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Optical coherence tomography (OCT) has been widely applied to the diagnosis of eye diseases
during the past two decades. However, valid evaluation methods are still not available for the
clinical OCT devices. In order to assess the axial resolution of the OCT system, standard model
eyes with micro-scale multilayer structure have been designed and manufactured in this study.
Mimicking a natural human eye, proper Titanium dioxide (TiO2) materials of particles with
di®erent concentrations were selected by testing the scattering coe±cient of PDMS phantoms.
The arti¯cial retinas with multilayer ¯lms were fabricated with the thicknesses from 9.5 to 30
micrometers using spin coating technology. Subsequently, standard OCT model eyes were ac-
complished by embedding the retina phantoms into the arti¯cial frames of eyes. For ease of
measurement processing, a series of model eyes were prepared, and each contained ¯lms with
three kinds of thicknesses. Considering the traceability and accuracy of the key parameters of the
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standard model eyes, the thicknesses of multilayer structures were veri¯ed using Thickness
Monitoring System. Through the experiment with three di®erent OCT devices, it demonstrated
the model eyes fabricated in this study can provide an e®ective evaluation method for the axial
resolution of an ophthalmic OCT device.

Keywords: Optical coherence tomography, metrology, optical standards and testing, spin coating.

1. Introduction

Optical coherence tomography (OCT) is a three-
dimensional (3D) imaging technology with features
of nonintrusion and high resolution. Since the OCT
concept was proposed by Fujimoto research group
in 1991,1 great progress has been made in this
technology, especially in the ¯eld of ophthalmology.
Although ophthalmic OCT technology had received
permission for the clinical diagnosis in America,
Europe and Asia, its ¯rst international standard
was not released until April 2015.2 Speci¯c standard
phantoms as well as simple evaluation methods are
required for not only manufacturers and clinical
users, but also the third-party test institutions,
aiming at registration tests, regular quality control
and product comparison.3

Compared with traditional medical imaging
technologies such as Computed Tomography (CT),
Magnetic Resonance Imaging (MRI) and ultra-
sound imaging, OCT can precisely provide cross-
sectional information of target tissues with high
axial resolution. As is well known, axial resolution is
one of the most critical parameters for the OCT
image quality, which determines the diagnosis ac-
curacy. Currently, there are two common methods,
i.e., Point Spread Function4–6 (PSF) and the use of
a phantom, for the evaluation of the axial resolution
of an OCT device. Since post-processing of PSF is
very complicated and not suitable for clinical appli-
cations7, the use of a phantom plays a more important
role in clinical standardization and validation due to
the advantages of its intuitiveness and e±ciency.

Recently, several research groups have been
working on manufacturing suitable phantoms for
the evaluation of ophthalmic OCT devices. Agrawal
et al. and Rowe et al., focused on how to manufac-
ture model eyes mimicking the shape of natural eyes
and the scale of real retina8–10, which however, was
not related to the evaluation method for measuring
the axial resolution of an OCT device. Using a novel
processing method, Gu et al. fabricated a phantom
suitable for standardized measurements of the axial

resolution of a research-grade OCT device,11 in
which the adjustment process was too complicated
for clinical applications. Curatolo et al. manu-
factured standard phantoms with 3D features using
Replica-Molding method to detect the parameters
of OCT devices,12 however, the materials of these
phantoms are limited. Tomlins et al.13 designed and
fabricated a phantom with the method of Femto-
second Optical Pulses, but high cost and critical
requirements for this technology are major problems
for clinical applications. Agrawal et al. fabricated a
practicable phantom, however, it was composed of
the layers with same thickness leading to low e±-
ciency, and the dissimilarity of physical character-
istics compared with natural eyes may not guarantee
the measurement accuracy.7 Hu et al. proposed a
method of manufacturing a 3D test target with 3D
printing technology for measuring the axial resolu-
tion of an ophthalmic OCT device, nevertheless, the
highest axial precision of the 3D printers is 16�m,
which is still too low to detect that of OCT devices.13

In this study, novel standard model eyes were
designed and fabricated, and the evaluation crite-
rion for the axial resolution of an ophthalmic OCT
device was proposed. The advantages of the model
eyes include: (1) the arti¯cial arc retinas that mimic
human ones; (2) the layers with three kinds of
thicknesses in the arti¯cial retina that guarantee
e±ciency; (3) the various layers with di®erent
scattering coe±cient PDMS-Titanium dioxide
(TiO2) materials that avoid the inhomogeneity of
signals. Finally, the model eyes were used to detect
the axial resolution of three OCT systems, including
one clinical and two research-grade devices. The
results indicated that it provided an e®ective
method to rapidly evaluate the axial resolution of
an ophthalmic OCT device.

