezoelectric composite in our work. 

6.2.5 Impact loading monitoring  

Due to the piezoelectric effect of the PZT ceramic component, the proposed IP3C also 

exhibits a unique electro-mechanical response compared with other traditional energy-

absorbing materials. This makes the proposed IP3C not only has excellent damping 

behaviors but also has potential applications in impact sensing. 

After electric poling treatment, the piezoelectric performances of the PZT-PDMS 

composites were measured under different compressive loadings. The load was applied by 
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gently putting weight to the top surface of the composites. The output charge was recorded 

from a digital electrometer and plotted in Figure 41(a). Upon a ~1 N compressive loading, 

the measured piezoelectric charge was ~154 pC, while ~2.5 N compression could generate 

~356 pC piezoelectric charge from the IP3C with 50% porosity of structured PZT skeleton. 

The almost linear relation between the generation of electric charges of the composites and 

the applied loading force guarantees the potential applications of the 3-D PZT-PDMS 

composites in exact force sensing. Figure 41(b) shows the piezoelectric coefficient (d33) of 

the composites which is determined from the slope of the output charge vs. applied force 

curves. The piezoelectric coefficient (d33) of the IP3C is first increased from ~87 pC N-1 to 

~146 pC N-1 with the porosity of structured PZT ceramic from 30% to 50%. The enhanced 

piezoelectric performance is due to the softer material can help to localize the external 

mechanical stress on the piezoceramic structure, resulting in higher piezoelectric output 

(i.e., smaller loads required to strain the material) [201]. However, when the porosity of 

the PZT ceramic filler reaches 60% and 70%, the piezoelectric coefficient d33 of the 

composites shows an obvious drop to 77.39 pC N-1 and 60.59 pC N-1, respectively. That 

may be because the porosity reduces the fraction of the active piezoceramic, leading to the 

lower polarization. Despite this, the piezoelectric coefficient d33 of the IP3C is still 7 times 

higher than that of PZT powders filled 0-3 composite (Figure 41(c)). For instance, the 

piezoelectric coefficient d33 of the non-structured 0-3 PZT-PDMS composite with 50 vol% 

PZT ceramic is ~20 pC N-1, which is 7 times lower than the IP3C with the same PZT 

percentage. This is believed to result from the imposed mechanical energy that can be 

effectively transferred to the piezoelectric component through the polymeric matrix by 

using the 3-D interpenetrating-phase structure of PZT and PDMS. 
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Figure 41 The experimental piezoelectricity of the IP3C (a) The charge vs. loading force 

plot for piezoelectric coefficient (d33) measurements. (b) The plot of the measured d33 for 

the IP3Cs with different porosity of structured PZT ceramic fillers. Inset is the 

corresponding non-structured 0-3 PZT-PDMS composites with randomly dispersed PZT 

powders. Error bars indicate standard deviations from 5 independent measurements. (c) 

The comparsion of piezoelectric coefficient (d33) between our IP3C and its couterpart 

conventional 0-3 PZT-PDMS composites. 

To further investigate the prominent piezoelectric response of the IP3Cs, numerical 

simulations were performed on representative volume elements with the structured PZT 

phase, as shown in Figure 42. In the simulations, the isotropic elastic constitutive model 

with the polarization direction along compressive loading was used for the PZT phase and 

the bottom surface potential was set to zero. Because of the intrinsic property of the 
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piezoelectrical phenomenon, stress plays a major role in the piezoelectric response. As 

expected, the electric potential output of the randomly distributed PZT-PDMS model 

(Figure 42(a)) is far less than the IP3C (Figure 42(b)). This concludes the superior 

performance of piezo-response of the structured PZT-PDMS composite. 

 

Figure 42 The simulated electric potential of piezoelectric composites (a) IP3C compared 

to (b) the corresponding non-structured 0-3 composite. 

For the potential impact sensing applications, we cyclically put a 100 g weight 

(loading force ~ 1 N) under low and high frequencies at 50 mm and 30 mm height from 

the surface of the composite, respectively. In Figure 43(a), the accumulated charge has an 

immediate rise and fall in response to the mechanical stress along with a small change 

during the loading and release states. From the plot, it should be noticed that the output 

charge is higher than 200 pC when we dropped 100 g weight from 50 mm height (~ 1 N 

loading force), while the measured d33 of the composite with 50% porosity PZT ceramic is 

around 146 pC N-1. That is because the composite suffered from an impact loading with an 
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acceleration-g, and the lost gravitational potential energy of the weight is directly 

transferred to the composite over a very short time. Importantly, as we lowered the height 

of the heavy object, the applied impact force was reduced and the charge generation of the 

composite was correspondingly reduced. Thus, it is confirmed that the developed 3-D 

interpenetrating-phase PZT-PMDS composite can be used as an impact sensor for damage 

predictions. 

