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An Overview of Three Biotechnology Areas
for the Development of Advanced Composite
Materials and Structures

S. L. GUNDERSON,I R. NARAYAN 2 AND R. C. SCHIAVONE'

ABSTRACT
Biotechnology, in general terms, is the science and engineering

of using living organisms for making useful products such as
pharmaceuticals, foods, fuels, chemicals, materials or in waste
treatment processes and clinical and chemical analyses. It
encompases the prosaic form of using yeast cells to make bread and
alcohol to the more exciting world of using recombinant DNA
technology for producing critically important pharmaceuticals such
as human insulin [1]. However, the use of biotechnology in composite
materials has just recently been recognized as a potential contributor
to the aerospace materials and structures industry. Examples of
various biotechnology fields of research that may offer potential
applications are: biodegradation, biomimetics, biornining, bio-
optics/bioelectronics biosynthesis and bioprocessing. This paper will
examine research in the areas of biomimetics, biosynthesis and
bioprocessing.

INTRODUCTION
Biomimetics involves the study of natural systems and

structures for novel designs and material utilization that could
improve the versatility and performance capabilities of synthetic
materials and structures. An example is the study of natural
composites for unique material organization that can be translated to
synthetic composites for improved properties.
------------------
l University of Dayton Research Institute, Dayton, OH 45469-0001
2 Michigan Biotechnology Institute, 3900 Collins Rd., Lansing, MI
48910
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166 BIOTECHNOLOGY AND COMPOSITE MATERIALS

Biosynthesis involves the use of living organisms for the
production of chemicals and materials such as composite resins or
resin precursors. It is possible that biosysnthesis will allow
production of current materials at lower costs with greater efficiency
as well as produce* new materials which are unavailable through
synthetic chemistry alone [2].

Bioprocessing involves the processing of biologically derived
polymers into composite structures. An example is the use of natural
polymers such as chitin, lignicellulosics or genetically engineered
protein polymer precursors into useful composite materials and
structures.

BIOMIMETICS
Nature utilizes relatively weak, pliant and thermally unstable

constituent materials to create composite structures that are strong,
stiff, tough, lightweight and resistant to many chemicals [3,4]. The
constituents used by nature include: proteins, polysaccharides,
minerals, waxes and lipids, and water [5]. Materials and structures
such as wood, shell, bone, insect exoskeleton, skin and tendon are
excellent examples of natural composites. As can be seen, nature
provides materials with a range of properties from very soft and
pliant to those of high strength and stiffness while using many of the
same starting materials. A brief description of the materials and
structures of wood, insect exoskeleton, mollusc shell aad bone will be
presented along with possible applications to synthetic materials and
structures.

WOOD
The materials which make up the structure of wood are water,

a fibrous cellulose and a combination of amorphous hemicelluloses
and lignin which makes up the matrix. Cellulose microfibrils, having
diameters of approximately 10 to 25 nm, are embedded in the
hemicellulos-lignin matrix and arranged to form concentrically
layered cylinders called cells [5]. The wood cell wall is divided into
the primary wall, containing a loose irregular network of
microfibrills, and the secondary wall, which is composed of three
seperate and distinct layers (Si, S2, S3) each containing various
helical fiber architectures. The central core of the wood cell is called
the lumen and may either be hollow or filled with fluid and
nutrients. Wood cells, measuring approximately 2 mm long and 50
microns in diameter, are grouped together and oriented along the
long axis of the structure [61 (Fig. I).
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Since wood and wood cells perform better in tension than
compression, various "tricks" are used to aid performance. These
include the cellular structure of the wood cells and the use of water
to provide internal hydrostatic pressure. Also, areas subjected to
large compressive forces, such as the lower half of limb joints and
the outer portion of trunks, are prestressed in tension to necessitate
increased compressive loads for instigating failure. Another
interesting trick is the use of reaction wood which is a group of
specialized wood cells created to resist either tensile or compressive
forces. Compression wood cells are circular in cross section and have
thicker layers than normal wood cells. The microfibril angle is
greater than normal and the matrix content is increased while the
microfiber volume is decreased. Tension wood cells are irregularly
shaped and packed tightly together. Also, the microfiber volume is
increased with the microfibril angle more closely aligned to the long
axis of the cell [7].

Application areas of wood to man-made composites could
include its cellular microstructure for providing information to the
design of novel fibers and structures. The structure of the wood cell
itself; the varying cell walls, microfibril orientation and overall
structure; could be applied to fiber development and the structures
of cylinders, trusses and stiffeners. Also, the use of hydrostatic, or
internal, pressure could possibly be applied in the form of an
incompressible material to help resist compressive loads. An
aplication has already been patented by Chaplin et al. [8] where a
series of composite cylinders, panels and sandwich structures were
constructed based on the helical winding angle of cellulose fiorills in
the wood cell.

INSECT EXOSKELETON
The principle materials found in insect exoskeletons are chitin

(a high molecular weight sugar), proteins, water, waxes and lipids.
Chitin molecules form long chains that combine to form microfibrils
with diameters of about 3 nm. In some cases, these microfibrils
combine to form fibers that have diameters 'rom about 2-7 microns.
In either case, the microfibers or fibers are unidirectionally
embedded in the fibrous protein matrix forming a ply. The
unidirectional plies are stacked in various layup orientations ranging
from unidirectional to random to a dual helical pattern and forms the
section known as the procuticle (Fig. 2). The protein matrix in the
procuticle is soft upon fiber embedding but may undergo a
hardening process called sclerotisation. The exoskeleton may be
composed of completely sclerotised (exocuticle), unsclerotised
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(endocuticle) or a combination of both matrix states [9]. Waxes and
lipids are fobnd in the outer epicuticle layer and act as an
environmental barrier similar to the coatings used on man-made
composite structures.

The exoskeleton is strong, stiff, tough, and shows very little
fiber pull-out on the fracture surface. Much of this may be
attributed to the unique interface between the chitin fibers and
protein matrix. With the fibrous matrix and microfibril branching,
an interface may be formed by the insect that is superior to those
found in man-made composites. Another unique design discovered
in the bessbeetle procuticle was a network of microfiber bridging
between adjacent fibers and plies [101. This microfiber bridging may
be utilized for improved load transfer and to increase the shear
strength and damage tolerance of the structure.

Possible areas of interest could be the fiber morphology, size,
shape, surface characteristics and distribution; fiber orientation;
fiber/matrix interface; matrix gradients; and sensor utilization.
These areas could be applied to hybrid composites, ultra-lightweight
materials and structures, and smart materials and structures.

BONE
The principal materials making up bone are collagen, calcium

phosphate and water. Collagen, used as the matrix, is found in the
form of small microfibrils. Reinforcment is provided by calcium
phospate as crystalized hydroxyapatite plates or needles having
cross sectional areas of approximately 100 square nm. The collagen
microfibrils are first laid down as triple helically wound c('ncentric
lamella. The mineral is then crystalized as hydroxyapatite and
deposited on and in between the collagen fiber network forming the
microscopic structure called an osteon. These osteons are then
grouped together to form the final bone structure, similar to the
grouping of wood cells (Fig. 3). The weight percents of collagen and
hydroxyapatite are 28% and 60% respectively however their volumes
are equal [11].

