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ABSTRACT 

Biomineral composites, consisting of intercrystalline organics and biogenic minerals, have evolved 

unique structural designs to fulfill mechanical and other biological functionalities. Aside from the intricate 

architectures at the composite level and 3D assemblies of the biomineral building blocks, the individual 

mineral blocks enclose intracrystalline structural features that contribute to the strengthening and 

toughening at the intrinsic material level. Therefore, the design strategies of biomineralized composites can 

be categorized into two structural levels, the individual building block level and the composite level, 

respectively. This dissertation aims at revealing the material design strategies at both levels for the 

bioinspired designs of advanced structural ceramics. 

At the building block level, there is a lack of comparative quantification of the mechanical properties 

between geological and biogenic minerals. Correspondingly, I first benchmark the mechanical property 

difference between biogenic and geological calcite through nanoindentation techniques. The selected 

biogenic calcite includes Atrina rigida prisms and Placuna placenta laths, corresponding to calcite {0001}, 

and {10ρ8} planes. The natural cleavage plane {10ρ4} of geological calcite was added to the comparative 

study. Under indentation load, geological calcite deforms plastically via twinning and slips under low loads, 

and shifts to cleavage fracture under high loads. In comparison, the P. placenta composites, composed of 

micro-sized single-crystal laths and extensive intercrystalline organic interfaces, exhibit better crack 

resistance. In contrast, the single-crystal A. rigida prisms show brittle fracture with no obvious plastic 

deformation. Secondly, how the internal microstructures and loading types affect the mechanical properties 

of individual building blocks is investigated. The prismatic building blocks are obtained from the bivalves 

A. rigida and Sinanodonta woodiana, where the former consists of single-crystal calcite and the latter 

consists of polycrystalline aragonite. The comparative investigation under different loading conditions is 

conducted through micro-bending and nanoindentation. The continuous mineral matrix in A. rigida prisms 

leads to comparable modulus under tensile and compressive loadings in the elastic regime, while the high-

density intracrystalline nanoinclusions contribute to the conchoidal fracture behaviors (instead of brittle 

cleavage). In comparison, the interlocking grain boundaries in S. woodiana prisms correlate with easier 

tensile deformation (smaller tensile modulus) than compression, as well as the intergranular fracture 

morphologies. The third topic in the biomineral-level investigation focuses on how biomineral utilizes 

residual stress at the macroscopic scale. The selected model system is the spine from the sea urchin 

Heterocentrotus mamillatus, which has a bicontinuous porous structure and mesocrystalline texture. It is 

confirmed that the spine has a macroscopic stress field with residual tension in the central medulla and 

compression in the radiating layers. The multimodal characterizations on the spine conclude that the 

structural origins are not associated with the gradient distribution of the intracrystalline defects, including 

Mg substitution in the calcite matrix, intracrystalline organics, and amorphous calcium carbonates (ACC). 

It is hypothesized that the residual stress is generated due to the volume expansion during ACC 

crystallization at the compacted growth front. 



 

 

At the composite level, even though enhanced crack resistance is expected in biomineralized 

composites due to their hierarchical structures, the correlation between their 3D composite structures and 

damage/crack evolution is quite limited in the literature. I developed in-situ testing devices integrated with 

synchrotron-based X-ray tomography to capture the crack propagation in the materials, including the four-

point bending and compression/indentation configurations. Two representative models are chosen to 

demonstrate the deformation of biomineralized composites under bending and compression, respectively, 

including the calcium carbonate-based gastropod shell (Melo diadema) and the hydroxyapatite-based fish 

teeth (Pogonias cromis). Also, the two composites are designed to achieve different functional requirements, 

i.e., enhanced fracture toughness vs. wear resistance. The comprehensive characterizations of these two 

composites revealed how biological structural composites are designed accordingly to their functional 

needs. For the crossed-lamellar M. diadema shell, directional dependence of the shell property was revealed, 

where the transversal direction (perpendicular to the growth line) represents both the stronger and tougher 

direction, but the longitudinal direction is more resistant to notches and defects. For the P. cromis teeth, the 

enhanced wear resistance of the near-surface enameloid originates from the intricate designs at the 

microscale, with c-axes of hydroxyapatite crystals and micro-sized enameloid rods coaligned with biting 

direction and F and Zn doping. In addition, the fracture morphologies of the fish teeth correlate with the 

microstructures; the enameloid exhibits corrugated fracture paths due to the interwoven fibrous building 

blocks, and the dentin exhibits clean planar fracture surfaces. 
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GENERAL AUDIENCE ABSTRACT  

Ceramic materials have wide applications in daily life and advanced technologies, and examples range 

from kitchenware (e.g., cups and plates) to spacecraft (e.g., thermal coating). These materials have 

indispensable applications due to their advantages of high strength and hardness, high heat and corrosion 

resistance, lightweight, chemical inertness, etc. Yet, intrinsic brittleness usually limits their applications. 

Typical ways to enhance the toughness of ceramics involve microstructure design (by refining the sizes and 

shapes of grains) and transformation toughening (phase transition) at the individual grain level, composite 

reinforcement (or ceramic matrix composites) at the composite level, and introducing residual stress to 

impede crack initiation and propagation. The engineering methods usually involve high energy input, 

chemical treatment, and usually significant waste and non-ecofriendly emissions. Therefore, learning the 

design strategies from biological ceramic solids constructed by organisms would provide valuable insights 

into enhancing the performance of ceramics while reducing the harmful impact on the environment. 

In this dissertation, I investigated the mechanical design strategies from natural 3D biomineralized 

composites from two structural levels, i.e., building-block and composite levels, analogous to individual 

grains and composite reinforcement in engineering ceramics. For the building-block level research, the 

model systems include bivalve shells Atrina rigida, Placuna placenta, and Sinanodonta woodiana. The 

three bivalve shells contain different building blocks with intrinsic microstructures, corresponding to 

monolithic prisms with controlled nanoinclusions, diamond-shaped thin laths, and polycrystalline prisms 

with interlocking grains, respectively, presenting different structural designs of individual grains in ceramic 

materials. The sea urchin Heterocentrotus mamillatus spine represents a natural porous material with 

compressive residual stress on the surface, and the investigation of the structural origins aims to provide 

insights into the cost-effective synthesis of stressed ceramics with residual stress for engineering 

applications. In addition, the composite-level studies focus on the composite structures of the crossed-

lamellar shell Melo diadema and the fish teeth from Pogonias cromis. These two model systems correspond 

to natural ceramic matrix composites with nano-scale fibrous building blocks arranged in 3D specialized 

for enhanced crack resistance and wear resistance, respectively. The comprehensive investigation of the 

deformation behaviors and mechanisms allows for a better understanding of the intricate strategies 

specialized for different functional requirements, which apply to bio-inspired designs in ceramic composites. 

 



v 

 

ACKNOWLEDGEMENTS  

 

I could never imagine the enthusiasm at the moment of drawing my dissertation work to its conclusion 

when I started my Ph.D. study five years ago. As I am putting all the chapters together, the busy yet fruitful 

research experience I had keeps coming back, which I could not have done without the kind support I have 

received from my advisor, committee members, collaborators, colleagues, and family. 

First, I would like to thank my advisor, Prof. Ling Li. Our group members and I always refer to him 

as Dr. Li rather than Prof. Li, perhaps because he is amiable enough to eliminate the barrier between 

students and advisors. Before my Ph.D. study, my previous research experiences were not related to 

biological materials at all, and I was bored and lost. Luckily, I found my research interest in biological 

materials and had the opportunity to work with Dr. Li starting from scratch. It was a refreshing yet difficult 

start for me to switch to such a foreign field, therefore my progress was quite slow at the beginning. I felt 

fortunate to have Dr. Li as my advisor who provided effective guidance and expertise in all aspects of 

research, from literature review, experimental design, collaboration with other researchers, and 

communication and writing. I have appreciated all the communications with him ever since our first skype 

call before I came to VT. At the later stage of my Ph.D. years, Dr. Li set a higher standard and encouraged 

me to be an independent researcher. He has become a role model for me who always has enthusiasm for 

research and great inspiring ideas, and I really want to become a professor like him. Thank you sincerely, 

Dr. Li!  

I would also like to express my gratitude to all my committee members. The invaluable discussions 

and feedback provided by Prof. Reza Mirzaeifar, Prof. Christopher Bryant Williams, and Prof. Hang Yu 

during my preliminary exam guided me to think more deeply about how to arrange my work into a series 

and highlight my original contributions to the audience who may not be familiar with my research. Their 

constructive criticisms and suggestions helped me clarify my thoughts. I was saddened and shocked to hear 

that Prof. Mirzaeifar passed away before scheduling my defense. I had the privilege to take his courses and 

collaborate with him, and he was such a knowledgeable and patient professor. In addition, I would also like 

to offer my gratefulness to Prof. Pinar Acar, who was willing to serve on my committee on such short notice. 

Also, my work wouldnôt be possible without the dedicated collaborators, to whom I would sincerely 

like to express my appreciation. In particular, I would like to thank the beam scientists Dr. Pavel D. 

Shevchenko and Dr. Francesco De Carlo at 2BM of Advanced Photon Source, Argonne National 

Laboratory, as well as Dr. Xianghui Xiao who previously worked there. I had several experimental trips 

there for in-situ testing and tomography scanning, and they offered great help with my data collection and 

interpretation, and more importantly valuable advice on designing and optimizing the in-situ devices. Also, 

I appreciated the chance to work with Prof. Admir Masic at MIT and his previous Ph.D. student Dr. Hyun-

Chae Loh, their expertise in Raman spectroscopy and Piezo-Raman technique provided great contributions 

in two of our collaborative works. In addition, I had the pleasure to work with Prof. Pupa U.P.A. Gilbert 

from the University of Wisconsin-Madison and Lawrence Berkeley National Laboratory, as well as her 

graduate students Cayla A. Stifle and Connor A. Schmidt, on the application of PEEM, which was valuable 

in my thesis work as well as additional collaborated works. Prof. Gilbert had a stringent style of data 

collection and interpretation with great expertise and wide perspectives, which really impressed me. In 

addition, Prof. Ron Shahar from the Hebrew University of Jerusalem, Israel, also provided valuable 

comments on my black drum teeth work. 



vi 

 

In addition to the collaborative works included in my thesis, I also had many interesting collaborative 

projects. I enjoyed being a part of the eggshell team in the collaborative work between Dr. Li at VT and 

Prof. Mary C. Stoddard at Princeton University. I had a lot of fun talking with them about the beauty and 

diversity of eggshells and the simple but intricate design strategies in eggshells, therefore I have a lot of 

gratitude to this team, including Dr. David Ocampo and Dr. Thilina De Silva from the Princeton team and 

Dr. Zian Jia from the VT team. In addition, Prof. Emily Peterman at Bowdoin College has been the go-to 

person whenever I have the samples for EBSD measurements, her great enthusiasm also motivated me to 

pursue further the intriguing findings in different biological materials. I have also received great help from 

Prof. Sanket Deshmukh and Dr. Fangxi Wang on the MD simulations. 

I am grateful to all the colleagues in the Laboratory of Biological and Bioinspired Materials at VT, Dr. 

Zian Jia, Hongshun Chen, Shahbaz Khan, Liuni Chen, Chenhao Hu, Yang Geng, Yiming Tan, Nick Roth, 

and Edward Lee, as well as the previous group members Dr. Ting Yang and Dr. Jinjin Zhong. I enjoyed the 

energetic and active atmosphere in the group, and I also had many fruitful discussions with the group 

members on my projects as well as many other science topics. Especially, I would like to thank Dr. Ting 

Yang for her kind help and support when I first came to the United States and VT. 

Finally, I would sincerely thank my family. My Dad and Mum had never doubted me when I first 

talked to them about pursuing my Ph.D. in a foreign country, they have provided ever-ending support 

whenever I needed it. Also, my young brother who was only 10 when I started my Ph.D. years is now 16 

and just started his senior high; I did not get the chance to be part of his teenage years, and I am pretty sure 

he has grown into a responsible young adult. 

  



vii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To the big flourishing nature and the diverse creatures living in it. 

  



viii 

 

TABLE OF CONTENTS  

ABSTRACT  ................................................................................................................................................. ii  

GENERAL AUDIENCE ABSTRACT  ...................................................................................................... ii  

ACKNOWLEDGEMENTS  ....................................................................................................................... v 

TABLE OF CONTENTS  ........................................................................................................................ viii  

Chapter 1 Introduction  ............................................................................................................................... 1 

Chapter 2 Literature review ...................................................................................................................... 5 

2.1 Biomineral composites vs. biomineral building blocks .............................................................. 5 

2.2 3D architectures in biomineralized composites .......................................................................... 6 

2.2.1 Structural characteristics and deformation mechanisms ...................................................... 7 

2.2.2 Mechanical properties .......................................................................................................... 9 

2.3 Intracrystalline structural features within biomineral building blocks  ................................. 11 

2.3.1 General mechanical difference between biogenic and geological minerals ....................... 12 

2.3.2 Intracrystalline features and deformation mechanisms ...................................................... 13 

2.4 Open questions and model systems ........................................................................................... 19 

2.4.1 Open questions ................................................................................................................... 19 

2.4.2 Model systems ................................................................................................................... 25 

Chapter 3 Comparative nanoindentation study of geological and biogenic calcite ............................ 29 

3.1 Introduction ................................................................................................................................. 29 

3.2 Materials and methods ............................................................................................................... 31 

3.2.1 Materials ............................................................................................................................ 31 

3.2.2 Instrumented nanoindentation ............................................................................................ 32 

3.2.3 Post-indent characterization ............................................................................................... 32 

3.2.4 Statistical analysis .............................................................................................................. 32 

3.3 Results .......................................................................................................................................... 33 

3.3.1 Microstructure and crystallography of selected biogenic calcite examples ....................... 33 

3.3.2 Berkovich nanoindentation: modulus and hardness ........................................................... 34 

3.3.3 Conical nanoindentation: toughness .................................................................................. 37 

3.3.4 Conical nanoindentation: Fracture pattern characterization ............................................... 44 

3.4 Discussion ..................................................................................................................................... 51 

3.4.1 Intrinsic modulus and hardness in geological and biogenic calcite ................................... 51 

3.4.2 Inelastic deformation in geological and biogenic calcite ................................................... 54 

3.4.3 Brittle index of geological and biogenic calcite ................................................................. 55 

3.4.4 Humidity influence in geological and biogenic calcite ...................................................... 56 

3.5 Conclusions .................................................................................................................................. 57 

Chapter 4 Intrinsic Mechanical Properties of Individual Biogenic Mineral Units in Biomineralized 

Skeletons .................................................................................................................................................... 59 

