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Abstract—With the development of dental instruments such as 

dental microscopes and cone beam computed tomography 

(CBCT), the precision of current dental diagnosis and treatment 

has greatly improved. However, the observation of deep 

periodontal pockets, fractures near the root apex, and collaterals 

of root canals is difficult using these instruments. To solve these 

problems, we developed two types of micro-image sensors that can 

be used for the observation of root canals. The first image sensor 

is an external-irradiation probe that uses an external light source. 

This probe has high-resolution and a wide field of view. The other 

sensor is an internal-irradiation probe, which can be used to 

observe an image and transmit the illumination light with a single 

probe. The external-irradiation probe has an image fiber with a 

diameter of 600 μm and a gradient index (GRIN) lens. The 

internal-irradiation probe has an image fiber with a diameter of 

300 μm, a GRIN lens, and 40 optical fibers with a diameter of 40 

μm each as a light source. Using these probes, we captured the 

image of a resolution chart; line spaces with widths of 10 to 100 

μm were observed using both types of probes. The evaluations of 

the visibility of the captured image showed higher measurement 

values than those of commercially available endoscopes. We will 

apply this ultra-compact image sensor to various fields besides 

dentistry, such as medical and industrial applications. 

 
Index Terms— endoscope, GRIN lens, image fiber, root canal 

I. INTRODUCTION 

 

EETH are the hardest tissue in the human body and have 

numerous fine structures as shown in Fig. 1.  

 Fig. 1 (a) shows the cross-sectional view of the human tooth, 

which includes hard tissue called enamel that is harder than 

bone or dentin. Soft tissue called dental pulp that includes a 

combination of nerves and blood vessels is also contained 

inside the teeth. As a marked structure of a tooth, canals 

including thin pulp, called root canals, exist in each tooth root. 

Dental caries (Figs. 1 (a, b)), a common disease observed in a 

tooth, sometimes damages dental pulp, and dentists eventually 

remove whole dental pulp, to relieve patients from serious pain. 

In the field of dentistry, a dentist is forced to treat root canal and 

 
 

deep periodontal pocket blindly without visual corroboration. 

While performing a surgical procedure such as the treatment of 

deep periodontal pockets, the affected area can be viewed; 

however, the surgical treatment places a large burden on the 

patient, and cannot be applied to all patients. On the other hand, 

when dental caries reach the dental pulp, and the bacterial 

infection reaches the periodontal tissue at the apex, endodontic 

treatment is necessary [1]. Specifically, in endodontic treatment, 

dental pulp and materials causing the bacterial infection are 

removed from the root canal. First, the dentist cuts away the 

dental caries with a machine called an air turbine. After all the 

caries are removed, the unnecessary parts of tooth crown are 

also removed to view the entrance of the root canal more clearly. 

Then, all the dental pulps of the root canal are removed and the 

root canals are washed with a cleaning solution. The entrance of 

the root canal is very small and has a complicated shape; in 

most cases, dentists operate using an instrument and perform 

the treatment blindly [2-4].  
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Fig. 1.  (a) Cross-sectional view of the human tooth and (b) photograph of the 

dental caries 

 
  

 

Fig. 2. Developed dental instruments (a) dental microscope, (b) CBCT 

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/JSEN.2016.2562118

Copyright (c) 2016 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



Sensors-14261-2016.R1 Fabrication of Two Different Probe Architectures for Ultra-Compact Image Sensors for Root Canal 

Observations 

2 

By using the recently developed dental microscopes, dentists 

can observe the fractures and narrowed root canal, which were 

previously difficult to observe and treat [5,6]. Furthermore, 

after the development of cone beam computed tomography 

(CBCT), three-dimensional (3D) diagnosis of the range of 

periapical lesions, which were difficult to observe in dental 

X-ray photographs, also became possible [7-10]. However, 

even when using these instruments, the observation of 

collaterals of the root canals and fractures near the apex is still 

difficult. By using a dental microscope, dentists can see near 

the entrance of the root canal; however, CBCT cannot be used 

to observe fine structures, as it does not have a high resolution. 

