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Abstract: The capture of highly accurate data describing the complex surfaces of the human body
may prove extremely useful in many medical situations. The data provide a method of measuring
and recording changes to the surface of a patient’s soft tissue. The data may be applied to computer-
controlled manufacturing techniques, such as rapid prototyping (RP). This enables accurate physical
replicas of the patient topography to be produced. Such models may be used as an aid in the design
and manufacture of prostheses.

This paper describes an investigation aimed at identifying problems that may be encountered when
scanning patients and describes the application of the resulting data in the design and manufacture
of facial prostheses. The results of the experiment are presented together with a discussion of the
accuracy and potential advantages afforded by this approach.
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1 INTRODUCTION As the scanner depends on the observation of a pro-
jected fringe pattern on the object, problems are encoun-
tered when scanning transparent or highly reflectiveThree-dimensional surface scanning, or reverse engineer-
surfaces. These can be overcome by applying a fineing, has been used in industry for many years as a
powder that will give the object an opaque matt finish.method of integrating the surfaces of complex forms with
The process also means that the scanner can only collectcomputer-generated design data [1]. Non-contact scan-
data on surfaces within the line of sight. Areas that areners operate by using light and camera technology to
obscured or are at too great an angle to the line of sightcapture the exact position in space of points on the sur-
will not appear in the scan data. This is overcome byface of objects. Computer software is then used to create
moving either the object or the scanner and repeatingsurfaces from these points. These surfaces can then be
the process. Depending on the shape of the object manyanalysed in their own right or integrated with computer
scans may be necessary. The data from each of theseaided design (CAD) models. The scanner used in the
scans are then aligned using software to give a singlework described in this paper is an optical system that
coherent data set.uses a fringe pattern of white light and digital camera

Due to the very high accuracy of this type of scanner,technology to capture approximately 140 000 points on
nominally 0.05 mm, movement of the object should bethe surface of an object (Steinbichler USA, 40 000 Grand
avoided during scanning. Even small movements willRiver, Novi, Michigan). Scanners using this type of
cause noise and affect the quality of the resulting data.moiré fringe pattern have been used in the past in the
When scanning human body parts the problem of elimin-assessment of spinal deformity [2]. In this case the area
ating movement of the subject becomes more apparent.to be scanned is distinguished from its surroundings by
For the best results, the patient may have to be braced inaltering the contrast. For example, a white object may
a comfortable position during each scan, in this case forbe placed on a dark background and vice versa.
approximately 40 s. A similar system, being investigated
for use in measuring and recording changes in a patient’sThe MS was received on 19 November 1999 and was accepted after

revision for publication on 11 January 2000. topography, uses multiple cameras and a fast capture time
* Corresponding author: Design Engineering Research Centre,

to eliminate the problems associated with motion.University of Wales Institute, Cardiff, Western Avenue, Cardiff
CF5 2YB, Wales, UK. However, a smaller number of data points are captured at
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a slightly lower accuracy [3]. Other systems based on scan- system described above. Initial attempts at scanning the
face of the seated subject were poor due to slight involun-ning have been used to manufacture customized orthotics

for podiatric patients [4, 5]. To date the application of tary movement of the head. Therefore, a support was
fashioned from a block of polystyrene foam to locatecaptured surface data in the manufacture of facial pros-

theses has not been fully investigated. the back of the head and minimize movement. With the
subject thus supported in a semi-reclining position aThe human face offers many potential applications that

could exploit this technology. However, scanning human series of three scans were taken, each from a different
view point, similar to those shown in Fig. 1. A fourthfaces presents particular problems. A primary difficulty is

presented by the presence of hair. Hair does not form a scan was taken from a position below the second scan
to allow the acquisition of data from the area below thecoherent surface and the scanner will not pick up data

from areas such as the eyebrows and lashes. This problem eyebrow ridge. Each scan took approximately 40 s,
during which the subject must remain motionless. Thecan be overcome to a certain degree by dusting a fine white

powder over the hair. When considering the scanning of whole process of arranging the subject and taking these
four scans took approximately 10 min.faces the area around the eyes may also be particularly

difficult. As described above, movement leads to the cap- Once completed, the scans were aligned using pro-
prietary scanner software. To achieve this alignment,ture of inaccurate data, to minimize problems caused by

blinking during the scan it is more comfortable for the four notable points or landmarks were manually selected
in an overlapping area in each of two separate scans.subject’s eyes to be kept closed. This also alleviates the

discomfort caused by the bright light emitted by the scan- The software then aligned the landmarks and calculated
the best fit between the two data sets. Consequent scansner. If the eye is held open during the scan watering of the

eye may cause problems. In addition, the surface of the were aligned in a similar fashion.
In this experiment, four scans resulted in the captureeyeball is highly reflective making data capture difficult.

