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In conventional cephalometrics, the face and cranium
are measured by locating various landmarks and

measuring distances between them. Computing these
data makes them more than a mere listing of mathe-
matic and geometric lines and circles.1 When at-
tempting to restore a face with a prosthesis, the pros-
thesis should ideally be customized to restore the
anatomy as closely as possible.2 In so doing, it may be
helpful to have a priori knowledge of average values
for each index and use these values to help construct
a prosthesis of the appropriate size and shape.
However, individual proportion indices vary from the
average, so where the defect is unilateral it is more
practical to compare and duplicate proportions from
the nondefect side. This process can be difficult and
time consuming and demands a high level of artistic
skill to form a mirror image and achieve a good 

Purpose: The purpose of this study was to compare the accuracy, required time, and
potential advantages of rapid prototyping technology with traditional methods in the
manufacture of wax patterns for two facial prostheses. Materials and Methods: Two
clinical situations were investigated: the production of an auricular prosthesis and the
duplication of an existing maxillary prosthesis, using a conventional and a rapid
prototyping method for each. Conventional wax patterns were created from impressions
taken of a patient’s remaining ear and an oral prosthesis. For the rapid prototyping
method, a cast of the ear and the original maxillary prosthesis were scanned, and rapid
prototyping was used to construct the wax patterns. For the auricular prosthesis, both
patterns were refined clinically and then flasked and processed in silicone using routine
procedures. Twenty-six independent observers evaluated these patterns by comparing
them to the cast of the patient’s remaining ear. For the duplication procedure, both wax
patterns were scanned and compared to scans of the original prosthesis by generating
color error maps to highlight volumetric changes. Results: There was a significant
difference in opinions for the two auricular prostheses with regard to shape and esthetic
appeal, where the hand-carved prosthesis was found to be of poorer quality. The color
error maps showed higher errors with the conventional duplication process compared
with the rapid prototyping method. Conclusion: The main advantage of rapid
prototyping is the ability to produce physical models using digital methods instead of
traditional impression techniques. The disadvantage of equipment costs could be
overcome by establishing a centralized service. Int J Prosthodont 2004;17:454–459.
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esthetic match. Similarly, patients with existing pros-
theses may need frequent replacements because of
color changes, loss of fit, tearing, aging, contamina-
tion of the material, and general wear. Conventional
duplication procedures are often unreliable and in-
accurate, as errors may occur at any one of many
stages during production.

The advent of computerized tomography (CT) and
magnetic resonance imaging (MRI) with three-di-
mensional representation of human anatomy3 has
opened up new perspectives for design and produc-
tion in the medical field.4–7 Computer manipulation of
the data allows for mirroring or modifications to es-
tablish the exact dimensions needed,8 and a computer
numeric controlled (CNC) milling machine can be used
to manufacture a template for the final prosthesis.9

CNC milling, however, is limited by difficulties en-
countered when trying to replicate the complex
anatomy of internal features.10,11

The development of rapid prototyping (RP) systems
has led to the creation of customized 3-D anatomic
models that exhibit a level of complexity unknown with
CNC-based equipment,12,13 primarily because RP
methodologies use an additive process of building an
object in layers defined by a computer model that has
been virtually sliced.14 This allows for production of
complex shapes with internal detail and undercut
areas.15 One such method is stereolithography, which
produces 3-D objects by curing a liquid resin under a
computer-guided laser.16 A newer system is the
Thermojet printer (3D Systems), which operates as a
network printer and uses wax as the building mater-
ial. The advantage of such a system is the ability to cast
directly from a wax model.

By incorporating 3-D scanning as a modeling tech-
nique, the user obtains a digital model of the proposed
anatomic part. The digital data can then be digitally ma-
nipulated to create contact-free reproduction of facial
surface features,17–19 mirror anatomic parts, and pro-
duce models in various scales to compensate for pa-
tient growth or material distortions.3

This investigation set out to compare conventional
fabrication techniques with an RP technique for pros-
thesis production in two clinical situations: the pro-
duction of an auricular prosthesis, and the duplication
of an existing maxillary prosthesis.