 

To solve the aforementioned problems, a new endoscope, 

which allows observation inside the periodontal pocket and 

root canals with high-resolution, is required. We considered 

using fiber endoscopes because they have a small diameter and 

are minimally invasive [11-14]. However, most prior dental 

research on endoscopes involved periodontal pockets [15-17]. 

In contrast, a dental endoscope designed for the fine structures 

inside of the root canals is not yet commercially available. 

Commercially available endoscopes that have a smaller 

diameter do not have a suitable light distribution and the image 

resolution of approximately 3,000 pixels is insufficient for 

diagnosis and treatment. 

For the reasons stated above, we have developed a dental 

endoscope that can be used to observe the fine structures of the 

root canal [18-20]. An image fiber bundled with a large number 

of single-mode fibers was used for the image transfer; it was 

developed through the application of various studies [21-23]. 

The specifications of the image fiber are: 15,000 pixels, 600 µm 

outer-diameter, and 500 mm length. The image was obtained 

using two methods. In the first method, the illumination light 

was transmitted outside the image fiber; in the second method, 

the illumination traveled inside of the image. As a result, lines 

and spaces with widths of 10, 20, 50, and 100 μm were 

observed using both methods; however, the observation was 

not possible unless the tip of the endoscope touched the 

samples. 

In this study, we added a lens to our previous endoscope system 

so that observations could be performed without touching the 

samples [18-20]. We fabricated two prototypes—with distinct 

designs—to solve the aforementioned problems of the current 

endoscopes. First, we fabricated an external-irradiation system 

with an illumination light outside of the probe. This system had 

a 15,000-pixel image fiber and a GRIN lens. We obtained 

high-resolution images on the resolution chart. However, 

observations were not possible unless the probe end touched 

the sample. Therefore, we designed another system—the 

internal-irradiation system. This system was used to illuminate 

the observation area and capture the images with a single 

endoscope probe. Furthermore, we designed a new GRIN lens 

to extend the object working distance. The internal-irradiation 

system comprised the image fiber, the GRIN lens, and the 

optical fibers for the light source. Optical fibers were placed 

around the image fiber. To further facilitate the insertion of the 

probe into the root canal, the diameter of the image fiber was 

selected to be thinner than that of the external-irradiation 

system to reduce the overall diameter of the probe. The new 

GRIN lens was designed, taking into consideration factors such 

as the magnification, the pitch of the GRIN lens, the working 

distance, and the light utilization efficiency. 

This paper reports on the design methods and evaluation of our 

endoscope. 

II. EXPERIMENTAL SETUP 

Fig. 3 shows the final image of the endoscope system. This 

system consists of a PC, complementary metal oxide 

semiconductor (CMOS) sensor, objective lens, and probe. The 

image of the target is transmitted in real-time from the CMOS 

sensor to the PC on the opposite end of the image fiber, where it 

is displayed on the monitor of the PC. This CMOS sensor has 

full-color capability, a 2-megapixel lens, and video capture 

capability. The specifications of the probe are given in the next 

section.  

A. Gradient-index (GRIN) lens 

The GRIN lens is a cylindrical lens and utilizes many 

microscopes. The shape of the GRIN lens is simple and it is 

easy to use in an optical system with low fabrication cost. 

GRIN lenses have been used in various medical devices such as 

endoscopes and microscopes [24-28]. We describe the basic 

imaging method of the GRIN lens: The GRIN lens has a 

gradient refractive index and the refractive index is the highest 

at the center axis of the lens. Therefore, the light rays inside the 

GRIN lens follow a curve that is based on the gradient of the 

refractive index as shown in Fig. 4 (a). The schematic diagram 

 

Fig. 3. Our endoscope system 

 

  

 

Fig. 4. (a) Path of the rays in a medium with a quadratic index variation, (b) 

imaging using the GRIN lens 
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of the imaging of the GRIN lens is shown in Fig. 4 (b). In this 

figure, l is the object working distance, l’ is the image working 

distance, and r is the radius of the GRIN lens. 

