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ABSTRACT We have developed a new computed tomography (CT)-based 3-D volume difference recon-
struction (VDR) method for building a model of soft tissue differences using facial self-referenced
prototyping computation, and a computer-aided design (CAD) workflow for fabricating custom ocular
prostheses (COPs). In facial self-referenced prototyping computation, an ocular prosthesis is constructed
from a combination of a top surface, shape contour, and bottom surface, with key measurements being made
with respect to the patient’s healthy eye. The top surface is derived from the outer region of the healthy
eyeball, using Hough transformation. In the meantime, the shape contour and bottom surface are computed
from facial edges fitted to Fourier curves. Once these self-referenced parameters have been obtained, finite
element analysis is used to generate a primitive prosthesis model. Before being converted into a format
suitable for rapid prototyping techniques, the model is refined using surface equations. Oculists choose the
final optimized model for printing. Geometric errors, compared with a manually-fabricated prosthesis which
has gone through multiple rounds of time-consuming manual adjustment, are as low as 0.46%, and the
fabrication time and human error have been greatly reduced. The fill density of the COP is 60%, the wall
thickness is 1.6 mm and the weight is 1.59 g. The reconstructed contours and symmetry of the COP are
satisfactory with doctors’ evaluation and the patient is able to have a normal appearance. The CT-based
VDRmethod we first proposed here can accurately build a model of the soft tissue difference. The full CAD
workflow has improved prosthesis design and manufacturing efficiency. This flow can also be applied to
other soft issue reconstruction.

INDEX TERMS Computer-aided design, custom ocular prosthesis, computed tomography, self-reference,
rapid prototyping.

I. INTRODUCTION
The unfortunate loss of an eye may be caused by trauma,
intraocular malignancies, and other serious ocular dis-
eases [1]. Considering the patients’ physical and mental
health, it is important to correct the ocular disfigurement by
wearing prostheses as soon as possible after healing from
surgery [2]–[5]. In most cases, an intraorbital implant is
placed in the orbital cavity created when the eyeball is
completely removed. The intraorbital implant can restore
part of the lost volume and an ocular prosthesis which sits

on the top of the implant is needed. Custom ocular pros-
theses (COPs), which are based on individuals’ anatomical
structure, could fill conjunctival sac and restore aesthetics.
Traditional methods to make COPs take a long time to com-
plete due to series of complex steps, which strongly depend
on the experience of the oculist [5]. However, there still
exists unsatisfactory match between COPs and the patients’
conjunctival sac in clinical practice, which may cause pain,
secretion, and impaired appearance. Thus, it is meaningful
to develop a new approach to fabricate COPs with higher
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FIGURE 1. Patient without ocular prosthesis (a) and slices containing eyeballs (b)-(f); two red circles on each of (b) – (f) denote outlines of
healthy (bigger one) and ocular implant in the damaged socket (smaller one), respectively.

accuracy and efficiency and to fit different anophthalmia
sockets.

Following the loss of the globe, the eyelids collapse into
the anophthalmic socket and this results in facial asymmetry.
Computed tomography (CT) scan can provide detailed infor-
mation about the anatomical structure in a layered format,
clearly delineating the skin surface and the ocular implant.
Mirror image techniques, which have been widely used in
facial reconstructive surgery, rely on semi-transparent over-
lays of displaced models that are superimposed onto the orig-
inal mirror models [6]–[11]. Today, right to left flip methods
has been used to find difference on two-dimensional surface
in reverse engineering and brain science. However, these
techniques cannot directly generate a three-dimensional (3D)
model of the volume difference. To solve this problem,
we proposed this CT-based 3D volume difference reconstruc-
tion (VDR) method for displaying the soft tissue difference
using self-referenced computing. Self-reference means that
all components of the model are designed with respect to
the geometry of the patient’s symmetrical fellow eye. Once
the self-referenced parameters are obtained, a primitive pros-
thesis model can be generated using finite element analysis.
Rapid prototyping (RP) technique is a promising approach for
customizing a product rapidly [12], and is used in this study
for fabricating COP.

The quality of the COPs is affected by several important
factors, including its shape, size and thickness, as well as
the shapes of the anterior and posterior curves. In this study,
we introduced the CT-based VDR method for reconstructing

a 3Dmodel of conjunctival sac and determining COPs param-
eters. Combined with RP techniques, a new, faster and more
accurate computer-aided design (CAD) workflow for fabri-
cating COP is proposed.

