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Abstract: Biomaterials and tissue biomechanics have been traditionally separate areas of research
with relatively little overlap in terms of methodological approaches. Recent advances in both fields on
the one hand and developments in fabrication techniques and design approaches on the other have
prepared the ground for joint research efforts by both communities. Additive manufacturing and
rational design are examples of the revolutionary fabrication techniques and design methodologies
that could facilitate more intimate collaboration between biomaterial scientists and biomechanists.
This editorial article highlights the various ways in which the research on tissue biomechanics and
biomaterials are related to each other and could benefit from each other’s results and methodologies.

Keywords: biomaterials; tissue biomechanics; skeletal system; computational modeling;
biomaterial discovery

1. Introduction

Biomaterials and tissue biomechanics have traditionally been separate research areas with
relatively little overlap in terms of methodological approach or research questions. The development
of new biomaterials has primarily been a research area for researchers practicing applied chemistry,
materials science, and biology. Tissue biomechanics, on the other hand, has generally borrowed
its methods from applied physics and mechanics. There has therefore been relatively little
interaction between the researchers of both communities, and research groups focusing on both
areas simultaneously were rare, if not nonexistent. Recently, however, the boundaries between
biomaterials and tissue biomechanics have started to fade and more research has been performed at
the intersection of both fields. That is partially due to the maturity of the techniques developed by
both communities that allows the focus to be at least partially shifted towards the interaction of those
techniques with ones developed in other research communities. Moreover, certain characterization
techniques such as atomic force microscopy (AFM) [1,2] and fabrication methods such as advanced
additive manufacturing (3D printing) techniques [3] have become available that allow and call for
more direct interactions between biomaterials and tissue biomechanics. That is why this special issue
is devoted to the study of biomaterials and tissue biomechanics. The current editorial article aims at
clarifying how biomaterials and tissue biomechanics research could be related to each other and what
the current state of research at the intersection of both fields is. This editorial will specially focus on
skeletal tissues and biomaterials that replace them either temporarily (to stimulate tissue regeneration)
or permanently (as implants).

There are at least two ways through which the research on biomaterials and (tissue) biomechanics
are related to each other. Firstly, it is generally assumed that the biomaterials replacing tissues
should mimic their properties as much as possible [4]. One of the major goals of tissue biomechanics
research is to characterize the mechanical and physical properties of healthy as well as pathological
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tissues. The outcomes of those measurements could be used as reference values for development
of biomaterials that replaces the same tissues. Secondly, biomaterials that fulfil certain structural
functions need to be tested under realistic loading conditions. The accurate estimation of detailed
musculoskeletal loads experienced by tissues is therefore necessary. Since musculoskeletal loads
cannot be often measured in vivo without resorting to invasive methods, the only realistic way for
(patient-specific) estimation of musculoskeletal loads is to use biomechanical models. Moreover, given
the fact that the forms (i.e., geometry) of skeletal tissues, particularly bone and muscle, follow their
function (i.e., load history), there is also an inherent relationship between the (micro-scale) geometry of
tissues and, thus, the biomaterials that replace them on the one hand and the musculoskeletal loading
conditions experienced by the tissues on the other. In what follows, I will elaborate on the different
ways in which biomaterials and tissue biomechanics research communities could contribute to each
other’s research.

2. From Biomaterial Development to Tissue Characterization

Design requirements are needed for the development of biomaterials that stimulate tissue
regeneration or are used as permanent implants. In other words, one needs to know the ideal
properties of the biomaterial one tries to develop. In many cases, it is assumed that the ideal
properties for a biomaterial are those of the native tissue it replaces [4]. Those properties include
not only mechanical properties such as elastic modulus, yield strength, and fatigue resistance,
but also physical (mass transport) properties such as permeability and diffusivity [4]. It is important
to note that this is not necessarily a perfect assumption, as the properties of the tissues in their
equilibrium condition are not necessarily the best properties for stimulating tissue regeneration.
Nevertheless, this tissue-mimicking principle is often used as the gold standard for deciding the
ideal properties of biomaterials. The application of such a principle requires quantitative knowledge
regarding the various properties of tissues.