Imaging in the GRIN lens is described by the following 

equations [29-31]:  

)
2

1()( 2

2

0 r
A

nrN                       (1) 

 

In (1), where 𝑛0 is the refractive index of the medium on 

the cylindrical axis, √𝐴  is the refractive-index-distribution 

constant, and r is the radius of the cylinder of the GRIN lens. 

The light enters into the GRIN lens in the form of a curve and 

exits from the other end face. While the light travels through the 

lens, the ray propagates in a meandering sinusoidal path. The 

length of the wave for one period is defined as the pitch of the 

GRIN lens. The working distance of the GRIN lens can be 

changed by changing the pitch of the lens, and the pitch of the 

GRIN lens depends on the length of the lens. The relationship 

between the length of the lens and the pitch can be expressed as 

follows: 

A

P
Z

2
                                           (2) 

where Z is the length of the GRIN lens and P is the pitch of the 

GRIN lens.  

Table I shows the equations for the GRIN lens. For imaging 

using the GRIN lens, the relationship between the object 

working distance 𝑙, which is the distance between the object 

and the surface of the GRIN lens, and the image working 

distance 𝑙′, which is the distance between the image and the 

opposite surface of the GRIN lens, is shown in the equation in 

Table I; the equations for magnification M and numerical 

aperture 𝑁.𝐴.𝐺𝐿 are also shown. 

TABLE I.   EQUATIONS OF THE GRIN LENS 

Image working 

distance (𝑙′) 𝑙′ =
1

𝑛0√𝐴
∙
𝑛0𝑙√𝐴 cos⁡( 2𝜋𝑃) + sin⁡( 2𝜋𝑃)

𝑛0𝑙√𝐴 sin⁡( 2𝜋𝑃) − cos⁡( 2𝜋𝑃)
 

Magnification (𝑀) 𝑀 =
1

cos(2𝜋𝑃) − 𝑛0𝑙√𝐴 sin(2𝜋𝑃)
 

Numerical Aperture 

(𝑁. 𝐴.𝐺𝐿) 
𝑁. 𝐴.𝐺𝐿 = sin 𝜃 = √𝑛0

2 − 𝑛𝑟
2 

 

B. Image fiber 

 In this experiment, the image fibers used were multi-core 

fibers with a many small-diameter (4 µm) cores in a single fiber. 

An image fiber can transmit an image to the end surface of the 

fiber from the opposite surface. The image of the cross section 

of the image fiber is shown in Fig. 5(a). The center area is the 

imaging area, and it is covered with a silicon resin. In Fig. 5(b), 

the core of the image fiber light-gray areas, and darker gray 

areas are the clad of the fiber bundle.  

 The outermost layer of the image fiber is covered with a 

silicone resin and the image acquisition area is coated with 

acrylate resin and a quartz jacket. 

C. System construction 

 Considering the requirements for the prototype of an 

endoscope, the diameter and resolution of the probe are 

important factors to be considered. Fig. 6 shows the illustration 

of the root canal model.  

Dentists perform root canal treatment at approximately 500 to 

600 μm from the apical portion of the root canal. The entrance 

of the root canal is around 1 mm in diameter and, since they 

insert the probe inside the root canal, the diameter of the probe 

must be smaller than 600 µm. Next, we consider the resolution 

requirements of our endoscope. The diameter of the collaterals 

and the width of fractures are typically 50-100 μm. The 

diameter of the core in the image fiber is 4 μm. For observing 

through the naked eye, we need 4-pixel images and therefore, 

the desirable resolution should be higher than 12-25 µm. 

 
1) External-irradiation system 

In our previous study, we fabricated an endoscope using only 

an image fiber. However, the endoscope could not be used to 

observe the sample without touching the sample. Therefore, we 

considered including a GRIN lens for the observation. First, we 

show the specifications of the image fiber used in the probe for 

the external-irradiation system in Table II. 