Bone utilizes such unique designs as a cellular microstructure
(osteons), a fibrous matrix and internal hydrostatic pressure. Also,
microfiber bridging has been observed between collagen fiber
lamella within osteons [121. Analysis performed in these areas may
aid in the improvement of compression properties and development
of molecular composites. Ceramic matrix composites may also
benefit from insight to novel methods of material usage and
organization.
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MOLLUSC SHELL
Most mollusc shell material is composed of crystalline calcite

or aragonite (forms of calcium carbonte) and a protein film which is
utilized as the binder in varying amounts from 0.1% to 5% by weight.
The primary types of shell structure are nacre, crossed lamellar,
foliated and prismatic. Nacre is the strongest and toughest of the
shell types and will be the only one described here. Nacre is
constructed of aragonite crystals which are aranged in sheets and
stacked to form laths. These very thin laths (approx. 0.5 microns)
are laid parallel to the shell surface and bound together by a protein
film forming a lamellate structure (Fig. 4). The orientation of
aragonite sheets in adjacent laths is varied so as to deter the
propogation of cracks through the thickness of the shell [13].

The principal type of loading observed by shells is impact.
Therefore, novel toughening mechanisms are developed using unique
mineral orientations and fiber/plate pullout mechanisms. Other
toughening mechanisms present include crack branching, crack
blunting and crack bridging by the matrix [14]. These toughening
devices should be of interest to those working with ceramic- or
metal-matrix composites. Also, the location dependent crystal size
and geometry observed in the shell structure and the method by
which they are grown could be other areas of application.

BIOSYNTHESIS
PROTEIN COMPOSITES

Nature has been able to formulate protein polymers with
extraordinary mechanical properties such as the toughness of silk
and the elasticity and resilience of mammalian elastin. Therefore,
great interest exists in producing these polymers in sufficient
quantities using genetic engineering approaches which could offer
the potential of property enhancement at a lower cost over
conventional means.

Silk made from the caterpillar, Bombyx mori, has outstanding
mechanical and good thermal properties. The Bombyx mori
synthesises the components of silk inside its body and extrudes them
in the form of a silk fibre which it spins into a cocoon. The silk fibre
consists of twin filaments of the protein fibroin which are glued
together by the protein sericin.

Many other insects produce silk, most notably spiders. Spider
silks Zre proteins with molecular weights approaching 2-3 x 105
g/mol. The desirable properties of spider silk are due to the ordered
chain structure and morphology of the repeating hexapeptide
sequence in the polypeptide chain, (Gly-Ala-Gly-Ala-Gly-Ser)n where
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Gly, Ala and Ser are the amino acid residues glycine, alanine and
serine respectively. Spider web silks are normally crystalline and
highly elastic. The fibers are three to five microns in diameter, with
tensile strengths in the range of 1420-1550 MPa and a percent
elongation at break ranging from 16 to 30 [151.

Collagen is another important structural protein and is part of
many materials in the human body. It is a repeating tripeptide
involving predominantly the amino acids glycine (Gly) and proline
(Pro), (Gly-Pro-Y)n where Y can be any of the other amino acids.
Elastin, another useful polypeptide, is made up of various repeating
structures but principally the following:

Gly-Gly-Val-Pro ; Pro-Gly-Val-Gly-Val ; Pro-Gly-Val-Gly-Val-Ala
Elastin is crosslinked via the formation of desmosine and
isodesmosine units from reactions between lysine units on adjacent
chains.

In work going on in England, Ashley and his group [21 have
obtained silk-like structural proteins by synthetic gene expression.
In this symposium, Dr. Kaplan of the Army's Natick Research Center
will be presenting work accomplished on recombinant spider silk
proteins for fiber production. The cloning and expression of entire
genes producing polymers such as silk or spider web fibroin is labor
intensive and may result in products that are difficult to isolate,
purify and process into a final material. However, by producing
short chain analogs, i.e. oligopeptides with the desired sequence and
chain length of silk fibroin or elastin using a synthetic gene, one can
have more flexibility in engineering the final product. Natural silk
has only about 60% of its chain segments in ordered amino acid
sequences. Thus, these oligopeptides from the spider web synthetic
gene would crystallize more easily and comprise crystalline domains
completely. These macromers (high molecular weight monomers)
could then be linked together to prepare high molecular weight
polymers with various architectures. Included are homopolymers,
block copolymers (using two different oligopeptide macromers such
as from spider web silk and elastin), crosslinked gels and
interpenetrating networks. Joseph Cappello [21 from Protein Polymer
Technologies has reported the preparation of silk-like homoblock
copolymers and also alternating copolymers of various amounts of
silk-like and elastin-like blocks ranging from a ratio of 1:4 to 2:1.

RESIN PRECURSORS
An important application of biotechnology is to obtain key

intermediates needed for the preparation of polymeric materials.
The most fascinating example is the production of poly-p-phenylene
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developed by ICI [16]. Polyphenylene is an insoluble, infusable
polymer with outstanding temperature resistance, low moisture
absorption and a high dielectric constant. However, it is these very
properties which make the polymer very difficult to produce and
supply in a usable form. ICI offers a precursor that is soluble in
simple organic solvents and can be readily processed into a matrix
material for composite applications. A simple curing procedure
converts the precursor into partially crystalline polyphenylene. The
key step in the precursor synthesis (Fig. 5) is the microbial mediated
synthesis of cis-l,2-dihydrocyclohexa-3,5-diene (Benzene cis glycol).
This reaction step, which involves harnessing the kinetically sluggish
molecular oxygen molecule for controlled and selective oxygen
insertion reactions, is possible only with microbial systems.

Selective microbial hydroxylation could be used to put
hydroxyl groups ortho to the amino or nitro groups on a benzene ring
which would provide a simple low cost precursor to polybenzoxazole
systems. Another important biosynthesis application would be the
ability to obtain microbial systems capable of creating a terminal
acetylene group from a precursor group such as acetyl. This would
provide an improvement in cost and selectivity of state-of-the-art
synthetic routes to acetylene terminated matrix resin systems (ATX).

BIOPROCESSING
Natural polymer composites as discussed in the earlier

biomimetic section are intended for a specific and limited set of
functions and as such find little direct use in advanced composite
applications. However, the biopolymers synthesised by the various
living organisms in making their composite structures possess unique
functionalities and properties that qualify them as excellent
candidates for creating novel synthetic/natural polymer composites.
Biologically derived polymers, such as cellulose and chitin, could be
used as the fiber component in thermoplastic matrix composites.
They offer a substantial savings in cost with reasonable strength
properties. For example, Woodhams et al [17] concluded that wood
cellulose fibers possess specific strength and modulus values which
compare favorably with those of glass fibers (Fig. 6). It has been
shown that the use of tailor-made cellulosic graft copolymers as
interfacial agents/compatibilizers improves fiber/matrix adhesion
[18,19] which would further improve properties.