Line of sight issues are also encountered when scanning of accurate data describing the whole face with the
exception of areas obscured by hair, such as eyebrows,faces. For example, a single scan will not acquire data

where the nose casts a shadow (see Fig. 1). However, this eyelashes and facial hair. These areas can be clearly seen
as black in Fig. 2. Other areas lacking data, not immedi-is overcome by taking several overlapping scans.

This paper describes how these issues were approached ately obvious in the figure, include areas beyond the line
of sight, such as the nostrils. It was therefore concludedby an investigation into the scanning of human faces.

The paper goes on to describe the application of these that the approach could be applied to the scanning of
patients provided that the patients could be kept stilltechniques in the manufacture of a prosthesis to restore

the appearance of a patient recovering from the excision during scanning.
of a rare form of tumour.

2.2 Scanning a surgical subject
2 METHODS

In this case, the subject was a patient recovering from
reconstructive craniofacial surgery. The surgery required2.1 Preliminary trial of facial scanning
to excise a tumour had necessitated the removal of bone
and soft tissue including the left eye. After successfulAs a preliminary investigation of the practicality of scan-

ning human faces, a male subject was scanned using the operations to replace the orbital rim, an osseo-integrated

Fig. 1 Line of sight and view points for scanning the face
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movement. As the data were intended to aid in the con-
struction of a prosthetic of an open eye, a scan of the
open eye was attempted. The scans were taken from
angles similar to those shown previously, however, care
was taken to ensure that the bright light from the scanner
did not shine directly into the patient’s eye. As before,
data were not captured from areas obscured by the eye-
brows and lashes. Small unavoidable movements of the
eye and eyelids and the reflective nature of the surface
of the eye itself affected the accuracy of the captured
data. However, as this inaccuracy was extremely small
it did not affect the overall quality of the data (see
Fig. 3). As with the previous subject, the scanning of the
patient took approximately 10 min.

The next step required the building of a model of the
area around the unaffected eye. To further aid the
creation of the prosthesis the data would be laterally
inverted (‘mirrored’ left to right) before building the
model. This model could then be used to guide the pro-
duction of a prosthetic with good size, fit and aesthetic
symmetry.

To create a model from the scan data, the data were
translated into an STL file format [7]. This is a triangular

Fig. 2 Scan data of the face of a male subject facetted surface normally used in rapid prototyping sys-
tems (see Fig. 4). However, before the data can be used

(bone anchored) prosthetic was planned for the missing by such systems to produce a model, any gaps in the
eye and surrounding tissue [6 ]. To aid in the construction data, such as the area at the eyebrows, have to be filled.
of this prosthesis the right (unaffected) side of the patient This is achieved by using surface creation software to
was scanned and the data were used to create a laterally create a patch that continues the shape of the captured
inverted (‘mirrored’) model that would be used as a guide data surface. The patch was created to follow the natural
when creating the prosthesis. curves of the surrounding data and replicate the surface

Four scans were taken of the patient’s face with the as best as possible. This required a certain amount of
judgement on the part of the operator. However, thischin supported on a polystyrene block to minimize

Fig. 3 The aligned scan data
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Fig. 4 Close-up of an STL file

case did not present great difficulty in this respect, as the inverted (‘mirrored’) as shown in Fig. 5. In this case,
the process of creating a valid STL file from the scanmissing areas were relatively small.

The file size can be reduced at this stage by remov- data took approximately 3 h, but this will vary from
case to case.ing unnecessary points. This can be achieved without

sacrificing accuracy because there are vast numbers of The STL file format is considered a de facto standard
in rapid prototyping and may therefore be used in anypoints in the captured data coupled with the fact that

the accuracy of the scan data is greater than can be number of rapid prototyping processes, such as stereo-
lithography, laminated object manufacture, selectiveachieved by subsequent rapid prototyping processes.