 
 

Fig. 5. Image fiber (a) cross section of the image fiber, (b) cores and clads  

 

 Fig. 6. Model of the root canal and probe 
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Fig. 7. (a) The endoscope with an external-irradiation system, (b) 
illustration of the probe in the external-irradiation system 

 

TABLE II.  SPECIFICATION OF THE IMAGE FIBER IN 

EXTERNAL-IRRADIATION SYSTEM 

 

The image fiber used in this study has 15,000 cores and is 500 

µm in diameter; the distance between the cores is 3.38 µm. The 

jacket of the fibers was removed with acetone to reduce the 

probe diameter. The image fiber was used by attaching the lens 

with a UV curing adhesive. Table III shows the specifications 

of our GRIN lens. In this case, the image working distance l’ 

was effectively 0.0 mm and the pitch was 0.25 λ. The GRIN 

lens used in this system has the same diameter as the imaging 

area of the image fiber to facilitate the fabrication. This lens has 

a magnification of 1. 

TABLE III.  SPECIFICATION OF THE GRIN LENS IN THE 

EXTERNAL-IRRADIATION SYSTEM 

Diameter of GRIN lens 500 [µm] 

Image working distance 0.0 [mm] 

Pitch 0.25 λ 

Magnification 1 

 

Fig. 7 (a) shows the schematic diagram of the endoscope with 

the external-irradiation system. The image fiber and GRIN lens 

were bonded inside the metal tube using ultraviolet (UV) 

curable adhesive as shown in Fig. 7 (b), and unnecessary 

bubbles were removed.  

2) Internal-irradiation system 

 We fabricated the external-irradiation system with the object 

working distance of 0.0 mm that is similar to that of the image 

fiber. During a root canal procedure, using an object working 

distance of 0.0 mm probe is difficult because of the bends of the 

root canals. Therefore, we considered an optimized object 

working distance to change the pitch of the GRIN lens. 

Moreover, illumination light does not reach the root canals 

properly; we attempted to obtain the illumination light with a 

single probe. 

a) Design of GRIN lens 

 This system can be used to obtain the image and the 

illumination light. We used ultra-thin optical fiber for the 

illumination light; image fiber with a smaller diameter was used 

to place the optical fibers. Table IV shows the specifications of 

the image fiber in the internal-irradiation system. The image 

fiber used in this system has a diameter of 300 µm for the 

imaging area, and the number of cores equals 6,000 pixels. To 

accommodate such a large number of optical fibers, we used 

small diameter image fiber in this probe. The distance between 

the cores is 3.38 µm, and in the PC monitor, a minimum of 2 

pixels are necessary for observation.  

 

TABLE IV.  SPECIFICATION OF THE IMAGE FIBER IN 

INTERNAL-IRRADIATION SYSTEM 

 

For naked eye observation, 4 pixels are required and for an 

ideal observation, 10 pixels are required. For this reason, the 

size of the objective image should be 12-16 µm at the surface of 

the image fiber for naked eye observation. The observation of 

fine targets, such as the collaterals of the root canals and 

fractures, requires 50 µm; the requirements of the 

internal-irradiation system are shown in Table V. 

TABLE V.  REQUIREMENTS OF THE INTERNAL-IRRADIATION SYSTEM 

Parameter Minimum Ideal 

Objective length  50 [µm] 

Pixels 4 10 

Image length  13.52 [µm] 33.8 [µm] 

Magnification 0.27 0.68 

 

The second and third columns of this table show minimum and 

ideal requirements, respectively.  

Here, the magnification of the GRIN lens is shown below. 

       

)2sin()2cos(

1

0 PAlnP
M

 
                           (3) 

From this equation, 𝑙  can be represented by the following 

equation. 