Biologically derived polymers could also be used as the matrix
component by blending with synthetic thermoplastic components.
The reactive functionality (for example the -NH 2 group in Chitosan)
could be used to develop three dimensional crosslinks which would
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confer increased strength properties. The problem in preparing such
a system by mixing two incompatible polymers is that the resulting
product has lower physical properties due to high interfacial tension
and poor adhesion. A new technology has been developed [20,21,221
that allows the preparation of tailor-made natural/synthetic polymer
graft copolymers with precise control over molecular weights, degree
of substitution and backbone-graft linkage. The preparation of
controlled cellulose/synthetic polymer crosslinked graft copolymer
structures (i.e network structures with exactly defined chain
segments between the cross-link points) have also been achieved.
These graft copolymers can function effectively as
compatibilizing/interfacial agents for alloying natural polymers with
synthetic polymers. The compatibilizer provides for better adhesion,
lower interfacial tension and finer dispersion of the non-continuous
natural phase in the continuous plastic phase.
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Seashells as a Natural Model to Study
Laminated Composites

M. SARIKAYA, K. E. GUNNISON, M. YASREBI, D. L. MILIUS AND I. A. AKSAY
Department of Materials Science and Engineering

Advanced Materials Technology Center
Washington Technology Centers

University of Washington
Seattle, WA 98195

1. Abstract

The microstruclure and mechanical properties of the nacre section of abalone shell werc
studied as a model for the fabrication of laminated ceramic-metal (cernict) covposites. The
shell consists of laminated CaCO3 (aragonite) and organic layers with thI'kness as of (.25 pm
and 20 nni, respectively. The unusually high fracture toughness and fracture strength values

of the shell are attributed to this unique microstructure. Laminated cermets (134C-AI; hare
been designed and processed to mimic the abalone shell. The fracture toughnes., and strength
values of these cermets increase approximately 40% compared to the monolithc form of the

same phase mixtures.

2. Introduction

In materials processing, progress is being made in controlling the microstructure of
composites at the nanometdr scale, resulting in the formation of materials that exhibit
unprecedented mechanical, electrical, superconductive, or optical properties. I" The process-
ing of these synthetic materials is based on the additive principle, in whi h component

phases with varying properties are fused together in an ordered manner to fornm a multiphase

system. Conventionally, these structures can be achieved by phase trinsformationý
(prccipitation-hardencd alloys) or by mechanical mixtures at the microscalc :cl (metal and

ceramic matrix composites). More advanced processing involves ion beam techniques (such
as molecular beam epitaxy and liquid and vapor deposition)3.4 in which the microstructure

is controlled at the nanometer level. In order to meet the demands of modern technology
for composites with better properties, more complcx systems have to be developed through

more intricate and energy-cfficient processing strategies.

Methods used by living organisms in processing composites are in many ways more
controlled than synthetic methods. In the formation of biological composites, living org;,-

isms can design and produce, efficiently, complex microstructures having unique properties
at all spatial levels (down to the nanomcter scale), and in more controlle(l ways at the

176
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molecular level.6- It is desirable, thcrefore, to produce manmade materials by using pro-

cessing approaches similar to those used by living organisms, i.e., by biomimicking. This

present research has been initiated to study the principles inherent in the processing methods

used by organisms in producing composites and the physical properties of those composites

as related to their microstructures. In this paper, we summarize the results of a recent

study on the microstructures of the red abalone shell (ltaliouis rufescens) in relation to its

mechanical properties.

3. Microstructure and Properties of the Nacre Section of Abalone Shell

A longitudinal cross section of the abalone shell displays two types of microstructures:

an outer prismatic layer and an inner nacreous layer. Two forms of CaCO3, calcite

(rhombohedral, R3c) and aragonite (orthorhombic, Pmnc) constitute the inorganic compo-

nent of the organic-inorganic composites in the prismatic and the nacreous layers, respec-

tively. The structure and the properties of the nacreous layer are described here, as this is

the portion of the shell which displays a good combination of mechanical properties. 9

Mechanical properties, i.e., af (fracture strength) and KIc (fracture toughness), have

been evaluated in the transverse direction (perpendicular) to the shell plane. Typical ai and

KIC values are 180 MPa and about 8 MPa.m1. 2 , respectively. The study of the crack

propagation behavior reveals a high degree of tortuosity not seen in the more traditional

brittle (such as A1203) and high toughness (ZrO2) ceramics,10 indicating that certain tough-

ening mechanisms such as crack blunting, branching, and "layer pull-out" are operating in

the shell (Figure 1). A closer examination of the microstructure reveals that cracks mostly

rigure I. Scanning Electron Microscopy (SEM) image of multiple crack formation emanating from a
microindeniation.



Figure 2. Hligh resolution SEM image of the abalone shell exhibiting thc sliding of the C-aC0 3 layers.

Figure 3. Hligh magnification SEEM image of abalone shell near a microindentation exhibiting the ligament for-

mation of the organic phase bridging the rCaC0 3 Platelets-
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advance through the organic layer and with difficulty, as this process is accompanied by

sliding of the CaCO3 layers (when there is a shear component of the resolved stress) and

by the bridging of the organic ligaments (when there is a normal stress component), as

shown in Figures 2 and 3, respectively. It is these last two mechanisms which contribute

to the toughening of the shell.

The superior mechanical properties of abalone shell compared to those of more tradi-

tional ceramics and their composites (Table 1) come from the unique "brick and mortar"
microstructure. A Transmission Electron Microscope (TEM) image (Figure 4) recorded in
the transverse direction shows the alternating layers of hexagonal-shaped 0.2-0.5 4im thick

aragonite crystals which form the hard component and the thin (20-50 nm) organic substance
in between (mainly proteins) which provides the ductile component of the composite.

Table 1. Mechanical Properties of Ceramics, Cermets, and Abalone Shell

•if KIC Hardness

MPa MPam 1n 2 /2

Mohs KIlN (kg/mm 2)

SiC 450 3.5 8.0 2750-3000

Si 3N4  200 (SC)t 4.0 --- 1500

650 (I-IP)t 5.5 --- 2000

ZrO 2  500 5.5 6.5 1300

A120 3  270 2.0 9.0 2100

258* 2.1" -....

B4C 285 3.1-6.0 9.5 4950

CaCO3  < 10 < 1.0 3.0 135

A120 3-Al 500-1300 8.0 ......

B4C-AI 600 12.0 ......

Abalone shell 183* 5.8* --- 240*

(165-204) (3.6-10.4)

tSC - Slip Cast and HP - Hot Pressed; *this study

4. Some Microstructural Design Guidelines for Laminated Composites

The unique combination of mechanical properties of the nacre comes from both the
sliding of the CaCO 3 layers over the organic matrix (Figure 2) and the organic ligaments
that form between the layers (Figure 3). The amount of strain in sliding is as much as
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17iglirc 4. Bright Field transmission electron microscopy image of (he nacre section of the abalone shecll rcvc;flifv

the (7aC 3 (C) and organic (P) layers. The image was recorded with [lie electron hcarn parallel to the Ianiin~itc pIaiiic

10% without a catastrophic failure. This is similar to plastic deformation in metals cawsed
by thc gliding motion of dislocation on slip planes. Similarly, in the formation of ligamncnts.
the organic phasc elongates as much as 1000%. This is similar to superplastic dicfornv1tj1j

of metals. Both of the above processcs require that the interfaces between thc orgaflIC
matrix and the inorganic layers do not premnaturely fail. Based on these observations. 111c7
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following guidelines can bc drawn for the design of laminated composites consisting of a

thick, hard, and strong component and a thin, ductile, and tough component. These design

guidelines are:

(i) Laminate thickness for the hard component of' less than I pm and for the
soft component of less than 100 nm;

(ii) Soft superplastic phase;

(iii) The ability of the soft phase to form ligaments;

(iv) Strong interfaces between the soft and hard layers.