Experimental and computational studies in tissue biomechanics could provide the required data
regarding the mechanical and physical properties of various types of tissues. From the experimental
viewpoint, relatively simple mechanical testing procedures could be used to determine the large-scale
properties of (skeletal) tissues. Those include compressive (confined and unconfined), tensile, shear,
and cyclic (i.e., fatigue) loading procedures that are often used for mechanical characterization of
tissue properties at the macro-scale. Indentation tests such as micro- and nano-indentation could
be used for mechanical characterization of tissues at the micro- and nano-scales. Indentation-type
testing could be performed either using nano-indenters or AFM machines. In the particular case of
AFM, it is also possible to determine the mechanical properties of tissue constituents at the molecular
level. In cartilage, for example, it is possible to distinguish between the mechanical properties of the
collagen matrix and those of the glycosaminoglycans (GAGs) [5], and determine the content ratio of
each constituent [6].

As far as mass transport properties such as permeability and diffusivity are concerned, basic fluid
mechanics relationships such as Darcy’s law [7,8] as well as Fick’s law [9] could be in principle used to
measure the permeability and diffusivity of different tissues and biomaterials in a relatively direct way.
In addition, one could measure the mechanical and mass transport properties of tissues simultaneously,
for example, through fitting bi- and multi-phasic models to the results of compression tests [10].
The latter approach ensures that the mechanical and mass transport properties are determined in a
consistent manner. Ultimately, the mechanical properties determined using the experimental and
computational approaches mentioned above could be used as reference values for the development of
tissue-mimicking biomaterials.

3. From Additively Manufactured Biomaterials to Quantitative/Functional Anatomy

Additive manufacturing offers the possibility to fabricate biomaterials and implants with
arbitrarily complex geometries at macro- and micro-scales. From patient-specific implants [11] to AM
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porous biomaterials [12–15], multi-scale geometrical features could be used to improve the performance
of both implants and biomaterials. However, quantitative information regarding the geometry of
tissues and organs at various scales may be needed. For example, the shape of bones is often needed
to design patient-specific orthopedic implants. Another example is the micro-architecture of trabecular
bone that could be used for the design and AM of porous biomaterials [16].

Biomechanical studies of tissue and organs often require the same kind of quantitative data, which
is why detailed models and data regarding the (functional) anatomy of the skeletal system has been
generated within the tissue biomechanics community. In particular, statistical shape models (SSM) as
well as statistical shape and appearance models (SSAM) of bones have been developed within the tissue
biomechanics community [17]. SSMs are basically mathematical models that describe the average
shape of bones within a statistical population [18]. In addition to the average shape, SSMs describe
the main ways in which shapes are different from the average shape [18]. SSAMs contain additional
info describing how the bone mineral density changes within bones. Since bone density is correlated
with its mechanical properties [19–21], SSAMs also describe the distribution of tissue properties within
bones and within statistical populations. The information regarding the bone shape could be used
for the design of (patient-specific) implants, while the density distribution and associated mechanical
properties could be used for the design of AM porous biomaterials. Similar types of quantitative
information regarding other types of tissues, e.g., cartilage, are essential for other applications of
additive manufacturing such as organ and tissue printing.

4. From Biomaterial Testing to Musculoskeletal Modeling

Mechanical characterization of biomaterials is the ultimate test to determine whether they could
withstand the loads they will experience during their service life. Biomaterials have been often tested
under simplistic loading conditions that do not necessarily represent the actual loading conditions.
Not only are there no (patient-specific) aspects in the mechanical testing protocols used for biomaterials
and implants, even the generic aspects of the loading conditions are not often adequately represented
in the test protocols. That is partially due to the fact that the musculoskeletal loads experienced by
tissues and, thus, the biomaterials or implants that replace them either temporarily or permanently are
not always known.

The experimental measurement of the musculoskeletal loads is next to impossible without
using invasive techniques. Even when experimental techniques could be used for measurement
of musculoskeletal loads [22–24], the number of patients are limited, individual muscle forces cannot
be measured, and routine clinical application is infeasible. That is why biomechanical models are the
only feasible options for the estimation of (patient-specific) musculoskeletal loads. There are at least
three modeling approaches for the estimation of musculoskeletal loads. The first approach is based
on using large-scale musculoskeletal models that use detailed information regarding bone shape and
inertia, muscle parameters, muscle attachment sites, human movement patterns, and external forces to
estimate the muscle loads as well as the joint reaction forces. The process of calculating musculoskeletal
loads from human movement data and external force measurements using the abovementioned
information regarding bones and muscles is called ‘inverse dynamics’. The loads predicted using
large-scale musculoskeletal models [25–27] are often very detailed. For example, large muscles are
usually represented by several regions with their specific lines of action. The magnitudes and directions
of the forces associated with each of those regions are calculated in the inverse dynamics analysis. It is
also possible to implement patient-specific aspects in large-scale musculoskeletal models [28].