Number of cores 15,000 pixels 

Diameter of imaging area 500±20 [µm] 

Diameter of fiber 500±20 [µm] 

Diameter of jacket 600±30 [µm] 

Minimum bending radius 30 [µm] 

Distance between cores 3.38 [µm] 

Number of cores 6,000 pixels 

Diameter of imaging area 270±20 [µm] 

Diameter of fiber 300±20 [µm] 

Diameter of jacket 400±30 [µm] 

Minimum bending radius 30 [µm] 

Distance between cores 3.38 [µm] 
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Fig. 8. Calculated relation for variation of the M between the image 

working distance and the pitch of the GRIN lens  

Fig. 9. Calculated relation of the image working distance and the pitch 

of the GRIN lens 

 

Fig. 10. Calculated relation between the image working distance and 

the pitch of the GRIN lens 

                    

)2sin(

1
)2cos(

0 PAln

M
P

l


 

                                      (4) 

Fig. 8 represents the relation between the image working 

distance and the pitch of the GRIN lens in the form of a graph. 

From the graph, it can be seen that the image working distance 

decreases as the magnification increases. Consequently, the 

magnification of the GRIN lens was set to be 0.27. 

Next, we consider how the illumination light can be efficiently 

used. Fig. 9 shows the construction of the probe. In this figure, 

Z is the irradiation range obtained from the optical fiber for the 

light source and H is the viewable range by the image fiber. 

Moreover, α and θ denote the maximum angle with respect to 

the optical axis of the emitted light for the GRIN lens and 

optical fiber, respectively. The numerical aperture of the GRIN 

lens 𝑁. 𝐴.𝐺𝐿and optical fiber 𝑁.𝐴.𝑂𝐹used in this experiment are 

0.65 and 0.37, respectively. Here, H can be represented by the 

following equation. 

))2sin()2(cos( 0 PAlnPD

M

D
H

IF

IF

 

                 (5) 

In addition, Z can be represented as follows. 

))..(tan(sin2

tan2

1

OF

probe

ANl

DlZ



 
                               (6) 

Using the ratio of the field of view and the irradiation range of 

the illumination light, the efficiency of light η can be 

represented as follows. 

21

2

0

2

2

2

))..(sintan(2(

))2sin()2(cos(

probeOF

IF

DANl

PAlnPD

Z

H













       (7) 

The relation between the image working distance and the 

efficiency of the light is presented in the graph shown in Fig. 10. 

The part of η that has 1 or more values in the graph shows that 

the irradiation light by the optical fibers cannot reach the 

imaging area.  

From the above results, we finalized the design of the GRIN 

lens to obtain the highest efficiency of illumination light and a 

range that satisfies the resolution. Moreover, the image 

working distance is 0 mm. Therefore, the GRIN lens designed 

has a magnification of 0.27, a pitch of 0.29 λ, and an object 

working distance of 0.69 mm. 

b) Specification of the light source 

We used an LED as the light source in previous system [18-20]. 

Table VI shows the specifications of the LED light and Fig. 8 

shows the relationship between the measured wavelength and 

the intensity of the LED. An LED was used as the light source 

because it can emit a sufficient amount of light and causes no 

harm to the human body [32-34]. The peak of the wavelength 

was found to be 450 nm from the graph showing the 

relationship between the wavelength and the intensity. 

TABLE VI.  SPECIFICATION OF LED LIGHT SOURCE 

Type OSW4XME3C1S 

Size 19.9 [mm] 

Deg 120 

Color Pure white 

Lens Yellow diffused 

Voltage 3.3 [V] 

Intensity 200 [lm] 

 

Table VII shows the specifications of the fiber was used. The 

optical fiber for the light sources had a core diameter of 30 μm 

and numerical aperture of 0.22. The optical fiber was in direct 
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Fig. 12. Resolution chart 

 

Fig. 11. (a) Endoscope with the internal-irradiation system, (b) 

illustration of the probe in the internal-irradiation system 

Fig. 13. Illustration of the observation system 

contact with the LED light source and the illumination light 

was transmitted. The measured average illumination light 

emitted from the fiber tip was 0.24 μW for a single fiber. Using 

40 fibers in the probe, we obtained a total illumination light 

intensity of 10 μW. 

TABLE VII.  SPECIFICATIONS OF THE OPTICAL FIBER 

Diameter of core 30±20 [µm] 

Diameter of clad 35±20 [µm] 

Diameter of jacket 40±30 [µm] 

Numerical Aperture 0.22 

  

c) Design of the internal-irradiation probe 

In this section, we describe the design of the probe in the 

internal-irradiation system.  

