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In this paper, we propose a digital shape reconstruc-
tion method for micro-sized 3D (three-dimensional)
objects based on the shape from silhouette (SFS)
method that reconstructs the shape of a 3D model from
silhouette images taken from multiple viewpoints. In
the proposed method, images used in the SFS method
are depth images acquired with a light-field micro-
scope by digital refocusing (DR) of a stacked image
along the axial direction. The DR can generate refo-
cused images from an acquired image by an inverse
ray tracing technique using a microlens array. There-
fore, this technique provides fast image stacking with
different focal planes. Our proposed method can re-
construct micro-sized object models including edges,
convex shapes, and concave shapes on the surface of
an object such as micro-sized defects so that damaged
structures in the objects can be visualized. Firstly, we
introduce the SFS method and the light-field micro-
scope for 3D shape reconstruction that is required in
the field of micro-sized manufacturing. Secondly, we
show the developed experimental equipment for mi-
croscopic image acquisition. Depth calibration using
a USAF1951 test target is carried out to convert rela-
tive value into actual length. Then 3D modeling tech-
niques including image processing are implemented
for digital shape reconstruction. Finally, 3D shape re-
construction results of micro-sized machining tools are
shown and discussed.

Keywords: shape reconstruction, light-field microscope,
digital refocusing, shape from silhouette, 3D measure-
ment

1. Introduction

Inspection of microscale industrial components re-
quires high throughput, non-destructibility, and three-
dimensional (3D) measurement capability. However,
these properties are difficult to achieve simultaneously
with conventional 3D measurement techniques such as
laser scanning confocal microscopy [1], scanning elec-
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tron microscopy [2], and scanning probe methods with
styli [3]. Therefore, we focus on optical microscopy [4]
that provides parallel imaging with an area image sensor
for high-speed micro-scale measurement. In general, the
reconstruction of 3D geometric information using an opti-
cal microscope is problematic because the depth of field is
very shallow. Therefore, an image-stacking technique us-
ing focal plane scanning is typically used to obtain depth
information of the object to be measured [5]. However,
these methods are not suitable for industrial applications,
because they require a long processing time to take a large
number of images. Hence, we propose a high-speed im-
age stacking method based on digital refocusing (DR) [6]
with an expanded depth of field.

Geometric modeling techniques including shape re-
construction are required for numerical simulations in
computer-aided engineering. Recent progress in 3D print-
ing and ultra-precision machining technologies has in-
creased the demand for analysis and evaluation of micro-
sized industrial components. As mentioned, laser scan-
ning confocal microscopy can deliver 3D measurement
capability with high spatial resolution, but this measure-
ment is limited to one scanning direction, hence, shape
reconstruction of whole components is impossible. A
method for 3D reconstruction of micro-objects from mul-
tiple photographic images has been proposed [7], how-
ever, the depth of field of imaging limits the axial reso-
lution to the order of hundreds of micrometers. Further-
more, the shape from silhouette (SFS) and the shape from
focus (SFF) methods have been employed to reconstruct
the geometric model of whole components [8], but these
techniques are too time consuming in manufacturing.

To overcome these limitations, we propose a SFS-based
shape reconstruction method for micro-sized 3D objects
using a previously developed light-field microscope [9].
The light-field microscope can provide fast image stack-
ing with high resolution, therefore, the proposed shape
reconstruction method is useful for inspection, analysis,
and evaluation of micro-sized industrial components.
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Fig. 1. Light-field microscope optical system.

2. Methodology

2.1. 3D Measurement Using Light-Field Micro-

scopy

In recent years, the computer graphics and image-
stacking method, DR, based on the light field has been
applied to fluorescent microscopic imaging for expanding
the depth of field [10]. Fig. 1 shows the configuration of a
light-field microscopy optical system. In the system, the
object plane and microlens array, and the objective lens
and image sensor, are conjugate. Therefore, a ray from
each microlens corresponds to a ray on a section of the
object. Furthermore, each pixel of the image sensor cor-
responds to a position on the main lens. Hence, by use of
a certain microlens and a certain image sensor pixel, it is
possible to define a ray from the object as a function that
includes two-dimensional (2D) positional coordinates of
the microlens and the image sensor pixel. The DR carries
out inverse ray tracing from the image plane to the inter-
mediate image plane by using the light field recorded by
an image sensor with a microlens.

Figure 2 shows schematics of inverse ray tracing using
DR to obtain depth information. A ray from an object is
defined and refocusing is done by tracking ray trajecto-
ries. A refocus image on an in-focus position is obtained
by summing all pixels of the image sensor under each mi-
crolens (Fig. 2(a)). Similarly, a refocus image on an out-
of-focus position is acquired by summing all pixels, con-
sidering ray trajectories calculated from a microlens posi-
tion and a pixel position on the image sensor (Fig. 2(b)).
Consequently, in this system, it is possible to create refo-
cused images by inverse ray tracing.