The second types of models [29–31] is based on a simplified approach where multiple segments
of the human body are represented by one single lumped mass. A few lumped masses therefore
represent the entire human body. Masses are connected to each other with springs and dampers
that represent the mechanical properties of different types of tissues. For example, hard and soft
tissues may be separated and represented by different lumped masses [31–34]. Lower and upper
extremity tissues could be also represented by different masses [32,34,35]. A few springs and dampers
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will then represent the connection between hard and soft tissues. The advantage of such simple
mass-spring-damper models is that they are relatively easy to analyze, require limited data collection
time, and have a limited number of parameters. Their disadvantage, however, is that it the loads they
estimate are not very detailed and usually lack patient-specific aspects.

The third approach is based on the solving the inverse problem of bone tissue adaptation. As we
will see in the following section, the density distribution of bones could be at least partially described
by the musculoskeletal loads they have experienced. Bone tissue adaptation models could be used
to predict the density distribution resulting from a given load. If instead of mechanical loading, the
density distribution is available (e.g., from computed tomography (CT) images), one could solve
the inverse of the bone adaptation problem and find the musculoskeletal loads that have led to the
measured density distribution [36–39]. Due to practical reasons such as limited computational power,
the number of musculoskeletal loads that could be estimated using this latter approach is limited.
Moreover, only average loads could be estimated, not the time history of the loads during specific
movements. However, patient-specific aspects are relatively straightforward to implement.

Depending on the type of biomaterial or implant being tested and its service requirements,
the loads estimated using one of the three abovementioned approaches could be used for designing
mechanical testing protocols.

5. From Rational Design of Biomaterials to Biomechanical Modeling of Tissue Adaptation

Powered by recent advances in additive manufacturing techniques, rational design of biomaterials
has emerged as a recent trend where geometrical features at different scales are used for creating
biomaterials and implants with novel properties and enhanced performance. Since the properties
and performance of such biomaterials and implants are functions of the geometrical features and
spatial distribution of materials (in multi-material AM), the shape and material composition need to
be rationally designed. Rational design in this context refers to applying physical principles, analytical
solutions, and computational models to predict what properties result from a given design of geometry
and material distribution. Computational (as well as semi-analytical [40–42]) models are nowadays a
mainstream tool for the study of numerous engineering [43–45] and biological [46–48] problems. It is
therefore only natural that they be also used for the rational design of biomaterials (see e.g., [49,50]),
particularly given the widespread availability of user-friendly computational packages that make this
kind of technique accessible also to non-specialists.

In the context of rational design of biomaterials, an interesting approach would be using
computational models that simulate the biological process of tissue growth, adaptation, and remodeling.
The tissue biomechanics community has been developing a large number of such computational
models during the last few decades [51–54]. This approach is particularly meaningful for biomaterials
that aim to replace biological tissues either temporarily or permanently.

Of particular interest for bone-substituting biomaterials are bone tissue adaptation models.
The micro-architecture of AM porous biomaterials could be rationally designed for any specific loading
conditions simply by running the bone tissue adaptation algorithms that predict the micro-architecture
of trabecular bone given the musculoskeletal loading conditions [55]. Based on such approaches,
it is possible to design and additively manufacture patient-specific bone-substituting biomaterials.
The (patient-specific) musculoskeletal loads determined by the approaches discussed in the previous
section could be used in such a design approach.

Tissue biomechanics models could be also used in the design of patient-specific implants.
Usually, more than one option is available for the design of patient-specific implants, particularly for
complex bony reconstructions and trauma patients. Computational models developed in the tissue
biomechanics community (see e.g., [56]), could predict what design results in the best stress/strain
distribution and maximizes implant longevity.