Fig. 11. (a) shows the schematic diagram of the internal 

irradiation system. This system can obtain images and produce 

the illumination light through a single probe.  

The light emitted from the surface of the sample passes through 

based on the pitch of the GRIN lens; it is emitted to the image 

fiber. The GRIN lens and the image fiber are bonded to each 

other using a UV curing adhesive. The distance from the lens 

surface and the objective surface represents the object working 

distance. The construction of the probe tip is shown in Fig. 11 

(b). The endoscope probe was constructed with the image fiber, 

optical fibers, and the GRIN lens. The pitch of the GRIN lens, 

0.29 λ, is too short to manipulate; hence, to facilitate the 

operation, the pitch of the GRIN lens was extended by 0.5 λ and 

the final pitch of GRIN lens was 0.79 λ. In this case, extending 

the pitch by 0.5 λ reverses only the direction of the image and 

there is no change in the size of the image formed. The length of 

the final GRIN lens was 2.08 mm.  

In addition, the probe was fabricated with a jig for coupling the 

image fiber and the GRIN lens. The GRIN lens and the image 

fiber were put on stages that were capable of fine position 

adjustment; after attaching these materials, we used a 

microscope for fine operation. After bonding the GRIN lens 

and the image fiber to the optical fiber for the light source, they 

were coated with a stainless steel tube. Each material was 

coated with a UV curing adhesive and irradiated with UV for 15 

min for each step.   

III. RESULTS 

We used a resolution chart same as previous research [18-20], 

shown in Fig. 12, for experimental observations using our 

endoscope systems. The resolution chart used in the 

experiments was glass, patterned with a Cr thin film. In 

addition, the resolution chart had a grid-pattern with lines and 

spaces drawn every 10, 20, 50, and 100 μm, which was used as 

an observation sample. These patterns were drawn by a focused 

ion beam technique. 

A. External-irradiation system 

1) Obtaining the image 

The fabricated endoscope probe was mounted on a stage 

capable of fine position adjustment as shown in Fig. 13. We 

mounted the resolution chart on the observation stage and held 

the probe in a fixed position. In this stage, the probe can move 

along one axis. The resolution chart was illuminated by a 

halogen lamp. As described in the previous section, we 

fabricated the external-irradiation system and observed the 

resolution chart. Fig. 14 shows the observation results of our 
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Fig. 15. Evaluation of the visibility: (a) Rotated original image, (b) 

Grayscale image, (c) Trimming and drawing a line, (d) Original 
measuring value, (e) Baseline correction, (f) Smoothing and peak 

searching 

 

 

 

Fig. 14. Obtained images with (a) commercially available endoscope 

(b) and our endoscope with the internal-irradiation system 
 

 

 

Fig. 16. Evaluation of each image. (a-d): our endoscope; 10, 20, 50, and 

100 µm, (e,f): commercially available endoscope; 50 and 100 µm 

external-irradiation system and those of the commercially 

available endoscope. We observed the 10, 20, 50, and 100 µm 

lines and spaces of the resolution chart. The image of the 

commercially available endoscope is acceptable for 50 and 100 

µm widths of the lines and spaces; however, the 10 and 20 µm 

lines and spaces are not clearly visible. On the other hand, the 

image of our endoscope system can be observed for all widths 

of the lines and spaces. Compared with commercially available 

endoscopes, our system is capable of clear observations with 

the naked eye. Observations showed that in the images obtained 

using our endoscope, the tip of the probe was almost touching 

the surface of the resolution chart.  

2) Evaluation of the image 

For quantitative evaluation of the captured images, we 

evaluated the visibility of each image. For the evaluation, the 

captured images were rotated as their lines parallel to horizontal 

axis, and the images were converted to grayscale images. The 

center square of 400 × 400 pixels of the image was cut out. In 

Fig. 15, vertical red lines are shown at the center of the image 

representing the grayscale value of each pixel in the graph. 

