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ABSTRAK : Penggunaan CAD dan Rapid Prototyping da/am pembedahan telah 

memberi faedah kepada pakar bedah dan pesakil Data imej 2 dimensi pesakit 

ditukarkan ke data 3 dimensi untuk diperlakukan se/anjutnya dan model anatomi yang 

dihasi/kan o/eh kaedah Rapid Prototyping membekalkan maklumat sentuhan yang bo/eh 

digunakan oleh pakar bedah untuk menentukan jenis penyakit dan merancang rawatan 

dan operasi pembedahan. Satu kajian kes penggunaan CAD dan RP da/am rekabentuk 

dan pembuatan imp/an untuk digunakan da/am pembedahan tengkorak diterangkan. 

Hasil dari kaedah ini ia/ah penge/uaran satu acuan yang digunakan untvk membentuk 

jaring titanium bagi penghasilan imp/an yang cocok dengan pesakil Kaedah ini dapat 

membantu meningkatkan keberkesanan dan produktiviti pakarbedah dan menjimatkan 

masa pembedahan keseluruhan. 

ABSTRACT : The use of CAD and Rapid Prototyping in surgery has benefited both 

surgeons and patients. 20 image data of patients is converted to 3D CAD data for 

further manipulation and anatomic models produced by rapid prototyping technique 

provide tactile information that can be used by surgeons to diagnose and plan the 

freatment and surgical operation. A case study of the application of CAD and RP for 

design and fabrication of implant used in craniofacial surgery is described. The result 

of this process is the production of a mould that is used to press form titanium mesh 

into a ready to use implant, which fits nicely to the patient. The approach has increased 

the effectiveness and productivity of surgeons as well as improved the overall surgery 

time. 
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INTRODUCTION 

The engineering community has utilised CAD/CAM systems to speed up the design and 
production processes, improve quality and reduce cost of products. Rapid Prototyping (RP) 
has been used by industries to produce prototypes for design verification, analysis and testing 
of form, fit and functionality. These systems have proven to be indispensable and strategic in 
many sectors of industry and have profoundly changed the way designers and engineers do 
their jobs in the competitive environment. They have reduced human related errors in the 
manufacturing process which result in the efficient use of resources and increase in productivity. 
However, the application of CAD and RP in surgery can be considered as a relatively new 
phenomenon especially in developing countries like Malaysia. 

This paper describes the application of CAD and RP in the design and production of custom 
surgical implant for craniofacial reconstruction. A case study of the application is illustrated in 
the reconstruction of a skull of an accident patient. The focus of this paper is on the engineering 
aspect of the application of CAD and RP. 

APPLICATION OF CAD AND RP IN SURGERY 

Surgery normally involves long and complex procedures and requires both quantitative and 
qualitative knowledge of the anatomy prior to the actual surgical procedures. To avoid failure 
in surgery, preoperative planning are undertaken where surgeons evaluate and plan the surgery, 
an activity similar to the process planning carried out by manufacturing engineers prior to 
production processes. In conventional practice, preoperative planning is done manually using 
2D images from various sources such as x-ray films, Computer Tomography (CT) scanner or 
Magnetic Resonance Imaging (MRI) machine. Surgeons have to rely on their skills and 
judgements, usually based on past experience and case studies to envision the actual 
pathologic processes represented by these images. For example in craniofacial surgeries, 
surgeons have to study 20 images of skulls in frontal, sagittal or other views obtained from x
ray and CT scan processes and manually plan the steps necessary to undertake surgery and 
correct the deformities. If the surgery involves the insertion of implants, surgeons have to use 
their experience and skill to manually design and mould the implants so that they can fit nicely 
to the patients. As 2D images only provide limited view, the manual preoperative surgical 
planning approach usually results in uncertainties and surgeons cannot get a clear idea of the 
surgery well before he/she actually performs it. Due to the trial and error approach to "fix" the 
patients, it is difficult for surgeons to predict the outcome of surgical operation and consequently, 
they spend longer time than necessary during the operation, with uncertain outcomes that 
may jeopardise the patient. 
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CAD has been used to convert 20 images obtained from medical image processing of x-ray, 
CT scans or MRI in the understanding and visualisation of complex human anatomy such as 
the skull and bone. Accurate 30 images of bones (hard tissues) or their surfaces (soft tissues) 
have been used by clinicians and surgeons for a variety of applications such as visualisation 
of a specific anatomy, diagnosis, surgical planning, customised implant design, prosthesis 
production and treatment planning. More advanced application of CAD enables surgeons to 
visualise the surgical site by providing interactive and intuitive access to surgical or anatomical 
images during the course of surgical procedure. This enables surgeons and the teams to 
clearly and objectively assess and plan operations. RP techniques allow the building of complex 
physical models of a patient's anatomy from the 30 images generated in CAD systems. Several 
RP processes are available for the production of anatomical models, depending on the intended 
application (Society of Manufacturing Engineers, 1997). Stereolithography (SLA) is the best 
known and commonly used RP technique that caters for a variety of applications. SLA builds 
models layer-by-layer by laser scanning of a light sensitive resin in the area defined by the 
object's cross-section such as a human bone structure. 

