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Abstract 

A new technology was developed for quickly, simply, and affordably creating 

Replamineform Inspired Bone Structures (RIBS) that combines multi-piece mold manufacturing 

for creating complex macroscale geometries with advanced ceramic gelcasting technology for 

controlling microporosity.  A conventional gelcast alumina formulation was modified by adding 

0-10 wt. % of fugitive carbon particles (graphitic and activated) to obtain porous microstructures 

during sintering.  The carbon-filled gelcast alumina formulation was used to create replicas of 

bone structures by filling a multi-piece mold automatically generated from a 3-D image of a real 

bone. Both types of carbon produced total porosity levels of up to 35% that increased with 

carbon content in a manner that indicated residual porosity from the burned out carbon was not 

being consumed during sintering.  However, activated carbon specimens exhibited linearly 

increasing percentage of closed porosity with increasing carbon content, while graphitic samples 

exhibited more interconnected porosity with pore channels in the range of 200 µm.  The 

influence of porosity on mechanical properties was studied by compression tests.  The tests 

indicated that 35% total porosity in bone replicas can decrease strength 88%, decrease stiffness 

80%, and reduce total deformation 40% in comparison to bone replicas with 13% total porosity 

fabricated without carbon. The reduction in stiffness was consistent with a model developed 

from microscale finite element analysis of overlapping solid spheres that produce 

microstructures similar to those observed in these specimens. Furthermore, the increased 

porosity of the material permits axial cracks to grow and bifurcate more easily at substantially 

reduced deformation and load levels. 

 

Keywords: Gelcasting, bone replica, mold technology, bioceramics, alumina, replamineform 



  To appear in Materials Science and Engineering C  

 - 3 -

I. Introduction 
 

Lightweight, porous ceramic structures are being developed for a variety of biologically-

related applications. An important application of this research involves replacing metal-based 

and ceramic-based implants with porous bioceramics and bioceramic based composites that more 

closely match the mechanical properties of bone to prevent stress shielding. Porous implants can 

also be tailored to exhibit controlled bioactivity and allow tissue in-growth and fluid flow [1].  

There is also interest in developing realistic ceramic bone structures for the testing of implants in 

procedures such as total hip replacement [2].  These bone structures can be used in modeling and 

evaluating the performance of total hip replacements, for complementing finite element studies 

that explore the mechanical basis for bone remodeling, fracture healing, and osteoporosis, and 

for the development of bioinspired ceramic structures [2,3]. However, it has been very 

challenging to fabricate geometrically complex porous ceramic structures with conventional 

manufacturing technologies [4,5].  

The development of methods to control porosity in bone implants is one of the main 

goals in the processing of bone implants. For hard tissue bioimplants, tailored porosity is a 

unique design feature that determines successful integration into the skeletal system.    Coral has 

served as a biomimetic source of inspiration and insight into novel ways to control porosity in 

bone implants. It has been successfully utilized in bone healing and remodeling since the mid 

1970’s due to the interconnected porosity that develops during the biomineralization process [6].  

Pores with the appropriate diameter (> 100 µm) allow the in-growth of vascularized bone tissue 

for implant fixation [7].  The replamineform process was developed to duplicate the 

interconnected, controlled pore size microstructure of particular coral species (such as Porites 

and Goniopora) [8,9].  In the replamineform process, a coral specimen is machined to an 
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appropriate shape and then fired to drive of CO2 and convert the coral to CaO.  The CaO coral 

structure is used as an investment casting mold that can be filled by a variety of materials 

(alumina, titania, polyurethane, silicone rubber, calcium phosphates, and metals such as Co-Cr).  

In the last step, the CaO can be removed by aging in a dilute acid, leaving behind a negative cast 

of the original coral material with interconnected porosity.   

The desire to avoid using coral for generating controlled porosity in bioimplants has led 

to the pursuit of alternative processing techniques.  Wood has been pyrolized into a template for 

creating biomorphic cellular ceramics through infiltration with gaseous or liquid Si [10]. 