Halation was also observed in the acquired image. In order to 

solve the halation problem, a slope correction was applied to 

the graph, and the result was approximated using a low-pass 

filter. We substituted the local maximum and minimum values 

of the final graph as follows.  

 

     𝑉𝑖𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 =
𝐼𝑚𝑎𝑥−𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥+𝐼𝑚𝑖𝑛
               (8) 

where Imax and Imin are the local maximum and minimum of the 

intensity on the finished graph, respectively. Fig. 16 (a-d) 

shows the final graph of the each image when using our 
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Fig. 17. Fabricated probe 

  

Fig. 18. Captured image with the internal irradiation probe  

 

Fig. 20. Evaluation of the working distance 

0

0.1

0.2

0.3

0.4

0.5

0.6

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

V
is

ib
il

it
y
 

Distance [mm] 

 

Fig. 19. Evaluation of the visibility for internal-irradiation probe: (a) 10 

µm, (b) 20 µm, (c) 50 µm, (d) 100 µm 

 

endoscope system. The graph of the commercially available 

endoscope is shown in Fig. 16(e-f). Comparing our endoscope 

to the commercially available model, the variation of the graph 

(a-d) is more uniform than the variation of the graph (e-f). 

These results demonstrate that our endoscope can capture 

image efficiently.  

 

B. Internal-irradiation system 

1) Evaluation of the light intensity 

We measured the amount of light radiated from the tip of the 
probe in the internal-irradiation system with a power sensor. The 
variation of the illumination light is converted to a voltage 
output of 0.5 V/mW. We obtained the illumination light with the 
probe and the light was converted into electric signals. We noted 
the voltage at the sensor, and then calculated the illuminance. 
The measured result of the illuminance was 4.6 μW. This result 
indicates that the light transmitted through a single optical fiber 
for a light source is less at the distal end. 

2) Obtaining the image 

 The internal-irradiation system endoscope was fabricated using 
the aforementioned methods. Fig. 17 shows the finished probe.  

The end of the fabricated probe was covered with a stainless 
steel tube. The outside diameter of the probe end was 830 µm. 
Using this probe, we observed the resolution chart. During the 
experiments, we positioned the probe on a stage capable of fine 
position adjustment. Fig. 18 shows the final captured images 
with our internal-irradiation system endoscope after measuring 
the optimal working distance. In these images, the cores of the 
image fiber can be confirmed, and the sharpest focus occurs at 
the left side and the central area. The edges of the images remain 
distorted because of the refractive index gradient. We could 
observe the 10, 20, 50, and 100 µm lines and spaces of the 

resolution chart with the internal-irradiation system. The 
transitions between the lines and the spaces are slightly blurred. 
Moreover, the captured images were clearer to the naked eye 
than those of the commercially available endoscope.  

3) Evaluation of the image 

For a quantitative evaluation of the captured images, we 

evaluated the visibility of each image; the results are presented 

in Fig. 19. For the internal-irradiation system, the visibility 

increased as the width of the lines and spaces increased just as 

in the case of the external-irradiation system; however, higher 

values were obtained. We measured the visibility with by 

varying the object working distance at 0.01-mm intervals, and 

obtained a graph of the relationship between the working 

distance and visibility. Fig. 20 displays the results. In this graph, 

the high visibility area corresponds to a working distance value 

of 0.35-55 mm. The highest visibility (0.55) was obtained at a 

working distance of 0.32-033 mm.   
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Fig. 21. (a) Illustration of observation, (b) obtained image for the 

observation of an actual human tooth 

B. Observation of an actual human tooth 

We observed actual human root canals in addition to the 

resolution chart. Fig. 21 (a) shows the schematic of the 

observation experiments for a human tooth using the micro 

probe. The human tooth observed in this experiment was a 

molar tooth that had been prepared for a root canal procedure. 

In Fig. 21 (b), we can observe the root canals and the isthmus 

between the root canals with our external-irradiation system 

probe. We attempted to capture the images with the 

internal-irradiation system; however, a clear image was not 

obtained, because the captured image did not have sufficient 

light illumination intensity and the working distance was too 

short to observe the root canal. 