4.1 Introduction ................................................................................................................................. 59 

4.2 Materials and methods ............................................................................................................... 60 

4.2.1 Materials ............................................................................................................................ 60 



ix 

 

4.2.2 Prism Cantilever (Micro-)Bending .................................................................................... 61 

4.2.3 Scanning Electron Microscopy (SEM) .............................................................................. 61 

4.2.4 Thermogravimetric Analysis (TGA) .................................................................................. 61 

4.2.5 Instrumented Nanoindentation ........................................................................................... 62 

4.3 Results .......................................................................................................................................... 62 

4.3.1 Microstructural characterizations of prismatic building blocks ......................................... 62 

4.3.2 Micro-bending experiments ............................................................................................... 64 

4.3.3 Fractographic Analysis of Prisms ...................................................................................... 68 

4.3.4 Mechanical Properties of Biogenic Calcite and Aragonite: Effects of Loading Conditions

 .................................................................................................................................................... 73 

4.4 Discussion and outlook ............................................................................................................... 76 

Chapter 5 Strain Engineering in Porous Bioceramics: A Case Study in Sea Urchin Spines ............. 79 

5.1 Introduction ................................................................................................................................. 79 

5.2 Materials and methods ............................................................................................................... 86 

5.2.1 Materials and microstructural characterizations ................................................................ 86 

5.2.2 Chemical characterizations ................................................................................................ 87 

5.2.3 Crystallographic characterizations ..................................................................................... 88 

5.2.4 Residual stress/strain measurements .................................................................................. 88 

5.2.5 Instrumented nanoindentation ............................................................................................ 91 

5.3 Results .......................................................................................................................................... 92 

5.3.1 Microstructural characterization ........................................................................................ 92 

5.3.2 Multimodal characterizations of sea urchin spine .............................................................. 95 

5.3.3 Multiscale measurements of the residual stress/strain ..................................................... 101 

5.3.4 Mechanical effects of residual stress................................................................................ 108 

5.4 Discussion ................................................................................................................................... 114 

5.4.1 Macro residual stress vs. lattice distortion in sea urchin spine ......................................... 114 

5.4.2 Heat-induced change ........................................................................................................ 116 

5.4.3 Hypothesis about structural origins of the macro residual stress ..................................... 124 

5.5 Conclusions and future works ................................................................................................. 128 

Chapter 6 Further insights on the damage tolerance of crossed-lamellar structure: directional 

dependence............................................................................................................................................... 130 

6.1 Introduction ............................................................................................................................... 130 

6.2 Materials and methods ............................................................................................................. 140 

6.2.1 Materials and microstructural characterizations .............................................................. 140 

6.2.2 Four-point bending tests................................................................................................... 141 

6.2.3 Synchrotron-based micro-computed X-ray tomography.................................................. 141 

6.2.4 Instrumented nanoindentation .......................................................................................... 143 

6.2.5 Statistical analysis ............................................................................................................ 143 

6.3 Results ........................................................................................................................................ 144 

6.3.1 Multiscale structures ........................................................................................................ 144 

6.3.2 Beam-scale properties: four-point bending tests and quantification ................................ 147 

6.3.3 Beam-scale properties: in-situ four-point bending tests ................................................... 158 

6.3.4 Microscale properties: nanoindentation tests ................................................................... 167 

6.4 Discussion ................................................................................................................................... 178 

6.4.1 Influence of structural parameters on mechanical properties........................................... 178 

6.4.2 Delamination at macroscopic interfaces .......................................................................... 183 



x 

 

6.4.3 Contribution of toughening mechanisms ......................................................................... 185 

6.4.4 Directional dependence of mechanical properties in crossed-lamellar structures ........... 187 

6.5 Conclusions ................................................................................................................................ 188 

Chapter 7 Black drum fish teeth: built for crushing mollusk shells .................................................. 190 

7.1 Introduction ............................................................................................................................... 190 

7.2 Materials and methods ............................................................................................................. 192 

7.2.1 Materials and sample preparation .................................................................................... 192 

7.2.2 Materials characterization ................................................................................................ 193 

7.2.3 Mechanical tests ............................................................................................................... 194 

7.2.4 Finite element simulations ............................................................................................... 195 

7.2.5 Statistical analysis ............................................................................................................ 195 

7.3 Results ........................................................................................................................................ 196 

7.3.1 Microstructure .................................................................................................................. 196 

7.3.2 Chemical analysis ............................................................................................................ 200 

7.3.3 Crystallographic analysis ................................................................................................. 202 

7.3.4 Local mechanical properties: modulus and hardness ....................................................... 203 

7.3.5 Local mechanical properties: fracture toughness ............................................................. 204 

7.3.6 Local mechanical properties: nanowear comparison on mature and immature teeth ...... 207 

7.3.7 Macroscopic mechanical behavior: experimental analysis .............................................. 209 

7.3.8 Macroscopic mechanical behavior: computational analysis ............................................ 212 

7.4 Discussion ................................................................................................................................... 219 

7.4.1 Design strategies at the material level .............................................................................. 219 

7.4.2 Design strategies at individual tooth level ....................................................................... 220 

7.4.3 Design strategies at the tooth-bone composite level ........................................................ 221 

7.5 Conclusions ................................................................................................................................ 222 

Chapter 8 Summary and future directions ........................................................................................... 223 

8.1 Summary .................................................................................................................................... 223 

8.2 Future directions ....................................................................................................................... 229 

8.2.1 Extending studies of deformation mechanisms at the building block level ..................... 229 

8.2.2 Finite element study of the composite-level mechanics in crossed-lamellar shell ........... 230 

8.2.3 Growth and biomineralization of black drum teeth ......................................................... 231 

References ................................................................................................................................................ 233 

Appendix A. Theoretical modulus of calcite loaded along three characteristic planes ............................ 255 

Appendix B. Plastic deformation in geological calcite: Calculation of Schmid factors ........................... 259 

Appendix C. Cracking patterns on geological calcite induced by conical indentation ............................. 262 

Appendix D. Cross-sectional properties of prismatic beams based on SEM images ............................... 268 

Appendix E. Cantilever beam analysis based on Timoshenkoôs beam theory .......................................... 269 

Appendix F. Timoshenkoôs shear coefficients ə ....................................................................................... 274 

Appendix G. Effect of superglue compliance on the bending deflection ................................................. 276 

Appendix H. Bite force quotients (BFQs) based on of fish, mammals, reptiles, and brids ...................... 278 

Appendix I. Brittle index IB for the contact damage in the black drum teeth ........................................... 283 
 



1 

 

Chapter 1 Introduction  

Introduction  

 

Nature represents an inexhaustible source of inspiration for engineering designs for the engineering 

problems faced by humanity. For instance, we human beings always had the ambitions to conquer or explore 

every niche on the planet, yet we have not been able to finish the ambitious task, since the extreme 

environments remained challenging for current technologies, such as high pressure and low/no visibility at 

the sea floor, and the high temperatures and toxicity near volcanic surroundings. However, organisms 

survive and thrive in such extremes. An example of the most resilient organisms is the tardigrade, 

commonly known as water bears, found in diverse extremes, either high/low temperatures and pressures, 

air deprivation, radiation, dehydration, and starvation1. The diverse organisms, not limited to animals, 

developed specialized strategies to deal with the harsh surrounding environments, providing valuable 

inspiration for biomimetic designs and engineering applications used in similar environments. Therefore, 

the protection of the natural environment and the diversity of organisms not only represents the need for 

human survival, but also a necessity for maintaining the library of inspiration for engineering challenges. 

Many organisms construct structural composites for survival, such as the stiff and strong skeletal 

elements (both endoskeletons and exoskeletons)2, and the wear-resistant teeth3ï5. To achieve the desired 

functionality, these biological structural materials are often mineralized and assembled into hierarchical 

structures with organic interfaces. Biomineralized composites combine the advantages of hard minerals 

(e.g., stiffness, hardness, strength) and soft organics (e.g., deformability, energy dissipation, toughness). 

With still expanding lists of species known to human knowledge, we have already benefited from studying 

and mimicking materials from natural organisms. The examples are plenty2,6ï8. Some commonly known 

design strategies in biomineralized composites are highlighted in Chapter 2. Those findings led to 

substantial progress in designing and manufacturing biomimetic structural materials with advanced 

properties9. For example, the nacre structure (found in the inner layer of mollusk shells) has been widely 

studied for its structural design in increasing the toughness (work of fracture) to a level of over three orders 

of magnitude than the constituent mineral phase10. The hierarchical structures in nacre consist of mesolayers 

(organic layer with ~20 ɛm in thickness) interspaced in ~300 ɛm nacreous layers, in which the mineral 

building blocks are polygon-shaped aragonite tablets of ~0.5-1.0 ɛm in thickness and ~10 ɛm in diameter, 

forming a ñbrick-and-mortarò assembly11. Later studies revealed intricate micro-/nano-features, such as the 

nano-asperities on the tablet surface, mineral bridges between adjacent nacre lamellae, and tablet waviness, 

all resisting inter-tablet shear12ï14. Correspondingly, continuous efforts have been devoted to nacre-inspired 

composites, and substantial improvement in strength and toughness has been achieved by introducing the 

interfacial structural features between nacre tablets15ï18. In recent decades, research on biominerals is 

stepping into the intrinsic scale, i.e., intracrystalline features within the individual biomineral units19.  

Due to the abundance of biomineralized composites found in organisms, the research in this field is 

still witnessing a continuous rise, providing biomimetic strategies for advanced structural materials. 

However, open questions still exist in the fundamental understanding of biomineralized composites. This 

research aims to elucidate the fundamental design strategies of the biomineral building blocks and 

biomineralized composites, and the additional focus is the correlation and comparison of these design 

strategies with the typical engineering methods to enhance the properties of structural ceramics, i.e., 

microstructural designs of individual grains, introducing residual stress, and structural reinforcement in 

ceramic matrix composite. Specific research questions include: (1) What are the differences in mechanical 
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properties and deformation behaviors in biogenic and abiotic minerals? (2) How are the internal 

microstructures of biomineral building blocks influence their mechanical properties under different 

loadings? (3) How do biominerals address residual stress and what are the structural origins? (4) What are 

the correlations between the 3D structural designs and the deformation mechanisms and crack evolution in 

biomineralized composites, especially in the context of their functional requirements? In this dissertation, 

by selecting four mollusk shell-based model systems, one echinoderm skeleton, and another fish tooth 

example, I explore the underlying design principles and trade-offs of the multiscale biomineralized 

composites, including the intrinsic level of biomineral building blocks and the macroscopic level of the 

biomineralized composites. The model systems are the bivalves Atrina rigida, Placuna placenta, and 

Sinanodonta woodiana, the gastropod Melo diadema, the sea urchin Heterocentrotus mamillatus spine, and 

the black drum fish Pogonias cromis teeth, respectively. 

This dissertation is organized according to the length scales of the examined problems in 

biomineralized composites, i.e., from the intrinsic-scale comparison of the difference between biogenic and 

abiotic minerals (Chapter 3), to micrometer-scale building-block-level characterization of prismatic 

biominerals (Chapter 4), to residual stress/strain characterization in the centimeter-sized single-crystal 

porous biomineral skeletons (Chapter 5), and the macroscopic biomineralized composites of the mollusk 

shell (Chapter 6) and fish teeth (Chapter 7). In each length scale, specific experimental and numerical 

methods are introduced to provide insights into the design strategies of these biominerals and composites. 

Chapter 2 provides the relevant background information of the dissertation. Two types of 

biomineralized composites are introduced, i.e., (i) solid composites composed of densely packed mineral 

building blocks and (ii ) porous biomineralized skeletal elements with a bicontinuous structure, where the 

bicontinuity refers to both the mineral and void phases. Correspondingly, the investigation of 

biomineralized composites can be generally characterized by composite-level and building block-level 

studies. This is followed by a literature review of our current knowledge of the deformation mechanisms at 

these two scales: On one hand, the review on the composite-level studies of biomineralized composites 

summarizes common 3D structural motifs of building blocks and Ashby plots providing predictive indices 

for mechanical performances like yielding under blunt contact and cracking under sharp contact. On the 

other hand, the review of the individual biomineral units focuses on the introduction of mechanical 

differences between biogenic and geological crystals, as well as the intracrystalline features distributed in 

the biomineral matrix with special emphasis on the intracrystalline organic materials. Additionally, some 

recognized open questions in understanding the multiscale structure-property relationships in 3D 

biomineralized composites are briefly introduced. As this dissertation deals with some of the open questions, 

four model systems with different textures in biomineral units and two biomineralized composites with 

different 3D structural assemblies are briefly introduced with emphasis on specific open questions to be 

dealt with. 

Chapter 3 compares the intrinsic mechanical difference between biogenic calcite (A. rigida prisms and 

P. placenta laths) and geological calcite. It is well known in the literature that biogenic minerals behave 

differently in comparison to their geological counterparts. For example, biogenic calcite exhibits glass-like 

conchoidal fracture, in contrast to the cleavage fracture behavior in geological calcite. Although 

nanoindentation has been widely used for measuring the local mechanical properties of various biominerals 

and biomineral composites, there is a lack of a systematic quantification and comparison of the mechanical 

properties and fracture behavior between biogenic and geological calcite using nanoindentation, especially 

when effects such as the indentation loading with respect to crystal orientation, indentation tip geometry, 

and environment humidity are involved. The A. rigida prisms are composed of single-crystal calcite with 

the prism length along calcite <0001> c-axes, while the P. placenta laths are oriented with their top surfaces 
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parallel to the crystallographic {10ρ8} plane of calcite. In comparison, three characteristic planes of calcite 

{0001}, {10ρ4}, and {10ρ8} were prepared and examined for comparison. The work conducted in Chapter 

3 presents a comprehensive nanoindentation-based investigation to provide a benchmark for future 

comparative studies between biogenic and abiotic minerals.  

Chapter 4 focuses on the comparison of prismatic biogenic calcite and aragonite, where the calcite and 

aragonite prisms are the building units in the outer prismatic layer of the mollusk shells A rigida and S. 

woodiana, respectively. In biomineralized composites, the mineral building blocks often have complex 

morphologies, which contribute to the biocompositesô mechanical properties, and the prismatic building 

blocks in mollusk shells provided equivalent model systems for direct comparison between biogenic calcite 

and aragonite. Using micro-bending experiments, I provide the first direct mechanical quantification of 

biogenic minerals under tensile-dominated failure at the individual building block level. Combined with 

fractographic analysis and nanoindentation, I then provide a systematic comparison of the deformation 

mechanisms of these biominerals under various loading conditions. These results demonstrate that the 

intrinsic structures of biomineral building blocks, such as intracrystalline organics in single-crystal calcite 

and interlocking nanograins in polycrystalline aragonite, contribute to the drastic mechanical difference of 

the biominerals. The findings also highlight that the structural information of the building block should be 

considered when designing bio-inspired structural materials. 