Materials 2017, 10, 528 5 of 7

6. Conclusions

In this editorial article, we discussed some of the many different ways in which tissue
biomechanics and biomaterials research communities could benefit from the tools and data generated
in the other community. In the vast majority of cases, the tools developed in the tissue biomechanics
community could guide the process of developing novel multi-functional biomaterials. The availability
of advanced additive manufacturing techniques and the emerging concept of rational design of
biomaterials and implants make such interactions between both communities even more meaningful
and are expected to further intensify such interdisciplinary lines of research. A few examples of studies
at the intersection of biomaterials and tissue biomechanics can be found in the present special issue.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Stolz, M.; Gottardi, R.; Raiteri, R.; Miot, S.; Martin, I.; Imer, R.; Staufer, U.; Raducanu, A.; Düggelin, M.;
Baschong, W. Early detection of aging cartilage and osteoarthritis in mice and patient samples using atomic
force microscopy. Nat. Nanotechnol. 2009, 4, 186–192. [CrossRef] [PubMed]

2. Stolz, M.; Raiteri, R.; Daniels, A.; VanLandingham, M.R.; Baschong, W.; Aebi, U. Dynamic elastic modulus
of porcine articular cartilage determined at two different levels of tissue organization by indentation-type
atomic force microscopy. Biophys. J. 2004, 86, 3269–3283. [CrossRef]

3. Zadpoor, A.A.; Malda, J. Additive manufacturing of biomaterials, tissues, and organs. Ann. Biomed. Eng.
2017, 45, 1–11. [CrossRef] [PubMed]

4. Hollister, S.J. Scaffold design and manufacturing: From concept to clinic. Adv. Mater. 2009, 21, 3330–3342.
[CrossRef] [PubMed]

5. Loparic, M.; Wirz, D.; Daniels, A.; Raiteri, R.; VanLandingham, M.R.; Guex, G.; Martin, I.; Aebi, U.; Stolz, M.
Micro-and nanomechanical analysis of articular cartilage by indentation-type atomic force microscopy:
Validation with a gel-microfiber composite. Biophys. J. 2010, 98, 2731–2740. [CrossRef] [PubMed]

6. Moshtagh, P.; Pouran, B.; van Tiel, J.; Rauker, J.; Zuiddam, M.; Arbabi, V.; Korthagen, N.; Weinans, H.;
Zadpoor, A.A. Micro-and nano-mechanics of osteoarthritic cartilage: The effects of tonicity and disease
severity. J. Mech. Behav. Biomed. Mater. 2016, 59, 561–571. [CrossRef] [PubMed]

7. Dias, M.; Fernandes, P.; Guedes, J.; Hollister, S. Permeability analysis of scaffolds for bone tissue engineering.
J. Biomech. 2012, 45, 938–944. [CrossRef] [PubMed]

8. Ochoa, I.; Sanz-Herrera, J.A.; García-Aznar, J.M.; Doblaré, M.; Yunos, D.M.; Boccaccini, A.R. Permeability
evaluation of 45S5 Bioglass®-based scaffolds for bone tissue engineering. J. Biomech. 2009, 42, 257–260.
[CrossRef] [PubMed]

9. Kulmala, K.; Korhonen, R.; Julkunen, P.; Jurvelin, J.; Quinn, T.; Kröger, H.; Töyräs, J. Diffusion coefficients of
articular cartilage for different CT and MRI contrast agents. Med. Eng. Phys. 2010, 32, 878–882. [CrossRef]
[PubMed]

10. Ateshian, G.; Warden, W.; Kim, J.; Grelsamer, R.; Mow, V. Finite deformation biphasic material properties of
bovine articular cartilage from confined compression experiments. J. Biomech. 1997, 30, 1157–1164. [CrossRef]

11. Peel, S.; Eggbeer, D. Additively manufactured maxillofacial implants and guides–achieving routine use.
Rapid Prototyp. J. 2016, 22, 189–199. [CrossRef]

12. Heinl, P.; Müller, L.; Körner, C.; Singer, R.F.; Müller, F.A. Cellular Ti–6Al–4V structures with interconnected
macro porosity for bone implants fabricated by selective electron beam melting. Acta Biomater. 2008, 4,
1536–1544. [CrossRef] [PubMed]

13. Murr, L.; Gaytan, S.; Medina, F.; Lopez, H.; Martinez, E.; Machado, B.; Hernandez, D.; Martinez, L.; Lopez, M.;
Wicker, R. Next-generation biomedical implants using additive manufacturing of complex, cellular and
functional mesh arrays. Philos. Trans. R. Soc. Lond. A Math. Phys. Eng. Sci. 2010, 368, 1999–2032. [CrossRef]
[PubMed]