In drawing these guidelines, the detailed microstructures of the soft and hard phases

have yet to be taken into account. This subject will be dealt with in the future when more
detailed microstructural and nanostructural information is available.

These guidelines can be followed to process laminated ceramic-metal and ceramic-
polymer composites. In this section, we give some preliminary results from our ceramic-metal
(cermet) research." B4C-AI is the system selected for processing the laminated cermets. By
taking advantage of the limited reaction that takes place between B4C and Al, full), dense
monolithic composites with a good combination of mechanical properties have been fabri-
catcd. Figure 5 illustrates the first laminates of this cermet. 1 "13 The fabrication of these

rigure 5. SEM image or 114C-AI/AI cermet showing the fully dense microslructure.

laminates involves the infiltration of molten Al into preformed B4 C sponges of controlled

Porosity. The laminated composite is formed either by metal infiltration from the Al layers
sandwiched between B4C tapes or by lamination of B4C tapes of different porosity and

ii|
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then metal infiltration of the laminated body. Nearly dense laminates obtained this wav
show an average of 40% improvement in fracture strength (950 MPa) and fracture toughness

(Klc= 19 MPa-m1 /2).II The toughening is attributed to a similar mechanism observed il
abalone shell. One of the functions of the soft phase Al, which is to "arrest" cracks, 1s
illustrated in Figure 6 where two cracks emanating from an indentation in B4C-AI layer

Figure 6. SEM micrographs of B4 C-AI/AI cermet revealing the effect of the soft Al layer in deflecting the

microcracks (arrows) formed by a microindentation.

deviate in their normal propagation path in the vicinity of the interface. An advantage of

the fabrication process described above is the ability to process graded microstructures of

B4C-AI laminates with properties that can be tailored to meet requirements which may vary
along the transverse direction of the finished part, similar to abalone shell. However, in

order to take full advantage of lamination in the present system, laminates of less than 10

jim thickness need to be processed. Further improvements, both in fracture toughness and

strength, can be expected with decreases in the thickness of the laminates down to the

submicrometer scale.

5. Summary

Preliminary results on the mechanical properties of B4C-AI (35%) laminated cermcts
designed on the basis of the above observations, indicate a 40% increase in the fracture

toughness and the strength of the composite. The increase in the fracture toughness is

attributed to the same toughening mechanisms observed in abalone shell. Further improve-
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ment in both strength and toughness is expected with the decrease in the thickness of the

composite layers (to submicrometer levels); in the present case, the thinnest of the layers

in the cermet laminate is about 10 lim, far too thick to benefit the effects of the lamination.

Consequently, the present research is directed to the processing of cermcts with

submicrometer-layer thicknesses in conjunction with quantitative studies of the effects of

the organic layer in seashells.
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Recombinant Spider Silk Proteins for Composite Fibers

S. J. LOMBARDI, S. FOSSEY AND D. L. KAPLAN

ABS`.Cr

The use of genetic engineering for polymer synthesis provides many
opportunities for control of chain oxmposition, sequence, size, reactivity
and stereochemistry. Silk proteins represent an unusual class of
structural fibers with interesting recbanoelastic properties. Some types
of sider silk exhibit improved mechanical properties when ccupared with
silkworm silk. Therefore, spider silk was cloned and expressed in a
bacterial host system. Research on selectively modifying composition at
the genetic level to effect structural and functional changes in fiber
properties is continuing. Applications in the material sciences are
expected due to the versatility and properties of this class of fibers.

INTR0DUCrION

Silks represent an unusual class of fibers generally considered to
be protein in composition. Unlike enzymes which are termed globular
proteins, silks belong to the structural fibrous protein class which also
includes keratin and collagen. Silk proteins exhibit a high degree of
crystallinity which is derived from the anti-parallel beta sheet secondary
structure. This crystalline array is stabilized by a combination of
hydrogen bonding between anti-parallel chains, and hydrophobic
interactions between the sheets or layers. These interactions result in a
class of fibers with unusual and interesting properties, including high
tensile strength.

In addition, there is evidence for noncrystalline or amorphous
regions in the secondary structure of the silk and it is believed that
these regions give rise to extensibility of the fiber and the resulting
property of high energy absorption to break. It is the unusal combination
of high strength and high extensibility that drives much of the interest
in this class of fiber.

S. J. Iombardi, S. Fossey, D. L. Kaplan, U. S. Army Natick Research,
Development and Engineering Center, Natick, MA, 01760-5020
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In natural systems, the two c=nm=n sources of silks are the
dch!sticated silkworm, mori, and the orb weaving spiders. The
silkworm produces one type of silk used in spinning its cocoon during one
stage in its life cycle. For domestic silk production the cocoon silk is
boiled to remove the soluble sticky sericin protein, and the remaining
fibroin portion of the silk is then unwound and used as silk fiber. Orb
weaving spiders have the capability to produce many different silks, each
of which is synthesized in a separate set of secreting glands in the
abdomen. In addition some of the silks, such as the dragline, are
produced continuously thoughout the lifecycle of the spider. Each of the
different silks exhibits different physical properties and functions.
These differences are reflected in the amino acid ccnposition of the
silk. Same of the silks function in web constructiorVengineering, in egg
cocoon structures, as adhesives, and in prey capture.

There has been same data collected on the physical properties of
spider silks. Zemlin [8] and Work and Emerson [7] published data on the
amino acid cczposition and nedhanoelastic performance data of different
spider silks. Dr line silk from N. clavines has begn r rted to have a
modulus of I X 10 N/rm, tensile strengt of 1 X 10 N/lm, and
energ~y absorbed to break value of 1 X 106Jkg This cxmpares with the
silk worw which exhibits a nKdulus of I X i0Lv and a tensile strength of
7.4 X 10 . Both fibers exhibit about 18% elongation. Spider silks are
of interest because the physical properties of the fibers appear superior
to the silkworm silks.

For the silkworm, part of the fibroin gene has been mapped and
partial sequencing of the 5' end of the gene was ccmpleted [2, 5, 6].
This information, in cambination with X-ray data has provided the basic
information on the protein structure which indicates discrete crystalline
and amorphous regions as reflected in discrete coding regions in the silk
gene. Genetic information on the silk worm is extensive because of the
cxwmirical interest in this material and in the translational controls
over silk expression. No data on the organization of spider silk genes
are available.

As in the silk worm, X-ray diffraction data on spider silk implies
the presence of crystalline regions dispersed in a matrix of amorphous
protein [3]. Additional data on conformation is being developed to
further understand the relationships between primary and secondary
structures for this class of proteins.