 

Figure 43 The electro-mechanical responses of the IP3C for the potential applications in 

impact sensing and energy harvesting (a) The real-time cyclic charge accumulation and 

dissipation profiles for the IP3C with ~50% porosity of structured PZT filler using a 100g 

weight. (b) The potential applications of the IP3Cs with different porosity of structured 

PZT ceramic fillers after poling for pendulum hammer impact loading sensing and 

absorbing. 

Moreover, pendulum impact tests were also performed to illustrate that an exceptional 

combination of energy-absorbing capability and impact sensitivity has been achieved by 

the proposed IP3Cs. The composite specimens were clamped by two insulative plates in 

the pendulum impact test system and connected to an electric signal measurement system 

composed of a charge amplifier and oscilloscope. When the cyclic impact loading was 
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applied by a free-falling pendulum hammer, the clamped specimen was deflected and the 

infilled PZT elements were strained to develop electric outputs. To confirm the measured 

output electric signals were generated from the piezoelectric effect, the IP3Cs were tested 

before and after electric poling. Due to the absence of effective polarization of PZT 

ceramics within the PDMS matrix, the composite shows negligible output voltage signals 

before electric poling treatment. In the polarized composites, the dipole moments of the 

PZT filler are aligned, resulting in more significant output voltage signals in Figure 43(b). 

It can be appreciated that the output voltage amplitudes of the composite specimens have 

corresponded to their piezoelectric performances when the free-falling pendulum hammer 

first hit the composite specimens. Notably, after six hits, the average output voltage 

amplitude of the 3-D interpenetrating-phase composite with ~50% porosity PZT has 

decreased to 0.79 V with a 65.1% drop, while the percentage decrease by 42.9% and 34.2% 

of the 3-D interpenetrating-phase composite with 40% and 60% porosity PZT ceramics, 

respectively. The voltage drops are directly related to the damping features of the 

composite materials, which has proved that the IP3C with appropriate porosity of 

piezoceramic filler can simultaneously achieve exceptional energy-absorbing capacity and 

piezoelectric sensitivity. 

6.2.6 Dynamic compressive loading measurement 

Figure 44(a)-(b) provide insight into the dynamic behaviors of the 3-D 

interpenetrating-phase composites under different loading frequencies (1Hz, 5Hz, 10Hz 

and 20Hz) at a constant strain of 0.5%. In Figure 44(a), both storage (𝐺ᇱ) and loss (𝐺ᇱᇱ) 

moduli decrease with the porosity of PZT ceramic structures from 30% to 70%, which have 

a good agreement with the mechanical strength measured in the “quasi-static” loading test. 
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It is a typical characteristic of polymers and their composites that the storage (𝐺ᇱ) and loss 

( 𝐺ᇱᇱ ) moduli increase slightly with the increase of loading frequencies. The passive 

damping features of the 3-D interpenetrating-phase PZT-PDMS composites are quantified 

by the material loss factor (tan δ), which is calculated by the equation of tan δ = 𝐺ᇱᇱ 𝐺ᇱ⁄  

and plotted in Figure 44(b). 

 

Figure 44 Comparison of interpenetrating phase composite and conventional composite 

(a)The comparison of the dynamic storage (𝐺ᇱ) and loss (𝐺ᇱᇱ) moduli of the composites 

with different porosity of infilled PZT structures. (b) The corresponding material loss factor 

(tan δ) of the composites under different loading frequencies. 

As shown in Figure 45, the loss coefficient (loss factor - tan δ) of the paper proposed 

3-D interpenetrating-phase PZT-PDMS composites is much higher than that of 

conventional metals, polymers, composites and most foam and elastomers. 
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Figure 45 The comparison of the properties of the proposed 3-D interpenetrating-phase 

PZT-PDMS composite with other materials 

6.3 Topology optimization of piezoelectric composites 

The topology optimization method is a promising approach for designing smart materials 

systematically. Initially intended for mechanical structure design, this method was founded 

by Bendsøe and Kikuchi [85] a decade ago. Nowadays, it has matured and is being used to 

solve various industrial and academic problems, such as smart and passive material design, 

mechanism design, and microelectromechanical systems (MEMS) design. More recently, 

significant research works have been done towards designing compsite structures. 