2.2. 3D Shape Reconstruction Based on the SFS
Method

In this study, microscopic depth images calculated from
the stacked images obtained by DR are combined with the
SES method for 3D reconstruction of a measured object
with micro-scale structure. The SFS technique is widely
used in the reconstruction of 3D geometric models repre-
sented as a set of voxels from different viewpoints in com-
puter vision [11] and it is well-suited for edge structure
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Fig. 2. Inverse ray tracing using DR.
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Fig. 3. Conceptual diagram of 3D shape reconstruction by
the SFS method.

detection. Fig. 3 shows a concept of 3D reconstruction
by the SFS method. The commonly-used SFS technique
requires mask images or binary images obtained from the
acquired images to determine if a voxel is in, on silhou-
ette (usually, this is called ambiguous), or out. When the
voxel is in or on silhouette, it is retained. However, if the
voxel is out, it is removed. Hence, retained voxels rep-
resent a 3D geometric model of an object. However, the
SFS method cannot retrieve information on the surface as-
perity of an object. To solve this problem, we adapt depth
information using the stacked images obtained by DR, to
the geometric model constructed by the SFS method, to
include the surface information of the object.
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Fig. 4. Processing flow chart of the 3D shape reconstruction
based on the DR, SFF, and SFS methods.
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Fig. 5. Prototype of the light-field microscope for 3D shape
reconstruction.

3. Development

3.1. Shape Reconstruction System for Micro-Sized
Objects Using Light-Field Microscopy

In order to reconstruct a micro-sized object and gener-
ate a 3D geometric model of it, the SFS method is em-
ployed for edge structure detection and the depth infor-
mation acquired by the light-field microscope is used to
add the surface asperity information of the object. Fig. 4
shows a processing flow chart of the 3D shape reconstruc-
tion. In addition, we developed a prototype of the light-
field microscope shown in Fig. 5. This microscope con-
sists of a computer for DR and the SFF method, a light-
field optical system for depth information acquisition, and
a rotating stage for the SFS method. The rotating stage is
equipped with a mounted object stage and, for fine rota-
tion adjustment, we used an x-y motion stage. Addition-
ally, for the uniform illumination on an object, we used
light-emitting diode (LED) ring illumination. The experi-
mental conditions are shown in Table 1.

3.2. Calibration of Depth

Depth information from the SFS and DR methods is
obtained as an arbitrary value. Therefore, it is necessary
to measure the actual depth value. We calibrated the depth
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Table 1. Experimental conditions for 3D shape reconstruction.

Parameter Value
Microscope magnification 2x
Numerical aperture 0.055
Pixel size of camera 5.5 um
Frame rate of depth image acquisition 14.1 fps
Pitch of microlens 126.5 um
Number of images for SFS 18
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Fig. 7. Depth images of the calibration target.

using a test target inclined at 45° toward the optical axis
shown in Fig. 6. Figs. 7 and 8 show the acquired depth
images and the results of the calibration, respectively. The
color bar in Fig. 7 indicates distance from the objective
lens. When the color is red and blue, it means the posi-
tion is close to the objective lens and the depth value is
large and, that the position is quite far from the objective
lens and the depth value is small, respectively. We mea-
sured the distance by comparing the depth value from the
acquired color images and line thickness of the test tar-
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Fig. 8. Actual depth evaluated by the depth images of the
calibration target.

get. Then, we evaluated an effective measuring range.
In Fig. 8, when the depth value is 0.5, it corresponds
to the in-focus position. There is a difference in accu-
racy between above and below the in-focus position. We
only employed upper data from the in-focus position be-
cause almost all of the depth images had a depth value of
higher than 0.5. We performed the least squares method
and measured the gradient of these lines for the calibra-
tion. All of these gradients were similar and close to 45°
of the test target. Then, we derived the relationship be-
tween depth values and actual depth, with the depth value
0.1 corresponding to an actual depth of 0.77 mm. There-
fore, the effective depth range of the developed system
was 2.3 mm.

4. Experiment

4.1. Reconstruction of a Micro-Sized Machining
Tool

Recently, micro-sized tools such as micro-drills and
micro-endmills have been employed for ultra-precision
machining. They can form 3D shapes with flexible finish-
ing, but pose many problems in mass production. Abra-
sion and deficit of the tool edge are the critical issues in
the repeatability of the machining process. Although the
tools are made from extremely hard materials, the tools
have quite sharp edges, so they are damaged and unusable
immediately after use. The damage mechanism is compli-
cated and has not been clarified in detail. Condition anal-
ysis, performance evaluation, and quality control of the
tools are required. A digital geometric model of a micro-
sized machining tool can be built by the proposed shape
reconstruction method and can be analyzed and evaluated
by numerical simulations.