Chapter 5 explores the magnitude and distribution, mechanical contribution, and structural origins of 

the residual stress in H. mamillatus sea urchin spines. Through the sectioning technique along the spine 

length, the cut opening at the tip of the sea urchin spine closes prominently. It is proposed that the sea urchin 

spines have a compressive residual stress field on the outer circumference while tensile residual stress in 

the center of the spine, which is further confirmed via strain gauge measurements and Raman-piezo 

spectroscopy. Regarding the mechanical effects, the nanoindentation characterizations before and after the 

release of the residual stress demonstrate the toughening and strengthening contributions of the compressive 

residual stress on the performance of the outer spine. In addition, the multimodal characterizations of the 

spine are conducted through a number of material characterization techniques to explore the structural 

origins. Specifically, from the inner spine to the outer circumference, the distribution of intracrystalline 

structural features includes increasing Mg substitution but decreasing organics and amorphous calcium 

carbonates (ACC), which explains the decreasing lattice parameters revealed by the powder X-ray 

diffraction on the ground spine stereom along the radial direction. Based on the multimodal 

characterizations and review of the biomineralization of the sea urchin spine, the residual stress field was 

hypothesized to be generated due to the ACC volume expansion during crystallization at the growth front, 

where the volume expansion is constrained producing compressive residual stress in the newly grown layers. 

In Chapters 6 and 7, the comprehensive investigations of two fiber-based biomineral composites are 

conducted with a focus on the deformation mechanisms with respect to the functionality of the organisms. 

First, Chapter 6 investigates the gastropod (M. diadema) shell with three-tier crossed-lamellar structures. 

Through comparative in-situ four-point bending tests integrated with synchrotron-based X-ray tomography, 

the different deformation mechanisms in the shell-curved beams along the longitudinal and transversal 

directions are revealed. Extensive ex-situ four-point bending tests provide additional quantification of the 

bending properties of these two groups of samples, concluding the superior performance of the shell beams 

along the transversal direction. Additional nanoindentation characterizations on the planes parallel and 

perpendicular to the shell normal reveal the mechanical difference that the shellôs normal surface with 

lamellae oriented ± 35 ï 45° is prone to quasi-plastic deformation. Second, Chapter 7 deals with the 

comprehensive characterizations of black drum fish (P. cromis) teeth, even though also composed of fiber-

based building blocks, with interwoven 3D architectures with gradient widths of fiber bundles. Due to the 
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functional requirements of the durophagous diet, black drum fish teeth need to be wear-resistant on the 

outer surface of enameloid, enhanced crack resistance of the enameloid-dentin composites, and resilient 

against crushing loads of the tooth-bone design. Correspondingly, the investigations of the structure-

property correlations at different scales utilize different methods. The characterizations of the near-surface 

enameloid involve microstructural and crystallographic analysis via polarization-dependent imaging 

contrast (PIC) mapping and mechanical analysis through nanoscratch probing. The characterizations of the 

enameloid-dentin composite require additional chemical analysis using Raman and energy-dispersive X-

ray spectroscopies and mechanical analysis using nanoindentation mapping. The bulk-scale investigation 

of the tooth-bone structural composite adopts macroscopic ex-situ and in-situ mechanical tests, as well as 

finite element simulations. The integration of these structure-chemistry-crystallography-property 

relationships across multi-scales in the teeth enables the functional adaptation to the molluscivorous diet of 

black drum fish. 

The last section Chapter 8 of this dissertation summarizes the design principles associated with the 

biomineral building blocks and composites. Additional emphasis is concentrated on the new knowledge 

and contributions. Finally, several potential research directions are suggested and briefly discussed. 
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Chapter 2 Literature review 

Literature review 

 

In Section 2.1, the general structural characteristics of biomineralized composites are summarized 

with an emphasis on the differentiation between the composite-level and building-block-scale features. In 

Section 2.2, I briefly introduce the common design strategies in the biological materials constructed from 

different structural motifs. The common structural features and deformation mechanisms are discussed. In 

Section 2.3, the primary focus is to introduce the intracrystalline structural features in the building blocks 

of biomineralized composites with special emphasis on the corresponding strengthening and toughening 

contributions. In Section 2.4, some open questions in the understanding of biomineralized composites at 

both the building block and composite levels are summarized. The model systems and specific methods 

used for the selected aspects dealt with in this dissertation are introduced.  

Section 2.3 in this chapter was extended and written as a review article and has been published: Deng, 

Z., Jia, Z., & Li , L. Biomineralized Materials as Model Systems for Structural Composites: Intracrystalline 

Structural Features and Their Strengthening and Toughening Mechanisms, Advanced Science (2022)19. 

 

2.1 Biomineral composites vs. biomineral building blocks 

In nature, organisms often rely on stiff and strong skeletal elements for structural support and other 

functional requirements for survival20. Typical examples include endoskeletons (internal to the body) for 

body support and protection of internal organs and exoskeletons (external to the body) for protection from 

the environment and predatorsô attacks2. In order to achieve desired mechanical properties such as stiffness, 

strength, and fracture resistance, many of these biological skeletal elements are mineralized. The complex 

hierarchical organizations of biomineral building blocks with organic components allow organisms to build 

robust composites for the aforementioned functions. If we consider biomineral composites as analogs to 

engineering structural materials/composites, the individual building blocks in biomineral composites 

correspond to the grains/reinforcing phases in engineering materials. 

Based on the composite-level structural features, biomineral composites can be broadly classified into 

two groups: (i) solid composites composed of densely packed mineral building blocks (e.g., mollusk shells 

in Figure 2.1A,D), and (ii ) porous biomineralized skeletal elements with a bicontinuous structure (e.g., 

porous skeletons of sea urchins in Figure 2.1F). In specific, the first type of biomineral composites is well-

known for the hierarchical designs across multiple scales, where the microscopic biomineral units are joined 

together by thin organic interfaces. The mineral units are defined as the individual building blocks, such as 

the prisms in the prismatic layer (Figure 2.1B), tablets in the nacre composites (Figure 2.1C), and aragonite 

fibers/lamellae (3rd-order lamellae)21 in the crossed-lamellar structure (Figure 2.1E) in mollusk shells. The 

organic layers between the building blocks are referred to as the intercrystalline organic materials (inter-

OMs), as shown in Figure 2.1B,C,E. In contrast, the second type of biomineral composites does not have 

interconnected inter-OMs (Figure 2.1G); in sea urchins, for example, each spine diffracts as a single crystal 

under X-ray diffraction (XRD) and thus can be considered as a single large building block22,23.  

 

https://www.sciencedirect.com/science/article/abs/pii/S1742706121006905#!
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Figure 2.1| Overview of biomineral skeletal elements and intracrystalline structural features within the 

individual building blocks 19. (A-C) Schematic illustrations of (A) bivalve shells as examples of densely packed 

biomineral composites, and their typical microstructures of (B) prism-based and (C) platelet-based composites 

(nacre), where the mineral building blocks are separated by intercrystalline organics. (D,E) Schematic illustrations 

of (D) gastropod shells as examples of another type of densely packed biomineral composites, and (E) the typical 

crossed-lamellae microstructure with fiber-based building blocks. (F,G) Schematic illustrations of (F) sea urchin 

spines as examples of porous biomineral skeletal elements, and their microstructure (G) open cell bicontinuous 

biomineral foams. (H) Schematic illustration of the intracrystalline structural features within the mineral building 

blocks (lattice), including intracrystalline organic materials (intra-OMs), trace element substitution, nano-

heterogeneity domains, crystalline defects, and twinning boundaries. 

 

2.2 3D architectures in biomineralized composites  

There have been many studies on the structures, properties, and deformation mechanisms of 

mineralized biological materials, and representative reviews can be found in Refs. 2,24ï26. A general 

consensus of this body of work is that the structural hierarchies via the intricate organization of biomineral 

building blocks and inter-OMs contribute to the enhanced toughness significantly10,21. Correspondingly, it 

can be summarized that biomineralized materials share three structural characteristics: composite, hierarchy, 

and texture27. First, the composite nature results from that all the biomineralized materials are composed of 

mineralized building blocks and organic materials, even though the mineralization level can have 
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significant variations. Second, the structural hierarchy in biomineralized materials refers to that they contain 

structural elements which themselves have smaller-scale structures. The structural hierarchy in 

biomineralized materials can span from the crystal lattice level (10-10 m) to the macroscopic scale (m). 

Several examples of the hierarchical structures in biomineralized materials as well as the deformation 

mechanisms at different length scales are presented in Section 2.2.1. Third, it has also been confirmed that 

biomineralized composites are usually textured respective to their crystallographic characteristics, i.e., they 

generally have preferred crystallographic alignments. Typical examples include mollusk shells28,29, 

echinoderm exoskeletons22,23,30,31, and teeth from different animals3ï5, while typical characterization 

methods include X-ray diffraction (XRD), electron backscattered diffraction (EBSD), and X-ray 

photoelectron emission microscopy (PEEM). 

 

2.2.1 Structural characteristics and deformation mechanisms 

 
Figure 2.2| Basic structural motifs and 3D assembly in biomineralized materials9. (A) Four fundamental 

geometric motifs include the granular, fiber, tablet, and bicontinuous/porous shapes. (B) Morphological variations 

of the fundamental motifs. (C) 3D structural assemblies of biomineralized building blocks using the same or 

multiple motifs. Figure 2.2 is adapted from Jia et al.9. 

 

The biomineralized composites have diverse microstructural features, which leads to an overwhelming 

number of different types of structural models if we classify each characteristic microstructural morphology 

as an individual type9. Recently, we propose four fundamental structural motifs to describe the geometrical 
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features of building blocks in biomineralized composites, including grains (0D), fibers (1D), tablet/plate 

(2D), and bicontinuous/porous (3D) motifs (Figure 2.2)9. Note that the structural motif concept is 

independent of length scales. 

Among the varying ways of 3D assemblies in biological materials, many have revealed intriguing 

hierarchical design principles to be utilized in biomimetic advanced materials32ï36. Several examples are 

summarized in Figure 2.3, following the order of increasing complexity of assembly, from simple 

plate/laminate-like blocks to complex, wavy fiber-based assembly. 

 
Figure 2.3| Overview of the strengthening and toughening mechanisms of hierarchical designs in biomineral 

composites. (A) Nacre as an example of plate-assembly structure and the toughening mechanisms by crack 

deflection at extensive organic interfaces37, mineral bridges, nano-asperities, viscoelastic deformation of organic 

fibers, and tablet interlocking24. (B) Bouligand and herringbone plywood structures in crustacean exoskeletons, 

where the Bouligand patterns have twisted plywood layers completing a 180° rotation (in-plane fibers forming 

honeycomb-type arrays to allow out-of-plane reinforcement by pore tubules)38,39, and the herringbone structure has 

a sinusoidal bending pattern of Bouligand layers also penetrated by mineralized fibers40. (C) Crossed-lamellar 

structure as an example of hierarchical assembly of straight fiber-like building blocks. Corresponding toughening 

mechanisms include multiple tunnel cracks arrested at the macro-layer interface, large-scale bridging by 1st-order 

lamellae, and micro-/nano-scale bridging by ligaments (2nd- and 3rd-order lamellae)41. (D) Teeth enamel design as 

an example of complex 3D wavy fibers, with straight and parallel rods in the outer enamel and interwoven rods in 

the inner enamel42,43, contributing to enhanced toughening by extensive crack branching and deflection44. (E) A 

composite structure from Clio pyramidata shell with ordered helical fibrous building blocks with helix orientation 

parallel to shell normal, where the individual mineral fibers have Tetris-like interlocking morphologies45. Images 

are adapted from (A) Lin and Meyers et al.37, and Wegst et al.24, (B) Weaver et al.38, Raabe et al.39, and Yaraghi et 

al.40, (C) Kamat et al.41, (D) Bajaj et al.42, Habeliz et al.43, and Yahyazadehfar et al.44, and (E) Li et al.45. 

 

First, the plate assembly represents one of the simple forms of biomineral assembly, which consists of 

ñstandardò mineral bricks/plates/laths assembled by organic interfaces (Figure 2.3A). Typical examples 

include the nacre tablets and mollusk laths46. In nacre structure, for example, additional nanoscale features 

on the mineral tablets add reinforcement along the thickness direction, including the mineral bridges, nano-
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asperities resisting in-plane shearing, and interlocking geometries of tablets (e.g., spiral centers connecting 

adjacent lamellae47) against sliding, and the organic layers enable viscoelastic deformation. 

The second type is the twisted plywood laminate structure, constructed into typical Bouligand and 

herringbone patterns (Figure 2.3B). The Bouligand patterns have twisted plywood layers completing 180° 

rotations, while each layer consists of parallel fibers. The specific structural features (fiber diameters, layer 

thickness, rotation angle, sinusoidal amplitude, mineralization degree, etc.) vary significantly in different 

biological systems, including the collagen-based elasmoid fish scales48,49, some chitin-based insect 

cuticles50, and crustacean exoskeletons38,39. The herringbone structure exhibits an additional level of 

structural complexity by showing the sinusoidal bending pattern of Bouligand layers; a known example is 

the impact layer of the dactyl club from Odontodactylus scyllarus, where the herringbone structure is 

reinforced by out-of-plane mineralized fibers40. The twisted plywood laminates are believed to toughen the 

structure by forming 3D cracks across the weak interfaces between the building fibers51. 

Third, straight mineral fibrous building blocks can form a complex but hierarchical assembly, and a 

typical example is a crossed-lamellar structure commonly found in gastropod shells (Figure 2.3C). 

Extensive research on this biomineral composite reveals the multiscale toughening mechanisms, including 

the multiple tunnel cracks arrested at the macro-layer interface52, 1st-order lamellae bridging cracks21, and 

2nd- and 3rd-order lamellae (ligament) bridging at micro-/nanoscale41. 

Further complexity in the biomineral composites with fibrous building blocks involves wavy and 

twisted fibers (Figure 2.3D). A classic example is human tooth enamel, where the building rods are straight 

near the outer enamel and gradually twisted and interwoven in the inner enamel42. Additional toughening 

results from the misoriented hydroxyapatites in individual enamel rods, where the crystallites align with 

the rod axis in the head region but incline at the tail43. The complex assembly contributes to extensive 

branching and deflection of cracks in the enamel, while the interweaving rods in the inner enamel lead to 

further toughening44. 