The topology optimization problem involves distributing a given amount of material within 

a design domain to optimize an objective function. For instance, it could be used to design 

a load-bearing structure for maximum stiffness while keeping the weight under a certain 

limit. The goal is to find the optimal topology that connects, shapes, and numbers of holes 

within the structure to optimize the objective function. 

To initialize the topology optimization problem, the design domain is discretized into a 

large number of elements. Each element can be either solid or void, creating a "bit-map" 



120 
 

of the structure by turning individual elements or pixels on or off. This 0/1 problem is ill-

posed, as refining the mesh leads to a solution with finer details [202]. Optimal structures, 

at least for compliance optimization, consist of regions with infinitely fine microstructure. 

To overcome this, a microscale was introduced using the homogenization approach to 

topology optimization. This approach allows for the design of composites, including 

structures with fine microstructure. The homogenization approach has recently been 

applied to three-dimensional problems and multiple material problems. However, it can 

produce structures with large "grey" regions consisting of perforated material. This issue 

can be addressed by introducing a penalization of intermediate densities. An alternative 

method is to use SIMP method [203]. Because of the introduction of penalty term, the 

drawback of conventional homogenization method can be overcome. We start first by 

introducing the framework of SIMP.  

6.3.1 SIMP for elastic compliance optimization 

6.3.1.1 density interpolation for SIMP 

The density-based SIMP method has been widely used to solve different mechanical 

problems, one of the benchmark example is the compliance problem considering only 

elasticity. Here we verify the SIMP code with this classic case.  

A design domain is discretized by square finite elements and each element e is assigned a 

density xe that determines its Young’s modulus Ee:  

  min 0 min( ) [0 1]p
e e e eE x E x E E x     (6.1) 
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where E0 is the stiffness of the material, Emin is a very small stiffness assigned to void 

regions in order to prevent the stiffness matrix from becoming singular, and p is the 

penalization factor (usually p=3) introduced to ensure black-and-white solutions. 

6.3.1.2 Filtering 

To ensure the existence of solutions to the topology optimization problem; meanwhile, in 

order to avoid the formation of the checker-board patterns, some restriction on the design 

must be imposed. To do this, a common approach is the application of filter to either the 

sensitivities or the densities. A range of filtering methods is thoroughly discussed in [204].  

The sensitivity filter modifies the sensitivities ec x   as follows 
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where Ne is the set of elements i for which the center to center distance  ,e i  to element 

e is smaller than the filter radius rmin, c is the objective function, and Hei is the weight factor 

defined as  

   minmax 0, ,eiH r e i   (6.3) 

The term  (=10-3) is small positive number introduced in order to avoid division by zero. 

The density filter transforms the original densities xe as follows: 
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6.3.1.3 MBB beam 

The mathematical formulation of the optimization problem is described as: 
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where c is the compliance, U and F are the global displacement and force, K is the global 

stiffness matrix, ue is the element displacement vector, k0 is the element stiffness matrix 

for an element with unit Young’s modulus, x is the vector of design variables, N is the 

number of elements used to discretize the design domain, V(x) and V0 are the material 

volume and design domain volume, f is the prescribed volume fraction.  

 

Figure 46 Numerical examples of beams for compliance optimization 

The first MBB beam structure with boundary conditions as shown in Figure 46 (a) is 

studied, here only one material and voids are studied. The dimension of rectangle design 

domain is 100 50, The beam is fixed at the left side, and a unit concentrated force is 

applied at the lower right corner. The Young’s moduli of material 1 and voids are 1 1E   
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GPa, and min 1 9E E  , respectively. Both materials have the same Poisson’s ratio 0.3  . 

The volume fraction of the soft phase is 0 0.3V  . 

6.3.2 Finite element verification for piezoelectricity 

The piezoelectric material converts mechanical energy into electrical energy and vice versa. 

The linear coupled constitutive relation between mechanical and electrical behavior of 

piezoelectric material can be written in the following stress-charge form as 

 
E

ij ijkl kl kij k
S

i ikl kl ik k

T S E

D S E

  

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c e

e 
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where ijT  and klS  are the stress and strain tensors, respectively. iD  and kE  denote the 

electric displacement and electric field. E
ijklc  is the elastic tensor under short circuit 

conditions, S
ik  is the free body dielectric tensor, and ikle  is the piezoelectric strain tensor. 