14. Van Bael, S.; Chai, Y.C.; Truscello, S.; Moesen, M.; Kerckhofs, G.; Van Oosterwyck, H.; Kruth, J.-P.; Schrooten, J.
The effect of pore geometry on the in vitro biological behavior of human periosteum-derived cells seeded on
selective laser-melted Ti6Al4V bone scaffolds. Acta Biomater. 2012, 8, 2824–2834. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nnano.2008.410
http://www.ncbi.nlm.nih.gov/pubmed/19265849
http://dx.doi.org/10.1016/S0006-3495(04)74375-1
http://dx.doi.org/10.1007/s10439-016-1719-y
http://www.ncbi.nlm.nih.gov/pubmed/27632024
http://dx.doi.org/10.1002/adma.200802977
http://www.ncbi.nlm.nih.gov/pubmed/20882500
http://dx.doi.org/10.1016/j.bpj.2010.02.013
http://www.ncbi.nlm.nih.gov/pubmed/20513418
http://dx.doi.org/10.1016/j.jmbbm.2016.03.009
http://www.ncbi.nlm.nih.gov/pubmed/27043052
http://dx.doi.org/10.1016/j.jbiomech.2012.01.019
http://www.ncbi.nlm.nih.gov/pubmed/22365847
http://dx.doi.org/10.1016/j.jbiomech.2008.10.030
http://www.ncbi.nlm.nih.gov/pubmed/19105999
http://dx.doi.org/10.1016/j.medengphy.2010.06.002
http://www.ncbi.nlm.nih.gov/pubmed/20594900
http://dx.doi.org/10.1016/S0021-9290(97)85606-0
http://dx.doi.org/10.1108/RPJ-01-2014-0004
http://dx.doi.org/10.1016/j.actbio.2008.03.013
http://www.ncbi.nlm.nih.gov/pubmed/18467197
http://dx.doi.org/10.1098/rsta.2010.0010
http://www.ncbi.nlm.nih.gov/pubmed/20308113
http://dx.doi.org/10.1016/j.actbio.2012.04.001
http://www.ncbi.nlm.nih.gov/pubmed/22487930


Materials 2017, 10, 528 6 of 7

15. Yavari, S.A.; Wauthlé, R.; Böttger, A.J.; Schrooten, J.; Weinans, H.; Zadpoor, A.A. Crystal structure and
nanotopographical features on the surface of heat-treated and anodized porous titanium biomaterials
produced using selective laser melting. Appl. Surf. Sci. 2014, 290, 287–294. [CrossRef]

16. Cheng, A.; Humayun, A.; Cohen, D.J.; Boyan, B.D.; Schwartz, Z. Additively manufactured 3D porous
Ti-6Al-4V constructs mimic trabecular bone structure and regulate osteoblast proliferation, differentiation
and local factor production in a porosity and surface roughness dependent manner. Biofabrication 2014,
6, 045007. [CrossRef] [PubMed]

17. Sarkalkan, N.; Weinans, H.; Zadpoor, A.A. Statistical shape and appearance models of bones. Bone 2014, 60,
129–140. [CrossRef] [PubMed]

18. Heimann, T.; Meinzer, H.-P. Statistical shape models for 3d medical image segmentation: A review.
Med. Image Anal. 2009, 13, 543–563. [CrossRef] [PubMed]

19. Helgason, B.; Perilli, E.; Schileo, E.; Taddei, F.; Brynjólfsson, S.; Viceconti, M. Mathematical relationships
between bone density and mechanical properties: A literature review. Clin. Biomech. 2008, 23, 135–146.
[CrossRef] [PubMed]

20. Morgan, E.F.; Bayraktar, H.H.; Keaveny, T.M. Trabecular bone modulus–density relationships depend on
anatomic site. J. Biomech. 2003, 36, 897–904. [CrossRef]

21. Rice, J.; Cowin, S.; Bowman, J. On the dependence of the elasticity and strength of cancellous bone on
apparent density. J. Biomech. 1988, 21, 155–168. [CrossRef]

22. Bergmann, G.; Deuretzbacher, G.; Heller, M.; Graichen, F.; Rohlmann, A.; Strauss, J.; Duda, G. Hip contact
forces and gait patterns from routine activities. J. Biomech. 2001, 34, 859–871. [CrossRef]

