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The objective of this research was to develop a three-
dimensional (3D) reconstruction system based on a
time-domain optical coherence tomography (OCT)
microscope. One of the critical drawbacks of OCT
microscopes is that their axial measurement ranges
are typically limited by their depths of field (DOFs),
which are determined by the numerical apertures of
their objective lenses and the central wavelengths of
their light sources. If a low-coherence interference
fringe is far outside the DOF, the measurement ac-
curacy inevitably decreases, regardless of how well-
adjusted the reference mirror is. To address this issue
and improve the axial measurement range of the OCT
microscope in this study, an object-scanning measure-
ment scheme involving a Linnik interferometer was
developed. To calibrate the system in the proposed
technique, image post-processing is performed for a
well-conditioned state to ensure that a low-coherence
interference fringe is generated within the DOF, en-
abling 3D objects with high-aspect-ratio structures to
be scanned along the axial direction. During object-
scanning, this state is always monitored and is cor-
rected by adjusting the reference mirror. By using
this method, the axial measurement range can be im-
proved up to the working distance (WD) of the ob-
jective lens without compromising the measurement
accuracy. The WD is typically longer than 10 mm,
while the DOF of the microscope is around 0.01 mm
in general, although it varies depending on the imag-
ing system. In this report, the experimental setup of a
3D reconstruction system is presented, a series of ex-
perimental verifications is described, and the results
are discussed. The axial measurement range was im-
proved to at least 35 times that of a typical OCT mi-
croscope with identical imaging optics.

Keywords: three-dimensional reconstruction, three-
dimensional measurement, optical coherence tomogra-
phy, optical microscopy

1. Introduction

In recent years, the nano- and micro-manufacturing
industries have progressed rapidly to meet the require-
ments of advanced technology and scientific research in-
terests. In particular, three-dimensional (3D) printing
and ultrahigh-precision machining technologies can en-
able significant improvements in several aspects of manu-
facturing, including accuracy, throughput, and degrees of
freedom.

Furthermore, in the inspection process, geometric mea-
surements and computational performance analyses are
essential sources of feedback [1]. Thus, 3D reconstruc-
tions for geometric modeling and numerical simulations
based on computer-aided engineering software are be-
coming increasingly important. By using 3D reconstruc-
tion methods to develop precise geometric models of in-
line products, acceptable and defective products can be
classified appropriately. Consequently, more efficient
manufacturing systems can be constructed and more ad-
vanced technologies can be realized. Furthermore, in
biomedical applications, 3D models are essential to quan-
titively measure and control the growth of cells.

To perform nano- and micro-scale 3D reconstructions,
conventional 3D microscopic measurement techniques
such as laser scanning confocal microscopy [2], scan-
ning electron microscopy [3], and scanning probe mi-
croscopy [4] can be employed. The applicability of these
techniques to industrial applications is limited because
high-throughput, non-destructive, 3D measurements are
necessary for product inspection, and these properties are
difficult to achieve with conventional measurement sys-
tems. Optical microscopy is one potential means of re-
alizing these characteristics simultaneously because it is
non-destructive and can provide parallel imaging with an
area image sensor for high-speed measurements. Espe-
cially in optical measurements, if a coherent light source
is used, advanced interferometry can be performed [5].
Interferometry can be applied to measurement systems to
enable the acquisition of not only the intensity of light,
but also its phase, which includes 3D information about
the investigated object [6].
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In general, reconstructing 3D geometric information by
performing optical microscopy is challenging because the
imaging depth of field (DOF) is very shallow. Further-
more, parallax is nonexistent because the imaging system
used in optical microscopy is based on orthographic pro-
jection. Therefore, an image-stacking technique, namely,
the shape-from-focus method [7], is typically used to
obtain the depth information of the object to be mea-
sured. The shape-from-focus method is time-consuming
as numerous images must be acquired, making this tech-
nique unsuitable for industrial applications. Computa-
tional microscopy [8] is an effective means of overcom-
ing this drawback, because it involves a computational
problem rather than a physical one and specific compu-
tations to improve the measurement performance, such as
the computation of the space-bandwidth product [9]. Op-
tical light-field microscopy [10], a computational imag-
ing technique with an expanded DOF and digital refo-
cusing ability, can also be used to avoid the aforemen-
tioned drawbacks. The spatial resolution initially yielded
by light-field microscopy is low, but it can be improved by
using a sub-pixel super-resolution method [11]. However,
even when this method is employed, the 3D reconstruc-
tion performance is insufficient for practical use because
of its low sensitivity, which impedes the measurement of
weak light [12].