The above governing equation can be written in a compact matrix format as 
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The strain and electric field of a single element can be described by shape functions in the 

finite element framework as  

 e e
uS B u  (6.8) 

 e eE B  (6.9) 

where eu  and e  are the displacements and potentials at the element nodes; uB  and B  

are their shape functions related matrices.  
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Considering that given the external mechanical force, the internal virtual work is equal to 

the work done by the external force, the equilibrium equation can be expressed as  

    
e

T Te e e eS T d u F  


  (6.10) 

On the other hand, due to the coupling effect, when electric field is applied to the element, 

the internal virtual work is equivalent to the work done by the external electric charges, so 

we have  

    
e

T Te e e eE D d Q  


   (6.11) 

where 
e  is the space of element e, eS  and eE  are the variations of strain and electric 

fields. The above equations leads to  
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The equation can be further simplified by  
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where  Te e
u u K K , and uuK  and K  are two symmetric sparse matrices at the element 

level. 
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Figure 47 Piezoelectric finite element code verification against ABAQUS 

For the second example, 2D piezoelectric plate is subject to pressure as shown in Figure 

47(a). Young’s modulus is E=2.0 GPa, Poisson’s ratio v=0.29. Piezoelectric strain 

coefficients are d31=2.2e-11 C/N, d33=-3.0e-11 C/N. Relative permittivity 12  . The 

geometrical dimension of the design domain is 40 20, as shown in Figure 47(a). The 

structure is under uniform pressure of P=10 kPa on the top surface. The electric potential 

versus time is plotted in Figure 47(b), it can be observed that the finite element code is 

consistent with the abaqus results.  

6.3.3 Topology optimization of piezoelectric composite 

6.3.3.1 Sensitivity analysis 

Sensitivity analysis provides valuable insights into how a model responds to changes in 

input data. It can detect outliers, define testing strategies, optimize resources, reduce costs, 

and increase reliability. Incorporating sensitivity analysis into a study can significantly 

enhance the quality of the results and boost confidence in the model's predictions. 

Although not a standard procedure, sensitivity analysis is highly beneficial to designers, 

builders, and code makers. It helps them identify the most influential data values and 
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understand how changes in materials, safety factors, or failure probabilities affect the 

overall reliability and cost of the work being designed. This method is both efficient and 

straightforward, allowing for simultaneous calculation of all sensitivities, making it an 

ideal tool for optimization procedures. The following demonstrates the sensitivity analysis 

for topology optimization of piezoelectric composites. 

The work done by external force F is stored in the form of strain energy, 
S , and electrical 

energy, 
E . They are defined as the following:  
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Here we define the energy conversion factor as  
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Our objective here is to simultaneously optimize the energy absorption and energy 

conversion factor. Therefore, we define the objection function as 
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 (6.17) 

The topology optimization problem becomes 
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The optimal configuration can be obtained by re-distributing materials among the design 

domain using a gradient search method. In order to acquire the optimal solution using the 

gradient search, sensitivity analysis must be performed with respect to objective functions 

and constraints. Basically, the sensitivity can be calculated as the first order derivative of 

the objective function with regard to the design variables. By taking the derivative of the 

objective function, we have  
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 (6.19) 

There are two derivatives in the above equation, 
S

ix




, 
E

ix




, which can be obtained by 

using adjoint method. This is discussed below.  

From the governing equation, we can write  
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where 1  and 1  are the arbitrary adjoint displacement and potential vectors. Taking the 

first-order derivative of above equation, we have 
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It is easy to find the derivatives of all the stiffness matrices, but it’s difficult to obtain the 

derivatives of displacement and potential. To eliminate the calculation of derivatives of 

displacement and potential, adjoint equations are formulated as  
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After solving the above equation, we can obtain 𝜆ଵ and  𝜃ଵ. Then we substitute 𝜆ଵ and  𝜃ଵ 

back into Eq. 6.21, we could easily obtain the gradient of strain energy. 

On the other hand, by adding the governing equation to 
E  and take the derivative, we 

have 
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Using the same approach, the derivatives of displacement and potential with respect to 

design variable can be eliminated by solving the adjoint equations 
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6.3.3.2 examples 

For the piezoelectric composites example, 2D piezoelectric plate is subject to concentrate 

load as shown in Figure 48(a). Only two phases are considered, one phase is piezoelectric 

material; the other one is the non-piezoelectric material, and voids are not included. 

Young’s modulus piezoelectric material is Ep=2.0 GPa, Poisson’s ratio v=0.29. Non-

piezoelectric material has Young’s modulus Enp=10 Mpa, Poisson’s ratio v=0.29. 