The application of CAD and RP in clinical and surgical environments has paved the way for 
many new and innovative procedures that benefit surgeons and patients. Several studies 
had been conducted on the use of CAD and RP, especially SLA in surgery. D'Urso eta!. 
(1998) reported the use of SLA to create models of 40 patients with complex craniofacial 
abnormalities. The models were used for patient education, diagnosis and operative planning. 
Muller et al. (2003) conducted a study to assess the utility of RP models in craniofacial 
reconstruction and preoperative planning in neurosurgery. Other studies have been conducted 
by Jans, et al. (1999), Pou kens et al. (2003) and Lin et al. (2001 ). Other examples of work 
on the use of CAD and RP in surgery have been reported (James et al., 2000; Arvier eta!., 
1994; Muller et al., 2003). In implant design, D'Urso et al. (2000) used SLA to produce 
custom cranioplastic implants for 30 patients. 

Special needs in surgery has also spurred new and innovative applications in RP such as 
colour SLA (Wouters, 2001) that enables surgeons to view blood veins and the exact location 
of tumours in the body parts through physical models. All published studies show that the use 

_ of CAD and RP models can refine the accuracy of diagnostic information, facilitate preoperative 
planning and surgical technique and reduce operating time. This concurs with the survey 
result conducted by Erickson et al. (1999) which showed that most surgeons found SLA 
models useful in all phases of planning and implementation of surgical procedures. The survey 
result also found that SLA models are beneficial in the fabrication of custom implants and 
surgical devices and 30 models generated by CAD and RP enable new procedures for difficult
to-treat deformities to be planned more accurately. Patients were believed to have better care 
because surgeons had more knowledge of their anatomy before surgery. 
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CASE STUDY OF CRANIOFACIAL RECONSTRUCTION 

Craniofacial surgery involves surgery of the facial and cranial skeleton and soft tissues to 

correct congenital deformities or for the treatment of cranial defects or deformities caused by 

trauma, cranial bone tumours, infected craniotomy boneflaps and external decompression or 

for cosmetic reasons. The aim of craniofacial surgery is to rebuild the head and facial structures 

of patients with craniofacial problems. It is a complicated and risky endeavour involving intricate 

procedures that demand the skills and experience of craniofacial surgeons, neurosurgeons, 

oral surgeons, ophthalmologists, and ear, nose, and throat specialists, among others. The 

process almost always involves multiple major surgeries, some of which are still experimental 

and with unpredictable results. 

The case study presented in this paper describes a reconstruction of the fractured skull of a 

patient who has been involved in an accident. The patient had a large frontal cranial defect 

that extended to the left eye orbital, as shown in Figure 2. The objective of the project was to 

design an implant that fits nicely into the patient's large cranial cavity and produce it using a 

titanium mesh. 

In traditional approach, patients are shaved and an alginate impression of the defect is taken. 

A positive cast is poured in stone in order to fabricate the plate. Although results have been 

satisfying, precise fitting of the cranioplasty could not be achieved due to lack of accuracy of 

the manufacturing process. Depending on the complexity of the defect, traditional process is 

usually time consuming as the implant fittings are difficult to produce. The trial and error 

approach also affects the operation time due to extra efforts needed to compensate the bad 

fitting of the marginal contours. 

Figure 1 shows the overall workflow for the design and fabrication of titanium implant using 

CAD/RP approach. The process started with raw data of the patient obtained from CT scan, 

with a 1.5mm section interval, 1 mm section thickness in spiral mode and a 512 x 512 matrix. 