Controlled particle packing of large ceramic powders and partial sintering techniques is 

conventionally used to produce controlled porosity in ceramics. However, the nature of the 

porosity obtained with this approach is directly related to the characteristics of the ceramic 

powders and is rather tortuous. More versatile techniques for creating porous microstructures 

less dependent on the characteristics of ceramic powders have involved adding fugitive additives 

that can be thermally removed.  Cold isostatic pressing of ceramic powders with carbon as an 

impurity particle has been used to obtain highly controlled porous structures [11].  A novel 

foaming technique used methyl cellulose to form ceramic cakes of hydroxyapatite that were 

sintered to form tractable and interconnected porosity [12].  Sol-gel technology has also been 

extensively employed with polymer templates and foaming agents to form bioactive glass foams 

[13] 

A similar ceramic processing technology that has exhibited a great deal of potential for 

forming porous ceramics using purely organic gels with polymer templates and foaming agents 

is known as gelcasting [14-18]. Ceramic gelcasting was developed in the 1990s to easily create 

parts with complex geometries [19].  In gelcasting, ceramic powders are mixed with a monomer 
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solution to create a sol-gel mixture with very low viscosity at high solids loading that can be 

easily poured or injected into a mold with complex shape. The primary advantage of gelcasting 

over conventional ceramic processing technologies involves the ability to achieve high solids 

loading and high green densities without the need for pressure. The pressing operations used in 

conventional ceramic processing technologies produce particle packing and density gradients, 

especially when fabricating complex geometries in a mold.  These gradients lead to shrinkage 

stresses during densification that compromise the structural integrity of the part. Thus, gelcasting 

provides a more uniform particle and density distribution that is a key requirement for “near-net 

shape processing” of ceramics. Gelcast parts polymerize during low temperature heat treatment 

to immobilize the particles. This promotes the retention of complex shapes after removing the 

green gelcast component from the mold and minimizes the need for secondary shaping 

processes.  Gelcast parts can also be machined in the green state when necessary, allowing for 

more tool versatility. The part can then be heat treated to pyrolize the organics and sintered at 

appropriate temperatures to remove porosity. Gelcasting can also be used to tailor microstructure 

and mechanical properties for specific applications.  Gelatins have been used in place of normal 

“gelling” agents as a low cost alternative that has more retained porosity after sintering [20]. 

In addition to ceramic processing technology, Rapid Prototyping (RP) techniques such a 

3D deposition and stereolithography (SLA) have also been adapted for use in generating tissue 

engineering scaffolds with various levels of interconnected porosity [21].  They have also been 

used in synthetic composite materials to create complex bioinspired lamellar microstructures 

found in hard biological tissues [22]. The main limitation of these techniques involves the 

limited degree of tortuosity which can be produced in porous implants and the amount of time 

required for constructing implants with complex geometry which places restraints on mass 
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production.  Recently, a novel application of SLA has been used to develop molds with 

interconnected porosity.  The SLA generated molds were combined with ceramic gelcasting to 

create calcium phosphate bone replacement materials [23].  Mold based technologies are 

attractive because they can effectively address mass production concerns. 

In this work, a new processing method is developed to address the materials and 

manufacturing issues in creating ceramic structures with controlled microporosity and 

macroscale geometric complexity for bioengineered and biologically-inspired structures.  This 

technology combines multi-piece mold manufacturing with advanced ceramic gelcasting 

technology, and is demonstrated by fabricating Replamineform Inspired Bone Structures (RIBS). 

One of the benefits for RIBS over previous manufacturing methods is the new technology 

simply, easily, and affordably integrates the ability to custom design multi-piece molds for 

complex macroscale geometries with the ability to externally control the degree and level of 

porosity (closed and interconnected porosity) within the bioimplant via pore-forming agents in 

the gelcast formulation. Three aspects of creating RIBS from this new technology are 

investigated: (1) the control of microporosity in gelcast ceramics, (2) the fabrication of RIBS 

with macroscale geometric complexity using the multi-piece molding technology with the 

gelcast ceramics, and (3) the mechanical performance of the RIBS.  