In addition, curved fibers in biomineral composites can also be shaped into standard building blocks, 

like helical fibers (Figure 2.3E), where the examples include Clio pyramidata45, Cuvierina columnella53,54, 

etc. The rotating helix is oriented parallel to the shell normal, which effectively restricts crack initiation and 

propagation. Additionally, the fibrous building blocks also exhibit Tetris-like interlocking morphologies, 

which enhance the toughness by forming tortuous cracks along the interlocking interfaces. 

Apart from some universal design strategies summarized in Figure 2.3, there are more variations not 

only for species-specific adaptions of known strategies but also for unknown design principles yet to be 

discovered. Therefore, the study of the composite-level structure-mechanical relationship of biological 

composites represents an inexhaustible source for bioinspired designs. 

 

2.2.2 Mechanical properties 

The assemblies and variations of one or multiple structural motifs at different length scales form the 

complex architectures in biomineralized composites, while the different mineralization levels of the 

building blocks construct biological materials with a wide range of mechanical properties for different 

functional purposes (Figures 2.4, 2.5). 

Based on contact mechanics55, the yielding criterion under a blunt contact (Figure 2.4) is 

 
ὖ

Ὑ
ὅ
Ὄ
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ρ
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Ὁᴂ
 (Eq. 2.1), 
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where Py is the yielding load, R is the radius of curvature of the tip (abrasive media), C1 is a constant 0.8, 

H and Ὁ are the hardness and plane-strain modulus of the abraded material, and Ὁᴂ is the plane-strain 

modulus of the tip defined as 

 Ὁ ὉȾρ ’) (Eq. 2.2), 

where E is Youngôs modulus and ’ is Poissonôs ratio. 

 
Figure 2.4| Ashby plot of modulus E against hardness H for biological materials with different mineral 

contents56. The blue dashed lines indicate the reference of H3/E2 as the index for yielding from blunt contact. Figure 

2.4 is adapted from Amini et al.56. 

 

 
Figure 2.5| Ashby plot of hardness H against fracture toughness Kc for biological materials with different 

mineral contents56. The blue dashed lines indicate the reference of Kc
4/H3 as the index for cracking from a sharp 

contact. Figure 2.5 is adapted from Amini et al.56. 

 

In comparison, the cracking criterion under a sharp contact (Figure 2.5) is 
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Ὄ
 (Eq. 2.3), 

where Pc is the cracking load, Kc is the fracture toughness, and C2 is a calibration constant depending on 

the geometry of contact. 

These two criteria deal with the onset of yielding and cracking damage and do not consider the 

variations of the indices as the damage zone proceeds. However, many biological materials are reported to 

exhibit ñR-curveò behavior, such as bone57ï63 and teeth42,64,65, where the critical stress intensity factor 

increases as the crack propagates.  

Based on the mineral contents, the biological materials can be classified into three broad categories, 

high mineral content (Ó75 vol.%), medium-low mineral content, and no mineral content, even though this 

classification is rather aribitrary56. Based on the obtained Ashby plots, it can be summarized that: (1) In the 

E-H plot (Figure 2.4), the highly mineralized materials are found in the upper right corner, which have 

high modulus and hardness. The outer layer of chiton teeth (radulae) features the highest resistance against 

yielding among all biological materials under blunt contact. (2) In the H-Kc plot (Figure 2.5), the highly 

mineralized materials are found in the lower right corner, where they usually have lower toughness. It must 

be noted that this map ideally should rely on fracture toughness values (or critical stress intensity factor KIc) 

obtained through a notched bending test or compact tension experiment, but in some cases, the 

nanoindentation-based fracture experiments were conducted instead due to the difficulty in performing the 

traditional experiments, either due to extremely small sample dimensions or the irregular shapes56. There 

are debates on the absolute values of fracture toughness obtained from nanoindentation fracture 

experiments66,67, but this technique provides quantitative information on the initiation of fracture events. 

 

2.3 Intracrystallin e structural features within biomineral building blocks 

While the structural design principles at the composite level are well recognized in the literature, the 

intracrystalline structure and mechanical properties of individual biomineral building blocks are often less 

considered in the investigations of biomineral composites2,24,68. Currently, over 60 biogenic minerals have 

been identified in different organisms. Typical examples include carbonates and silica (widely found in 

protists, plants, and animals), phosphates (found in monerans and animals), and oxalates (found in fungi, 

plants, and animals)20. Calcite and aragonite, being two polymorphs of calcium carbonates, are the most 

essential minerals in constructing skeletal elements in various invertebrate groups, such as echinoderms, 

mollusks, and arthropods20,69; while hydroxyapatite (HAP) crystals are commonly found as the building 

units in bone and teeth of vertebrates2,4,70. 

Although the minerals formed by organisms, i.e., biominerals or biogenic minerals, have similar 

compositions to their geological counterparts, they exhibit some important distinctions20. For example, 

biogenic minerals are themselves composite materials, as they often integrate a small amount of organic 

materials within the mineral matrix, despite that individual biomineral building blocks often diffract as 

single crystals.22,23 Biogenic minerals also exhibit lattice distortions in comparison to their synthetic or 

geological counterparts. The intracrystalline features within individual biomineral building blocks, such as 

impurities, residual strain/stress, crystallinity, and grain morphologies, have profound effects in controlling 

the mechanical properties of biominerals. 
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2.3.1 General mechanical difference between biogenic and geological minerals 

The mechanical difference between biogenic and geological minerals is extremely intriguing22,23. It 

has been long recognized that biogenic minerals have different fracture characteristics from geological pure 

forms. For example, the geological calcite often fractures along the cleavage planes (Figure 2.6A), while 

the biogenic calcite exhibits conchoidal fracture resembling amorphous glass (Figure 2.6B). The earliest 

observation of conchoidal fracture in biominerals was found in a calcareous sponge, which dated back to 

1869 by Carter71, and similar fracture characteristics were observed in echinoderm calcite22,23,72. The 

biogenic and geological aragonite also fracture differently (Figure 2.6C,D). 

 
Figure 2.6| Mechanical difference between biogenic and geological minerals19. (A,B) Fracture surfaces of (A) 

geological calcite and (B) biogenic calcite (sea urchin spine, Heterocentrotus mamillatus), where the former shows 

preferred cleavage fracture and the latter shows conchoidal fracture. (C,D) Fracture surfaces of (C) geological 

aragonite and (D) biogenic aragonite (Sinanodonta woodiana). (E,F) Nanoindentation hardness of biogenic and 

geological (E) calcite28,73ï77 and (F) aragonite29,78ï83 along different crystallographic orientations, where the 

overlapping bars shaded with lighter colors indicate different results for the same species. Corresponding 

crystallographic planes are shown in the inset illustrations. 

 

Biogenic and geological minerals also exhibit different mechanical properties, such as stiffness and 

hardness. For example, the bending stiffness of the calcitic spicules of echinoid larvae is 2-4 times lower 

than that of geological calcite84. The nanoindentation hardness of biogenic calcite is also higher than 

geological calcite when measured on equivalent crystallographic orientations (Figure 2.6E)28,73ï77. In 

contrast, biogenic aragonite often exhibits (mostly) lower hardness compared to geological aragonite 

(Figure 2.6F)29,78ï83. Such differences might correlate with the sample sizes and the crystalline features. 

Biogenic calcite usually exists as micro-sized single crystals, such as the calcite prisms (ca. 20-50 ɛm) in 

mollusk shells and porous skeletons in echinoderms (branch thickness of ca. 15-35 ɛm), so that the low-
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load indentation (usually generate indent depth of hundreds of nanometers) is not influenced by sample size 

effect. In comparison, biogenic aragonite often exists as an aggregation of nanograins (e.g., nacre tablets 

with thickness of ca. 1-2 ɛm), which impose strong sample size effects, and the extensive intracrystalline 

organics may further degrade the hardness. 

 

2.3.2 Intracrystalline  features and deformation mechanisms 

The different mechanical properties suggest that biogenic minerals should possess different internal 

nanoscopic structures in comparison to their geological or pure forms. Indeed, many recent studies have 

revealed the subtle structural modifications and defects within individual biomineral building blocks. These 

structural defects include intracrystalline organic materials (intra-OMs), trace element substitution, 

crystalline defects (amorphous phase, polycrystalline, splitting crystal, nanograins, etc.), inhomogeneous 

nano-domains, and twinning (Figure 2-1H). Here, the intra-OMs refer to those organic materials enclosed 

inside the biomineral building blocks (at the intracrystalline level), in contrast to the inter-OMs defined as 

the organic interfaces between adjacent building blocks (at the composite level). 

It is well-known that the structural defects within individual grains in engineering metals and ceramics 

have significant effects in controlling the mechanical properties85. In analog to individual grains in 

engineering materials, the intracrystalline structural features in biomineral building blocks are expected to 

have similar mechanical contributions. Figure 2.7 summarizes five aspects of intracrystalline structural 

features found in biogenic minerals, including intra-OMs, the substitution of trace elements in the crystal 

lattice, crystalline features and defects, residual strain/stress, and twinning. 

Each type of intracrystalline features has distinctive contributions to the mechanical properties of 

biominerals. For example, the incorporation of intra-OMs has been shown to serve strengthening effects by 

impeding dislocation slip and toughening contributions by controlling crack propagation (Atrina rigida 

prism, Figure 2.7A)28. In addition, the trace elements substituted in the crystal lattice induce local lattice 

distortions (Pinna nobilis prisms, Figure 2.7B)86,87 and residual strains/stresses (Ophiocoma wendii 

skeletons, Figure 2.7D)74,88. The crystalline nature controls the cracking behavior, such as crack 

propagation along the grain boundaries (GB) in polycrystalline minerals (Sinanodonta woodiana prisms) 

vs. cleavage crack in single-crystalline minerals (Figure 2.7C)29. In addition, the twinning boundaries in 

the biogenic mineral building blocks provide crack impeding and deflection at the nanoscale (Strombus 

gigas, Figure 2.7E) 89. These results suggest that the biomineral building blocks conceal a rich library of 

design strategies for strengthening and toughening, which surpass the performance of their geological 

counterparts. 

It should be noted that some of the aforementioned structural features work synergistically. For 

instance, intra-OMs, amorphous calcium carbonate (ACC) phases, and Mg substitutions, all contribute to 

the lattice distortions in calcite, i.e., atomic-scale residual strains74,85,90. Moreover, some structural features 

often co-exist, e.g., ACC phases usually contain considerable trace elements including Mg91, and some 

intra-OM molecules prefer binding with Ca to Mg92 and thus help stabilize the ACC phase93,94. The 

inclusion of Mg and organics is shown to reduce the strain required to induce twin formation in calcite95,96. 

An excellent example of a biogenic mineral system with different intracrystalline mechanisms working in 

synergy is the grinding tip of sea urchin teeth: the Mg-enriched polycrystalline calcite matrix improves 

wear-resistance, while the Mg-calcite single-crystal calcite needles provide a relatively compliant 

framework, together contributing to the self-sharpening upon fracture97ï99. 
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Although these intracrystalline features and associated strengthening and toughening mechanisms are 

less appreciated in the literature on biomineralized composites, similar mechanisms have been extensively 

studied in engineering structural material systems. In the following paragraphs, I introduce the intra-OMs 

in biominerals as an example to illustrate the specific strengthening and toughening contributions related 

to intracrystalline features. 

 
Figure 2.7| Overview of the strengthening and toughening mechanisms of the intracrystalline structural 

features within biominerals19. (A) Intracrystalline organic materials (intra-OM, gray ellipse) inhibit dislocation 

motion (red line, dislocation motion direction is indicated by arrows) and promote crack deflection28. (B) The 

presence of trace elements (blue balls) introduces local lattice distortion and solute strengthening to present 

dislocation motion86. (C) Comparison of cleavage fracture in single crystal and grain-boundary (GB) crack 

deflection in polycrystalline minerals29. (D) Residual strain and stress induced by crystal lattice distortion and Mg-

rich nanoparticles in biominerals88. (E) Twinning boundary (TB) strengthening where mobile and/or sessile 

dislocations could be generated either in neighboring domains or at TBs and cracks are deflected and impeded at 

the TBs89. Images are adapted from (A) Deng et al.28, (B) Cuif et al.86, (C) Deng and Li29, (D) Seknazi et al.88, and 

(E) Shin et al.89. 

 

2.3.2.1 Chemistry of intra-OMs 

Early observations of the inter- and intra-OMs were achieved by decalcification experiments in bivalve 

nacre100. Later in the 1970s, transmission electron microscopy (TEM) was utilized to examine the intra-

OMs in nacre tablets, which revealed their bubbly and frothy morphologies101. Recent advances in TEM 

techniques have contributed to a further understanding of intra-OM compositions. For example, the annular 

dark-field scanning transmission electron microscopy (ADF-STEM) demonstrated that the inclusions 

(dashed ellipses in Figure 2.8A) in the A. rigida prisms contain organic materials rather than voids (Figure 
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2.8B)102. Berman et al. further suggested that intra-OMs are selectively occluded into specific 

crystallographic planes of the mineral matrix103, which might be responsible for biomineralsô unique 

fracture characteristics104 and crystal textures105. It is now generally accepted that the intra-OMs are widely 

distributed in different types of biomineral building blocks, including prisms (calcite)102,106, foliated laths 

(calcite)107, nacre tablets (aragonite)108,109, curved nanofibers in pteropod shells (aragonite)45, stereom in 

echinoderm skeletons (calcite)94, etc. 

The systematic characterization of intra-OM chemical compositions is of great importance. Previous 

studies on intra-OM and inter-OM chemistry have been focused on the prismatic layers in A. rigida106, 

Pinctada fucata110, and Atrina pectinata110, and the echinoderm calcite in Paracentrotus lividus111 and 

Pisaster giganteus94. Typically, biomineral composites exhibit a higher amount of inter-OMs than intra-

OMs, for example, ca. 5 wt.% vs. 0.4 wt.% (weight percentages) in the prismatic layer of A. rigida106. The 

intra-OMs consist mostly of proteins and chitin106, while the specific concentrations vary in different species. 

Figure 2.8C shows detailed compositions of amino acids in intra-OMs from A. rigida prisms (in both water-

soluble and insoluble phases)106, which significantly differ from P. fucata prisms (27.4 % Asx, 10.3% Glx, 

17.5 % Gly, etc.) and A. pectinata prisms (45.6 % Asx, 12.8% Glx, 10.8 % Gly, etc.)110. It should also be 

noted that intra-OMs are reported to bear negative charges110,112, which attract cations (e.g., Ca2+ in calcium-

based minerals) and therefore align themselves to the charged planes in the crystal lattice, for instance, 

{0001} planes in calcite113. In addition to the diverse variety of amino acids, chitin morphology is also 

found to vary in different biomineral systems. For example, while no chitin was found in the inter-OMs in 

A. rigida prisms106, chitin sheets were found in the inter-OM scaffold between nacre lamellae114. Moreover, 

the study by Li et al. revealed that chitin resided in calcitic prisms (A. rigida) as a fibrous network coated 

with proteinaceous globular structures106.  