Materials and Methods

Auricular Prosthesis

Impressions were taken of the defect area and the pa-
tient’s remaining ear using an irreversible hydrocolloid
material (Blueprint Cremix, Dentsply/DeTrey). A fast-
setting plaster (Plastogum, Bosworth) was poured over

the impression to support it before removal. Casts were
poured from both impressions.

For the conventionally fabricated prosthesis, a mir-
ror-image wax copy of the patient’s remaining ear was
produced by hand in the laboratory and adapted to the
model of the defect side. It was then refined at chair-
side to ensure correct orientation, angulation, size, and
shape (Fig 1).

For the RP prosthesis, the Breuckmann Optotop sys-
tem was used to scan the cast poured from the im-
pression of the patient’s remaining ear. Several mea-
surements were made, and the scanned data were
registered to create a volumetric model. The same
process was followed for the cast of the defect side (Fig
2). Global registration and merging of the model was
performed using Polyworks software (InnovMetric
Software). The digitized models of both the defect and
remaining ear were imported into the FreeForm software
system (SensAble Technologies) to create a virtual
model of the required prosthesis, with the mirrored dig-
ital image of the remaining ear adapted to the image of
the defect (Fig 3). A prototype of the prosthesis was then
grown on a Thermojet printer (Fig 4) and refined clini-
cally by adapting it to the patient as for the conventional
wax prosthesis. Both the conventional and RP-gener-
ated auricular wax models were flasked and processed
in silicone material (Cosmesil, Principality Medical) ac-
cording to routine procedures (Fig 5).

Fig 1 Hand-carved auricular prosthesis at try-in.
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Maxillary Duplication Prosthesis

For the conventional duplication technique, an im-
pression of the prosthesis was made using dental lab-
oratory putty (Coltène, Coltène/Whaledent) and an ir-
reversible hydrocolloid. Wax was poured into the
impression and allowed to cool and harden. For the RP
duplication procedure, the Breuckmann Optotop sys-
tem was used to scan the prosthesis (Fig 6), and the
various scans were aligned to create a digital reverse-
engineered prosthesis. The digitized model was grown
on the Thermojet printer. This method eliminated the
impression-taking and wax-pouring stages and thus
reduced the number of stages where errors could
occur. Both wax prostheses were scanned, along with
the original prosthesis, using the Breuckmann Optotop
system to compare them. Color error maps (Fig 7) were
generated using Raindrop Qualify software (Raindrop

Geomagic). This process performs a volumetric com-
parison and uses a series of colors to indicate the er-
rors between the digital models.

Evaluation

All prostheses were evaluated in terms of quality, ac-
curacy, time taken, and ease of production as follows.

Quality (for ear prosthesis). Twenty-six indepen-
dent observers, who were untrained and randomly se-
lected to represent the general public, were given the
plaster cast of the patient’s remaining ear and asked to
compare each prosthesis to the cast and evaluate it in
terms of overall shape, anatomic detail, size, esthetic ap-
peal, and resemblance to the cast. They were asked to
rate each feature on an ordinal scale of poor, fair, av-
erage, good, and excellent, with 1 being poor and 5

Fig 2 Scans of the casts of the defect (left) and patient’s
remaining ear (right).

Fig 3 (right) Mirrored digital image of remaining ear
adapted to image of defect.

Fig 5 Silicone prostheses from conventional model (left) and
RP-generated model (right).

Fig 4 Wax model grown on Thermojet printer.
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being excellent. They were blinded as to the nature of
the production process involved in each case. The data
were analyzed for statistical comparison. The chi-
square test was used to determine whether opinions
were significantly different between the two prosthe-
ses. The level of significance chosen for the statistical
analysis was P = .05.