2. Material Selection

Commonly, light propagating in biological tissues
could be scattered and absorbed by di®erent

Z. Cao et al.

1850013-2

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
8.

11
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
09

/1
3/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



compositions such as cells, ¯ber, hemoglobin, mel-
anin, water, and so on,15 By collecting and analyz-
ing the scattering and absorbing light properties,
the OCT system can obtain a cross-sectional image
of the target tissue. In order to mimic a real tissue,
the materials of retina phantoms should have sim-
ilar optical properties with real human retinas in the
imaging of OCT system. A transparent, non toxic
and stable polymer, named PDMS, has been se-
lected as the matrix material5 and its refractive
index is 1:41� 0:01 in the near infrared region (800–
1300 nm), which is close to the index value of
human retina (nretina ¼ 1:36). Due to the stability
and size controllability of particles as well as relevant
attenuation coe±cient of particle concentration,16,17

Titanium dioxide (TiO2Þ Nano powder has been
selected as the scattered particle.

The concentration range of scattered particles
was determined according to the relationship
between attenuation coe±cient and particle con-
centration using the mathematical model of Single-
Scattering.15,18,19 Firstly, the PDMS base material
(SYLGARD 184, Dow Corning) was mixed
homogeneously with TiO2 Nano powder (TiO2,
T104939, Aladdin). Seven di®erent particle con-
centrations from 0.3% to 14% were used in this
study. Secondly, the curing agent was added into
the prepared TiO2–PDMS mixture with 1:10 mass
ratio. Left in an oven with the 90�C environment
for 3 h, a piece of solid material can be obtained
for subsequent operations. Finally, the single-
scattering model15,18,19 was used to acquire the
total attenuation coe±cient of the materials. The
relationship between the attenuation coe±cient
and the concentration of TiO2 particle material is
shown in Fig. 1.

From the ¯t curve in Fig. 1, the saturation e®ect
occurred with high concentration, therefore, in the
process of preparing the materials, it became more
and more di±cult to keep the particle scattering
homogeneously with the increase of the particle
concentration. Through some experiments and
measurements, it demonstrated that particle con-
centration should be lower than 4% to obtain an
acceptable homogeneity. Meanwhile, the proper
scattering signal intensity cannot be guaranteed
without enough high particle concentration, there-
fore, the attenuation coe±cient was required to
exceed 4mm�1. Considering the signal attenuation
e®ects, three kinds of concentrations of TiO2–

PDMS materials, i.e., 2.8%, 1.8%, and 1%, were

selected to fabricate the multilayer structure with
various layers corresponding to certain depths.

In order to prove the e®ects of using di®erent
particle concentrations, speci¯c experiments were
conducted and the measurement result was shown
in Fig. 2. Firstly, the boundary of the arc surface

Fig. 1. The relationship between material attenuation coe±-
cient and particle concentration.

(a)

(b)

Fig. 2. Distribution of scattering intensity in depth. (a) B-scan
of the multilayer structure by the OCT device. The range is
5800–1800�m, (b) Average A-Scan of the relationship between
mean intensity and depth.
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was segmented through the MATLAB functions of
boundary extraction, and then the radius could be
calculated and the arc structure was straightened.
Finally, the average A-Scan of speci¯c region (Fig. 2(b))
can be calculated with the direction as Fig. 2(a).
The mean intensity of A-Scan in Fig. 2(b) shows
less signal attenuation in various layers with three
kinds of particle concentrations.

3. Design and Fabrication of Model
Eyes

3.1. Architecture of model eyes

After the crucial materials were selected through
above-mentioned experiments, model eyes can be
designed and fabricated to accomplish the function
of detecting the axial resolution. As shown in Fig. 3,
the shape of the model eye was designed similar to
the natural one and the key optical parts including
cornea, lens, vitreous body as well as retina were
fabricated.2 As a transparent ¯lm, the cornea was
made of glass and ultraprecise optical manufactur-
ing method was applied to avoid dimension errors.
The front cover and back cover were fabricated
using 3D printing technology, and the vitreous body
was composed of these two parts. Considering pos-
sible ocular dispersion and ametropic refraction,
appropriate index-matching liquid can be injected
into the vitreous body through the injection hole.