 
Figure 2.8| Intracrystalline organic materials: chemistry. (A) SEM image of the intra-OMs in etched pits of A. 

rigida prism102. (B) ADF-STEM intensity across an inclusion in A. rigida prism, in comparison with pure calcite, 

calcite with a void, and calcite with organic materials (agarose)102. (C) Quantitative measurement of different amino 

acids in the soluble and insoluble intra-OMs in A. rigida prism106. Images (A,B) are adapted from Li et al.102. 

 

While the intra-OM compositions vary significantly in different biogenic calcite, the nanoindentation 

properties are rather consistent (indentation results on {0001} in Figure 2.6E). This suggests that the 

compositions of intra-OMs may have little influence on mechanical performance. In contrast, it might be 

the relative percentage and distribution of intra-OMs that control the mechanical behaviors of biogenic 

minerals. However, the chemical compositions of intra-OMs may play a significant role in controlling the 

nucleation, growth process, and the formed shape of the biominerals104. In vitro experiments revealed that 

the intra-OMs extracted from different biogenic calcite could induce distinctive modifications in crystal 

microstructures and morphologies110,115ï117. For example, calcite crystals synthesized in the presence of 

intra-OMs extracted from mollusk prisms (A. rigida) exhibited flattened morphologies perpendicular to the 

calcite c-axis, while the incorporation of intra-OMs from sea urchin spines (P. lividus) produced elongated 
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crystals parallel to calcite c-axis115,118,119. Reduced symmetry has also been observed, where the trigonal 

symmetry of calcite was reduced to monaxon spicules in Kebira uteoides120.  

 

2.3.2.2 Sizes, geometries, and distributions of intra-OMs 

For biogenic calcite, ADF-STEM electron tomography revealed the disk-like geometries of the intra-

OMs in A. rigida prisms with lateral elongation along the basal plane of calcite (perpendicular to calcite c-

axis, Figure 2.9A)102. XRD measurements also confirmed such intra-OM alignments in the calcite prisms 

of Pinna nobilis113,121 and Atrina serrata shells105. These observations are consistent with our recent TEM 

characterizations on A. rigida prisms, where the geometry of individual intra-OMs can be approximated by 

an equal-axed ellipsoid with a height of ca. 5 nm and a lateral span of ca. 10 nm (Figure 2.9B,C)28. In 

addition, alternating regions of high- and low-density of intra-OMs were observed along the prism 

length28,102. At a larger scale, these intra-OMs gradually tilt upwards when approaching the prism and inter-

OM boundary (Figure 2.9D)28. Other TEM studies also revealed variations in terms of intra-OM geometries 

and distributions. The intra-OMs in A. pectinata prisms exhibit 2D elongated geometries similar to A. rigida 

prisms but with homogenous distribution, while the intra-OMs in P. fucata prisms show an inhomogeneous 

distribution and form small-angle grain boundaries with associated crystal defects110. 

 
Figure 2.9| Intracrystalline organic materials: morphologies, and distributions in biogenic calcite (A. rigida 

prisms). (A) 3D visualization of intra-OMs in A. rigida based on ADF-STEM electron tomography102. (B,C) TEM 

images on the sections cut (B) parallel and (C) perpendicular to the length axis of A. rigida prisms (c-axis [0001] 

of calcite), where brighter regions denote the intracrystalline inclusions28. (D) TEM image across the 

intercrystalline organic interface between A. rigida prisms, where the yellow dashed lines indicate the alignment 

of the inclusions. The yellow line in the inset shows the cut location for the TEM image28. Images are adapted from 

(A) Li et al.102, and (B-D) Deng et al.28. 

 

In porous echinoderm calcite (P. lividus), on the other hand, XRD measurements indicate the parallel 

alignment of intra-OMs to the calcite c-axis105. Further observations indicated that these intra-OMs 

exhibited concentric layers bridged by radial threads, as revealed by the layered structure on the fracture 

surfaces (Figure 2.6B)23,122 and the etched cross-sections123. Cytochemistry analysis of the skeleton-

forming cells in sea urchins revealed similar concentric layers in the mineralization organic matrix, 

indicating that these intra-OMs might function as the scaffold for mineralization124. 

In aragonite-based biominerals, the intra-OMs exhibit rather different morphologies. In the helical 

fibrous building blocks of Clio pyramidata shell, there are two types of intra-OM geometries (Figure 



17 

 

2.10A)45: (i) the diamond-shaped inclusions (red dashed rhombus) distributed in the upper peripheral 

regions, and (ii ) the thin elongated-sheet inclusions (blue dashed ellipse) randomly distributed over the 

entire cross-section. Nacre tablets show two similar types of intra-OMs (Figure 2.10B), both of which 

appear to be circular and randomly distributed when viewed down the (001) plane (Figure 2.10C)109,125. 

However, there are depletion zones near the top and bottom surfaces of nacre tablets (yellow-shaded bands 

in Figure 2.10D), where no intra-OMs were detected108. Further, other works suggested a continuous 

organic framework in the nacre tablets that divides the individual building blocks into nanograins126. 

 
Figure 2.10| Intracrystalline organic materials: morphologies, and distributions in biogenic aragonite. (A) 

TEM image of the aragonite fiber building block in C. pyramidata, showing two types of intra-OMs45, i.e., type-i 

diamond-shaped inclusions (red dashed rhombus) and type-ii  elongated inclusions (blue dashed ellipse). (B,C) 

ADF-STEM images of nacre tablets (Pinctada maxima) (B) parallel and (C) perpendicular to the thickness direction 

(c-axis [001] of aragonite), respectively109, where the inclusions show darker contrast compared to the aragonite 

matrix. (D) Random distribution of intra-OMs and depletion zones (yellow-shaded regions with no inclusions) in 

nacre tablets (Perna canaliculus)108. Images are adapted from (A) Li et al.45, (B,C) Wang et al.109, and (D) Younis 

et al.108. 

 

2.3.2.3 Mechanical influence of intra-OMs 

Intra-OMs modify the crystal microstructure of biominerals105, and their mechanical influence includes 

several aspects, such as lattice distortion, dislocation restriction (or strengthening), modification of fracture 

behavior through crack coalesce and deflection, and energy dissipation via the viscoelastic or plastic 

deformation of intra-OMs. 

The intra-OMs typically have nanoscale dimensions (Figure 2.9B,C), which are 1~2 orders of 

magnitude larger than a crystal unit cell, e.g., calcite (a = 4.988 Å and c = 17.068 Å)115,127. Lattice distortions 

were reported in both biogenic calcites87,128 and aragonites129ï132 based on high-resolution powder XRD 

measurements. Further, heat treatment (at temperatures above organics decomposition) resulted in the 

relaxation of lattice distortions, supporting the claim that the intra-OMs contribute to lattice distortions87,131. 

At a larger scale, the presence of intra-OMs alters the degree of perfection in crystal texture, which is 

evidenced by decreased coherence lengths and increased anisotropy under synchrotron X-ray radiation115,133. 

The incorporation of intra-OMs also contributes to dislocation restriction in biogenic minerals, which 

improves strength and hardness. A recent study by Kim et al. showed that by incorporating copolymer 

micelles into synthetic calcite, the composite sample did not generate cracks and parallel steps under 

indentation, which were usually observed on pure calcite134. The hardening behaviors in synthetic calcite 

were explained by a dislocation-pinning model where the organic molecules impede dislocation motion, 

causing it to bow out between adjacent molecules (Figure 2.11A)135. The dislocation motion could only 

resume when the cutting force Fc (shearing the organic molecules) surpasses the dislocation line tension T. 

Correspondingly, the hardness increase can be written as  
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where H0 and H correspond to the hardness of pure calcite and biogenic calcite with organic inclusions, 

respectively; b is the Burgers vector magnitude, and L is the spacing between intra-OMs135. 

The dislocation impediment mechanism by intra-OMs has also been confirmed experimentally 

(Figure 2.11B,C) and through molecular dynamics (MD) simulations (Figure 2.11D)28. This strengthening 

effect due to intra-OM inclusions is similar to the precipitation hardening behavior in engineering materials, 

like metals and ceramics136,137. The most intriguing difference is that precipitates in engineering materials 

are typically harder than the matrix, while the intra-OMs in biogenic minerals are the softer phase115. 

 
Figure 2.11| Intracrystalline organic materials: strengthening effect. (A) Hardness versus amino acid (AA) 

contents in synthetic calcite, where the inset shows the TEM image of synthetic calcite occluding micelles (white 

arrows)135. (B,C) SEM images of (B) geological and (C) biogenic calcite micro-pillars after uniaxial compression28, 

where the geological calcite exhibits dislocation slips, and the biogenic calcite favors brittle fracture. (D) Molecular 

dynamics (MD) simulation of c-axis compression on calcite with intra-OM, where dislocation bowing is formed 

around the intra-OM28. Images are adapted from (A) Weber et al.135, and (B-D) Deng et al.28. 

 

In addition to the strengthening effects, the intra-OMs are also correlated with the conchoidal fracture 

in biogenic minerals. As discussed earlier, intra-OMs are absorbed onto specific crystallographic planes, 

being oblique to the preferred cleavage planes105,121. For example, the intra-OMs in echinoderm calcite are 

aligned along the [0001] direction (oblique to the ρπρτ cleavage planes); therefore, they are proposed to 

absorb and deflect the progressing cracks (Figure 2.12A)115,138. Consistent with this hypothesis, cracks 

regulated by intra-OMs were observed in A. rigida prisms (Figure 2.12B-D)28: (i) microcracks initiated at 

regions with a high density of intra-OMs by coalescing adjacent inclusions (Figure 2.12B,D-ii ); (ii) the 

elongated geometry of individual intra-OMs facilitated crack deflection along the horizontal direction 

(Figure 2.12C,D-i); and (iii) the upward tilting alignment of the intra-OM inclusions guided the cracks and 

avoided deep fracturing into the prismatic crystal (Figure 2.12D-iii ). A similar crack guiding effect has 

also been observed in nacre tablets, where the densely clustered intra-OMs were observed along the crack 

propagation pathway139. The effects from the sizes, distribution, spacing, and orientations of intra-OMs on 

the fracture strength ůf of biogenic minerals can be described quantitatively by a quasi-brittle fracture model 

with pre-existing defects, 
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 (Eq. 2.5), 

where a, L and ɗ are the half-length, spacing between, and orientation angle of the intra-OMs, respectively; 

ɓ(ɗ) is a function of ɗ and also dependent on the frictional coefficient between the intra-OMs and the 
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mineral matrix, and ůY represents the compressive strength of pure mineral phase28. This simplified model 

provides a theoretical basis for the aforementioned fracture behavior observed in biogenic calcite. 

 
Figure 2.12| Intracrystalline organic materials: toughening mechanisms. (A) Schematic illustrations of crack 

propagation in pure calcite and biological calcite with intra-OMs oblique to the cleavage planes138. (B,C) TEM 

images of biogenic calcite, showing (B) the crack initiation (white arrow) through the coalescence of adjacent intra-

OMs, and (C) micro-cracks (white arrows) propagating in parallel to the long axes of the intra-OMs (perpendicular 

to calcite c-axis [0001])28. (D) Regulation of crack formation and propagation in biogenic calcite by intra-OMs, 

including (i) crack deflection; (ii) crack initiation resulting from intra-OM coalescence; and (iii) upward cracks due 

to the inclined defects near prism boundaries28. Images are adapted from (A) Addadi and Weiner138, and (B-D) 

Deng et al.28. 

 

Last but not least, the deformation of intra-OMs might also contribute to energy dissipation for 

biominerals. Due to their nanometer sizes, it is extremely challenging to isolate intra-OMs for mechanical 

characterizations. However, indirect insights may be obtained from the properties of inter-OMs140,141. For 

instance, fiber-pulling experiments on interlamellar fibers of freshly cleaved nacre were conducted using 

atomic force microscopy (AFM), which revealed the stepwise unfolding of the proteinaceous organic 

materials and recoverable folding142ï144. Tension and relaxation tests on the intercrystalline organic 

framework from nacre (by demineralization) also revealed a time-dependent viscoelastic behavior145. On 

the other hand, from the deformation of individual nacre tablets, nanograin rotation and deformation were 

revealed under mechanical loadings146ï148. Such deformation mechanisms are expected to be facilitated by 

the viscoelastic or plastic deformation of the continuous intra-OM framework between the nanograins149. 

 

2.4 Open questions and model systems 

2.4.1 Open questions 

Research in biogenic minerals and biomineralized composites has received increasing attention due to 

the potential of producing advanced biomimetic materials. Another possible reason for the enthusiasm in 

this field could be that biological materials are produced under ambient conditions with much less stringent 
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control of temperature and pressure compared to the production of engineering materials. Apart from the 

current knowledge and recent advances, there are still so many research opportunities at different length 

scales of biomineralized materials. Here, I introduce the general open questions in two categories, namely, 

at the composite level and the individual building block level, respectively. 

 

2.4.1.1 Composite level of biomineralized materials 

At the composite level of biomineralized materials, the difficulties and open questions can be generally 

summarized into three aspects: (1) characterization and quantitative description of the 3D architecture, (2) 

uncovering the structure-property relationship, and (3) selection of the suitable material architecture for 

bioinspired applications9. 

To reveal the hierarchical structures across multiple scales (from nano- to macro-) is of primary 

importance to understand the design principles of biomineralized materials. Currently, the common imaging 

techniques available to scientists include scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), and atomic force microscope (AFM), allowing the observation of material architectures 

down to atomic scale150. In addition, recent advances and applications of 3D imaging techniques have led 

to discoveries in many well-studied biological materials. For instance, X-ray nano-tomography was used to 

assist the understanding of disorder-to-order transition in nacre growth151; focused ion beam (FIB)-SEM 

tomography and STEM tomography were used to reveal the structural hierarchies in collagen-fiber-mineral 

aggregates, which expand our understanding of bones152; and the application of atom probe tomography 

(APT) enabled the chemical distributions in 3D at the atomic scale to reveal the sandwiched structure in 

the nano-crystallites of human enamel153,154. 

 
Figure 2.13| Protocol of acquisition, quantification, and parameterization of the 3D architecture of 

biomineralized materials based on computed tomography. Figure 2.13 is adapted from Jia et al.9. 

 

The 3D tomography based on X-ray, electron, photon, and neutron beams generates a huge amount of 

data, and the morphological quantification would be extremely laborious for manual processing. Therefore, 

the general process for quantitative description involves (semi-)automatic protocols (Figure 2.13), 

involving machine-learning assisted segmentation into multiple phases, quantification, and then 

parameterization9. However, due to the hierarchical nature of biomineralized materials, the architectures at 

the lower level (micro-to-nanoscale) can produce noise and make phase identification challenging155. 

