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Abstract Hydroxyapatite (HA) has been studied in many fabrication techniques
for skull reconstructive material. In previous studies, the study has accomplished
fabricating the HA through the conventional slip-casting technique. The study
revealed that it is challenging to control the casting due to the fast-drying com-
position of HA when dispersed in sodium hexametaphosphate. Through another
observation on titanium mesh application for skull reconstruction and characteristic
of slip-soaked fiber, the study proposed a similar technique by combining these
study findings. Fiber mesh material, soaked in HA slip, could have the potential to
duplicate the application of titanium mesh. However, the study parameters, espe-
cially the selection of the fiber mesh material and the desired thickness, need careful
rationalization.

Keywords Slip-soaked fiber � Fiber mesh � Hydroxyapatite � Fiber structure � Slip
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1 Introduction

Hydroxyapatite (HA) is one of the most often considered substitutes for bone.
There were various studies on its method application with attempts to produce
porous structures. This includes ceramic foam technique, polymeric sponge
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method, gel casting of foams, starch consolidation, microwave processing, cement
paste, slip casting, and spray drying [1]. This fabrication method will play a sig-
nificant role towards particular application of the synthetic bone. Among the most
utilized methods of fabrication is through colloidal processing such as the
tape-casting, gel-casting, or slip-casting technique [2–5]. Colloidal processing
especially slip casting has been notable to be among the applicable methods to
construct complex forms [6].

Manufacturing and fabricating are among the design considerations in most
product design [7]. The ease of fabricating factors may be influenced by the method
and materials used [8]. This strategy is also applicable in ceramic design studies,
where possible method options are constrained by the material’s limit as summa-
rized by research [9], based on the compatibility matrix suggested by Boothroyd
et al. [10]. These researchers classified the fabricating method into three categories
consisting of primary, primary and secondary, and tertiary processes. A process that
is capable of producing the main component form is considered the primary pro-
cesses, and casting falls under this category [11]. The second process category
defines the method that can be achieved by producing the main shape of a com-
ponent with improved features [12]. On the other hand, the finishing processes of a
component are considered the tertiary processes [9, 10]. A product that can be
fabricated with optimum performance and be cost effective would be the main
requirement to compete in the current market scenario. Therefore, design consid-
eration should be evaluated in a systematic way to assist designers in selecting the
appropriate materials and fabricating method.

In a previous paper, the author has studied the casting ability of HA material
with the conventional slip-casting method. This casting method successfully pro-
duced a semi-sphere cast form that has the potential for frontal cranial recon-
struction design.

2 Issues of HA Slip Casting

2.1 Cast HA

In the previous work, the synthesized HA obtained based on the microwave syn-
thesis technique referred to a study [13] and was castable in semi-sphere form in
order to replicate the general frontal skull, although in actuality the radius curve
would require some alteration. This form was also applied in a similar study [14].
The cast HA was also successfully sintered at the temperature of 1100 °C.

The HA samples were cast with two different techniques, solid casting and also
hollow casting. The dispersion agent used in this HA slip was sodium hexam-
ethaphosphate (NAPO3)6. The casting approach was the conventional slip-casting
technique that did not involve any compression mechanism. The drawback of this
method was it produced uneven casting thickness due to the fast-drying HA slip.
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Thus, in this chapter, the author would like to propose incorporating fiber
material and form structure in the achieved HA slip. Fiber composite materials are
widely used to reinforce strength in bone substitute development [15]. Although it
seems that in the case of applications for frontal skull reconstruction, load bearing is
almost not required, the fiber structure could aid in achieving the mesh-like
structure.

2.2 Conceptual Casting Methods

Mesh structure could achieve precise architecture in a study conducted on patients
of cranial reconstruction compared to normal bone grafts. This is due to the certain
cranial contour that needs to be accomplished [16]. Mesh structures are normally
produced with titanium material. It is commonly used in cranial surgery, as per
Fig. 1. However, unlike HA, although titanium is a bioactive material, it is not able
to develop as natural bone throughout time. An ideal bioactive material should be
able to become natural bone as it tolerates and encourages bioactivities to take place
in the body [1].