Hence, in this study, we explored the possibility
of using time-domain optical coherence tomography
(OCT) [13] as an alternative 3D reconstruction method.
Time-domain OCT is a well-known technique for cross-
sectional tissue imaging and performing 3D measure-
ments of reflective objects, therefore, its applications
range from biomedical analysis to ultrahigh-precision
manufacturing. In OCT, an incoherent light source
and coherence gating are employed to enable the abso-
lute measurement of the optical path length difference
(OPD) between two arms in an interferometric optical
system. Typically, OCT is used simultaneously with opti-
cal microscopy to achieve micron-scale-resolution mea-
surements in every 3D direction. In this case, the lat-
eral measurement range corresponds to the field of view
(FOV) in optical microscopy, which is typically a few
millimeters, although it varies depending on the imag-
ing system. The axial measurement range, however, is
limited by the DOF, which is determined by the numer-
ical aperture (NA) of the objective lens and the central
wavelength of the light source. In this situation, the effec-
tive axial measurement range is nearly 10 times as long
as the DOF. If a low-coherence interference fringe is far
outside the DOF, the measurement accuracy inevitably
decreases, regardless of how well-adjusted the reference
mirror is. Therefore, the axial measurement range is of
sub-millimeter order, i.e., considerably shorter than the
lateral measurement range, which implies that 3D objects
with high-aspect-ratio structures cannot be measured in
such situations. As one possible method of improving the
axial measurement ranges of OCT microscopes, we pro-
pose employing an object-scanning measurement scheme
involving a Linnik interferometer [14].

Fig. 1. Interference signal in OCT.

This paper introduces the proposed method in detail,
describes the experimental setup used to investigate the
3D reconstruction system, and presents a discussion of
the experimental results.

2. Methodology

2.1. OCT Microscope
In this study, we focused on using a time-domain OCT

microscope to reconstruct the 3D shape of a micro-scale
object. Conventional optical microscopy is not usable in
situations where the signal-to-noise ratio (SNR) is low or
the light reflected from the object is weak, e.g., if the ob-
ject is small, has low reflectivity, or is located on an in-
cline relative to the viewpoint. OCT microscopes do not
experience these problems as they detect not only the in-
tensity of light reflected from objects but also interference
signals. Thus, OCT microscopes are more sensitive than
conventional optical microscopes. The interference fringe
contrast C is given by

C =
2
√

O ·√R
O+R

, . . . . . . . . . . . . (1)

where O and R are the intensities of the light reflected by
the object and the reference light, respectively. Even if O
is reduced to 1% of its original value, 20% of the original
C remains, which implies that an OCT microscope can
provide a sensitivity and SNR that are sufficiently high to
facilitate precise measurements.

In time-domain OCT, a low-coherence light source is
employed for a specific interference signal (see Fig. 1),
which enables absolute measurements of the OPD. The
full-width at half-minimum of the envelope of a low-
coherence interference fringe lc is given by

lc =
2 ln
π

· λ 2
0

Δλ
, . . . . . . . . . . . . . (2)

where λ0 and Δλ are the central wavelength and spectral
width of the light source, respectively, and lc is equivalent
to the coherence length of the light source.

Three types of interferometers can be used for
OCT [14]: Michelson, Mirau, and Linnik interferometers.
Although each type has its advantages and disadvantages,
Linnik interferometers are relatively easy to employ for
low-cost, high-precision, 3D measurements. The com-
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Fig. 2. Relationship between a 3D object with a high-
aspect-ratio structure, microscope DOF, and low-coherence
interference fringe in OCT. (a) interference occurring within
or near the DOF. (b) and (c) reference mirror far outside the
DOF.

mon drawback of these three types of interferometers is
that the resulting axial measurement range is short be-
cause it is limited by the DOF of the optical microscope,
which is given by

DOF =
λ0

2NA2 , . . . . . . . . . . . . . (3)

where λ0 and NA are the central wavelength of the light
source and the NA of the objective lens, respectively. The
NA is given by the following equation.