II. MATERIALS AND METHODS
A. DATA COLLECTION SPECIFICATIONS
The proposed COP design workflow takes high-resolution
helical CT as its input. CT parameters include, but are not
limited to, a slice thickness of no more than 1 mm, image size
of 512×512 pixels, and a pixel size no larger than 1 mm. For
patients who have lost an eye, customization is the primary
concern, and we introduce the new workflow with a specific
patient, a 37-year-old who lost his eye through enucleation
surgery 11 years ago.

The patient’s CT data was collected using a General Elec-
tric CT scanner, with 1 mm thickness and 0.36 mm2 square
pixels. Among a total of 115 anonymous slices from the
bottom of the head to the top, slice indices from 30 to 74
were extracted as the interesting region for the eyeballs by
an ophthalmologist. Fig. 1 illustrates the patient’s appear-
ance without ocular prosthesis as well as 5 slices from
index 30 to 50 with a step of 5.

B. METHODS
The proposed method regards a custom ocular prosthesis as
a combination of a top surface, a projection shape on the
z-axis, and a bottom surface, as shown in in Fig. 2. The
top surface is derived from the outer surface of the healthy
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FIGURE 2. Model of a custom ocular prosthesis.

eyeball obtained from Hough transformation [13], [14].
In the meantime, the shape contour and bottom surface are
computed from facial edges that are fitted with a cluster of
Fourier curves [15]. Measuring parameters for these three
components is essential for constructing a digital ocular
model. This process is known as reverse engineering (RE).
Fig. 3 shows the entire RE process, which involves three
components: extracting the top surface, computing the shape
and the bottom surface, trimming and rapid prototyping.

1) EXTRACTING TOP SURFACE
When an ocular prosthesis is implanted into a socket, the top
surface of the prosthesis must be aligned with the patients’
healthy eyeball. Thus, it is necessary to extract parameters
from the healthy eyeball, determining its radius and cen-
ter coordinates. To achieve this, a Hough transformation is
employed to detect the circle of the healthy eye on image
slices in the interesting region. Hough transformations can
detect lines and circles by voting for each parameter’s matrix
element. For circle detection, the parameter space is three-
dimensional, (x0, y0) and r records the center coordinates and
radii. To reduce computing overhead, only edge pixels are
involved as voters. We use a Canny edge detection algorithm,
known for its effectiveness. One edge pixel with coordinates
(x, y) votes for an element at (x0, y0, brc) if and only if

(x − x0)2 + (y− y0)2 = r2, 1 ≤ x0, y0 ≤ 512, brc ≥ 1

(1)

where x0, y0 are both integrals and brc is the maximum
integral no larger than r.

To make eyeball detection robust, the radius searching
range is limited to 5-15 mm, which covers possible eyeball
radii. Once circle parameters are obtained for slices (seen
in Fig. 1), a series of circles can be drawn on the images. Once
the particular slice indices as well as Hough-estimated radius

are known, we can interpolate the other transversal radius by
fitting the curve

r =
√
r2max − z2 (2)

where rmax is themaximum radius of the selected slices and
z is the slice index from the maximum slice to the both side,
which means that z = 0, ±1, ±2, . . .To fit the cure, a least-
square-error (LSE) method is deployed.

The upper part of the 3D sphere is shown in Fig. 3. The
ocular implant is also reconstructed and moved towards the
healthy one along a line segment that connects both cen-
ter points of the two 3D spheres. In Fig. 3, the smaller
sphere beneath the healthy eyeball is the reconstructed ocular
implant. Front-end reference means that the top surface of the
COP is extracted from the upper hemisphere of the healthy
eyeball. The difference of height between the two balls is
compensated in the second part of the process.

2) COMPUTING SHAPE AND BOTTOM SURFACE
The shape of an ocular prosthesis is critical because it gives
the size of the prosthesis. A custom ocular prosthesis should
have a self-referenced shape that makes the patient comfort-
able. In our design, the self-referenced shape is generated
from facial curves, under the assumption that the interior
ocular differences between the lost eye and the normal eye
change the shape of the exterior surface proportionally. Once
the exterior or facial changes are quantified, the interior
ocular shape can be derived from them. The question is now
quantifying the facial changes between lost-eye side and the
normal side. Since the facial surface can be reconstructed
from CT images using surface rendering, detecting facial
curves is feasible, and they can be interpolated to reconstruct
the facial surface.