Accuracy (for duplication procedure). To generate
the color error maps, the two models were digitally
aligned with the scan of the original prosthesis. The
computer highlighted all volumetric changes in various
colors according to a set color scale. The mean and
minimum volumetric errors were then calculated for
each model and compared. This showed the accuracy
of both duplication processes.

Time. The total time taken to make the conventional
prostheses was compared to that taken for the RP
process, taking into account scanning, digital pro-
cessing, and RP time for the latter.

Ease of production. Ease of production was assessed
qualitatively by questioning the clinician and techni-
cians involved in both processes.

Results

Quality (Auricular Prosthesis Evaluation) 

Because of the small number of fair and poor re-
sponses, these data were merged (Table 1). When
comparing shape and esthetics, there was a significant
difference in opinions between the two prostheses (P
� .05), in favor of the RP-generated ear. There was no
significant difference for comparisons of anatomy, size,
or resemblance to the cast.

Accuracy (Prosthesis Duplication Procedure)

Color error maps (Fig 7) highlighted the volumetric
changes in both wax models compared with the orig-
inal prosthesis. Both models had relatively small errors,

Fig 6 (left) Prosthesis used for duplication procedures (coated
to aid imaging).

Fig 7 (below) Color error map.

Table 1 Evaluation of Hand-Carved (A) and RP-Generated (B) Ear Prostheses

Excellent Good Average Fair Poor
Feature A B A B A B A B A B

Shape 12 28 46 54 30 4 12 0 0 4
Anatomy 9 24 35 34 35 19 12 4 9 9
Size 34 42 54 58 12 0 0 0 0 0
Esthetics 9 31 38 54 45 7 4 4 4 4
Resemblance to cast 4 23 35 58 15 8 42 7 4 4
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but the conventional process had higher mean errors
(0.54 mm, standard deviation 0.48 mm, maximum 2.70
mm) than the RP method (0.33 mm, standard deviation
0.36 mm, maximum 2.57 mm).

Time

Five to six hours were spent producing a conventional
auricular wax prosthesis, compared with 3 to 4 hours
needed to digitize the models and process them in the
FreeForm system plus an additional 2 to 3 hours of build
time for the RP production. For duplication purposes, no
modeling was required; duplication took 45 minutes for
scanning and 3 hours 42 minutes for prototyping. 

Ease of Production

Conventional dental techniques depend on the skill, ex-
pertise, and experience of the clinician and techni-
cian, and results are often less than satisfactory. In con-
trast, the computer-generated procedures, although
relying on trained operators to set up the procedure,
result in a fabrication process governed by computer.
In this study, the latter were superior in terms of accu-
racy, quality, time taken, and ease of production. The
main negative features of the computerized process
were the high costs involved and the need for trained
staff to use the software and scanning apparatus. 

Discussion

Various techniques have been used to fabricate wax
patterns of auricular prostheses,20–22 which are then re-
fined clinically.23,24 Most are difficult and time con-
suming and rely on a high level of artistic ability.11

Although the hand-carved ear used in the present in-
vestigation was considered by all to be of a high stan-
dard, the majority of respondents favored the RP pros-
thesis for all features investigated. The haptic device
with the FreeForm system still allows some degree of
artistic control, as the 3-D model is virtually manipu-
lated, giving the user the sense of touch to smooth and
finish the virtual clay model.25

The conventional duplication process involves many
steps during which errors can occur, as was seen by
the 0.21-mm greater error found in this study. This
level of accuracy may not be crucial for the majority of
dental applications, but it could be in clinical situations
where an accurate fit to natural teeth or osseointe-
grated implants is needed. The optical scanning sys-
tem used in this investigation removed the previous lim-
itations in this type of model production resulting from
the CT layer thickness of 1 mm.

Limitations to the use of RP technology include the
high cost of the equipment,26 complicated machinery
needed, and reliance on special expertise to run the
machinery during production. However, the capital
outlay needed to set up the system may be reduced by
establishing a centralized service for a state, country,
or even continent in the case of Africa. The expense
could be justified in light of the many other medical ap-
plications that could benefit from the RP process, in-
cluding the following:

• Manufacture of surgical stents for patients with
larger tumors scheduled for excision. These can be
made directly from the patient’s existing CT or MRI
scans, without the need for impression taking.