NA = n sinθ , . . . . . . . . . . . . . (4)

where n represents the refractive index of the medium be-
tween the objective lens and the object and θ is the aper-
ture half-angle of the objective. Fig. 2 shows a schematic
of the relationship between a 3D measuring object with
a high-aspect-ratio structure, DOF, and low-coherence in-
terference fringe. In Fig. 2, they all exhibit a spatial di-
mension and are horizontally placed so they are compa-
rable along the optical axis. The OCT measurements are
usually performed by scanning the reference mirror along
the axial direction. If the interference occurs within or

Start

End

DOF determination

Setup of microscope and interferometer

Adjustment of
interference signal to be

inside DOF

Investigation of
signal position

Object scanning and measurement

Measurement end?
No

Yes

Inside DOF

Outside DOF

Fig. 3. Object-scanning procedure in the OCT measurement
technique.

near the DOF (see Fig. 2(a)), the OCT microscope per-
forms sufficiently well. However, if the displacement of
the reference mirror is far outside the DOF (see Figs. 2(b)
and (c)), the fringe contrast, which indicates the measure-
ment accuracy, is reduced because of the defocusing of
the image outside the DOF. Consequently, the axial mea-
surement range is limited by the DOF of the microscope.

2.2. Object-Scanning Scheme in OCT

To address the problem described above, we developed
an object-scanning scheme based on an OCT microscope
for the 3D reconstruction of objects with relatively high
aspect ratios. The low-coherence interference fringe must
be inside the DOF during object-scanning, otherwise, a
sufficient fringe contrast cannot be achieved. The detailed
procedure of the proposed method is depicted in Fig. 3.
First, the OCT microscope with the Linnik interferometer
is set-up by focusing on a microscope calibration target
such as a USAF1951. Secondly, the experimental DOF
and fine focus position are determined by scanning the
target along the axial direction. Then, by adjusting the
reference mirror, the interference fringe signal position is
checked to determine whether the fringe is inside or out-
side the determined DOF. If it is inside, object-scanning
starts and the measurements are performed; otherwise, the
reference mirror must be readjusted. These processes are
repeated during scanning so the fringe contrast will be
sufficiently high for each measurement. This technique
is rapid and smooth as every process is performed by the
computational image processing of the acquired images.
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Fig. 4. Schematic diagram of the time-domain OCT micro-
scope and Linnik interferometer.

 

Fig. 5. Experimental setup of the object-scanning OCT mi-
croscope and Linnik interferometer.

3. Development

3.1. Object-Scanning Time-Domain OCT Micro-
scope with Linnik Interferometer

To examine the abovementioned method experimen-
tally, we developed an experimental setup involving a
time-domain OCT microscope and Linnik interferometer.
Figs. 4 and 5 present a schematic diagram and photograph
of the optical system, respectively. In this setup, a light-
emitting diode (LED) with λ0 = 657 nm and Δλ = 21 nm
is employed as the light source for the OCT microscope.
The LED light is well-collimated and homogenized by a
collimation lens and beam shaper to maximize the inter-
ference contrast throughout the FOV of the microscope.
Then, a beam splitter divides the light into two beams,
which propagate along the two arms of the interferomet-
ric system. The beams are incident on the sample and ref-
erence sides of the objective lens and thereby illuminate
the microscope. The light reflected by the sample and
reference mirror is imaged on a complementary metal ox-
ide semiconductor (CMOS) detector through the objective
lens and imaging lens. At the same time as this imaging

Fig. 6. Relationship between the low-coherence interfer-
ence signal intensity detected at one pixel in the CMOS im-
age and the acquired image frame.

process, a low-coherence interference fringe is generated
on the detector if the OPD between the two arms is shorter
than the coherence length of the light source, which was
determined to be 9.1 μm based on Eq. (2). The NA and
working distance (WD) of the objective lens were found
to be 0.28 and 34 mm, respectively. Accordingly, the DOF
and effective axial measurement range were calculated to
be approximately 4.2 μm, by using Eq. (3), and 42 μm,
respectively. Once the reference mirror is placed at the
focus in this method, the distance between the mirror and
the objective is fixed to ensure that the low-coherence
interference fringe is inside the DOF. Then, the object-
scanning and OCT measurement processes are started.