There are many curve fitting functions such as logistics,
exponents and polynomials. The first two classes of function
tend to fit points monotonically, whereas the third tends to
over-fit, especially when the curves appear sinuous. Fitting
with Fourier curves is a powerful tool for handling sinuous
curves with little risk of over-fitting, because the curves being
fit are periodic. The final fitted curve is expressed a as sum
of n-order harmonic functions,

f (x) = a0 +
∑n

i=1
[aicos (iω)+ bisin (iω)] (3)

where ω denotes the fundamental frequency, a0 the bias coef-
ficient, and ai, bi(i ≥ 1) represents the ith harmonic frequency
coefficients. Note that the x-axis (x) runs from left to right and
the y-axis (f(x)) runs from bottom to top. To offset patients’
head movements, a preprocessing step is needed to register
CT images so that two manually-marked corner points on
the helical bones are located on a horizontal line. What’s
more, the central axis of the head in each image slice is
perpendicular to this line and crosses the midpoint. A rigid
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FIGURE 3. Outline of the proposed self-reference custom ocular prosthesis design method.

transformation is adopted: r′

c′

k

 =
 cosθ sinθ 1
−sinθ cosθ 1
0 0 1

 r
c
k

 (4)

where r and c denote rows and columns of the original
CT images; the upper-script version denotes the registered
coordinates. Rotation angle and shift bias are θ and k, respec-
tively. Besides registration on the axial orientation (θa and ka),
transformation on coronal orientation θc and kc is also neces-
sary. For our patient, parameters in θa, θc, kc and ka were set
to −1.6◦, 0, 0 and 0, respectively (seen in Fig. 4).
Based on the registered CT data, all slice images are

converted into binary images using the OTSU segmentation
algorithm, and then a facial contour is detected using a Sobel
gradient operator in each slice. Each facial contour curve
fitting is done by an 8-order Fourier function, as shown in (3).
These Fourier curves allows a facial surface to be plotted with
arbitrary up-sampling rates,

S =
{
f i
(
x ′
)
|1x ′ = 1x/U , i = 1, 2, . . . ,N

}
(5)

FIGURE 4. Before (a) and after (b) rigid transformation of CT data.

where S denotes the facial surface that is a set of Fourier
curves in N slices. Up-sampling rate U is a positive inte-
gral which interpolates N-1 points onto a unit interval (1x).
Rendered facial surfaces can be seen in Fig. 3.

Next, primitive bilateral differences are calculated by sub-
tracting the normal-side surface from the damaged side. The
two regions are symmetrical across the central axis. Fig. 5(a)
shows the differences. Red regions indicate differences that
are important for shape extraction. Here the shape contour in
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FIGURE 5. Shape model: (a) primitive differences; (b) fitted surface;
(c) curve fitting using Gaussian function along the y-axis;(d) curve fitting
using polynomial function along the x-axis.

x-y plane is defined as

S(x, y)− h = 0 (6)

where h is a free-scale height of a plane vertical against the
z-axis. Only points beyond the plane are included in the con-
tour fitting. Here we initialize h with half of the maximum,
i.e., h = hmax/2. To solve the contour parameters, a group of
equations are built,

S (x, y) = P (x)G (y)

P (x|a0, a1, . . . a7) =
∑7

i=0
aix i

G
(
y|σy, c

)
=

c
√
2πσy

e
−
(y−µy)

2

2σ2y

P (µx) = G
(
µy
)
= hmax

(7)

where
(
µx, µy, hmax

)
denotes the peak point coordinates.

Using (7), a two-dimensional surface is formed using two
one-dimensional functions, a Gaussian and a polynomial.
Parameters of both functions can be estimated using LSE
optimization,{σy, c} = argmin

{∑
i
(P(xi)− zi)2 , yi = µy

}
{a0, a1, . . . a7} = argmin

{∑
i
(G(yi)− zi)2 , xi = µx

}
(8)

Based on these parameters, the surface S (x, y) as well as
the shape contour can be plotted, as shown in Fig. 5(b). The
surface equations have one output: the height profile along
the z-axis that defines the bottom surface.