Additional technical difficulties associated with segmentation may result from the material gradient, and 

intensity variations induced by small features and interfaces9. Advances in advanced image restoration 

techniques and algorithms, e.g., reconstructing sub-voxel information156, could provide new solutions to 

the above challenges and identify 3D architectures on even smaller scales. 

The following quantification involves measurements of the constituent phases, structural anisotropy, 

and complex geometries (e.g., shapes, sizes, connectivity, and orientations)157,158. Correspondingly, 

biological materials composed of different structural motifs must be described using specified 
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quantification methods. For simple motifs, including 0D grains, 1D fibers, and 2D tablets/platelets (Figure 

2.2), the building blocks can be described by simplified parameters via the superposition of a periodic 

lattice/block and an additional perturbation vector9. While for biomineralized materials composed of more 

complicated 3D bicontinuous motifs, the structural quantification involves skeletonization as the first step 

before further statistical summary on parameters like branch length, thickness, tortuosity, slenderness ratio, 

orientation, node connectivity, and inter-branch angles159,160. 

The next step in uncovering the structure-property relationship in biological materials is to correlate 

the 3D structural characterization with mechanical performance. Figure 2.14 presents a map of the 

available experimental, analytical, and computational predictive methods for the structure-property 

investigation of biomineralized materials9. Yet, there are still merging fields in the map, for instance, the 

in-situ (4D) tomography, where the 4th dimension is time. 4D imaging allows the observation and tracking 

of the evolution of microstructures and phases, as well as directly capturing the deformation mechanisms. 

Corresponding challenges include the in-situ characterization of the 3D strain field, experiments on micro-

/nano- specimens, etc9. In parallel to 4D imaging, other methods also require further development, such as 

the multiscale predictive methods channeling the structure-property relationships across multiple scales. 

The incorporation of machine learning (data-driven science) would provide the 4th new diagram to the map 

(Figure 2.14)9,161. 

 
Figure 2.14| Uncovering the structure-property relationship of 3D biomineralized materials. Figure 2.14 is 

adapted from Jia et al.9. 

 

Lastly, since the diverse design strategies learned from biological materials are developed via 

functional adaptation and environmental constraints, they all convey advantages for specialized functions. 

However, which structural design should we look into when designing a specific functional material? 

Recent comparative studies by Jia et al. provided possible universal indices to compare biomimetic 

materials produced from different bio-inspired design strategies, where radar plots were used to compare 
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the strength, flexibility, toughness, response rate, and dissipation (Figure 2.15A), as well as a 

comprehensive normalized parameter (Figure 2.15B, corresponding to the shadow areas in Figure 

2.15A)162. Additional material indices include „ ὑ”ϳ  for the strength-limited design of springs (with 

maximum elastic energy storage, Figure 2.15C) and –ὑȾ ”ϳ  for beam vibration problem (with minimum 

flexural excitation, Figure 2.15D), where „, K, ”, and – are the flexural strength, stiffness, effective 

density, and dissipation ratio162. So far, such systematic comparisons between different structure motifs are 

quite limited. 

 
Figure 2.15| Comparative characterization of the bioinspired design strategies. (A) Radar plot for visualization 

of material properties. (B) Comprehensive parameter analogs to shadow areas in (A). (C,D) material indices (C) 

„ ὑ”ϳ  and (D) –ὑȾ ”ϳ , respectively. Figure 2.15 is adapted from Jia et al.162. 

 

2.4.1.2 Biomineral building blocks 

At the individual building block level, despite significant progress in elucidating these intracrystalline 

structures in biomineral building blocks, there are still many open questions to be addressed, including (1) 

advanced structural characterizations, (2) understanding the structure-property relationships, (3) formation 

mechanisms, (4) evolution-related optimization or byproduct, (5) amorphous biominerals, and (6) bio-

inspired synthesis. 

First of all, there is a lack of understanding of the atomic-scale structural and chemical analysis of 

biomineral building blocks. For example, no solid conclusion is available on whether the intracrystalline 

inclusions in biominerals are filled by complete intra-OMs or with some voids. Some unknown aspects of 

the intra-OMs include the 3D geometries, surface morphologies (rough or planar), chemical distributions, 

etc. Another topic of interest in chemical distributions is the 3D mapping of individual biomineral building 

blocks, and atom probe tomography is a plausible technique153,163. Further, it is of significant need to 

conduct high-throughput comparisons for multiple biomineral systems. A promising example is to decode 
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the exact chemical composition of intra-OMs in different biomineral systems94,106,110,111, which will 

contribute to the understanding of tuning the geometries, texture, and properties of bio-inspired minerals. 

The following question associated with structural characterization is the understanding of the 

structure-property correlation of biominerals. Even though there has been some investigation of the 

mechanical properties of biomineral building blcoks19, the results are quite limited in general probably due 

to the micro-to-nano sizes of the biomineral building blocks. Correspondingly, nanoindentation164 and 

AFM-based cantilever bending165 have been popular characterization techniques at the building-block level. 

Additional high-resolution in-situ testing techniques in SEM28,166 or TEM environments45,89 can also be 

applied to understanding the deformation of biominerals, such as in-situ pillar compression and fracture. 

Note that these experiments usually require prior sample preparations, such as FIB milling or thinning. In 

addition, MD simulation has also found promising applications in understanding the biomineral properties, 

such as the influence of intracrystalline defects28 and dehydration-induced crystallization of precursors167,168. 

Thirdly, investigation of the structural evolution during the formation processes will offer important 

lessons for biomimetic synthesis and fabrication. We believe that the long-range distribution of intra-OMs 

in biomineralized is related to the mineralization front during growth, e.g., the gradual tilting of the intra-

OMs towards prism boundaries in A. rigida (Figure 2.9D)28. Similarly, other growth-related intracrystalline 

features should include the distribution of trace elements, ACC, and other crystalline defects in the 

biomineral matrix (Figure 2.7), as well as the development of crystallographic texture (e.g., crystal splitting 

vs. single-crystal prisms169ï171 in Figure 2.16) and twinning172,173. In-situ structural and chemical 

characterizations during growth are promising approaches to address these queries.  

 
Figure 2.16| Textural evolution of the prismatic ultrastructure in bivalve shells, including (A-C) Pinna nobilis 

and (D-F) Pinctada nigra. (B,E) SEM images of the fracture surface parallel to the direction of growth (shell 

normal ñNò). (C,F) EBSD maps of the prismatic architectures. Figure 2.16 is adapted from Schoeppler et al.171. 
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Another intriguing question associated with biogenic minerals is whether the intracrystalline structural 

features are optimized during evolution or simply the ñbyproductò during growth. The intra-OMs in 

biominerals result from biologically controlled processes, which lead to significant enhancement in 

hardness; yet it may be challenging to conclude such structure is ñoptimizedò for better performance. 

Gilbert et al. revealed that the early biominerals from Ediacaran (~ 550 Ma) and Cambrian (~ 500 Ma) 

shelly fossils show similar nanoparticulate texture with modern biominerals, indicating that the same 

thermodynamics and kinetics may be responsible for biomineralization, i.e., crystallization by particle 

attachment (CPA) of amorphous precursors174. More in-depth insights in this direction may be gained from 

the investigation of the biomineralized skeletons from historical records. 

Apart from the crystalline biominerals, amorphous phases could exist in biominerals either as a stable 

form for structural components or as transient precursors during biomineralization91. The ACC phases in 

biogenic calcite have received increasing attention. On one hand, stable ACC has been reported in several 

systems, including the body spicules of sea tulip Pyura pachydermatina91, calcareous sponge Clathrina 

contorta120,175, and cystoliths in the leaves of Ficus microcarpa176,177. Crustaceans (crabs, lobsters, etc.) also 

make use of ACC in the exoskeletons by taking the advantage of its high solubility for periodic molting91,178. 

On the other hand, the transition of ACC precursors has been revealed in biogenic calcite systems (e.g., 

larva spicules179,180, and regenerated spines181 in sea urchins) and biogenic aragonite systems (bivalve larval 

shells182, developing nacre in gastropod shells183,184, and coral skeletons185); the former follows a stepwise 

sequence, hydrated ACC (ACCÅH2O) Ÿ dehydrated ACC Ÿ calcite (Figure 2.17A,B)30,31,186, while the 

latter may involve poorly crystalline aragonite (pAra in coral, Figure 2.17D)185. However, other solid 

biominerals are amorphous in their intrinsic status, such as biogenic silica. Examples include the spicules 

with concentric layers in sea sponges187,188, the complex frameworks in diatoms and radiolaria189, and the 

nanoparticles distributed in bamboo skin190. Intracrystalline features in the biosilica building blocks have 

been reported, including intra-OMs191 and trace elements (Na, C, etc.)192. Yet, detailed investigation of the 

structural origins and mechanical effects of the intracrystalline microstructures in biogenic silica is limited.  

 
Figure 2.17| Component maps in biogenic calcium carbonate systems revealed by PEEM, including (A) 

regenerating spine30 and (B) larval spicules from sea urchin Strongylocentrotus purpuratus31, (C) fresh nacre tablets 

in red abalone shell Haliotis rufescens184, and (D) mineralizing particles in the tissue of coral Stylophora 

pistillata185. Images are adapted from (A) Albéric et al.30, (B) Gong et al.31, (C) Devol et al.184, and (D) Mass et 

al.185. 

 

Lastly, one ultimate goal of investigating biomineralized materials is to fabricate bio-inspired high-

performance engineering materials. Most of the current progress on bio-inspired material designs 

concentrates on mimicking the biological materials with reduced hierarchies24, while there is less attention 

and emphasis on bio-inspired synthesis and fabrication. In addition, ceramic- or metal-based materials are 

often used to mimic the mineral building blocks, yet current fabrication techniques such as additive 

manufacturing led to defects (e.g., porosities, inhomogeneity, sintering defects) and weakened properties. 

Bio-inspired synthesis may provide alternative approaches to address the aforementioned issues. Progress 

has been made in the synthesis of bio-inspired calcite, where organic materials are incorporated, such as 

copolymer micelles, amino acids, and polystyrene particles134,135,193. Synthesis of Mg-containing calcite has 
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also been achieved by introducing additives to stabilize ACC precursors93, and typical additives include 

polyacrylic acids194, carboxylic acids92,195, polypeptides196, polysaccharides197, and organics extracted from 

biominerals94,198. 

 

2.4.2 Model systems 

In this dissertation, I aim at providing insights into some aforementioned open questions. Especially, 

the investigations of biomineral composites at both composite and building-block levels in this dissertation 

focused on understanding the structure-property relationships, corresponding to the second open question 

in Section 2.4.1.1 and the second open question in Section 2.4.1.2, respectively. Different model systems 

were chosen for specific aims focusing on the composite and building block levels of biomineralized 

composites. The systems include Atrina rigida prisms (single-crystal calcite), Placuna placenta laths 

(composites consisting of single-crystal calcite units), Sinanodonta woodiana prisms (polycrystalline 

aragonite), the sea urchin Heterocentrotus mamillatus spine (single-crystal calcite with 3D bicontinuous 

motif), Melo diadema shells (aragonite-based crossed-lamellar composites), black drum fish Pogonias 

cromis teeth (hydroxyapatite-based fibrous composites). 

 

2.4.2.1 Model systems for building-block level studies 

Figure 2.18 briefly summarizes the basic information about the four model systems used for building-

block-level studies of biomineralized composites in this dissertation. The comparative studies between 

these model systems reveal the structure-property-mechanism correlations (Chapters 3,4), and the 

investigation of the characterization, mechanical effects, and structural origins of residual stress/strain in 

sea urchin spines (Chapter 5) conveys additional knowledge of this less studied phenomena in porous 

biominerals. 

Atrina rigida prisms 

The marine bivalve A. rigida shells (family Pinnidae) are commonly known as the rigid pen shells, 

which are widely found in coastal western Atlantic waters199. The bivalve has a triangular shape with low 

ribs radiating from the pointed anterior end to the fanned posterior edge; the anterior end is attached to the 

surfaces by byssal threads and buried, and the wider posterior extends above the sea floor to facilitate filter 

feeding199. The shell consists of an outer prismatic layer (about hundreds of micrometers in thickness) and 

an inner nacre layer (~100 ɛm in thickness). The prism length axes are parallel to the shell normal, and the 

transversal cross-sections show polygonal geometries measuring ~20-50 ɛm in diameter and enveloped by 

thin organic interfaces (~500 nm in thickness). Each prism is a calcite single crystal with c-axis (i.e., [0001] 

direction) parallel to the length axis29. 

Placuna placenta laths 

P. placenta is another marine bivalve (family Placunidae), known as the window pane oyster, which 

is found in the shallow water of tropical Indo-West Pacific200. They feed on plankton through filtering, and 

their flat and round shells have been collected as the glass substitute for their translucence200. The P. 

placenta shell consists of lath-like building blocks, with a diamond shape of each lath measuring 4-7 ɛm in 

width, 100-180 ɛm in length, and 250-350 nm in thickness107. Each lath was confirmed to be single-crystal 

calcite with the outer surface parallel to {10ρ8} planes107,201. 

Sinanodonta woodiana prisms 

The freshwater mussel S. woodiana shells (family Unionidae) have common names of the Chinese 
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pond mussel, Eastern Asiatic freshwater clam, or swan-mussel202. The S. woodiana shell consists of classic 

two-layer microstructures, an outer prismatic layer and an inner nacreous layer, where the latter is much 

thicker. In addition, the outermost organic layer of periostracum is usually preserved. The individual S. 

woodiana prisms have similar geometries but larger diameters (30-60 ɛm) compared to A. rigida prisms. 

Each prism from S. woodiana is composed of interlocked aragonite polycrystals; despite the local 

crystallographic misorientations, the c-axes are generally aligned with the prismsô longitudinal axes29. 

Heterocentrotus mamillatus spines 

The spine of H. mamillatus sea urchin (commonly known as slate pencil urchins) is characterized by 

its complex bicontinuous porous structure, known as stereom159. The spines are highly mobile and can 

undergo a wide range of movement203. Each spine has typical a length of 5-10 cm and a diameter of 1 cm. 

The stereom microstructures show gradient porosity (~80% porosity in the center vs. ~60% porosity in the 

edge) and structural variations, which are interrupted by ~50 ɛm dense concentric rings (known as growth 

bands). Remarkably, the individual spines diffract as single-crystal calcite22,23, despite their complex 

meshwork after skeletonization159,160. 

 
Figure 2.18| Model systems for building-block-level studies. The representative images as well as the research 

questions for Chapters 3-5 are summarized. 