A technique on fiber material soaked with ceramic slip was shared by Robin
Hopper, as applied for his art piece decoration [17, 18] and managed to retain the
structure after sintering. Another similar method was also reported as the main body
of a ceramic lamp. In this study, the fiber used was treated by scouring and
bleaching leaving the fiber up to 90 % cellulose before it was soaked with ceramic
suspension. This method concluded that the application may not be appropriate for
intricate forms due to its low endurance [19, 20].

Based on this evidence, it may be possible to apply this method to replace the
slip-casting technique in the HA that was employed in the previous work. This is
due to the uncomplicated form of the frontal skull itself. However, based on several

Fig. 1 Burr hole being
covered with titanium mesh in
a cranioplasty surgery.
Courtesy of Dr. Ahmad Khan
bin Ibrahim Khan,
Neurosurgeon Consultant,
KPJ Johor Specialist Hospital
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studies on cranial reconstructive work, it would be a huge advantage if the
dimension of the specific area were able to be comprehended before the surgery.
This is due to the appearance of aesthetic [21, 22] imperfection that could occur by
the nonconforming surface on the application area. Such a consequence may occur
if the curvature of the implant does not fit well to the original skull [23].

Arising from this point, it relates back to the importance of design and fabri-
cation of a product. Therefore, in this work a conceptual study of fiber-soaked HA
slip technique is proposed as another technique for skull reconstructive design. In
the ceramic sintering process, it was acknowledged that organic materials such as
carbon, inorganic carbons, or sulphate would burn off at about the temperature of
900 °C, leaving the structure influenced by the organics deposited in the clay [18].
This information is in line with the sintering temperature for the obtained HA in the
previous study, where the samples were sintered at the temperature of 1100 °C.

3 Proposed Technique

In this study, fiber mesh is proposed to replace the role of the plaster of Paris mould
in the slip-casting process. However, prior to that, the dimensions of the mesh
opening need to be determined. This is important in order to predict the allowances
for the bioactive when implanted in the human body. The porosity distribution is
the main aspect of design consideration in bone graft applications. Each porosity
dimension character carries a certain ability, where small surface pores could
constrain body fluid movement and reduce bio performance [20]. A study revealed
that in order to enable surrounding bone augmentation as well as blood distribution,
the minimum requirement is between 100–150 µm for macrospores, whereas 50 µm
pores are acceptable for osteoconductivity [23].

Similar to the slip-casting absorption mechanism, this technique will manipulate
the advantage of the fiber character to absorb the slip to the fiber mesh. In slip
casting, the plaster of Paris porosity facilitates the withdrawal of water from the slip
leaving the form [24], and this is known as capillary action. The slip-casting
technique is an advantage especially in producing intricate forms. However, for a
less-complicated radius curve such as the frontal skull, we propose that the soaked
fiber mesh be placed on a semi-sphere template to copy and achieve the intended
curve. This is referenced from a study that reveals a similar template approach [25],
known as “contouring mould shaping” (see Fig. 2).

The common aspects of these techniques are it requires the liquid to be elimi-
nated through dehydration and form a green body. Careful actions need to be taken
by ensuring the slip has been fully absorbed into the fiber mesh. Failure in this
could lead to “nonsoaked” fiber and break the mesh chain threads once sintering is
conducted.
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The parameters of studies should include the thickness of fiber required to
achieve appropriate skull thickness. This would also include the shrinkage per-
centage of the soaked fiber after the sintering process [26]. Careful consideration
needs to be given to rationalization as the mesh opening could be affected by the
shrinkage rate. Another factor that needs to be considered is the fiber material
selection itself as the material may vary in its absorption ability, the mesh opening
as well as the thickness of the thread. Lastly, to achieve the desired specific form or
shape using the contouring mould shape approach, the accuracy of the radius curve
needs to be addressed [26, 27].

4 Summary

HA slip casting is a promising material for skull reconstructive work. Many aspects
have been studied including the design engineering, the fabrication, and the
material selection such as the HA composition itself. Based on the findings from
previous attempts on HA slip casting, the study proposed another approach to
fabrication by replacing the slip-casting technique with slip-soaked fiber to achieve
the titanium mesh structure that is commonly used in cranial reconstruction surgery.
The technique has potential, based on the findings of previous studies with similar
approaches. This new technique was anticipated to counter the challenges of
uneven casting thickness faced in previous studies.
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Fig. 2 Contouring mould-shaping technique
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