II. Experimental Methods 

IIa  Ingredients for the Gelcasting Formulation 

The gelcasting formulation consisted of N-(Hydroxymethyl)-acrylamide (HMAM) 

monofunctional monomer from Sigma Aldrich (St. Louis, MO), and Darvan C (Ammonium 

polymethacrylate) was obtained from R.T. Vanderbilt Company (Norwalk, CT) as a dispersant 

for the alumina particles. A 10% solution of 2,2’-Azobis [2-(2-imidazolin-2-yl) propane] 
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dihydrochloride (AZIP) from Wako Chemical (Richmond, VA) was used as the polymerization 

initiator.  A relatively small particle size alumina, ERC-DBM (d50 = 0.462 µm), was obtained 

from Baikowski Malakoff, Inc (Malakoff, TX) for the gelcasting formulation to reduce the size 

and increase the frequency of pores that remain within the green part after drying.  Two different 

carbon powders with subtle differences in chemical and physical characteristics were chosen to 

serve as pore-forming agents.  Graphite powder with a mean particle size of 2-3 µm was 

purchased from Asbury Carbons (Asbury, NJ).  Activated carbon filter was purchased from 

Aquaria Inc. (Moorpark, CA) and ground in a mortar and pestle to achieve a particle size 

comparable to the graphite powder.  Examples of the powders can be seen in Figures 1a and 1b.  

 

IIb. Multi-piece Mold Design and Manufacture 

IIb.1 Mold Design 

To create a bone surrogate, a 3D model of a real bone geometry was acquired by either a 

3D camera or laser scanner depending upon the size of the bone and the desired accuracy.  

Figure 2 shows the bone model of the duck femur acquired by a laser scanner. Typically, the 

scanned data was stored in an STL file used to design the mold. Designing the mold for bones is 

a very challenging task, because the complexity of the bone shape is not conducive to generating 

the single parting direction required for a standard two-piece mold.  In addition, complex molds 

often require very complex undercuts to realize the entire 3D geometry. Multi-piece molds can 

overcome this restriction by having many parting directions. These molds have more than one 

primary parting surface, and consist of more than two mold pieces or sub-assemblies. Each of 

these mold pieces will have a different parting direction. The freedom to remove the mold pieces 

from many different directions eliminates the undercuts produced by two-piece molds. A multi-
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piece mold can be visualized as a 3D jigsaw puzzle, where all the mold pieces fit together to 

form a cavity and then can be disassembled to eject the molded part. Moreover, since there are 

no actuated side cores in multi-piece molds, the tooling cost is significantly lower. This makes 

multi-piece molding technology an ideal candidate for making geometrically complex ceramic 

objects.  

There is no intuitive decomposition for the mold shape associated with the highly 

irregular geometry of a bone. Manually designing multi-piece molds can take a significant time, 

and require many iterations before a feasible mold can be realized. Therefore, a multi-piece mold 

design algorithm was developed to automate several important mold-design steps: (1) finding 

parting directions, (2) locating parting lines, (3) creating parting surfaces, and (4) constructing 

mold pieces [24]. This algorithm constructs mold pieces based on global accessibility analysis 

results of the part and therefore guarantees the disassembly of the mold pieces.  

Given the CAD model of a part and the mold enclosure dimensions, a novel five-step 

approach was developed to generate a multi-piece mold design for the part. 

1) A candidate parting direction set D is first found based on the geometry of the part and by 

performing accessibility analysis of the part.  

2) For each direction d in D, accessibility of every facet on the part is checked. This algorithm 

is used for each candidate parting direction to find a set V of accessible-facet sets. 