23. Graichen, F.; Arnold, R.; Rohlmann, A.; Bergmann, G. Implantable 9-channel telemetry system for in vivo
load measurements with orthopedic implants. IEEE Trans. Biomed. Eng. 2007, 54, 253–261. [CrossRef]
[PubMed]

24. Stansfield, B.; Nicol, A.; Paul, J.; Kelly, I.; Graichen, F.; Bergmann, G. Direct comparison of calculated hip
joint contact forces with those measured using instrumented implants. An evaluation of a three-dimensional
mathematical model of the lower limb. J. Biomech. 2003, 36, 929–936. [CrossRef]

25. Buchanan, T.S.; Lloyd, D.G.; Manal, K.; Besier, T.F. Estimation of muscle forces and joint moments using a
forward-inverse dynamics model. Med. Sci. Sports Exerc. 2005, 37, 1911. [CrossRef] [PubMed]

26. Erdemir, A.; McLean, S.; Herzog, W.; van den Bogert, A.J. Model-based estimation of muscle forces exerted
during movements. Clin. Biomech. 2007, 22, 131–154. [CrossRef] [PubMed]

27. Lloyd, D.G.; Besier, T.F. An emg-driven musculoskeletal model to estimate muscle forces and knee joint
moments in vivo. J. Biomech. 2003, 36, 765–776. [CrossRef]

28. Dao, T.; Marin, F.; Pouletaut, P.; Charleux, F.; Aufaure, P.; Ho Ba Tho, M. Estimation of accuracy
of patient-specific musculoskeletal modelling: Case study on a post polio residual paralysis subject.
Comput. Methods Biomech. Biomed. Eng. 2012, 15, 745–751. [CrossRef] [PubMed]

29. Klute, G.; Berge, J. Modelling the effect of prosthetic feet and shoes on the heel-ground contact force in
amputee gait. Proc. Inst. Mech. Eng. H 2004, 218, 173–182. [CrossRef] [PubMed]

30. Ly, Q.H.; Alaoui, A.; Erlicher, S.; Baly, L. Towards a footwear design tool: Influence of shoe midsole properties
and ground stiffness on the impact force during running. J. Biomech. 2010, 43, 310–317. [CrossRef] [PubMed]

31. Zadpoor, A.A.; Nikooyan, A.A. A mechanical model to determine the influence of masses and mass
distribution on the impact force during running—A discussion. J. Biomech. 2006, 39, 388–390. [CrossRef]
[PubMed]

32. Nigg, B.M.; Liu, W. The effect of muscle stiffness and damping on simulated impact force peaks during
running. J. Biomech. 1999, 32, 849–856. [CrossRef]

33. Nikooyan, A.A.; Zadpoor, A.A. Effects of muscle fatigue on the ground reaction force and soft-tissue
vibrations during running: A model study. IEEE Trans. Biomed. Eng. 2012, 59, 797–804. [CrossRef] [PubMed]

34. Yue, Z.; Mester, J. A model analysis of internal loads, energetics, and effects of wobbling mass during the
whole-body vibration. J. Biomech. 2002, 35, 639–647. [CrossRef]

35. Nikooyan, A.A.; Zadpoor, A.A. An improved cost function for modeling of muscle activity during running.
J. Biomech. 2011, 44, 984–987. [CrossRef] [PubMed]