3.2. Interference Signal Processing Algorithm for
OCT Measurement

In the developed time-domain OCT microscope, the in-
terference signal is detected as an image sequence. The
signal intensity at each image pixel varies depending on
its image frame, which corresponds to its acquisition
time. Fig. 6 shows an example of the relationship be-
tween the low-coherence interference signal intensity de-
tected at one pixel in a CMOS image and the acquired
image frame. This relationship is referred to as the low-
coherence interference signal. A flat mirror surface in-
clined by 10◦ with respect to the plane perpendicular to
the optical axis was employed as the sample in the devel-
oped microscope. In the typical time-domain OCT mea-
surement process, the image frame with the maximum in-
tensity is assigned to be that at which the OPD between
the two interferometer arms is zero. One means of per-
forming this estimation is the intensity center of gravity
method; however, the dispersion of the values estimated
using this method is insufficient to enable high-precision
measurements to be acquired. A depth map of the mea-
sured surface profile of the inclined mirror with the inten-
sity center of gravity method is presented in Fig. 7, while
Fig. 8 depicts the line profile obtained along the red line
in Fig. 7 as well as the Pearson correlation coefficient R2

of the linear approximation. As the mirror surface was
almost flat, R2 was expected to be close to unity. How-
ever, R2 was estimated to be 0.9917 in this experiment,
indicating the presence of a substantial error. To improve
the estimation accuracy, a Savitzky–Golay filter [15] was
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Fig. 7. Depth map of the measured surface profile of the in-
clined mirror estimated using the intensity center of gravity
method.

Fig. 8. Line profile along the red line in Fig. 7 and the R2

value of the linear approximation.

Fig. 9. Surface profile of the inclined mirror, which was
estimated using the Savitzky–Golay filter and the moving
least squares method.

employed as a low-pass filter to enable the data character-
istics to be more stably maintained, and the moving least
squares method [16] was applied for the peak position es-
timation to increase the robustness against noise. Figs. 9
and 10 respectively illustrate the depth map of the mea-
sured surface profile of the inclined mirror and the line
profile along the red line in Fig. 9, which was obtained
using the proposed estimation method. The estimation
accuracy is improved, as evidenced by the smoother line
profile and R2 value of 0.9977, which is closer to unity
than that obtained using the conventional intensity center
of gravity method. In addition, the estimation results vi-
sualized using the 3D point cloud viewer are presented in
Fig. 11. The shape of the inclined mirror surface seems to
have been reconstructed appropriately.

Fig. 10. Line profile along the red line in Fig. 9 and the R2

value of the linear approximation.

Fig. 11. Reconstructed 3D shape of the inclined mirror surface.

4. Results and Discussion

4.1. Measurement of a Micro-Sized Machining Tool
with High-Aspect-Ratio Structures Using the
Developed OCT Microscope

This section describes the experimental verification of
the developed time-domain, object-scanning OCT micro-
scope mentioned in Section 3.1, which was conducted
using a micro-sized machining tool blade with a high-
aspect-ratio structure as the sample. The experimen-
tal conditions and the 3D object that was measured are
presented in Table 1 and Fig. 12, respectively. The
blade of the micro-sized machining tool had both con-
vex and concave structures, which differed in height by
150 μm. This difference is far greater than the effective
axial measurement range of a conventional OCT micro-
scope. Therefore, the scanning range was set to 180 μm,
corresponding to 1800 frames with a scanning speed of
0.1 μm/frame. In this situation, however, the FOV of the
microscope was too narrow to cover both structures of the
tool blade. Consequently, the lateral position of the ob-
ject was changed at frame 900 so its entire structure could
be measured during one scan. Fig. 13 presents an exam-
ple of an image sequence acquired by axially scanning the
object. The fringe contrast of the low-coherence interfer-
ence is maximized around frames 300 and 1500, which
correspond to the concave and convex structures, respec-
tively, of the tool blade. Ideally, the difference between
the concave and convex frames would be around 1500, but
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Table 1. Experimental conditions of the time-domain
object-scanning OCT microscope.