3) Using the set V of accessible-facet sets, the part boundary is then divided into different 

regions called mold-piece regions. A mold-piece region is a connected set of facets that can 

be formed by a single mold piece.  
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4) Out of all mold-piece regions, minimum number of mold-piece regions is selected such that 

the entire part boundary is covered. This is equivalent to solving set-cover problem. We have 

developed a new search algorithm that explores the search space by using a hybrid of 

breadth-first and depth-first search. 

5) After the minimum number of mold-piece regions is identified, mold pieces are finally 

constructed using geometric operators to split the gross mold into a set of mold pieces. 

 
A software system based on the above steps was also developed and successfully tested on 

several complex parts. 

IIb.2 Cutter Selection and Path Generation 

After individual mold pieces have been designed to make the part, cutter paths for 

machining mold pieces must be generated. The main factor that determines mold cost is the 

cutting time needed to machine the mold. Using a large cutter speeds up the machining process, 

however it is at the expense of eliminating finer features in the part. Using a small cutter can 

enable machining smaller features, however the machining can take a very long time. Therefore, 

when machining a scanned object it is very important to select the optimal combination of 

cutters. Scanned models usually have features of varying sizes, which makes it difficult to 

manually select cutters in an optimal sequence for scanned objects.   

To solve the problem of cutter selection, the following approach was developed. The 

machining process is divided into two stages: roughing and finishing.  The roughing stage cuts 

the majority of stock material, generally requiring the most machining time.  In practice, a bigger 

cutter, especially large Flat End Mills (FEMs) give the most efficient cut.  However, if the cutter 

is too big, it will either cause gouging (unwanted piercing of the surface), or it will leave too 
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much uncut material on the surface.  In order to avoid gouging and attain the desired surface 

shape, a finishing stage is performed using a set of smaller Ball End Mills (BEMs), such that the 

smallest cutter radius is smaller than or equal to the minimum radius of curvature on the surface. 

However, a smaller cutter will take a longer time in machining a complex surface.  Therefore, 

the problem becomes selecting an optimal set of cutters, including both FEMs and BEMs, which 

will most efficiently machine the surface.  

In order to find the optimal sequence of cutters, two problems needed to be solved. The 

first involved selecting an optimal sequence of FEMs for rough machining (volume machining), 

and the second involved selecting an optimal sequence of BEMs for finish machining (surface 

machining).  In order to solve these problems automatically, new geometric algorithms for cutter 

selection were developed.  Equations and geometric algorithms were developed for finding the 

cuttable area and machinable volume for a given cutter. Using this information, the problem was 

converted to finding the optimal sequence of cutters in a graph search problem. By using graph 

search techniques, the optimal combination of cutters can be found. This implementation 

demonstrated that using an optimal combination of FEMs and BEMs can significantly decrease 

the total machining time and subsequently reduce the cost of manufacturing the mold.  

After selecting the appropriate cutters, a CAM system can be used to generate the cutter 

paths. These cutter paths are executed on a three axis CNC milling machine to produce molds. 

We used REN SHAPE 5169 polyurethane tooling board from Huntsman (Auburn Hills, MI) to 

create molds, since they can be machined very efficiently and cost-effectively. Figure 2 also 

shows the 7 piece mold automatically generated for fabricating the bone structure using porous 

gelcast ceramics. 
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IIc. Fabrication of RIBS specimens 

To create RIBS specimens using the gelcasting formulation, it was necessary to use a 

formulation of gelling agent and solid particles that produced a suitable viscosity for filling the 

molds with a high solids content for sintering. The alumina based gelcast slurry formulation is 

outlined in Table I.  Carbon (from 0-10 wt%) was incorporated into the gelcast slurry.  The 

alumina and carbon powders were blended together using a double blade mixer to promote 

uniform carbon distribution and to reduce agglomerates. Small quantities of the blended 

alumina/carbon powder were added to the monomer/dispersant solution with approximately 10 

minutes of stirring in between powder addition steps. During the addition of the 

monomer/dispersant solution, the slurry with the graphite powder exhibited a much higher 

viscosity than the activated carbon at carbon loadings above 4 wt%.  