• Production of study models prior to surgery, which
would allow for presurgical planning.

• Fabrication of custom-made implants prior to
surgery (Fig 8), which would shorten operating
times and provide a more accurate result.27,28

• Fabrication of burn stents, where the burned area
can be scanned rather than subjecting the delicate,
sensitive burn tissues to impression-taking proce-
dures.

• Manufacture of lead shields to protect healthy tis-
sue during radiotherapy treatment.

Conclusion

RP technology can produce physical models without
molds or dies using digital methods. External imaging
techniques such as the Breukmann Optotop system
offer better accuracy than CT, especially where there
is complex anatomy, such as an ear, and they do not
require additional interpolation for volumetric model-
ing between the slices. The use of haptic software such
as the FreeForm system with the phantom haptic de-

Fig 8 RP-generated skull implant prepared on dry skull
specimen.
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vice allows the user to interact with the model through
the sense of touch and make adjustments in the size,
shape, and scale of the model before tooling the final
product. In addition to speed, other advantages in-
clude the fact that most 3-D systems are additive meth-
ods that allow for production of models that would
have been impossible to create by traditional methods.
For widespread use, the equipment must become more
cost effective and easier to use, and it must occupy a
smaller space. In the meantime, hospitals and clinics in
similar geographic areas could consider the establish-
ment of a centralized service.

References

1. Farkas LG, Munro IR. Anthropometric Facial Proportions in
Medicine. Springfield, IL: Thomas, 1987:5–8.

2. D’Urso PS, Earwaker WJ, Barker TM, et al. Custom cranioplasty using
stereolithography and acrylic. Br J Plast Surg 2000;53:200–204.

3. Heissler E, Fischer FS, Bolouri S, et al. Custom-made cast titanium
implants produced with CAD/CAM for the reconstruction of cra-
nium defects. Int J Oral Maxillofac Surg 1998;27:334–338.

4. Meinzer HP, Thorn M, Vetter M, Hassenpflug P, Hastenteufel M,
Wolf I. Medical imaging: Examples of clinical applications. ISPRS
J Photogramm Rem Sen 2002;56:311–325.

5. Mankovich N, Samson D, Pratt W, Lew D, Beumer J. Surgical plan-
ning using three dimensional imaging and computer modeling.
Otolaryngol Clin North Am 1994;27:875–889.

6. Petzold R, Zeilhofer HF, Kalender WA. Rapid prototyping technol-
ogy in medicine—Basics and applications. Comput Med Imaging
Graph 1999;23:277–284.

7. Sakas G. Trends in medical imaging: From 2D to 3D. Comput Graph
2002;26:577–587.

8. Potamianos P, Amis AA, Forester AJ, McGurk M, Bircher M. Rapid
prototyping for orthopaedic surgery. Proc Inst Mech Eng (H) 1998;
212:383–393.

9. Penkner K, Santler G, Mayer W, Pierer G, Lorenzoni M. Fabricating
auricular prostheses using three-dimensional soft tissue models.
J Prosthet Dent 1999;82:482–484.

10. McGurk M, Amis AA, Potamianos P, Goodger NM. Rapid proto-
typing techniques for anatomical modeling in medicine. Am R Coll
Surg Engl 1997;79:169–174.

11. Coward TJ, Watson RM, Wilkinson IC. Fabrication of a wax ear by
rapid-process modeling using stereolithography. Int J Prosthodont
1999;12:20–27.

12. Webb PA. A review of rapid prototyping (RP) techniques in the med-
ical and biomedical sector. J Med Eng Technol 2000;24:149–153.

13. Löppönen H, Holma T, Sorri M, et al. Computed tomography data
based rapid prototyping model of the temporal bone before
cochlear implant surgery. Acta Otolaryngol Suppl 1997;529:47–49.