 

2.4.2.2 Model systems for composite level studies 

Figure 2.19 summarizes the basic information about the two biomineralized composites used for 

composite-level studies in this dissertation. One primary aspect is to provide new insights into deformation 

mechanisms using in-situ (4D) tomography by applying bending and compression-based loading 
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(Chapters 6,7). Another topic of interest is to characterize the wear and abrasive properties of 

biomineralized materials (Chapter 7), which is a functional requirement for teeth and many other protective 

elements, but the related characterizations are usually limited56. 

 
Figure 2.19| Model systems for composite-level studies. The representative images as well as the research 

questions for Chapters 6,7 are summarized. 

 

Melo diadema shells 

The melon shell (M. diadema) is a gastropod mollusk species, which is sometimes referred to as a 

bailer seashell due to its frequent use to bail out water from boats. The outermost curl of the orange melon 

shell forms a very large opening, and the growth of the gastropod shells followed a logarithmic spiral (ὶ

ὩὩ ), where (r, ɗ) is the radius and angular coordinate of the points on the shell surface, and Ŭ is the 

tangential angle constant and any point of the shell surface. The mineralized shell of M. diadema has 

classical fiber-based crossed-lamellar microstructures consisting of aragonite fibers. While it has long been 

recognized that crossed-lamellar shells have even higher fracture toughness compared to the well-known 

ñbrick-and-mortarò nacre204,205, there has been less focus on the biomimetic designs based on crossed-

lamellar microstructures. Possible reasons could lie in the difficulty in replicating the nanoscale fibrous 

building blocks and the insufficient understanding of the structure-property relationships9. Therefore, 

comparative ex-situ and in-situ bending tests provide further insights into the deformation mechanisms in 

crossed-lamellar shells, as well as their directional dependence. 

Pogonias cromis teeth 

The black drum fish P. cromis (Family Sciaenidae) is a molluscivorous teleost, which lives in estuarine 

and shallow marine waters along the Atlantic coast from New England to Argentina206. Generally, a black 

drum fish can grow up to a full length of 40-60 inches and a body weight of 50-100 pounds, second only to 

Indo-Pacific humphead Maori wrasse Cheilinus undulatus (another durophagous teleost fish)207,208. The 

black drum fish feeds on mollusks and crabs with its powerful pharyngeal jaws and associated musculature, 

which is reported to process over one million kilograms of shell material per year from the speciesô feeding 

activity in Texas bay206. Therefore, the fish teeth represent an effective design to adapt its diet to hard-
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shelled organisms, and the systematic structural, chemical, crystallographic, and mechanical 

characterizations, and especially the abrasive properties and wear performance near the contact surfaces of 

teeth, could provide valuable insights for understanding their structure-property-mechanism relationship 

and biomimetic designs. 
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Chapter 3 Comparative nanoindentation study of geological and biogenic calcite 

Comparative nanoindentation study of geological and biogenic calcite 

 

This chapter has been accepted for publication: Deng, Z., Chen, L. & Li , L. Comparative 

nanoindentation study of geological and biogenic calcite, Journal of the Mechanical Behavior of 

Biomedical Materials (2022). 

Biogenic minerals are often reported to be harder and tougher than their geological counterparts. 

However, quantitative comparison of their mechanical properties, particularly fracture toughness, is still 

limited. Here we provide a systematic comparison of geological calcite and biogenic calcite (mollusk shell 

Atrina rigida prisms and Placuna placenta laths) through nanoindentation under both dry and 90% relative 

humidity conditions. Berkovich nanoindentation is used to reveal the mechanical anisotropy of calcite when 

loaded on different crystallographic planes, i.e., reduced modulus Ὁ  Ó Ὁ  > Ὁ  and 

hardness Ὄ  Ó Ὄ  Ó Ὄ , and biogenic calcite has comparable modulus but increased hardness 

than geological calcite. Based on conical nanoindentation, we elucidate that plastic deformation is activated 

in geological calcite at the low-load regime (< 20 mN), involving r{10ρ4} and f{ρ012} dislocation slips as 

well as e{ρ018} twinning, while cleavage fracture dominates under higher loads by cracking along {10ρ4} 

planes. In comparison, biogenic calcite tends to undergo fracture, while the intercrystalline organic 

interfaces contribute to damage confinement. In addition, increased humidity does not show a significant 

influence on the properties of geological calcite and the single-crystal A. rigida prisms, however, the 

laminate composite based on biogenic calcite of P. placenta laths (layer thickness, ~250-300 nm) exhibits 

increased toughness and decreased hardness and modulus. We believe the results of this study can provide 

a benchmark for future investigations on biominerals and bioinspired materials. 

 

3.1 Introduction  

In nature, organisms construct a variety of biomineralized composites for mechanics-related 

functionalities, such as skeletal elements for body support and protection, and teeth for food 

consumption2,7,209. Among known biogenic minerals, over 50% are calcium-based minerals, among which 

calcium carbonate is one of the primary mineral types20. The two common calcium carbonate polymorphs 

found in biomineral composites are calcite and aragonite, which are found in the skeletal hard parts of 

various animal groups, such as echinoderms, mollusk shells, and arthropod exoskeletons, etc.20,69. 

Calcite and aragonite are also commonly found in nature as geological (abiotic) crystals. These crystals 

are often in twinned forms, i.e., different crystal domains joined together according to a specific symmetry 

operation, including reflection, rotation, and inversion210, where the individual domains are single crystals 

with a continuous and periodic arrangement of the atoms. Single-crystal calcite exhibits a classic 

rhombohedral shape with exposed {10ρ4} cleavage surfaces. In comparison, the biogenic minerals are 

usually formed into micrometer-sized single-crystalline building blocks, which are often surrounded by 

thin organic interfaces, forming hierarchical biomineralized composites. Such hierarchical designs play a 

significant role in enhancing the mechanical properties of these materials2,9,24. For example, despite very 

high mineral contents (95-99 wt%), the crossed-lamellar and nacreous structures in mollusk shells achieve 

toughness (in terms of work of fracture) up to two to three orders of magnitude higher than the 

corresponding monolithic minerals10,21. In addition to the extensive research on the composite level, an 

increasing amount of work has also focused on the intrinsic features and properties of the biomineral 

https://www.sciencedirect.com/science/article/abs/pii/S1742706121006905#!
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building blocks recently19. Due to the biologically controlled mineralization processes, biogenic minerals 

often enclose intracrystalline defects within the individual building blocks. In particular, nanoscopic 

organic inclusions have been widely reported in a variety of biominerals, while other structural features 

such as trace elements, residual strain, crystalline defects (e.g., amorphous phase, splitting crystal, and 

nanogranular structure), and twinning have also been recognized19. 

The aforementioned structural modifications have been used to rationalize the long-recognized 

difference in mechanical properties between biogenic minerals and their geological counterparts. Most 

mechanical characterizations on biogenic and geological minerals in published works focused on the 

indentation hardness and modulus. Our recent works provided additional comparison through uniaxial 

compression on the micropillars milled by the focused-ion beam (FIB)28 and micro-bending of the prismatic 

biominerals29. Take geological and biogenic calcite as an example. First, extensive nanoindentation data 

has proved that biogenic calcite has higher hardness and comparable (or slightly lower) modulus than 

geological calcite73ï77. The hardness is commonly believed to have a linear correlation with strength211, and 

the micro-pillar compression study confirmed that biogenic calcite has higher compressive strength28. In 

addition, the geological and biogenic calcite also exhibit different fracture characteristics, cleavage fracture 

in the former vs. ñconchoidal fractureò in the latter22,23, yet there have not been systematic and quantitative 

characterizations on their fracture toughness. 

Biogenic crystals are often highly textured. For example, the calcitic sea urchin spine has the 

crystallographic c-axis parallel to the axial direction181. The calcitic prisms from mollusk shells have 

different variations in texture: Atrina rigida and Pinna nobilis prisms are single-crystal calcite with c-axes 

parallel to their lengths (shell normal)28,212, while crystal splitting was found in some Pinctada prisms (P. 

fucata, P. margaritifera, and P. nigra) with sub-grains showing a gradual change of crystallographic 

orientations170,171,213,214. Other interesting examples include the foliated calcite laths in some bivalves, which 

have their terminal/top faces of laths coincide with {10ρ8}  rhombohedral faces201. Due to the anisotropic 

nature of the atomic arrangement, crystals exhibit anisotropic mechanical properties. For example, calcite 

is the most compliant along the c direction. Therefore, it is also of great interest to investigate the 

mechanical difference of the geological and biogenic calcite on different crystallographic planes, which 

could correlate with the specialized mechanical functionalities in different biomineral systems. 

To probe the mechanical differences of biominerals at the microscale, nanoindentation is a widely 

used method. Using three-sided Berkovich or four-sided Vickers tips, the reduced modulus and hardness 

can be measured easily; yet, such non-rotational-symmetric tip geometries lead to azimuthal dependence 

of the measured properties, i.e., the indentation properties vary with the respective rotational angle between 

the sample and tip orientations73. This is especially prominent in monocrystalline materials. For instance, 

the Berkovich hardness of calcite {0001} and A. rigida crystals showed similar variation trends with respect 

to the azimuthal angles73,215. Therefore, conical tips with rotational symmetry may be used as an alternative 

to mitigate the azimuthal variations, although the measured hardness was reported to be higher than that 

obtained from Berkovich nanoindentation215. In addition, the azimuthal dependence (with non-rotational-

symmetric tips) may be more significant in cracking patterns under high loads216, considering that single-

crystal calcite often develops cleavage along the {10ρ4} planes. However, there has been no systematic 

comparative study on crystallography-dependent fracture behaviors in geological and biogenic calcite. 

Hydration levels are also believed to have a prominent influence on the mechanical properties of 

biological materials. Generally, material hydration leads to decreased indentation hardness and modulus 

but increased toughness217. Such a trend is more significant in materials with small hardness and modulus 

values217. Similar findings have also been reported in the macro-scale testing, where the hydrated organic 
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interfaces are expected to facilitate more extensive crack deflection83. Yet, previous findings regarding the 

humidity influence on the mechanical properties focused on the composite level of biomineralized 

structures. There is a lack of characterization of the humidity influence on single-crystal biogenic calcite, 

as well as the systematic comparison between geological and biogenic calcite. 

In this work, a systematic nanoindentation study is conducted on biogenic and geological calcite to 

quantitatively characterize and compare their mechanical properties and fracture behaviors on different 

crystal planes. Two biogenic calcite systems are selected, A. rigida prisms and P. placenta laths. The 

horizontal cross-section of A. rigida prisms corresponds to the crystallographic planes of calcite {0001}, 

while the top surface of P. placenta laths is close to calcite {10ρ8}  planes107. Correspondingly, the 

geological calcite samples are prepared with the indentation surfaces of calcite {0001}, {10ρ4} , and {10ρ8}  

planes for direct comparison with biogenic calcite under both dry and 90% relative humidity (RH) 

conditions. A Berkovich tip is used to characterize the hardness and modulus, while a conical tip is used to 

characterize the fracture properties to avoid azimuthal dependence. The work aims to provide a detailed 

characterization of the mechanical behaviors in calcite systems when loaded on different crystallographic 

planes, and thus provide a benchmark for research on biomineralized composites and bioinspired materials. 

 

3.2 Materials and methods 

3.2.1 Materials 

The bivalve shells A. rigida were purchased from Gulf Specimen Marine Laboratories, Inc. (FL, USA), 

and the pre-trimmed P. placenta shells (ca. 50 mm in diameter) were purchased from Seashell World (FL, 

USA). The mollusk shells were cut into small pieces, and the contaminants, algae, and sand particles were 

removed. The geological calcite (Iceland spar) samples were purchased from Amazon (Mexico product). 

The calcite samples with characteristic crystallographic surfaces ({0001}, {10ρ4}, and {10ρ8} , Figure 3.1) 

were obtained by cutting along specific orientations corresponding to their orientation angles, where the 

crystallographic orientations were confirmed by electron backscattered diffraction (EBSD). The biogenic 

and geological calcite samples were then cleaned with DI water sonicating and dried in the air before epoxy 

embedding (Epo-Fix, Electron Microscopy Sciences). After curing in epoxy, the samples were polished on 

diamond lapping films (particles sizes of 15 µm, 9 µm, 6 µm, 3 µm, and 1 µm) and finished with colloidal 

silica suspension (particle size 40 nm) on a polishing cloth (Allied High Tech Products, Inc.). The polished 

samples were further cleaned, sonicated, and dried in the air before further experiments. 

 
Figure 3.1| Characteristic planes in calcite crystal for indentation. (A) Schematic of hexagonal calcite crystal, 

showing the characteristic planes of {0001}, {10ρ4} , and {10ρ8} . (B,C) Schematics of calcite rhombohedra of (B) 

{10ρ4} and (C) {10ρ8} , respectively. 
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3.2.2 Instrumented nanoindentation 

Instrumented nanoindentation was conducted on NanoTest Vantage platform 4 (Micro Materials, 

Wrexham, UK). A Berkovich tip (trigonal pyramid, semi-angle of ŬB = 65.3°) was used to measure the 

hardness H and reduced modulus Er on polished sample surfaces, while a conical tip (tip radius RC = 5 µm, 

semi-angle ŬC = 45°) was used to characterize the fracture patterns. 

For Berkovich nanoindentation, the diamond area function (DAF) of the tip (i.e., the correlation 

between indentation depth and contact area) was calibrated using the standard fused silica sample. The 

typical loading profile included three stages, loading (15 s), holding (10 s), and unloading (15 s), and the 

maximum load was Pmax = 2 mN. Thermal drifting (30 s) was also monitored near the end of each 

indentation when unloaded to 10% of the maxim load. For statistical purposes, 25 indents were conducted 

on geological and biogenic calcite samples with a spacing of 10 ɛm to avoid interactions between adjacent 

indents. Especially, the indents on A. rigida were conducted on multiple prisms and only those away from 

the organic interfaces were selected for analysis. The hardness HO-P and indentation modulus EO-P are 

quantified based on the standard Oliver-Pharr (O-P) methodology164. 

For conical nanoindentation, the maximum loads chosen were Pmax = 10, 20, 30, 40, 50, 60, 70, 80, 90, 

100, 200, 300, 400, and 500 mN to generate a series of cracking patterns at increasing loads, and 10-20 

indents were conducted for each load to ensure statistical significance. The fracture toughness was 

estimated based on the correlation between crack lengths and indentation loads218. 