After all of the powder was mixed with the HMAM, the polymerizing initiator AZIP was 

added to the continuously stirred slurry.  This mixture was heated in a gravity convection oven 

for 5 minutes to promote the gelation process.  The gel was degassed under vacuum (30 mm Hg) 

to remove bubbles and then poured into the multi-piece polyurethane bone mold. The mold 

containing the gel was then heated in a gravity convection oven for 1 hour at 55 ºC – 60 ºC to 

continue the polymerizing process.  Once cool and removed from the mold, the gelcast bone 

replica was aged in a humidity chamber for 36 hours to control the drying process. The bone 

replica was heated at a constant heating rate of 150 ºC/hour to 800 ºC for carbon burnout (four 

hour dwell time) and subsequently heated to 1450 oC for two hours at the same rate. 

IId. Microstructural and Mechanical Characterization of RIBS specimens 

The replamineform inspired porosity in the sintered ceramics was characterized using the 

guidelines set forth by ASTM 20-00 [25].  Optical microscopy was used to view the 
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microstructure of the RIBS specimens.  A standard compression test was used to characterize the 

influence of porosity on the ceramic bone surrogates formed using the gelcasting process. 

Because the complex geometry is not ideal for testing, the ends of the specimens were set in 

epoxy to allow for more controlled axial loading conditions. A RIBS specimen containing no 

carbon fugitives and a specimen that was prepared with 10 wt% activated carbon were tested in 

compression using an Instron load frame. 

III. Results 

The total porosity obtained due to the addition of the activated carbon and the graphite 

powders is very similar, as depicted in Figure 3. These values are generally consistent with the 

associated volume fraction of the carbon predicted from the density of the carbon particles, and 

indicate that the residual porosity created after the particles are burned out is not being consumed 

during sintering. However, the microstructural characteristics of the porosity are affected by the 

addition of the carbon powders in different ways depending upon the carbon source and the 

relative weight percent of the powder added as shown in Figure 4.  The pore size is on the order 

of 200 microns for the graphite specimens, while it is more on the order of the carbon particle 

size in the activated carbon samples. 

The microstructures of all the porous ceramics that were formed using the procedure 

outlined in this investigation are very similar to that found in either cortical bone (aka, compact 

bone), or in trabecular bone, (aka, spongy bone). One difference in the porous networks formed 

by the two types of carbon is shown quantitatively in Figure 5.  For both types of carbon, the 

open porosity remains dominant, even with the increase in closed porosity. However, the RIBS 

samples prepared with activated carbon exhibits a linear increase in the amount of closed 

porosity obtained in samples as the carbon content is increased.  Alternatively, the graphite 
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samples result in microstructures that exhibits relatively low amounts of closed porosity, settling 

around 10% when the total porosity approaches 25% for a 5 wt. % addition of graphite.    

In addition to characterizing the microstructure of the gelcast porous ceramics, it was 

desirable to characterize the effect of the porosity on structural performance of bone surrogates. 

Compression tests were conducted on a 13% porous structure with no pore-forming agents and a 

35% porous structure formed from 10 wt. % of activated carbon. Both RIBS specimens are 

compared in Figure 6 using the load normalized by the minimum axial cross-sectional area (i.e., 

average maximum compressive axial stress) versus the change in specimen length normalized by 

the axial length (i.e., average compressive axial strain).  The results show a large difference in 

resistance to deformation between the pure alumina samples and the samples with 35% total 

porosity that was obtained using activated carbon as the impurity particle. The 35% porous 

structure exhibits 1/8 the strength, 1/5 the stiffness, and about 40% less total deformation than 

the 10% porous structure.  The manner in which the samples failed was different as depicted in 

Figures 7a and 7b.  The 35% porous sample shattered into numerous pieces while the 10% 

porous sample demonstrated more controlled failure, only fracturing along one plane. This is 

more than likely due to the bifurcation of crack growth that is associated with higher porosity 

content. 