4.2. Results and Discussion

Reconstruction of a micro-sized machining tool was
carried out by using the developed and calibrated light-
field microscope and resulting depth images. Firstly, im-
ages of a 1.3 mm diameter drill were obtained and the
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Fig. 10. 3D geometric voxel model of the tip and edges
of the micro-scale drill reconstructed by (a) the conventional

SES and (b) the proposed method.

microstructure of its tip and edges were reconstructed.
Then, eighteen images for the SFS method were acquired
from different viewpoints, including both the microscope
images and the depth images shown in Fig. 9. An or-
thogonal projection of voxels for inside/outside judgment
was used because the optical microscopic image is ortho-
graphic, which is a different methodology to that utilized
in the conventional SFS method. This makes it easy to
configure the experimental condition in the SFS process.
Fig. 10 shows the 3D geometric voxel model of the tip
and edges of the drill reconstructed by both the conven-
tional SFS method and the proposed method. 300 x 300
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x 300 voxels were used in the SFS technique, and the
marching cube method [12] was used to refine the result-
ing voxel models. The depth images taken by the light-
field microscope prototype were applied to add surface
asperity to the reconstructed 3D model. In the conven-
tional SFS method (Fig. 10(a)), the reconstructed object
does not contain information on the surface asperity, al-
though it includes edge information. On the other hand
(Fig. 10(b)), the proposed method can reconstruct the tip
and edges, as well as the surface asperity. Therefore, the
proposed method can be applied to reconstruct the mi-
crostructure of the object accurately. In the case of smaller
diameter tools with sharper edges such as micro-endmills,
however, complete shape reconstruction would be more
difficult. This is because of the measurement resolution of
~ 63 um, assumed from the specific properties of the op-
tical system in the 3D imaging range of 5.0 mm X 5.0 mm
x 2.3 mm determined by the field of view of imaging and
evaluated through the calibration.

S. Improvement

5.1. Improved Equipment and Calibration

In order to reconstruct a machining tool shape with a di-
ameter of less than one millimeter and sharper edges, we
employed a higher magnification 5x objective lens with
higher numerical aperture 0.255 in the developed light-
field microscope. Accordingly, another calibration exper-
iment was carried out. The calibration target was the same
as former one (see Fig. 6). Fig. 11 shows the resulting mi-
croscopic images and depth images of different focused
areas of the target. Line 3-3 (a), line 3-4 (b), line 3-5
(c), and line 3-6 (d) correspond to line pitch 99.0 mm,
88.5 mm, 78.7 mm, and 69.9 mm, respectively. The re-
lationship between arbitrary depth value and actual depth
value determined by the target is shown in Fig. 12. There
are some errors and deviations in the calibration result,
but enough linearity was confirmed for depth measure-
ment. The arbitrary depth value of 0.1 corresponds to an
actual depth of 0.17 mm. Therefore, the effective measur-
ing range of the improved equipment was approximately
0.5 mm.

5.2. Results and Discussion

Reconstruction of a micro-endmill with a diameter of
0.8 mm and blade length of 0.5 mm was attempted us-
ing the improved equipment. Moreover, for further time
saving of image acquisition, the number of images for the
SES method was decreased to six in this reconstruction
so that rotation angle of the tool was 60° for each cam-
era shot. Fig. 13 shows the resulting microscopic images
and depth images by DR. The depth image of the micro-
endmill was noisy and caused some shape error in the
reconstruction result. Hence, the filtering based on the
moving least squares (MLS) [13] was applied for better
reconstruction. A comparison of the raw depth image and
filtered depth image is shown in Fig. 14. The noise in
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the depth image was reduced without losing the edge and
blade structure information of the endmill. Figs. 15(a)
and (b) show the filtered depth images with the conven-
tional SFS technique and a geometric voxel model of the
endmill reconstructed by the SFS method, respectively.
The reconstruction procedure is the same one as men-
tioned in the previous section. By using the proposed
method, cutting blade structure as well as convex and con-
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Fig. 13. Microscopic images and depth images acquired
with respect to the rotation angle of the tool.

cave structure on the surface were reconstructed in the re-
sulting voxel model. This was achieved with an improved
measurement resolution of ~ 25 um by using the higher
magnification objective lens. Although the 3D imaging
range was reduced to 2.0 mm x 2.0 mm x 0.25 mm, the
depth range was expanded by the SFS method to cope
with the smaller diameter of the endmill. The processing
time of reconstruction was approximately 0.5 s in the case
of the octree voxel level 8 and total processing time was
less than 1 s by a PC with general specifications.

6. Conclusion

In this study, we propose a 3D measurement and digi-
tal shape reconstruction method using the SFS technique
and microscopic depth images of a micro-sized object by
light-field microscopy. The equipment development, cal-
ibration, and improvements are carried out for a series of
experiments. The proposed method was applied to build
geometric models of micro-sized machining tools. In
contrast to the conventional SFS technique, the proposed
method can reconstruct convex and concave structures.
However, the light-field microscope used has poorer spa-
tial resolution than a conventional optical microscope be-
cause the microlens array limits incident light to the CCD
sensor. Therefore, it is difficult to obtain high accuracy in
the reconstruction. In future work, super resolution tech-
niques based on imaging path control [14] will be em-
ployed for further improvement of the developed system.
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Fig. 15. (a) Filtered depth images by the conventional SFS
technique and (b) geometric voxel model, reconstructed by
the proposed SFS method, of the endmill.
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