36. Christen, P.; van Rietbergen, B.; Lambers, F.M.; Müller, R.; Ito, K. Bone morphology allows estimation of
loading history in a murine model of bone adaptation. Biomech. Model. Mechanobiol. 2012, 11, 483–492.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.apsusc.2013.11.069
http://dx.doi.org/10.1088/1758-5082/6/4/045007
http://www.ncbi.nlm.nih.gov/pubmed/25287305
http://dx.doi.org/10.1016/j.bone.2013.12.006
http://www.ncbi.nlm.nih.gov/pubmed/24334169
http://dx.doi.org/10.1016/j.media.2009.05.004
http://www.ncbi.nlm.nih.gov/pubmed/19525140
http://dx.doi.org/10.1016/j.clinbiomech.2007.08.024
http://www.ncbi.nlm.nih.gov/pubmed/17931759
http://dx.doi.org/10.1016/S0021-9290(03)00071-X
http://dx.doi.org/10.1016/0021-9290(88)90008-5
http://dx.doi.org/10.1016/S0021-9290(01)00040-9
http://dx.doi.org/10.1109/TBME.2006.886857
http://www.ncbi.nlm.nih.gov/pubmed/17278582
http://dx.doi.org/10.1016/S0021-9290(03)00072-1
http://dx.doi.org/10.1249/01.mss.0000176684.24008.6f
http://www.ncbi.nlm.nih.gov/pubmed/16286861
http://dx.doi.org/10.1016/j.clinbiomech.2006.09.005
http://www.ncbi.nlm.nih.gov/pubmed/17070969
http://dx.doi.org/10.1016/S0021-9290(03)00010-1
http://dx.doi.org/10.1080/10255842.2011.558086
http://www.ncbi.nlm.nih.gov/pubmed/21491263
http://dx.doi.org/10.1243/095441104323118897
http://www.ncbi.nlm.nih.gov/pubmed/15239568
http://dx.doi.org/10.1016/j.jbiomech.2009.08.029
http://www.ncbi.nlm.nih.gov/pubmed/19931083
http://dx.doi.org/10.1016/j.jbiomech.2005.08.015
http://www.ncbi.nlm.nih.gov/pubmed/16202419
http://dx.doi.org/10.1016/S0021-9290(99)00048-2
http://dx.doi.org/10.1109/TBME.2011.2179803
http://www.ncbi.nlm.nih.gov/pubmed/22180505
http://dx.doi.org/10.1016/S0021-9290(01)00243-3
http://dx.doi.org/10.1016/j.jbiomech.2010.11.032
http://www.ncbi.nlm.nih.gov/pubmed/21159342
http://dx.doi.org/10.1007/s10237-011-0327-x
http://www.ncbi.nlm.nih.gov/pubmed/21735242


Materials 2017, 10, 528 7 of 7

37. Fischer, K.; Bastidas, J.; Pfaeffie, H.; Towers, J. A method for estimating relative bone loads from ct data with
application to the radius and the ulna. Comput. Model. Eng. Sci. 2003, 4, 397–404.

38. Fischer, K.J.; Eckstein, F.; Becker, C. Density-based load estimation predicts altered femoral load directions
for coxa vara and coxa valga. J. Musculoskelet. Res. 1999, 3, 83–92. [CrossRef]

39. Zadpoor, A.A. Open forward and inverse problems in theoretical modeling of bone tissue adaptation. J. Mech.
Behav. Biomed. Mater. 2013, 27, 249–261. [CrossRef] [PubMed]

40. Byklum, E.; Steen, E.; Amdahl, J. A semi-analytical model for global buckling and postbuckling analysis of
stiffened panels. Thin Walled Struct. 2004, 42, 701–717. [CrossRef]

41. Lü, C.; Chen, W.; Xu, R.; Lim, C.W. Semi-analytical elasticity solutions for bi-directional functionally graded
beams. Int. J. Solids Struct. 2008, 45, 258–275. [CrossRef]

42. Taher, H.R.D.; Omidi, M.; Zadpoor, A.; Nikooyan, A. Free vibration of circular and annular plates with
variable thickness and different combinations of boundary conditions. J. Sound Vib. 2006, 296, 1084–1092.
[CrossRef]

43. Elices, M.; Guinea, G.; Gomez, J.; Planas, J. The cohesive zone model: Advantages, limitations and challenges.
Eng. Fract. Mech. 2002, 69, 137–163. [CrossRef]

44. Fletcher, C. Computational Techniques for Fluid Dynamics 2: Specific Techniques for Different Flow Categories;
Springer Science & Business Media: Berlin, Germany, 2012.

45. Yang, X.-S.; Koziel, S. Computational Optimization and Applications in Engineering and Industry; Springer
Science & Business Media: Berlin, Germany, 2011; Volume 359.