3) TRIMMING AND RAPID PROTOTYPING
It’s necessary for the size of the custom ocular prosthesis to
match the patient’s eye width, which means that the height h

must be chosen carefully. Suppose the width of a patient’s
damaged eye is wx, there is a constraint between wx and h,{

|xl − xr | = wx
S
(
xl, µy

)
= S

(
xr , µy

)
= h

(9)

where xl and xr denote the left and right points along the
polynomial curve across the peak point. Once the optimal
height is obtained, the shape contour is formed and surface
below the contour is cropped out. This first-pass trimmed
shape is illustrated in Fig. 6.

FIGURE 6. Altitude maps of 9 trimmed ocular prosthesis samples with
constant ky . increased from 0.1 to 0.5.

The first trimming only optimizes the shape with respect
to the eye width. The shape along the y-axis is also important
because the physical construction of a damaged eye tends
to require an asymmetrical shape along the y-axis. Hence,
y-axis trimming is required to convert the previous symmet-
rical distribution along the y-axis into an asymmetrical one,
whilst keeping the shape along the y-axis (wy) unchanged.
The trimming strategy along the y-axis can be modeled
mathematically,

S
(
µx , µy −

wy
2

)
= S

(
µx , µy +

wy
2

)
1y = kywy, 0 < ky < 1
S (x, y)− h = 0
x ∈ [xl, xr ]

y ∈
[
µy −

wy
2
+
1y
2
, µy +

wy
2
+
1y
2

] (10)

Where 1y is the shift distance that is controlled by a ratio
constant ky. To perform a statistical trimming, the constant
increase from 0.1 to 0.5, with a step of 0.05 (seen in Fig.6).
A doctor can choose the most appropriate shape from these
9 samples. For our patient, the constant was 0.3.

Guided by the combined models of top and bottom surface,
and the trimmed shape, a solid model of the ocular prosthesis
is created using the Rhinoceros software (version 4.0, USA),
as shown in Fig. 7(a) and (b). The model is saved in a stere-
olithography (STL) file, which is a facet-based representation
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FIGURE 7. Custom ocular prosthesis: (a) top surface of the solid model;
(b) bottom surface of the solid model; (c) printed sample; (d) decorated
sample.

describing surfaces and solid entities. This file then has been
converted into G code to output to a desktop 3D printer [16],
using a software slicing tool. A standard polymer filament,
Melt Polylactic Acid (PLA) from Shenzhen Esond Technol-
ogy cooperation, is used for 3D printing. The PLA filament
is extruded through a heated metal nozzle at a temperature
of 483K, and is deposited onto a receiving station to form the
desired prosthesis, as shown in Fig. 7(c). The fill density of
the prosthesis and the wall thickness can be altered according
to person-specific requirements. The surface is smoothed
using a rubber wheel, and the eye is ready for final iris
painting and scleral coloring. The iris and pupil are color-
matched to the normal eye and the scleral coloring is achieved
using oil pigments, as shown in Fig. 7(d).

III. RESULTS
The 3D model of the soft tissue difference was reconstructed
for a patient whowas referred to our hospital for left COP. The
CT-based VDR method was used to evaluate the facial asym-
metries effectively. With RP techniques, a new workflow
for fabricating COP was developed. A comparison between
the geometry of the COP fabricated using our new method
and one made using the traditional manual method by an
experienced technician was performed and the results are
shown in Table 1.

For the top surface, the diameter of the healthy eyeball
determined by the Hough transformation is 23.56 mm, and
the diameter of the COP is 21.76 mm. The height of the
COP is 11.78 mm, which is half of the diameter of the
healthy eye ball. The thickness is 7.18 mm, which is defined

TABLE 1. Length and Thickness comparison of COP from the proposed
method with traditional handcraft one.

as the distance from the front surface of the healthy eye
ball to that of the ocular implant. For the shape and the
bottom surface, the horizontal maximum length of the CAD
model is 26.10 mm, and the vertical axis maximum length
is 26.24 mm. Geometric errors with respect to the traditional
model range from 0.46% to 9.38%. Our COP has a very sim-
ilar geometry to the COP made using the traditional method
(Fig. 8). The fill density of our COP is 60%, thewall thickness
is 1.6 mm and the weight is 1.59g. COP fabrication time was
greatly reduced when compared to the traditional method.

FIGURE 8. The prosthesis designed by the new method (left) and the
conventional method (right) have very similar geometries.