In order to ensure close ¯tting with the bottom of
the vitreous body, the retina was simpli¯ed as the
size of Fig. 3(d). Mimicking the real retina, the
multilayer structure of the phantom was fabricated
through spin coating with TiO2–PDMS and the
detailed design and manufacturing procedure is
described as follows.

3.2. Design of the multilayer structure

Analogous to the bars of the USAF 1951 resolution
chart, the retina phantom was designed as curved
multilayers (in Fig. 4) with progressive increase of
the thicknesses for each layer pair (except for top
and bottom layers), switching between brightness
(with signals in OCT devices) and darkness (with-
out signals in OCT devices).7 Among them, the
bright layers have homogeneous particles, while no
particles are in dark layers. The cross-section of the
retina phantom with eight layers (A, 1, 2, 3, 4, 5, 6, B)
is illustrated in Fig. 4. The thicknesses of Layers
A and B are over 30�m, aiming to protect the
inner-layers (1–6) with standard thicknesses for
detection. Meanwhile, in order to improve the e±-
ciency of detection, three kinds of thicknesses were
designed in the retina multilayer structure of a
model eye. According to the survey of the axial
resolutions of the current ophthalmic OCT devices,
the thicknesses were designed as 9 to 30�m.

3.3. Fabrication of the multilayer
structure

In order to obtain the homogeneous distribution of
particles and the clear boundaries between adjacent
layers, the methods of ultrasonic cleaning and spin
coating were utilized for the material preparation
and fabrication of the multilayer structure.7 For the
homogenization of the materials, 30min vibration
mixing and 10 to 20min ultrasonic cleaning should
be conducted before the curing agent was added
into the prepared TiO2–PDMS mixture. As is well
known, the ¯lm thicknesses are related to the
spinning speed, time and material viscosity in the
spin coating. In order to obtain thinner layers, 17 %

Fig. 3. The shape and architecture of the model eye. 1. Cornea, 2. Lens, 3. Front cover, 4. Back cover, 5. Injection hole, 6. Retina.
(a) The actual model eye, (b) Cross-section structure of the model eye, (c) Enlarged drawing of 3D cornea and (d) Enlarged drawing
of 3D retina.
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(Weight) n-hexane was added in PDMS to reduce
viscosity. Firstly, the glass substrate was stuck on a
clean glass sheet which can be adsorbed on a spin
coater. After each layer was spin coated, the sample
was immediately baked on a hot plate with 180�C
to avoid material shrinking and °owing down along
the curved substrate surface and then the sample
was cooled down to room temperature in 20min.
Subsequently, the same procedure of the spin
coating was repeated for other layers.

4. The Measurement Result

4.1. Thickness calibration

For the calibration, a thickness monitoring system
(Si Wafer Thickness Monitoring System SF-3,
Otsuka Electronics, Japan) was applied after the
model eyes were accomplished. It should be noted
that the employed monitoring system could not
calibrate the thicknesses of each layer of the whole
multilayer structure at one time. However, the total
thickness of the multilayer structure can be mea-
sured after each spin coating process and then the
thickness of each layer can be calculated through
subtraction of the total value and the previous one.
The results of the measurements and calculations
are shown in Table 1 with three model eyes (M1,
M2, and M3). In order to avoid the measurement

error of the thickness monitoring system, each cal-
ibration result was calculated through four repeated
measurements after one spin coating process. The
calibration results and design values of each layer
show that the fabrication deviation can be con-
trolled within 5%.

4.2. Measurements with the OCT

systems

Analogous to USAF 1951 resolution chart, the axial
resolution of an OCT device is de¯ned as the value
of the minimal thickness, of which the mean inten-
sity of the bright (peak) and dark (trough) layer can
be distinguished in the A-Scan images of the OCT
device. In this study, the fabricated three model eyes
(M1, M2 and M3) were used to evaluate the axial
resolution of three OCT devices, including two
following research-grade OCT system: a spectral
domain OCT device (THORLABS, USA) and a self-
established swept source OCT device, and a clinical
ophthalmic OCT device (OCT 3D-1000, TOPCON,
Japan), and the results of the cross-sectional images
(B-Scan) are shown in Fig. 5. The mean intensity of
A-Scan of cross-sectional images (B-Scan) is also
shown in Fig. 5 through the MATLAB functions.