In addition, the capability of spiders to produce a imititude of
silks with very different functions through changes in amino acid
cowposition dictates this system as useful for genetic manipulation for
fiber production. The first goal is to clone silk coding genes from the
spider into a more useful expression system to increase available amounts
of silk. The dragline silk, because of its high tensile strength, was
chosen for cloning.
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RESULS AND DI.CUSSION

To accorplish the goal of increased silk production the silk gene
was cloned. First, genetic libraries were constructed from the spider.
High molecular weight gencmic aNA was isolated and purified fram N.
clavibes and then partially digested with restriction enzymes to yield 25
kb fragments. These fragments were cloned into a Lambda phage vector to
generate a genomic library. RNA was purified fran the major ampiullate
gland of the spiders. The major ampullate gland is the site of dragline
silk production. The mRNA was isolated by density gradient centrifugation
and oligo (dt) column chrmanatography and then reverse transcribed to
generate a cENA library.

To screen these libraries, the native silk protein had to be
solubilized, partially hydrolyzed, and sequenced (4]. This was
accomplished and the sequence data developed was used to construct EM{
probes. The protein composition data confirmed the high percent of short
side chain amino acids (glycine, alanine, serine) which permits the close
packing density of the beta sheets. The gencmic and cMl4A libraries were
then screened with these probes. The probes were radiolabelled by the 5'
end labelling method and hybridization was determined using
autoradiography. Positive clones were then subcloned and expressed in a
bacterial host system. Recombinant silk protein was produced and both the
clones and the silk are being analyzed. This first phase of work provides
the means to produce larger quantities of silk materials for study.

The second phase of the work which is also underway involves
selective modification of the natural gene sequence to tailor silk
structure and properties to specific functions. To accotplish this goal,
molecular modeling studies are being conducted on silk protein sequences
to understand the influence of primary sequence on secondary structure.
The predicted secondary structure data must then be extrapolated to
predicted functional properties of the fibers spun from these sequences.
This extrapolation will be validated using protein engineering techniques
to enact the sequence changes in the gene, expressing the modified silk
proteins, spinning fibers, and then studying fiber properties from the
modified proteins.

In general, fiber spinning from recambinant silk proteins will
involve mimickib• the natural process used by the spider which can be
correlated to spinning lyotropic liquid crystals. In the silk gland, the
translated product is present in a metastable state. As the material is
processed and then spun at the spinerette, there is a loss of water and
the silk protein becmies highly ordered and crystalline. Physical
processing appears to effect the major changes in the silk structure and
there is no evidence for post-translational chemical modification of the
protein. Of interest, based on the amino acid composition data collected,
is the fact that spider silk fibers, despite containing a lower percentage
of short side chain amino acids, exhibit superior strength properties.
This woild not be expected and therefore implies a significant role for
the processing/spinning steps on resulting fiber properties.
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Silk proteins may find application in a number of areas including
composite materials. From a composites perspective, a high strength fiber
such as silk with its ability to self-assemble into its secondary
structure and its reactive functional groups, may provide san unique
opportunities in processing and design. In addition, the envirormental
resistance of natural silks, presumably due to the high degree of
crystallinity, would irdicate that envirormentally stable composite
systems incorporating these materials could be considered. Illustrative
of the resistance of silk fibers is the fact that proteolytic enzymes are
not active in degrading silk proteins. Whether these fibers could also be
incorporated into composites for biomedical implants remains to be
demonstrated. Work on imiailized enzyme systems using silks for
biosensor applications has already been demonstated (i].

Throucg genetic engineering we can now consider large scale
production of fibrous proteins such as silk. The inzreased availability
of this material will lead to many material applications in the future.
In addition, the ability to tailor these structures at the genetic level
to a meet specific functional requirements further amplifies the potential
utility for this unusual class of fibers and for this approach to the
material sciences.
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Treatment of Graphite Fiber Surfaces with Gram-Negative
Aerobic Bacteria

J. PENDRYS, A. CRASTO, R. SCHIAVONE AND S. GUNDERSON

ABSTRACT

Microorganisms perpetualty seek out the organic elements C, H, N, 0, S, and P, which are
incorporated into their structure. Carbon and hydrogen are also oxidized to provide the
energy required to sustain life. Graphite is composed of a single element - carbon, and
graphite fibers contain greater than 99% carbon. Untreated graphite fibers bond poorly to
polymer matrices, resulting in composites with weak shear, transverse, and off-axis
properties. Fiber treatments which increase the surface functionality improve the interfacial
bond. It is of interest to determine if bacteria, lacking an alternative carbon source, can utilize
the carbon in graphite fibers, and chemically alter the fiber surface. In this study, various
graphite fibers were exposed to two strains of gram-negative bacteria, Pseudomonas
aeruginosa NAV6 and Acinetobacter calcoaceticus NAV2. Some fibers showed organic
deposits attached to the surface, and are being examined further for changes in surface
morphology and functionality. Changes in fiber-matrix adhesion are assessed from tests on
single-fiber composites.

INTRODUCTION

Microorganisms require the organic elements C, 0, H, N, S and P to multiply and survive.
Carbon and hydrogen are also oxidized to provide energy for catabolism. The most
commonly metabolized compounds are hydrocarbons. These organic elements are usually
bound covalently to other elements, and only oxygen is routinely utilized as a pure element.
Graphite fibers are composed of elemental carbon bound covalently in a graphitic structure.
If bacteria can utilize elemental carbon, then they may also be able to alter the surface of a
graphite fiber. In addition, bacteria routinely excrete compounds which enable them to bind
to hydrophobic surfaces.

Graphite fibers, in general, have poor adhesion to polymer matrices, resulting in poor shear,
transverse, and off-axis properties in the corresponding composites. Consequen'lv, these
fibers are routinely surface-treated, sized, or both prior to incorporation in a polymer matrix.
Graphite fibers are composed of crystallites in which parallel graphitic basal planes are in a
turbostratic arrangement, aligned along the fiber axis. The order, size, and alignment of

John Pendrys, Biophysicist, Biotechnology Laboratory, Naval Surface Warfare Center,
Silver Spring, MD., and
Allan Crasto, Materials Scientist, Rebecca Schiavone, Biomaterials Scientist, and Stephen
Gunderson, Bi omaterials Technician, University of Dayton Research Institute, Dayton, Oit.
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these crystallites increase with increasing modulus. The edges of these basal planes contain
defects, and are active sites for chemical modification. As the fiber modulus increases, the
fraction of the fiber surface occupied by these edge sites decreases, making the fiber
lessreactive to conventional surface treatments. Consequently, the newer, higher modulus
graphite fibers display relatively poor interfacial adhesion in polymer composites.

In this study, graphite fibers were exposed to pure bacterial cultures, to determine if the fiber
surfaces could indeed be altered by the bacteria. The treated fibers are being examined
analytically to detect both physical and chemical changes of the surface, and mechanically
characterized to monitor changes in strength and modulus as a result of the treatment.
Adhesion to an epoxy matrix will be assessed by a single-fiber composite technique. If
successful in promoting fiber-matrix adhesion, such bacterial treatments could provide an
inexpensive, novel means of fiber surface modification.

MATERIALS

Fibers

Preliminary studies were performed on Union Carbide's unsized, pitch-based P-55 graphite
fiber (modulus 55 Msi), obtained from Ron Lee of the Naval Surface Warfare Center
(NSWC) [1]. Detailed investigations were conducted on sized and unsized variants of a
pitch-based graphite fiber from DuPont (E-75, modulus 75 Msi) and on PAN-based AU4
and AS4 carbon fibers from Hercules Inc. The 'U' and 'S' in the latter fibers denote
untreated and surface-treated fibers respectively, with the AS4 fiber being sized as well.