The data was converted to a 30 CAD image through DICOM translator and viewed in MIMICS 

software where anatomical structures of hard tissues of the skull were identified by means of • 

gray level thresholding and then elaborated for 30 visualisation (Figure 2). Further manipulation 

of the 30 data was done using MAGICS software in which the "normal" half of the skull was 

used as a reference and was mirrored to obtain the symmetry of the face (Figure 3). The 

resultant mirror image was used to design the implant that fitted nicely to the fractured part of 

the skull (Figure 4). This data was then converted to an STL format to be sent to the SLA 

machine. The latter produced a 30 physical model of the patient's skull and the implant with 

excellent details. Further curing in an UV oven ensured the prototype models were completely 

solidified (Figure 5). 
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Figure 1. Process flow of design and fabrication of implant 

Figure 2. 30 Wew of fractured skull Figure 3. Mirror image of normal face 

Figure 4. 30 Image of implant Figure 5. RP Model of skull 
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The skull and implant models produced by SLA were fitted together and checked for both form 
and fit to ensure that there was no gap or improper fitting due to cavities on the skull, as 
shown in Figure 6. In severe cases as illustrated in this case study, a fit implant could not be 
obtained directly and thus manual intervention was introduced whereby the cavities were 
covered using a hand crafting technique. A new set of 30 CAD data of implant has to be 
generated, as the original CAD data had been modified. This was done by scanning the 
modified implant using a laser scanner and the scanned data was used to reproduce another 
implant prototype using the SLA process. The resultant implant was again tested for form and 
fit with the skull model. This time it showed a near perfect fit without any cavity between the 
implant and the skull. The implant prototype was used as a pattern to produce an epoxy
based mould (Figure 7). A titanium implant was formed using a hydraulic press that shaped 
the titanium over the epoxy mould, as shown in Figure 8. The finished titanium mesh implant 
was tested on the 30 skull physical model, and a good fit was obtained (Figure 9). 

Figure 6. Atting implant to skull model Figure 7. Core and cavity for titanium mould 

Figure 8. Titanium mesh Figure 9. Atting titanium mesh to skull model 

6 



Application of CAD and SLA for Design and Development of Titanium Mesh Implants 

RESULTS AND DISCUSSION 

The titanium mesh was successfully fitted to the patient with a good fit that matched the 

normal facial condition. Due to the accuracy of CAD and RP models the surgeons had a good 

understanding of the cranial defect and precise fitting implants could be fabricated in order to 

re-establish skull contours. The excellent fitting also provided the surgeons with the opportunity 

to attempt new fixation technique of the implant that contributed to the significant reduction in 

operating time. The case study shows that creating 30 CAD and RP m.odels from 20 CT scan 

image of complex skull structure data provides a valuable tool to surgeons to successfully 

plan, design and fabricate the surgical implant. Although in this instance the fit could not be 

obtained the first time, this could be improved with further manipulation of CAD data. 

Nevertheless, the surgeons were satisfied with the outcome as the time taken to produce the 

implant was significantly shorter and the quality of the design of titanium implant was very 

much better than those produced manually. The surgical rehearsal done by surgeons on the 

prototype models resulted in acceleration of the surgical planning procedures, reduction in 

operative time and costs and improved clinical procedures as well as providing higher level of 

confidence to the surgical team. Through these models, surgeons were able to show and 

explain to the patients the surgical process and the expected outcome of the reconstruction 

process. This improvement in communication provided confidence to the patient prior to the 

surgery. 

CONCLUSION 

CAD and RP systems, tools traditionally used in manufacturing activities have enormous 

potential to be further applied to augment the ability of surgeons to plan and carry out diagnosis, 

surgical rehearsals and procedures and plan for treatment. Surgeons are able to develop 

optimised intervention plans, register preoperative data to the actual patients in the operating 

room and execute accurately the planned interventions. Besides providing an effective tool 

for preoperative planning, the use of CAD and RP allows surgeons to plan other aspects of 

surgery such as the cutting path for manufacturing implants, determine the size of the implants 

and planning alternative surgical approaches. The tools allow the design and production of 

implants that enable surgeons to rapidly produce 30 models to obtain better case information 

that consequently lead to reduction in operating time, enhancement of patient and physician 

communication and improvement in patient outcomes. The models helped to improve the 

craft skills of the clinicians and surgeons. In general, the approach offers an accurate, reliable 

and practical alternative to the traditional method. 

CAD and RP offer very promising future and provide good testbeds for future collaborative 

interdisciplinary work in the application of advanced high technology in clinical and surgical 

fields. The benefits realised from the integration of advanced digital technologies with surgical 
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practice application result in improved procedures and better communication among surgical 
team members and between surgeons and patients and the eventual result is the increase in 
productivity of the surgical process. 
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