Piezoelectric strain coefficients are d31=2.2e-11 C/N, d33=-3.0e-11 C/N. Relative 

permittivity 12  ,Volume fraction of piezoelectric material is 0.3. The geometrical 

dimension of the design domain is 100 50, as shown in Figure 48(a).  

The interpolation scheme for this problem is  

  ( ) [0 1]p
e e np e p np eE x E x E E x     (6.26) 

 ( ) [0 1]p
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e e p ex x x    (6.28) 

where Ep and Enp are Young’s modulus for piezoelectric material and non-piezoelectric 

material, p is penalty factor, ep and p  are the piezoelectric coupling and dielectric 

coefficient, respectively. 

 

Figure 48 Topology optimization of piezoelectric composites considering linear elastic 

properties 

 

6.4 Conclusions 

In this chapter, we first presented the investigation of a new type of high-performance and 

multifunctional energy-absorbing composite materials have been developed by infiltrating 

3-D structured PZT ceramic with polymeric PDMS matrix. The interpenetrating 

architecture of each phase ensures the unprecedented combination of mechanical and 

piezoelectric properties of the proposed multifunctional composites. Mechanically, the 

mutual constraint between the interconnected PZT skeleton and polymer phase has 

significantly improved the stress transferability within the IP3C, which cannot be attained 

in conventional hybrid composites. This characteristic is accompanied by a synergetic 
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enhancement of its energy dissipation efficiency, resulting in extraordinary damping 

capacity exceeding that of a rule-of-mixtures estimate from its compositions. Specifically, 

attribute to the intrinsic piezoelectricity of the PZT ceramic and the effective load transfer 

permitted by the interpenetrating architectures, the proposed IP3C displays prominent 

piezoelectric performance for impact monitoring. Then we adopted the SIMP-based 

topology optimization framework to optimize the piezoelectric composites. Although only 

linear elasticity is considered in the study, topology optimization has proved to be an 

efficient approach to find the material distribution to maximize the objective function.  
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CHAPTER 7  

CONCLUSIONS AND OUTLOOK 

7.1 Main contributions  

The research studies presented from chapter 2 to 6 are focused on designing, modeling, 3D 

printing, mechanical testing, and topology optimization of architected materials. The 

objective is to achieve enhanced mechanical performance and multifunctionalities. In 

addition, the tunability of the mechanical properties is also studied. The main scienfic 

contributions are summarized as follows: 

(1) Proposed new design paradigm to achieve low-frequency phononic band gaps in 

3D architected metamaterials.  Phononic band gaps are formed through two main 

mechanisms, Bragg scattering and local resonance. Band gaps induced by Bragg scattering 

are dependent on periodicity and the symmetry of the lattice. However, phononic crystals 

with Bragg-type band gaps are limited in their application because they do not attenuate 

vibration at lower frequencies without requiring large geometries. Alternatively, band gaps 

formed by local resonance are due to the excitation of resonant frequencies, and these band 

gaps are independent of periodicity. Nonetheless, the application of phononic 

metamaterials is largely hindered by their limited operation frequency range and inferior 

mechanical properties. In the work presented in chapter 3, a new design paradigm is 

proposed. By tailoring the geometric parameters of 3D architected hollow sphere foams, a 
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broad range of band gap can be obtained. In addition, by tailoring the stiffness contrast 

between hollow sphere and binder, phononic band gaps can be shifted toward a very low-

frequency range.  

(2) Developed 3D graded architected polymer foams for enhanced energy absorption. 

Graded design strategy has been exploited to achieve enhanced mechanical performance, 

the research is mainly focused on the simple lattice structures. In the work presented in 

chapter 4, a graded design of 3D architected polymer foam is proposed. By using a 

combined numerical and experimental approach, the large deformation of 3D polymer 

foam is studied. It is found that three failure mechanisms dominate the mechanical behavior 

of foams for different binder sizes, including binder-failure-only, shell-failure-only, and 

binder-shell failure. In addition, the relative density studies show that the foam structure 

demonstrates bending-dominated deformation mechanism. Guided by the findings, graded 

design of 3D architected polymer foam is developed, it is found that the specific energy 

absorption of hybrid graded foam is significantly improved with respect to binder graded 

foam, shell graded foam and uniform foam. Furthermore, compared with the existing 

lattice-based and shell-based graded foams, the hybrid graded foam shows superior 

mechanical performance, including stiffness, strength and energy absorption. This findings 

presented open a new avenue to engineer arachitected materials with enhanced mechanical 

properties. 