Media and Buffers

Distilled water was prepared with a Coming Mega-Pure Still, and deionized water (resistivity
18.1 megohm-cm) with a Nanopure 1I water deionization system. Distilled water has a lower
concentration of organic matter than deionized water, but a higher concentration of metallic
ions. Common salts and ethanol were purchased from the J. T. Baker Chemical Company,
and nutrient broth was obtained from Difco Laboratories of Detroit, MI.

Minimal salts buffer (MSB) was prepared by adding the following chemicals to distilled or
deionized water: K2 HPO 4 , 7 g; KHZPO 4 , 3 g; MgSO 4 , 0.1 g; (NH 4)2 SO4 , 1 g; and
NaCl, 1 g. This is a phosphate buffer with a pH of 7.0, and no carbon source. A carbon-
rich medium was prepared using nutrient broth. Minimal carbon buffer (MCB) was prepared
by adding 0.5 ml of nutrient broth to 125 ml of MSB. Media and buffers were sterilized by
autoclaving prior to use.

Bacterial Strains

The two bacterial strains used in this study are Acinetobacter calcoaceticus NAV2 and
Pseudomonas aeruginosa NAV6. These two strains were isolated from a mixed culture of
asphalt-degrading bacteria that was obtained from soil at NSWC [2]. Each strain is capable
of growing rapidly on hydrocarbon sources such as hexadecane, lubricating oil, and paraffin.

METHODS

Bacterial Treatment

eiminary studies: 5 mm lengths of sterile P-55 graphite fibers were added to 15 mm x 125
mm Kimex test tubes containing 5 ml of sterile MSB (prepared with distilled water). One test
tube was inoculated with A. calcoaceticus NAV2, another with P. aeruginosa NAV6. The
initial inoculum level was approximately I x 106 bacteria/ml. Sterile tubes containing MSB
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and P-55 fibers were also prepared. All tubes were sealed for 117 days at ambient
temperature with neoprene "00" stoppers. At the end of this exposure period, the fibers were
washed with deionized water, ethanol, and acetone, and dried in air.
Detailed studies: Longer lengths of E-75 (sized and unsized), AU4 and AS4 fibers were
placed in sterile 18 oz Nasco Whirl-Pak bags or 250 ml Nalge screw-cappcd bottles.
Approximately 125 ml of MSB, MCB, or nutrient broth was added to each sample. Some
samples were inoculated with either A. calcoaceticus NAV2 or P. aeruginosa NAV6, the
inoculum level being about 1 x 106 bacteria/ml. Samples in sterile, uninoculated nutrient
broth were contained in the bottles, while all others were prepared in the Whiri-Pak bags.
Samples in MSB and MCB remained sealed at ambient temperature for 31 days; those in
nutrient broth for 27 days. At the end of the exposure period, fibers from MSB and MCB
were washed thoroughly with deionized water. Samples from the nutrient broth were
washed with deionized water and ethanol. Twenty-six fiber samples were so treated, and the
details are shown in Table 1.

Fiber Surface Characterization

Treated fiber surfaces were examined in a scanning electron microscope (SEM) from
AMRAY Inc., to detect any physical evidence of bacterial attack. Deposits on the fiber
surface were analyzed by energy dispersive x-ray analysis (EDAX) on equipment procured
from EDAX International. Any chemical changes on the fiber surface were monitored by x-
ray photoelectron spectroscopy (XPS).

Fiber Proprty Characterization

Changes in fiber strength are determined by tensile tests on individual fibers in an Instron,
using a 50 g load cell. The influence of the bacterial treatment on the adhesion of the fiber to
polymer matrices is determined from interfacial shear strength (IFSS) measurements on
single-fiber composites. In this test, an epoxy coupon (Epon 828 cured with 14.5 phr m-
phenylenediamine) containing a single embedded (aligned) fiber is stressed in tension. The
fiber breaks sequentially at a number of points, and stress is applied until no more breaks are
observed, while the specimen itself is still intact. Using a differential equation for the force
balance of an elastic fiber embedded in a plastic matrix, the IFSS, T, is related to the fiber
diameter, d, and strength, of, and the ultimate (critical) fiber length, 1c, through the
expression [31:

Ic/d = cy/2r

In practice, the specimen is stressed under a microscope, and the fiber fractures are easily
observed in-situ with polarized light, according to a technique developed by Drzal, et al. 141.
The parameter Ic is therefore conveniently measured without the necessity of extracting the
fiber fragments. Fiber strength (of) and diameter (d) are measured in a separate test. The
parameters Ic and of are not constant, but statistically distributed. These distributions have
been combined by a statistical theory [5] to yield a statistical distribution for rt.

RESULTS AND DISCUSSION

After four months of exposure to the bacteria, the P-55 fibers from the initial studies were
examined by SEM. Phosphate crystals had precipitated out of all the buffers, and all fibers
displayed some erosion at the ends (Figures I and 2). The fibers in the sterile MSB appeared
clean and unaffected by their exposure to the buffer, while those in buffer inoculated with
bacteria were heavily fouled with phosphate crystals. An EDAX examination of these
crystals found them to contain mainly elements from the MSB. The elements Fe, Ni and Cr
were also detected in the crystals. These are the elements of stainless steel, and probably
arise from metallic impurities in the water. The bacteria are clearly responsible for binding
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these hydrophilic, ionic crystals to hydrophobic, covalent graphite. In addition, the crystals
were attached to the graphite fiber surfaces in an aqueous environment. These P-55 fibers
are approximately 10 microns in diameter. As bacteria are approximately one to two microns
in diameter, any bactAia attached to the fiber surface should be readily detected. However,
no bacteria were observed. If there had been any attached earlier, they were probably
removed during the washing process.

From the studies on E-75, AU4 and AS4 fibers, at the end of the exposure period, only
sample 15 (AS4 fiber in MSB inoculated with NAV2) had non-graphitic material attached to
the fiber surface (Figure 3). SEM and EDAX examinations revealed this to be fibrous,
organic matter. This material held the fibers together, and appeared to be weaker than its
adhesive bond to the fibers. This fibrous matter is probably a lipopolysacharride, which is
commonly excreted by gram-negative bacteria. A few bacteria were also visible at the ends
of this fibrous material. Since these fibers were sized, it is possible that the bacteria utilized
the organic sizing and not the fiber itself. This is being investigated further. No crystals
precipitated out of solution, or were found attached to the fibers. It is possible that the
metallic ion concentration in the deionized water used to prepare the buffer was too low for
crystals to precipitate. SEM examinations of other fiber samples revealed no visible evidence
of biodegradation, and XPS will be used to detect any changes in surface functionality.
IFSS measurements will quantify the effect of the exposure on the adhesion of these fibers to
an epoxy matrix.
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TABLE 1. Preparation of graphite fiber samples

Sample Fiber Sizing Buffer/ Bacterial Exposure
Number Medium strain time

(days)