IV. Discussion 

The major difference between the usual gelcasting formulation and the implementation in 

this research effort was the use of pore-forming agents. Carbon is commonly used as a pore-

forming agent in the sintering of ceramics.  However, from the results presented here, there are 

clearly two distinctly different types of porosity developed from graphite and activated carbon.  

Graphite additions resulted in large scale interconnected porosity that is reminiscent of coralline 
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porosity and tends to be ideal for bone in-growth.  The carbon from the activated charcoal source 

caused predominantly closed porosity.  This result brings up a novel way to control not only the 

amount of porosity but also the type of porosity for enhanced bone healing and remodeling, but 

also raises a fundamental question regarding the source for the differences in porosity. 

There are a number of factors that may have contributed to these phenomena, such as 

differences in the chemical and physical characteristics of the two carbon sources.  While the 

particle size of the two carbons was comparable (Figure 1), there are differences in the degree of 

crystallinity and the relative density of the carbons.  The thermal decomposition behavior of the 

two carbons also displayed different characteristics.  The graphite sample had a slightly lower 

decomposition onset temperature, and the weight loss was completed at a lower temperature than 

the activated charcoal sample.  There is a great difference in the surface area of these two carbon 

materials as well.  Graphite particles typically have a low specific surface area (1-2 m2/g) while 

activated carbon can have specific surface areas 500-1000 times greater.  This difference in 

surface area is the most likely contributing factor to the development of porosity within the 

gelcast RIBS based on the following observations. 

The gelcast formulation using the graphite powder exhibited a much higher viscosity 

during mixing than the formulation with the activated carbon. The increased viscosity of the 

samples with higher graphite content is believed to be caused by the specific adsorptive 

properties and self association tendencies of the graphene sheets in the atomic structure of 

graphite that contribute to increased lubricity [26]. The graphite with a lower surface area did not 

interact with the surfactant as effectively as the activated carbon with a higher surface area.  This 

resulted in the formation of graphite agglomerates that did not mix well with the alumina 

particles.  The presence of these agglomerates is evidenced by the large pores in Figure 5.  
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Alternatively, the specific surface area of the activated carbon makes it more adsorbent, allowing 

for more intimate interaction with the dispersant. This ultimately resulted in better mixing and 

dispersion characteristics during the gelcasting process, which may explain the linear 

relationship of the closed porosity to the total porosity for the activated carbon samples. More 

intimate mixing allows for more of the activated carbon particles to become isolated during 

mixing that will convert to small, closed pores after sintering, while almost all of the graphite 

particles will form a network retained as larger, open pores after sintering. It is also consistent 

with the trends of total porosity versus carbon loading in Figure 3 where the trends for the 

activated carbon are consistent with a particle density of approximately 1.6 g/cc, while the 

graphite is initially consistent with a particle density of approximately 2.2 g/cc below 4 wt% 

before approaching the 1.6 g/cc prediction at 10 wt% as the effective porosity of the graphite 

begins to increase due to the packing efficiency associated with particle agglomeration. 

Essentially, a group of agglomerated graphite particles begins to collectively behave like a 

single, much larger particle with intraparticle porosity approaching the same level as the 

amorphous carbon. 

The results of the compression tests tend to confirm the microstructural effects of having 

greater levels of closed porosity using activated carbon as a pore-forming agent. The behavior of 

both specimens is fairly elastic, however the reduced stiffness of the 35% porous specimen is 

much greater than is expected from the conventional Coble and Kingery relationship [27]:  

E=Eo(1-1.9P+.9P2)     (1) 

Where Eo is the modulus of a fully dense material and P is the porosity. Based on this formula, 

the stiffness should be approximately 50% of the specimen with no pore forming agent. 
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Alternatively, the following microscale formula that was derived from a finite element analysis 

conducted on overlapping solid spheres can be used [28]: 

     E=Em(1-P/0.652)2.23     (2) 

This formula predicts a reduction of 30%, much closer to the 1/5 that was measured, and is 

consistent with the microstructure observed in the specimens. 