According to Fig. 5, the axial resolution of the
devices can be quickly obtained through the A-Scan

Fig. 4. View of the multilayer retina phantom. (a) The 3D model of layer structure with a 30� section and (b) the cross-sectional
view of the multilayer retina phantom.

Table 1. Comparison of the design value and calibration result for each layer thickness.

Layer thickness(�m) a 1 2 3 4 5 6 b

M1 Design value >30 20 20 25 25 30 30 >30
Calibration result 34.07 20.35 19.61 24.45 24.76 29.96 29.70 35.18

M2 Design value >30 12 12 15 15 18 18 >30
Calibration result 33.48 12.37 12.55 15.37 14.47 17.32 18.46 35.18

M3 Design value >30 9.5 9.5 10.5 10.5 >30 — —

Calibration result 34.35 9.23 9.53 10.84 10.58 36.12 — —

Model eyes for ophthalmic OCT devices
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and B-Scan images. for example, all the peak and
the trough of bright and dark layer pairs of the total
three model eyes can be distinguished for the SD
device, it means its axial resolution is less than
9.5�m. Meanwhile, since the minimal peak and
trough signal which can be distinguished by the
SSD and CD device are respectively 15�m (Layers
3 and 4 in M2 for the SSD) and 10.5�m (Layers 3
and 4 in M3 for the CD), their axial resolutions
are, respectively, 15�m and 10.5�m. Considering
the device development is still in progress, the self-
established SSD can be further improved in the
parameter of axial resolution compared with the
SD. For the clinical OCT instrument, it could be
concluded that the device performance has deteri-
orated badly compared to its original axial resolu-
tion of 6.5�m, and it needs to be sent for equipment
service.

5. Discussion and Conclusion

In this study, novel model eyes with curved multi-
layer structure for the axial resolution evaluation of
an ophthalmic OCT device were designed and
manufactured. As reported in recent literature, PSF
has the problem of the complicated post-process,
while phantoms have the disadvantage of di±cult
adjustment in evaluation process, hence, they were
not suitable for clinical applications. Compared
with these methods, our model eyes with the
multilayer ¯lms can be used to rapidly evaluate
clinical OCT devices without complicated process.
Though Agrawal et al. proposed the detection
method using multilayer structure,7 it still has some
disadvantages including inaccuracy with signal

attenuation, and low e±ciency due to the same
thickness of each layer in the phantom. In our model
eyes, some novel methods have been proposed: (1)
Similar to natural human eyes, the OCT model eyes
consist of optical tissue elements including cornea,
lens, vitreous body and curved retina, ensuring the
integrity of the detection phantom, which is im-
portant for clinical applications; (2) the multilayer
structure in the retina is fabricated using TiO2–
PDMS. Through the experiments, the various lay-
ers with di®erent scattering coe±cient are designed,
which can reduce the e®ect of signal attenuation
and prevent the evaluation inaccuracy; (3) Three
kinds of thicknesses are designed in the multilayer
structure for one model eye, therefore three levels of
resolution can be detected in single measurement
and the detection e±ciency can be greatly im-
proved. In addition, in order to guarantee the
traceability and accuracy of the key parameters of
the standard model eyes, the thicknesses of the
multilayer structure of arti¯cial retina are veri¯ed
with the thickness monitoring system, and the
fabrication deviations are controlled within 5%.

The model eyes presented in this study could be
spread to assist the evaluation of the axial resolu-
tion of ophthalmic OCT equipment. It will be
available for OCT researchers and clinicians to use
for regular quality control. It also should be ad-
mitted that thinner layers are not currently avail-
able due to viscosity between adjacent layers. Novel
fabrication methods as well as di®erent materials
are investigated to acquire ¯lm with thickness below
OCT theoretical resolution limit. For the future
work, the multilayer uniformity and process stabil-
ity still needs to improve. Meanwhile, the lower

Fig. 5. Diagram of measuring axial resolution. M1, M2 and M3 are the model eyes with various layer thicknesses. SD: spectral
domain OCT device, SSD: swept source OCT device, CD: clinical OCT device.
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limit of the layer thickness should be extended
to sub-micron level, thereby be able to assess
the emerging new OCT devices with super high
resolution.
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