An offset surface was created from the captured data laser sintering or fused deposition modelling [8]. The
model in this case was produced by the Designand the gap between them closed to create a finite

bound volume. To minimize file size and model cost Engineering Research Centre using laminated object
manufacturing (LOM) (see Fig. 6). The data may beonly the specific area of interest was selected. The

resulting data were stored as an STL file. The STL file archived for future reference or used to reproduce the
model if required.size was reduced to 3.6 Mbytes. This was then laterally

Fig. 5 STL file and ‘mirrored’ file of the unaffected eye
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locate the prosthesis was also made. When the pros-
thetist was satisfied with the visual appearance of the
fine details and the fit of the prosthesis it was cast in
colour-matched silicone in the usual manner.

3 RESULTS

3.1 Accuracy

The accuracy of the scan data is nominally 0.05 mm.
From the data, the theoretical height of the model was
76.76 mm. LOM models are nominally accurate to
within 0.2 mm. However, when measured, the height of
the completed LOM model was found to measure
76.7 mm. Therefore, the accuracy of the model can be
estimated to be in the order of ±0.1 mm. As all human
faces are somewhat asymmetric and the surface of the
skin is somewhat pliable, the wax replica was manually
manipulated and adjusted to fit the desired area.Fig. 6 An LOM model of the mirrored unaffected eye
Therefore, an accuracy of around 0.1 mm is more than
adequate for prosthesis manufacture. The model also

2.3 Prosthesis manufacture proved to be a good match in terms of reproducing a
realistic visual appearance for the prosthesis.This case involved the manufacture of an osseo-

integrated silicone prosthetic of the left orbit. Previously
two titanium fixtures had been attached to the zygomatic 3.2 Outcome analysis
bone and allowed to integrate to the bone. Six months
later they were exposed and per-cutaneous titanium The success of this experiment proves the feasibility of

three-dimensional scanning of human body surfaces.abutments attached to them. The eventual prosthesis
would attach to these abutments with magnets. To aid The ease and relative speed of the scanning allow the

complex forms of human features to be permanentlythe construction of the prosthesis the LOM model was
used to cast a wax replica. The prosthetist then removed captured without hindrance or discomfort to the patient.

The accuracy of the data was found to be more thanexcess material from the wax until it approximated the
required shape. The traditional procedure would have adequate for prosthesis construction. This method

would compare favourably with the current practice ofrequired the prosthetist to carve this piece from wax.
This would have taken the prosthetist approximately taking impressions, proving to be quicker, more accurate

and aiding the reproduction of a realistic visual appear-half a day in this particular case, during which the
patient would have been required to sit with the pros- ance. In particular, the use of ‘mirrored’ medical models

was felt to be of great help to the prosthetist whenthetist for visual reference. The use of the model there-
fore, not only saved approximately half a day of work positioning artificial eyes in orbital prostheses.

The cost of the scanning equipment is considerablefor the prosthetist (from a total of 3) but importantly,
also reduced the time required for the patient to attend and it may be difficult for hospitals to justify the initial

investment. For this reason, it may prove more feasiblethe clinic.
The aperture for the eye was opened to allow the pos- for hospitals to use external service providers for the

cases where this approach is expected to produceitioning of the artificial eye. This is considered crucial to
the overall success of the prosthesis [6 ]. It was noted superior results. The cost of the scanning described in

this paper would probably amount to several hundredthat, compared with the traditional methods, the mir-
rored nature of the model allowed far greater accuracy pounds, with the LOM model costing approximately

£120. The costs incurred by this approach should bewhen locating the artificial eye, especially concerning
anterior–posterior positioning. Once the eye position balanced against the improved results and crucially the

time saved over traditional methods. The reduction inwas fixed, the fine details were built up in wax. The areas
immediately around the eye were dealt with in particular time taken allows more patients to be treated, thereby

reducing waiting lists (a major goal of the Britishas this is where the original scan data, and therefore the
LOM model, had lost some detail. National Health Service).

The non-contact nature of the scanning means thereAn impression was taken from the patient and used
to shape the rear surface of the prosthesis. A small is less discomfort for the patient and no distortion of

soft tissues caused by the pressure applied when takingacrylic base plate that would hold the magnets used to
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impressions. This advantage in combination with the generation, and Paul Bateman, also of the DERC, who
produced the LOM model.ability to ‘mirror’ data may have many applications in

rehabilitation. It is difficult, for example, to take a satis-
factory impression of a breast, therefore a similar tech-
nique may be used in the creation of symmetrical REFERENCES
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