P-55 N MSB Sterile 117

P-.55 N MSB NAV2 117
- P-55 N MSB NAV6 117

1 E-75 Y MSB Sterile 31

2 E-75 Y MSB NAV2 31

3 E-75 Y MSB NAV6 31
4 E-75 Y Nutrient Sterile 27

5 E-75 Y Nutrient NAV2 27
6 E-75 Y Nutrient NAV6 27

7 E-75 N MSB Sterile 31

8 E-75 N MSB NAV2 31
9 E-75 N MSB NAV6 31

10 E-75 N Nutrient Sterile 27
1 1 E-75 N Nutrient NAV2 27
12 E-75 N Nutrient NAV6 27
13 E-75 N MCB NAV6 31

14 AS4 Y MSB Sterile 31
15 AS4 Y MSB NAV2 31
16 AS4 Y MSB NAV6 31
1 7 AS4 Y Nutrient Sterile 2 7
18 AS4 Y Nutrient NAV2 27
19 AS4 Y Nutrient NAV6 27

20 AU4 N MSB Sterile 31

21 AU4 N MSB NAV2 31
22 AU4 N MSB NAV6 31
23 AU4 N Nutrient Sterile 27
24 AU4 N Nutrient NAV2 27

25 AU4 N Nutrient NAV6 27
26 AU4 N MCB NAV2 31
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Modeling the Effects of Aging on Bone Properties
Using Composite Material Micromechanics

H. A. HOGAN

ABSTRACT
A two-dimensional finite element quarter-fiber micromechanics model

for compact bone has been developed and used to study the effects of aging
on mechanical properties. Aging generally increases the porosity of
compact bone due to larger Haversian canals, which are the hollow centels
of osteons. A three-component micromechanics model has been developed
with the elastic modulus of the osteon (hollow fiber) being 12.OCPA and
the interstitial bone tissue (matrix material) being a slightly stiffer
15.OGPa. Poisson's ratio has been taken to be 0.30 in both cases. The

amorphous material surrounding each osteon is called the cement line and
is widely regarded to be much more compliant than the bone components.

Thus, the cement line (interphase material) modulus is 6.OGPa and
Poisson's ratio 0.40. Longitudinal and transverse moduli for 0, 3, 5, 7,
and 9 percent porosities are presented. They are generally lower than
experimental data and not as sensitive t changes in porosity as some have
observed. Finite element solutions also reveal the detailed variations in
"micro-level" stresses throughout the microstructure for a given average
macroscopic applied stress. These localized stress concentrations and
their changes with age are important parameters in the continuing pursuit
of a more deterministic understanding of the way bone responds and adapts
to mechanical stimuli.

INTRODUCTION

Compact bone tissue, also known as cortical bone, is the dense highi'

mineralized bone material that forms the mid-shaft of major long bones
such as the femur, tibia, and humerus. A thin protective layer of compact
bone also covers the spongy, or trabecular, bone that forms the bulbous
processes at the ends of such bones. In mature compact bone the main
microstructural element is the Haversian system, or secondary osteon.
Thus, this bone is sometimes referred to as osteonal bone or Haversian
bone. A secondary osteon is roughly cylindrical in shape, has a hollow

center, and is aligned parallel to the major axis of long bones. Osteons
are sheathed by thin layers of amorphous material and packed together
similar to a fiber reinforced composite material. In this case, the
matrix material is interstitial bone tissue, which is similar in

Department of Mechanical Engineering, Texas A & M University,
College Station, TX 77843-3123
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(a.) (b.)

Fig. 1. Haversian bone microstructure.
(a.) schematic depiction (after Currey [1i)
(b.) photomicrograph (after Martin & Burr [2])

composition to osteons but less organized. A three-dimensional
perspective view and a cross-sectional view of Haversian bone are
presented in Figure 1.

Currey's early work [3] represents the first significant formal
attempt to analyze compact bone as a composite material. A two-component
model was used in this work, with compact bone treated simply as a mixture
of collagen and minerals. Currey later [4) extended his work by treating
the two-phase model more specifically as a fiber reinforced com, osite.
With this approach the mineral crystals are considered to be relatively
stiff fibers that are reinforced by a more compliant matrix of collagen.
Piekarski [5] followed a similar approach and also introduced a "hybrid"
model, which was an adaptation of a model for reinforced concrete.

Perhaps the most elegant model to date is the hierarchical model
proposed by Katz [6,7]. On the "ultrastructural" level, lamellar bone
tissue, which is laid down in concentric layers to form osteons, is
treated much like the fiber reinforced composite of Piekarski, in which
case the elastic modulus and Poisson's ratio of lamellar bone are
expressed in terms of its collagen and mineral constituents. The angular
orientation of the collagen fibers and mineral crystals are included in
this analysis. On a higher level, the "microstructural" level, Haversian
Compact bone tissue is treated as a fiber reinforced composite material
With secondary osteons forming the fibers, which are embedded in a matrix
Comprised of cement lines, interstitial lamellae, and minerals. This
matrix is referred to collectively as an amorphous "binder" material.
Osteon fibers are assumed to be arranged in a regular hexagonal array.
Upper and lower bound solutions for this arrangement have been establishcd

L-A
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by Hashin and Rosen [8), and have been used to obtain solutions for
compact bone. The model has been applied inversely to infer estimated
properties of compact bone constituents (Katz, et al. [91).

The application of finite element analysis to micromechanics modeling
greatly enhances its power and usefulness by providing exact solutions
rather than only upper or lower bounds as is the case with the analytical
models reviewed above. Adams and co-workers [10,11) have been
particularly productive in developing such methods for studying fiber
reinforced composites. Two salient features of finite element
micromechanics models are that they allow the quantitative
characterization of: (1) the effects of constituent properties and
arrangement on macroscopic behavior, and (2) the distribution of stresses
and strains amongst tissue constituents. In applying such techniques to
bone tissue, the first feature would allow the modeling of microstructural
changes as a result of disease or simply the aging process. Porosity, the
orientation of collagen fibers in lamellar bone layers, and the degree of
mineralization of bone tissue are all known to change with age [12). The
second feature mentioned, the ability to model "microlevel" stresses and
strains, would provide important new information to complement continuing
efforts by both engineering and medical researchers to quantify and
understand bone remodeling and adaptation [1,13-15]. In many of these
works, connections are sought between mechanical loads, the macroscopic
stresses and strains that they generate in bone, and subsequent bone
remodeling activity. With micromechanics modeling, more direct
relationships could be investigated, i.e. the relationship between
stresses and strains in bone constituents and associated remodeling. The
effects of aging (resulting from changes in porosity and lamellar bone
collagen fiber directions) on these processes could also be evaluated.

MICROMECHANICS MODELING

The current work is an attempt to apply micromechanics modeling
techniques for continuous fiber reinforced aerospace composites to
modeling compact bone tissue. Specifically, the WYO2D finite element
computer code developed by Adams and co-workers has been modified and
adapted to incorporate bone tissue features. In this effort, fiber
spacing is assumed to be in a regular square array, such that only a
quarter-fiber and its surrounding matrix material need be modeled. The
two-dimensional grid of triangular, 3-noded elements used for modeling a
transverse section of material is shown in Figure 2. The main contributor
to compact bone porosity is assumed to be the Haversian canal, which is
included in the model by treating the fiber as hollow. The fiber volume
percent is 70% and the porosity for the case shown is 9%. The model also
contains a separate interphase layer of material between the fiber and
matrix. In this case, this is intended to represent the "cement line"
material. The mechanical properties of each of these three components are
as follows:

Ef-12GPa & vf-0. 3 for osteons (fiber component)
E,-15GPa & vm-0.3 for interstitial bone (matrix component)
Ec-6GPa & v -0.4 for cement lines (interphase component).
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Fig. 2. Micromechanics model.