(3) Developed multiphased architected composites for enhanced energy absorption 

and shape recovery. Bioinspired materials have received much attention recently, 

however, studies related to the mechanical behavior and failure modes under large 

deformations are limited. In chapter 5, bioinspired multilayerd cellular composites is 



134 
 

developed and explored systematically through experiment and simulation approaches. It 

is found that under large deformation framework, the finite element simulations and 2D 

digital image correlation (DIC) reveal that the multilayered architecture provides more 

uniform strain distribution and higher stress transfer efficiency; and the failure mode shows 

a progressive pattern compared to the catastrophic failure of conventional material. In 

addition, the cyclic loading tests demonstrate that the multilayered cellular composites 

possesses exceptional shape recoverability under compressive strains. These remarkable 

performance characteristics result from the synergies between the properties of the two 

constituent materials and the chosen multilayered cellular microstructure. The deformation 

mechanisms demonstrated here are robust and are applicable to other architected cellular 

materials across multiple length scales and provide new avenue to design lightweight and 

high-resilience structural materials.  

(4) Developed new piezoelectric composites with multifunctionalities and a topology 

optimization framework to optimize the composites with multiple objectives. 

Conventionally, piezoelectric materials have limited mechanical properties and 

electromechanical-conversion properties, mainly due to the inefficient of stress 

transferability. In chapter 6, by using facial camphene-templated freeze-casting method, a 

3D interconnected piezoelectric composites are fabricated and studied. The rationally 

designed interpenetrating architecture endows the proposed piezoelectric composites with 

unprecedented combination of mechanical-damping and electromechanical-conversion 

properties. Intrinsically, the interpenetrating design motif enables the high stress transfer 

efficiency within the piezoelectric material phase. On the other hand, although this rational 

design yields superior multifunctionalities, this design is still not optimal. In order to 
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overcome the expensiveness of conventional design approaches. Topology optimization 

framework is proposed to realize the optimal design. To incorporate multiple objective 

functions, a single objective function with weighted combination of multiple objectives is 

developed. Adjoint method is adopted to derive the shape sensitivity analysis. Based on 

the SIMP topology optimization method, a simple example with linear elasticity is 

demonstrated in chapter 6.  

7.2 Future work  

Architected metamaterial design concept is a powerful tool to explore novel and unusual 

physical properties. The designed architected metamaterials therefore have a wide range of 

promising applications, especially when design is combined with the modern 

manufacturing technologies like 3D printing. Some future works could be toward, but are 

not limited to, the following directions. 

(1) Topology optimization of architected materials considering non-linear constitutive 

relations and multiphysics problem. As demonstrated in this work, topology 

optimization is very efficient to design architected materials with optimal architecture and 

material layouts. However, the linear elasticity assumption in this work is not sufficient to 

simulate the material properties in most of applications. Therefore, non-linear constitutive 

relation needs to be considered, such as elastic-plastic model, viscoplastic model, 

hyperelastic model, and damage mechanics model, etc. On the other hand, many 

applications involve multiphysics problem. For example, topology optimization of stent 

structure in vivo entails multiphysics coupling between structural mechanics, fluid 

mechanics, and chemistry. Therefore, developing a topology optimization framework 
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considering non-linear material behavior and multiphysics coupling is still open research 

area.  

(2) High velocity impact of architected materials. The 3D architected materials studied 

in chapter 4 & 5 have shown enhanced energy absorption properties under large 

deformation in a quasi-static condition. However, in practice, many of the engineering 

applications of materials and structures such as auto industry, defense industry require 

robust mechanical behavior in the extreme conditions such as high velocity. Although the 

deformation mechanism and failure mode have been explored in quasi-static condition, 

they are not applicable in high velocity impact. Therefore, a systematic study of 3D 

architected materials under high velocity impact is needed to understand their mechanical 

behavior.  

(3) Multifunctional design of architected materials toward more applications. It has 

been demonstrated that in chapter 3 & 4, architected polymer foam can be featured with 

broad band vibration mitigation property and superior mechanical performance. In chapter 

6, piezoelectric composites exhibit unprecedented combination of mechanical-damping 

and electromechanical-conversion properties. Therefore, multifunctional architected 

materials serve as better candidates to meet the requirements of more broad applications. 

However, the current studies are still quite limited with respect to the demands from 

engineering applications. For example, in the battery module, the separator should embed 

robust mechanical properties with superior thermal properties in order to prevent thermal 

runaway. Therefore, there is need for designing more multifunctional architected materials 

for various applications. 
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