14. Rimell JT, Marquis PM. Selective laser sintering of ultra high mol-
ecular weight polyethylene for clinical applications. J Biomed Mater
Res 2000;53:414–420.

15. Nagao M, Sohmura T, Kinuta S, et al. Integration of 3-D shapes
of dentition and facial morphology using a high-speed laser scan-
ner. Int J Prosthodont 2001;14:497–503.

16. Zhang G, Tsou Y, Rosenberger AL. Reconstruction of the ho-
munculus skull using a combined scanning and stereolithogra-
phy process. Rapid Prototyping J 2000;6:267–275.

17. Runte C, Dirksen D, Holger D, et al. Optical data acquisition for
computer-assisted design of facial prostheses. Int J Prosthodont
2002;15:129–132.

18. Cheah C-M, Chua C-K, Tan K-H, Teo C-K. Integration of laser sur-
face digitizing with CAD/CAM techniques for developing facial
prostheses. Part 1: Design and fabrication of prosthesis replicas.
Int J Prosthodont 2003;16:435–441.

19. Cheah C-M, Chua C-K, Tan K-H. Integration of laser surface dig-
itizing with CAD/CAM techniques for developing facial prosthe-
ses. Part 2: Development of molding techniques for casting pros-
thetic parts. Int J Prosthodont 2003;16:543–548.

20. Beumer J, Ma T, Marunick MT, Roumanis R, Nishimura R.
Restoration of facial defects, etiology, disability and rehabilitation.
In: Beumer J, Curtis TA, Marunick MT (eds). Maxillofacial Rehabili-
tation. Prosthodontic and Surgical Considerations. St Louis:
Ishiyaku EuroAmerica, 1996:401–403.

21. Nusinov NS, Gay WD. A method for obtaining the reverse image
of an ear. J Prosthet Dent 1980;44:68–71.

22. Lemon JC, Chambers MS, Wesley PJ, Martin JW. Technique for fab-
ricating a mirror-image prosthetic ear. J Prosthet Dent 1996;75:
292–293.

23. Wang R. Preoperative auricular wax pattern duplication for sur-
gical template fabrication. J Prosthet Dent 1999;81:634–637.

24. Kubon TM, Kurtz KS, Piro JD. Impression procedure for creating
a partial auricular prosthesis. J Prosthet Dent 2000;83:648–651.

25. Verdonck HWD, Poukens J, Overveld HV, Riediger D. Computer-
assisted maxillofacial prosthodontics: A new treatment protocol.
Int J Prosthodont 2003;16:326–328.

26. Sanghera B, Naique S, Papaharilaou Y, Amis A. Preliminary study of
rapid prototype medical models. Rapid Prototyping J 2001;7:275–284.

27. Sailer HF, Haers PE, Zollikofer CPE, Warnke T, Carls FR, Stucki P.
The value of stereolithographic models for preoperative diagno-
sis of craniofacial deformities and planning of surgical corrections.
Int J Oral Maxillofac Surg 1998;27:327–333.

28. Winder J, Cooke RS, Gray J, Fannin T, Fegan T. Medical rapid pro-
totyping and 3D CT in the manufacture of custom made cranial
titanium plates. J Med Eng Technol 1999;23:26–28.




	COPYRIGHT © 2004 BY QUINTESSENCE PUBLISHING CO, INC: 
	 PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY: 
	 NO PART OF THIS ARTICLE MAY BE REPRODUCED OR TRANSMITTED IN ANY FORMWITHOUT WRITTEN PERMISSION FROM THE PUBLISHER: COPYRIGHT © 2004 BY QUINTESSENCE PUBLISHING CO, INC. PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY. NO PART OF THIS ARTICLE MAY BE REPRODUCED OR TRANSMITTED IN ANY FORMWITHOUT WRITTEN PERMISSION FROM THE PUBLISHER.