46. Aluru, S. Handbook of Computational Molecular Biology; CRC Press: Boca Raton, FL, USA, 2005.
47. Harding, J.H.; Duffy, D.M.; Sushko, M.L.; Rodger, P.M.; Quigley, D.; Elliott, J.A. Computational techniques at

the organic−inorganic interface in biomineralization. Chem. Rev. 2008, 108, 4823–4854. [CrossRef] [PubMed]
48. Pitt-Francis, J.; Bernabeu, M.O.; Cooper, J.; Garny, A.; Momtahan, L.; Osborne, J.; Pathmanathan, P.;

Rodriguez, B.; Whiteley, J.P.; Gavaghan, D.J. Chaste: Using agile programming techniques to develop
computational biology software. Philos. Trans. R. Soc. Lond. A Math. Phys. Eng. Sci. 2008, 366, 3111–3136.
[CrossRef] [PubMed]

49. Hollister, S.J.; Maddox, R.; Taboas, J.M. Optimal design and fabrication of scaffolds to mimic tissue properties
and satisfy biological constraints. Biomaterials 2002, 23, 4095–4103. [CrossRef]

50. Sengers, B.G.; Taylor, M.; Please, C.P.; Oreffo, R.O. Computational modelling of cell spreading and tissue
regeneration in porous scaffolds. Biomaterials 2007, 28, 1926–1940. [CrossRef] [PubMed]

51. Carter, D.; Fyhrie, D.P.; Whalen, R. Trabecular bone density and loading history: Regulation of connective
tissue biology by mechanical energy. J. Biomech. 1987, 20, 785789–787794. [CrossRef]

52. Cowin, S.; Hegedus, D. Bone remodeling I: Theory of adaptive elasticity. J. Elast. 1976, 6, 313–326. [CrossRef]
53. García-Aznar, J.; Rueberg, T.; Doblare, M. A bone remodelling model coupling microdamage growth and

repair by 3D BMU-activity. Biomech. Model. Mechanobiol. 2005, 4, 147–167. [CrossRef] [PubMed]
54. Huiskes, R.; Weinans, H.; Grootenboer, H.; Dalstra, M.; Fudala, B.; Slooff, T. Adaptive bone-remodeling

theory applied to prosthetic-design analysis. J. Biomech. 1987, 20, 1135–1150. [CrossRef]
55. Huiskes, R.; Ruimerman, R.; Van Lenthe, G.H.; Janssen, J.D. Effects of mechanical forces on maintenance and

adaptation of form in trabecular bone. Nature 2000, 405, 704–706. [CrossRef] [PubMed]
56. Harrysson, O.L.; Hosni, Y.A.; Nayfeh, J.F. Custom-designed orthopedic implants evaluated using

finite element analysis of patient-specific computed tomography data: Femoral-component case study.
BMC Musculoskelet. Disord. 2007, 8, 91. [CrossRef] [PubMed]

© 2017 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1142/S0218957799000105
http://dx.doi.org/10.1016/j.jmbbm.2013.05.017
http://www.ncbi.nlm.nih.gov/pubmed/23768626
http://dx.doi.org/10.1016/j.tws.2003.12.006
http://dx.doi.org/10.1016/j.ijsolstr.2007.07.018
http://dx.doi.org/10.1016/j.jsv.2006.03.022
http://dx.doi.org/10.1016/S0013-7944(01)00083-2
http://dx.doi.org/10.1021/cr078278y
http://www.ncbi.nlm.nih.gov/pubmed/18939883
http://dx.doi.org/10.1098/rsta.2008.0096
http://www.ncbi.nlm.nih.gov/pubmed/18565813
http://dx.doi.org/10.1016/S0142-9612(02)00148-5
http://dx.doi.org/10.1016/j.biomaterials.2006.12.008
http://www.ncbi.nlm.nih.gov/pubmed/17178156
http://dx.doi.org/10.1016/0021-9290(87)90058-3
http://dx.doi.org/10.1007/BF00041724
http://dx.doi.org/10.1007/s10237-005-0067-x
http://www.ncbi.nlm.nih.gov/pubmed/15942795
http://dx.doi.org/10.1016/0021-9290(87)90030-3
http://dx.doi.org/10.1038/35015116
http://www.ncbi.nlm.nih.gov/pubmed/10864330
http://dx.doi.org/10.1186/1471-2474-8-91
http://www.ncbi.nlm.nih.gov/pubmed/17854508
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	From Biomaterial Development to Tissue Characterization 
	From Additively Manufactured Biomaterials to Quantitative/Functional Anatomy 
	From Biomaterial Testing to Musculoskeletal Modeling 
	From Rational Design of Biomaterials to Biomechanical Modeling of Tissue Adaptation 
	Conclusions 