Because of the linear behavior of the structures, the reduction in deformation and strength 

will be inherently linked. In this case, the strength of the material is also going to be governed by 

the distribution of the pores. With higher porosity levels in the activated carbon, the pores 

become much closer to each other. As a crack grows at these higher porosity levels, it has been 

previously observed that the crack front will intersect pores ahead of the crack tip, allowing 

crack growth to be driven at the expense of less material being broken [29]. This results in a 

rapid reduction in the resistance to crack growth at porosity levels above 20%, and in a great 

potential for bifurcation of the crack front during crack growth. The large reduction in strength 

and the axial splitting observed in the 35% porous structures versus the 10% porous structures in 

Figures 6 and 7 are consistent with this phenomena. 

V. Conclusions 

A new technology was developed for quickly, easily, and affordably creating ceramics 

with controlled microporosity and macroscale geometric complexity for bioengineered and 

biologically-inspired structures. This technology combines advanced ceramic gelcasting 

technology with geometrically complex, multi-piece mold manufacture, and was demonstrated 

by creating Replamineform Inspired Bone Structures (RIBS). Activated carbon particles caused 

an linearly increasing percentage of closed porosity with increasing carbon content due to its 

adsorptive behavior.  Graphite as the pore-forming agent resulted in a more open network of 
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pores due to its less adsorptive potential, with the percentage of closed porosity not changing 

appreciably as the level of total porosity increased. Both types of carbon result in total porosity 

levels of up to 35% that increased with carbon content in a manner that indicated the residual 

porosity from the burned out carbon was not being consumed during sintering. 

The structural performance of the RIBS was studied by conducting compression tests on 

a bone structure fabricated with 35% total porosity from the activated carbon and another 

fabricated with no pore-forming agents.  These tests indicated that the 35% porous structure 

formed from activated carbon had 1/8 the strength, 1/5 the stiffness, and 40% less total 

deformation than the 13% porous structure with no pore-forming agents. The reduction in 

stiffness was consistent with a model developed from microscale finite element analysis of 

overlapping solid spheres that produce microstructures similar to those observed in these 

specimens. Furthermore, the increased porosity of the material permits axial cracks to grow and 

bifurcate more easily at substantially reduced deformation and load levels. 
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 Figure Captions 

Figure 1. (a) Graphite and (b) activated (amorphous) carbon powders used as pore-forming 
agents in the gelcasting process. 

Figure 2. Bone generation process using a multi-piece polyurethane mold automatically 
generated from a 3-D image of a real bone using new geometric algorithms to select appropriate 
cutters for machining the mold. 

Figure 3. Total porosity obtained versus relative powder weight percent of carbon indicating that 
the porosity associated with the carbon is retained after it is burned out. Predictions of the total 
porosity for carbon particle densities of 1.6 and 2.2 g/cc are shown, along with polynomial fits to 
the experimental data. 

Figure 4. Microstructures for (a) no pore-forming agent, (b) 10 wt. % of graphitic pore-forming 
agent, and (c) 10 wt. % of activated carbon pore-forming agent indicating more open porosity 
with the graphitic pore-forming agent and more. 

Figure 5. Percentage of closed porosity versus total porosity indicating the low levels associated 
with graphite, and the linearly increasing level associated with activated (amorphous) carbon.  

Figure 6. Compression test data for RIBS specimens showing an 88% decrease in strength, 80% 
decrease in stiffness, and 40% less deformation when the replamineform inspired porosity is 
increased from 10% to 35%. 

Figure 7. Failure of (a) 35% porous and (b) 10% porous surrogate bone specimens during 
compression test indicating more bifurcated axial crack growth due to higher porosity content. 
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