The value for the elastic modulus (Ef) of osteons is the maximum reported
by Ascenzi and Bonucci [16) for single osteons in tension, while that for
interstitial lamellae (Eý) has been taken to be slightly higher than that
for osteons as suggested by Evans and Vincentelli [17). Proper values for
cement lines are not clear. Some contend that this material is stiffer
than bone tissue [1, while most [18-201 consider it to be more compliant.
The properties used here are twice as compliant as bone.

RESULTS AND DISCUSSION

Finite element solutions have been obtained for two homogeneous
macroscopic stress states: (I) a longitudinal normal stress (parallel to
fibers) of oz-15MPa, and (2) a transverse normal stress of ox=l5MPa.
These loads are applied in the computer program such that the surfaces or
boundaries of the unit cell remain parallel to their original orientation
during deformation. This prevents the formation of any voids or gaps in
the model. Using the overall strain in the direction of the applied
stress permits calculation of macroscopic elastic moduli as summarized in
Table I. Results are also included from earlier studies of a two-
component quarter-fiber micromechanics model for compact bone tissue [211.
The range of experimental values reported by Van Buskirk and Ashman [221
for wet human compact bone are presented as well.
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Table I

Macroscopic Elastic Modulus

Porosity Ez(GPa) E,(GPa)

3-Component Model 0 12.7 12.5
hollow fiber 3 12.3 11.7

5 12.1 11.1
7 11.9 10.6
9 11.6 10.1

2-Component Model 0 21.8 12.6
solid fiber

Experimental [22) 17.0-21.5 6.9-14.4

The predicted properties for the transverse modulus, EX, are well within
the experimental range, but the values for the longitudinal modulus, E,,
are much lower. The two-component model results generally agree well and
this is not surprising since the component properties that were used in
this case were taken from a study of Katz, et. al [9], in which properties
were inferred from experimental data for macroscopic properties. The
analytical model used in this work treated the osteons as the fiber
component (solid) and the cement line and interstitial bone material
together as an equivalent "binder" matrix material. Thus, the following
properties were used for the two-component finite element micromechanics
model:

Ef-30.OGPa & vf-0.30 for osteons (fiber)
Eb-2. 7 7 GPa & /b= 0 . 2 7 for the binder (matrix)

It should also be pointed out that the analysis from which these values
come was based upon an assumed regular hexagonal spacing for the fibers
and a fiber volume percent of 92%.

The consistently lower values of EZ are a direct result of trying to
use fiber properties from experimental data on individual osteons.
Obviously, the macroscopic moduli cannot be any higher than the stiffest
component. Beginning with an osteon modulus of 12.OGPa and using 15.0GPa
for the interstitial lamellar bone, as suggested by Evans and Vincentelli
[17], forces the overall macroscopic modulus to be lower than
experimentally observed values. If the three-component model is to be a
valid model, then the fiber modulus should probably be higher, as was the
case with the two-component model. Recent experimental work on
"microspecimens" (less than 500pm thick) of compact bone show a size
dependence in properties, with a general trend toward lower strengths and
moduli as the specimen size decreases [23). An explanation put forth for
this behavior is that at smaller sizes secondary vascular channels become
more significant because their relative size increases. These channels
typically run radially from the Haversian canal to the cement line and are
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frequently considered to be only minor contributors to compact bone

porosity. They very well may, however, explain the lower modulus values

reported for single osteons. Including these features in the

micromechanics model is an issue fo, further research. Using a higher

fiber modulus would require re-examination of the observations of Evans

and Vincentelli 117). Their work was based upon correlations of

properties determined from "macrospecimens" with microstructural

characteristics such as percent Haversian area and lamellar bone collagen

fiber orientation. Re-evaluating these results in light of recent

observations from tests on microspecimens seems warranted.

The variation in properties with porosity shows the expected trend of

decreasing stiffness with increasing porosity. Schaffler and Burr [241

have tested 3mm diameter bovine bone samples and correlated properties

with porosity, bone volume fraction (1-porosity), ash content, and

apparent. They found the strongest correlation (r-0.84) to be a power law

expression relating modulus (longitudinal only) to bone volume fraction.
The predicted modulus (Ez) values for 3, 5, 7, and 9 percent porosities

are 24.3, 19.4, 15.3, and 12.1, respectively (all in GPa). The results
from the present work are again generally lower, but also exhibit much
less sensitivity to porosity. Secondary vascular channels may again offer
an explanation. Martin and Ishida [251 report correlations between
tensile strength for bovine bone and eight different microstructural and
compositional parameters. Several different bone types were studied and

for the osteonal bone, porosity was calculated from both Haversian canals

and secondary vascular channels (Volkmann's canals). Data from 13
specimens gave an average total porosity of 6.8% with the Haversian

porosity component being only 2.8%. This provides further motivation for

including Volkmann's canals in the micromechanics model, as has already
been mentioned. The first option being considered for doing this is to

treat the solid part of the hollow osteon as an anisotropic material with

different properties in the longitudinal and transverse directions.
Modeling the osteon structure with discrete concentric layers of lamellar
bone would accomplish this objective while also providing a means of

including collagen fiber orientation in the model. Each layer of lamellar

bone would have different properties in the longitudinal direction as well

as in the radial and tangential directions in the transverse plane.
Another possible way to improve the model would be to create a 3-

dimensional unit cell, which would include regularly spaced voids in the

longitudinal direction.

Detailed "micro-level" stress distributions for the 9% porosity case
are given in Figures 3-5. These results are all for the same homogeneous
macroscopic applied stress of ax 15MPa. Considering Figure 3, note that

ax varies within the microstructure from a high of 44.2MPa to a low of

". 6 29MPa, The plot also shows that both the maximum and minimum values
occur at the inner surface of tie Haversian canal. This kind of
information is particularly significant since the bone cells that play a
major role in bone remodeling and adaptation are located primarily on this

surface. This surface not only sees stresses much higher and lower than
the average macroscopic value, but it also sees large stress gradients.
Some stress concentration is also present in the cement line interphasc

region near the top of the model where a. is in the mid 20's. Figures 4

and 5 show significant "induced" stresses in the microstructure even
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Fig. 3. Distribution of ax for a macroscopic average
applied stress of ax-15.OMPa.

though both ay and rxy are zero macroscopically. Extreme values and large
gradients again tend to occur along the surface of the Haversian canal and
in the interphase region,

The results presented herein demonstrate clearly the power and
potential usefulness of a micromechanics model for compact bone tissue.

The major challenge is in developing and properly verifying a valid and
clinically relevant model. The specific improvements needed are indeed
formidable, but not by any means unattainable. The knowledge gained from
this process will also shed considerable light on the very complex
relationships between structure, form, and function in this highly
efficie-n- and amazingly adaptive "natural" or "biological" composite
material. The insights and principles elucidated could very well form an
important contribution to the continuing pursuit of more advanced and
effective "man-made" composite materials.
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