In addition, by controlling the relative humidity (RH), the Berkovich and conical nanoindentations 

were conducted under dry (at room humidity of ca. 36% RH) and humid (90% RH) conditions. A humidity 

cell was used to enclose the nanoindentation tip and the samples, while the humidity was maintained and 

monitored in situ through an inlet of water vapor and a humidity sensor. The samples for measurements 

under humid conditions were kept in the sealed cell for over 3 hours for humidity balance before testing. 

Of special attention, to avoid the azimuthal difference, the Berkovich nanoindentation under dry and humid 

conditions was conducted without adjusting the tip/sample orientations. 

 

3.2.3 Post-indent characterization 

Scanning Electron Microscopy (SEM). The post-indentation samples were coated with ultra-thin Pd/Pt 

(ca. 10 nm in thickness) before electron microscope imaging. SEM images were acquired using FEI Quanta 

600 FEG Environmental SEM with a typical acceleration voltage of 20 kV and a working distance of ca. 

10 mm. Those images on the conical indents were then used for the measurements of indent size a and 

crack length c, which were then used for comparative studies and toughness estimation. 

Atomic Force Microscopy (AFM). The selected conical indents (Pmax = 10-70 mN) on calcite samples 

were scanned using AFM (Park Systems XE7). The non-contact mode was applied to obtain the 3D surface 

topologies, and the cantilever used was PPP-NCHR (Nanosensors, Switzerland) with a nominal spring 

constant of 42 N/m and a resonance frequency of 330 kHz. The collected images and the corresponding 

exported topology files were subsequently analyzed using Park Systems XEI software. Additional analysis 

was conducted using MATLAB code to correct sample tilting and extract surface height profiles along the 

characteristic paths of the fracture patterns. 

 

3.2.4 Statistical analysis 

The descriptive averages and standard deviations were used for all the measurements in this paper 
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wherever possible, including the Berkovich nanoindentation Er and H (Figures 3.5, 3.6), and conical 

indentation measurements of crack lengths c and indent sizes a (Figure 3.11-3.13). The standard deviations 

of the data were plotted as error bars in the figures. In addition, two-sample t-tests were conducted between 

the dry and humid comparative groups (Figures 3.5, 3.11, 3.12) and the biogenic vs. geological calcite 

groups, i.e., calcite {0001} vs. A. rigida, and calcite {10ρ8} vs. P. placenta (Figure 3.6). An additional 

one-way ANOVA test was performed for the comparison among three Iceland spar samples ({0001}, 

{10ρ4}, and {10ρ8} ). For any statistical significance at a level of 0.005, the comparative data groups are 

marked by asterisks. 

 

3.3 Results 

3.3.1 Microstructure and crystallography of selected biogenic calcite examples 

The calcite prisms were obtained from a marine bivalve A. rigida (also known as the rigid pen shells, 

Figure 3.2A,B), and the calcitic laths (along shell in-plane direction) were obtained from another marine 

bivalve P. placenta (commonly known as the window pane oysters, Figure 3.2E,F). 

 
Figure 3.2| Selected biogenic minerals from mollusk shells, including (A-D) A. rigida prisms and (E-G) P. 

placenta laths. (A,B,E,F) Schematic illustrations of (A,B) A. rigida and prismatic composites and (E,F) P. placenta 

bivalve shells and lath assemblies. ñNò indicates shell normal. (C,D) SEM images of the polished (C) vertical and 

(D) horizontal cross-sections of A. rigida prisms, respectively. (G) A top-view SEM image of the fractured P. 

placenta shell exposing the laths. 

 

At the level of individual building blocks, the A. rigida prisms have elongated rod-like geometries 

with the length axis parallel to the shell normal (ñNò, Figure 3.2C). Horizontally polished sections reveal 

the polygon-shaped cross-sections of prisms joined by thin organic interfaces (ca. 500 nm in thickness, 

Figure 3.2D). The prisms measure ca. 20-50 ɛm in diameter and hundreds of micrometers in length. Each 

prism diffracts as single-crystal calcite with its c-axis (i.e., [0001] direction) parallel to the length axis29. 

Within the individual prisms, there is a layered distribution of nanoscale intracrystalline organic inclusions 

(height of ca. 5 nm and lateral span of ca.10 nm) parallel to the horizontal direction28,102. 
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The P. placenta shell has lath-like building blocks with arrow-point ends and lateral coalesce, and 

those building blocks stack into a laminated structure (Figure 3.2G). The laths measure ca. 100-180 ɛm in 

length, ca. 4-7 ɛm in width, ca. 10° in tip angle, and ca. 250-350 nm in thickness, while the organic 

interfaces measure ca. 2 nm sandwiched between adjacent mineral layers107. The individual lath was 

confirmed to be single-crystal calcite with the shell surface close to {10ρ8} planes of calcite107,201. A large 

number of screw dislocation-like connection centers (ca. 106 in each layer and ca. 2000 layers across the 

shell thickness) were found joining laths from adjacent mineral layers, making the P. placenta shell a 3D 

composite46. 

 

3.3.2 Berkovich nanoindentation: modulus and hardness 

Berkovich nanoindentation is a standard method for quantifying the modulus and hardness of 

materials218,219. However, due to its three-sided geometry and the in-plane variations of crystallographic 

orientations of biogenic calcite samples, the azimuthal effect is inevitable when Berkovich tips are used. 

Correspondingly, we conducted Berkovich nanoindentation tests on multiple prisms in A. rigida and 

multiple laths in P. placenta, and the averages and standard deviations were used for comparison.  

 
Figure 3.3| Load-dependent nanoindentation properties on geological calcite samples. (A,B) Nanoindentation 

results of (A) reduced modulus and (B) hardness on calcite samples against increasing load from 0.5 to 10 mN. (C-

E) SEM images of the post indents on calcite (C) {0001}, (D) {10ρ4}, and (E) {10ρ8}, respectively. 

 

To determine the appropriate maximum indentation load Pmax, a series of nanoindentation was 

conducted on Iceland spar samples with Pmax from 0.5 to 10 mN (Figure 3.3). At lower loads (Pmax < 2 mN), 

the indentation depths were very small (< 180 nm), and the local roughness of the sample surface played 
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an important role in the property measurement, leading to large deviations. As the maximum load was 

greater than 7 mN, cracking associated with fractured pieces being pushed outwards and upwards was 

noticed on the sample surface, where the contact area for those indents deviated from the predicted results 

by indentation depth (i.e., DAF of the indentation tip)220. Therefore, the maximum load for our comparative 

Berkovich nanoindentations was set to be 2 mN (see representative curves in Figure 3.4). 

The nanoindentation results Er and H for geological and biogenic calcite are summarized in Figures 

3.5, 3.6, and Table 3.1. The reduced modulus Er is correlated with the material properties of both the 

indenter tip and the specimen,  
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 (Eq. 3.1), 

where E and v are the modulus and Poissonôs ratio for the calcite sample (v = 0.322)221, and Ei and vi are 

the modulus and Poissonôs ratio for the diamond used in the Berkovich tip (Ei = 1141 GPa, vi = 0.07), 

respectively. 

 
Figure 3.4| Representative Berkovich nanoindentation curves at the maximum load of 2 mN under (A) dry 

and (B) humid conditions. 

 

 
Figure 3.5| Berkovich nanoindentation properties on biogenic and geological calcite under dry and humid 

(90% RH) conditions, including (A) reduced modulus and (B) hardness, respectively. The histograms and error 

bars show the average and standard deviation of each dataset, respectively. The asterisks represent statistical 

significance at a level of 0.005 via two-sample t-tests. 
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The obtained hardness values for geological calcite {0001} agree with the value range reported in 

previous studies, but the modulus results are slightly lower73, possibly due to variations in maximum loads 

(hence indentation depths) used in these tests. The general comparison of Iceland spar samples indicates 

that Ὁ  Ó Ὁ  > Ὁ , while Ὄ  Ó Ὄ  Ó Ὄ  for dried conditions (Figure 3.6). In 

addition, biogenic calcite showed comparable modulus to geological counterparts, while the hardness was 

significantly enhanced. Compared with calcite {0001}, A. rigida prisms show about a 21-28% increase in 

hardness; compared with calcite {10ρ8}, P. placenta laths show a 34-69% increase in hardness and 6-16% 

decrease in reduced modulus. 

 
Figure 3.6| Berkovich nanoindentation properties on biogenic and geological calcite, including (A) reduced 

modulus and (B) hardness, respectively. The asterisks represent statistical significance at a level of 0.005 via two-

sample t-tests. 

 

We further investigated the influence of humidity on mechanical properties. The results revealed an 

insignificant difference in hardness and modulus between dry and humid conditions for geological calcite 

(Figure 3.5). In contrast, biogenic calcites exhibit variations in humidity dependence. For P. placenta laths, 

the hardness and reduced modulus showed a significant decrease, 24% and 12%, respectively, while for A. 

rigida prisms, the hardness and reduced modulus do not show significant differences based on two-sample 

t-tests. Such difference between A. rigida and P. placenta is attributed to the layered structure in P. placenta, 

where the organic interfaces between the mineral layers are expected to be softer under humid conditions217.  

Table 3.1 Berkovich nanoindentation properties of biogenic and geological calcite 

 Samples H (GPa) Er (GPa) E (GPa) 

Dry 

Calcite {0001}  2.29 ± 0.13 58.69 ± 2.74 55.44 ± 2.46 

Calcite ρπρτ  2.21 ± 0.09 75.67 ± 4.02 72.62 ± 3.62 

Calcite ρπρψ 2.11 ± 0.27 74.04 ± 5.88 70.94 ± 5.30 

A. rigida, intrinsic 2.77 ± 0.44 59.42 ± 5.35 56.17 ± 4.82 

P. placenta, composite 3.57 ± 0.20 69.73 ± 3.45 66.55 ± 3.10 

90% 

RH 

Calcite {0001}  2.18 ± 0.28 62.08 ± 5.34 58.82 ± 4.81 

Calcite ρπρτ  2.18 ± 0.06 76.18 ± 4.38 73.14 ± 3.94 

Calcite ρπρψ 2.03 ± 0.23 72.38 ± 7.85 69.24 ± 7.09 

A. rigida, intrinsic  2.79 ± 0.42 63.90 ± 4.04 60.66 ± 3.63 

P. placenta, composite 2.72 ± 0.14 61.06 ± 2.82 57.80 ± 2.53 

*Hardness H and reduced modulus Er were directly obtained from nanoindentation, elastic modulus E was calculated based on Eq. 

(3.1).  
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3.3.3 Conical nanoindentation: toughness 

Cracks can be more easily generated when sharp tips, such as Vickers and cube-corner, from which 

fracture behavior of materials can be studied using nanoindentation218. There are three types of indentation-

induced cracks, including radial cracks formed by hoop stresses, lateral cracks produced by tensile stress, 

and median cracks beneath the indents (Figure 3.7)218. 

 
Figure 3.7| Crack systems under nanoindentation218. (A) Radial cracks formed by hoop stress, perpendicular to 

the indentation surface. (B) Lateral cracks beneath the surface produced by tensile stresses, which often extend to 

the surface and later chipping of the materials. Lateral cracks are parallel to the indentation surface. (C) Median 

cracks beneath the residual impression, which is perpendicular to the indentation surface and aligned with the 

corners of the indent. (D) Under heavy loading, the median cracks extend upward and join with radial cracks. 

 

The lateral cracks are parallel with the indentation surface and may lead to chipping of the material 

when extending to the surface, while the radial and median cracks are perpendicular to the indentation 

surface and will coalesce under heavy loads to form surface cracks extending from the indent corners218. 

Both the elastic and plastic force fields are responsible for crack extension, which was usually modeled as 

the superposition of the plastic (residual) field in the unloaded regime plus the field of an ideal elastic 

contact in both the loading and unloading regimes222. The median/radial cracking system has long been 

recognized in more brittle materials, where the median crack reaches its maximum growth at the maximum 

load (during the loading stage), and the radial crack continues its extension until complete unloading222. 

Especially, the radial cracks are related empirically to toughness in the following form  

 ὑ …
Ὁ

Ὄ

ϳ ὖ
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 (Eq. 3.2), 

where E is the elastic modulus, H is the hardness, P is the maximum load, c is the maximum length of radial 

crack measured from the indent crater, and ɢ is an empirical non-dimensional constant (ɢ = 0.040 for cube-

corner tips219 and ɢ = 0.022 for Vickers and Berkovich tips223). This correlation was confirmed in different 

brittle materials, including amorphous glass, single crystals (e.g., silicon, sapphire, spinel, and Germanium), 

and polycrystal ceramics219,222. The indentation hardness H is given by 
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 (Eq. 3.3), 

where A is the contact area under indentation load P, a is the contact radius of the indent, and Ŭ is the non-

dimensional geometric constant for the indentation tip218. Based on the tip geometries, Ŭ = 1.30 for three-

sided tips (generating equilateral-triangle indents) and Ŭ =  ́ for rotational-symmetric tips (generating 

circular indents). Therefore, the measurement of indent size a and crack length c can be used to estimate 

the mechanical properties of the materials,  
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 (Eq. 3.4). 
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These correlations have also been used to estimate the fracture toughness of some biomineralized 

composites, including sponge biosilica (Monorhaphis chuni)223, mantis shrimp spearers (Lysiosquilla) and 

smashers (Odontodactylus)224, the parrotfish teeth (Chlorurus microrhinos)225, and the black drum fish teeth 

(Pogonias cromis)5. However, single-crystal calcite has shown strong azimuthal dependence in the modulus 

and hardness73,215, which also exhibits preferred {10ρ4} cleavage planes in the inelastic regime. To avoid 

the azimuthal dependence induced by the tip, the axisymmetric conical tip (tip radius RC = 5 µm, semi-

angle ŬC = 45°) was used in characterizing the fracture patterns in this study. 

 

3.3.3.1 Indentation curves 

The conical nanoindentation was conducted with a maximum load ranging from 10 mN to 500 mN, 

and the representative indentation curves for biogenic and geological calcite samples with the load range 

of 10-100 mN are plotted in Figures 3.8, 3.9, respectively.  

 
Figure 3.8| Representative conical nanoindentation curves on biogenic calcite samples with the maximum 

loads of 10-100 mN under (A,C) dry and (B,D) 90% RH conditions, including (A,B) A. rigida, and (C,D) P. 

placenta. 
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Figure 3.9| Representative conical nanoindentation curves on geological calcite samples with the maximum 

loads of 10-100 mN under (A,C,E) dry and (B,D,F) 90% RH conditions, including (A,B) calcite {0001}, (C,D) 

calcite {10ρ4}, and (E,F) calcite {10ρ8}. 

 

3.3.3.2 Measurements of indents sizes and crack lengths 

To quantify the crack resistance, indent size a and crack length c were measured on each indent via 

post-indentation SEM imaging by constructing two concentric circles, with the inner circle along the indent 










































































































































































































































































































































































































































































