Parameter Value
Central wavelength of the light source 657 nm
Spectral width of the light source 21 nm
Coherence length of the light source 9.1 μm
Magnification of the objective lens 10x
NA of the objective lens 0.28
WD of the objective lens 34 mm
DOF of the imaging system 4.2 μm
Effective axial measurement range of OCT 42 μm
Resolution of the CMOS image sensor 1280×1024
Pixel size of the CMOS image sensor 3.6 μm
Object scanning stage step size per frame 0.1 μm/frame
Total object scanning range 180 μm

Fig. 12. Micro-sized machining tool blade with a high-
aspect-ratio structure, which was used as the 3D object.

considerable errors were caused by the insufficient posi-
tioning accuracy of the stepping motor stage and changes
in the lateral position of the object.

4.2. 3D Reconstruction of the Micro-Sized Machin-
ing Tool Blade

The signal processing algorithm described in Sec-
tion 3.2 was applied to the acquired image sequence to
perform 3D reconstruction of the object. Figs. 14 and 15
depict the depth map and 3D view of the results recon-
structed for the concave and convex structures, respec-
tively. As previously mentioned, the absolute height dif-
ference between the concave and convex structures could
not be measured, but the blade structure can still be seen in
the reconstruction results. The axial measurement range
was improved to at least 35 times that of a typical OCT
microscope with the same imaging optics. Thus, the pro-
posed OCT microscope system can be used to measure 3D
objects with high-aspect-ratio structures. The reconstruc-
tion results, however, were influenced by noise, which
can be seen in both Figs. 14 and 15. The noise is con-
sidered to be caused by the deformation of the direct-
current (DC) component in the fringe signal of the pro-
posed OCT system. The DC components of the conven-
tional and proposed OCT microscopes are indicated by

Fig. 13. Image sequence acquired by axially scanning the
object.

red lines in Fig. 16. In conventional OCT, the measured
object is fixed and the reference mirror is scanned, and
the contrast is uniform in each focusing image, so the DC
component is stably flat. Conversely, the focusing image
contrast varies during the axial scanning of the object in
the proposed OCT microscope, and the defocus blur in-
fluences the neighboring pixels in each image, so the DC
component may be deformed. One means of solving this
problem is the direct smoothing of the 3D point cloud,
while another, more intrinsic solution involves correcting
the deformation so it becomes flat by using signal pro-
cessing techniques.

5. Conclusion

In this report, we presented a 3D reconstruction sys-
tem based on a time-domain OCT microscope with an
improved axial measurement range. The proposed recon-
struction technique involves object-scanning to improve
the axial measurement range up to the WD of the objec-
tive lens, which is considerably longer than that of a con-
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(a) Depth map

(b) 3D front view

(c) 3D side view  

Fig. 14. 3D reconstruction of the concave structure of the
micro-sized machining tool blade.

ventional OCT microscope. An experimental setup and
fringe signal processing algorithm were developed; then,
a series of experiments was performed, in which the con-
cave and convex structures of a machining tool blade were
reconstructed in 3D. This object has a relatively high as-
pect ratio and is difficult to measure with a conventional
OCT microscope as the effective axial measurement range
is only about 10 times as long as the DOF of the imaging
system. The developed OCT system yielded a range that
was substantially greater than that achieved by the con-
ventional system, and the tool blade was measured during
a single scan. Even though the originally developed fringe
signal processing algorithm with improved estimation ac-
curacy was applied, the reconstruction results remained
noisy because of the DC component deformation of the
fringe signal. In future work, theoretical analysis of the
wider measurement range could be performed, and defor-
mation correction could be applied to further improve the
3D reconstruction system.
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