The clinical performance of the COP made using our
method is good. It was fitted into the patient’s conjunctive
sac and successfully corrected for the volume deficit and
reconstructed the contour. It matched the appearance of the
healthy eye and achieved ocular symmetry. The patient was
able to have a normal appearance and was satisfied with
their COP.

IV. DISCUSSION
Sockets suitable for the self-referenced computing method
should have a centered orbital implant, with quiet conjunctiva
status and no granulomas. In addition, patients with socket
contracture, sulcus deformity or lagophthalmos should be
excluded.

Nowadays, RP techniques have been widely used in
medical education, surgical planning, and custom implant
fabrication [17]–[19]. With RP techniques, a new workflow
for fabricating COPs has been developed. The COPs made
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using the CAD workflow presents several advantages com-
pared to the traditional workflow. Traditionally, the ocular
impression made with impression materials is affected by
the patient’s cooperation and the technician’s experience.
The traditional workflow is high-cost and time consuming,
involving the following steps and iterations: careful socket
fitting, complex handicraft, and long-term consultation with
the oculist. In contrast, the CAD workflow is both noninva-
sive and rapid. It effectively reconstructs the anophthalmic
socket defect, decreases treatment time, and requires minimal
shape modification. With the help of RP techniques, a COP
can be made from digital data and be immediately fitted into
the patient’s conjunctival sac. Furthermore, reducing the fill
density of COPs can reduce the weight, which is helpful
in reducing the eye lid laxity complication associated with
heavy prostheses.

This paper first proposed CT-based Volume Difference
Reconstruction (VDR) method for building 3D models of the
soft tissue differences using self-referenced. This technique
can be a powerful tool for other clinical uses such as recon-
structing body parts based on body symmetry and/or finding
tissue difference quantitatively over time. In traditional clini-
cal practice, several bilateral anatomical facial landmarks are
defined on 3D CT images and their distances from the mid-
facial symmetry plane are used to evaluate the asymmetry
index of each of the landmarks [10], [17], [20]–[24]. The
main problems with manual measurements are that they can
only be estimated reliably for a small number of points, and
they are also unable to provide 3D models of the facial sur-
face differences. Our CT-based VDR method solves both the
problems. The ocular defect model is reconstructed directly
and accurately because the surface of the patient’s bilateral
eye is efficiently fit by an analytical expression and the dif-
ference is calculated on each CT slice. Analytical expressions
can give better accuracy than traditional techniques such
as direct volume rendering or surface-based rendering [25].
Self-reference means that the 3D volume reference data is
calculated with respect to the geometry of a patient’s normal
eye. Then difference data is incorporated into an accurate
3D defect model.

Limitations of this study include its restriction to a single
patient and the non-opaque layer materials used in COP.
Future work may focus on improving CAD processes and
researching improved materials. Geometric errors on our
COP, compared to the one made using the traditional errors
are a minimum of 0.46%. There are two main error sources.
First, when computing the bottom surface, the surface equa-
tions generate a single by-product: the height profile along
z-axis which defines the bottom surface. However, the broad
characteristics of the shape of the ocular prosthesis should
be taken into consideration when choosing the optimal
z-axis value. Thus, the design of the bottom surface is semi-
automatic process that is affected by the oculist’s aesthetic
standards. Second, skin laxity of the anophthalmic side eyelid
might slightly affect the bilateral soft tissue difference. With
loss of support after enucleation, the eyelids collapse into

the anophthalmic socket and cause skin laxity. The currently
proposed VDR techniques are expected to be adapted to the
imaging data from more patients in the future.

CT-based VDR techniques provide 3D shape data that can
be used to repair facial defects and have other potential clini-
cal applications. RP techniques have not been widely used in
ophthalmology but a good understanding of these techniques
may be beneficial to ophthalmologists. Self-referenced com-
puting technique can be used to evaluate right-left differences
in asymmetrical defects of patients by subtracting the volume
of soft tissue on the deformity side from the healthy side. This
proposed technique can also provide insights for clinic treat-
ment planning in reconstruction surgery for orbitozygomatic
fractures, mandibular deformity, skull repair, nasal defect
restoration, and breast plastic surgery, etc. Self-referenced
computing techniques might also allow a quantitative eval-
uation of treatment effectiveness in following-up patients.
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