 

IV. DISCUSSION 

In this research, we developed two types of endoscopes, namely, 

the internal-irradiation system and the external-irradiation 

system probes. Our experiments showed that both of these 

endoscopes had higher resolution than commercially available 

endoscopes. 

First, we describe the external-irradiation system. In our 

previous study, we fabricated an endoscope based only on the 

image fiber. However, the endoscope could not perform 

observations without touching the sample. Therefore, we 

considered adding the GRIN lens for conducting the 

observations. Our designed probe was attached to the end 

surface of the image fiber and the GRIN lens. We then used the 

GRIN lens with an image working distance of 0.0 mm. The 

fabricated probe end had a diameter of 600 μm, and the image 

fiber had 15,000 cores; using this we captured higher resolution 

images as compared to the internal-irradiation probe. The probe 

fabricated in this experiment could be used for observing the 

lines and spaces with a width of 10, 20, 50, and 100 μm on the 

resolution chart. Therefore, the prototype external-irradiation 

type probe can be used to obtain a desirable resolution for the 

observation. In addition, we analyzed the visibility of the 

images for each line and space, and found that the visibility 

value increased as the width of the lines and spaces increased.  

Next, we describe the internal-irradiation system. The 

fabricated probe had no deviation about the optical axis of the 

GRIN lens and that of the image for obtaining the image. The 

tip of the probe was covered with a stainless steel tube, its 

endurance while inserting it in the root canal ensured. In 

addition, the total diameter of the probe was 830 μm. The 

boundary surface of the GRIN lens and the image fiber 

becomes unnecessarily thick when optical adhesive is used 

while attaching these materials. Hence, large diameter stainless 

steel tube should be used. We need to further reduce the 

diameter for ease of insertion into the root canals. In particular, 

the root canals of the molars have a smaller diameter than those 

of the incisal and premolar teeth. We need to design new 

methods for attaching the probe that can be used for all teeth. In 

the observation of an actual human tooth, we could not obtain 

images from inside the tooth. We used 40 optical fibers with a 

diameter of 40 μm each in order to secure the light intensity, but 

the amount of light was still less than the design value. When 

fabricating the endoscope for observing a wider field of view, 

larger diameter optical fibers should be used to extend the area 

of the illumination light. However, when using fibers with 

larger diameter, the number of fibers that can be used is reduced, 

or the diameter of the image fiber also has to be decreased. 

Therefore, when increasing the output of the light source to 

ensure sufficient amount of light, the propagation loss must be 

considered. In addition, no clear image of the actual human 

tooth was obtained because of the low contrast of the image. 

Inside the tooth, the entire wall of the root canal is white in 

color and we obtain only low contrast images. In the future, we 

will consider overlaying the different images obtained using 

different color light sources. The internal-irradiation system 

had desirable resolution. From the captured images, widths of 

10, 20, 50, and 100 μm of the lines and spaces could be 

observed on the resolution chart. Our fabricated probe will be 

used for insertion into the root canals; the collaterals of the root 

canals and lines of tooth fractures will be observed. The 

expected diameter of the root canals and the width of the tooth 

fractures are approximately 100 μm and our internal-irradiation 

system achieves sufficient resolution to observe these. In 

addition, our captured images with the internal irradiation 

probe focus at the center of the image and the remaining parts 

of the images are distorted. The reason for this distortion is the 

gradient of the refractive index. Therefore, our probe has high 

accuracy because our fabricated endoscope can be observed 

fine specifications of the GRIN lens. We analyzed the visibility 

of the images for each line and space and observed that the 

visibility value increased as the width of the lines and spaces 

increased; the same phenomenon was observed in the 

external-irradiation system. The obtained working distance was 

shorter than the designed working distance for the GRIN lens. 

The short working distance was caused by the fact that the end 

surface of the GRIN lens was not positioned at the end of the 

probe at the adhesion step.  

Comparing the two types of probes shown in Table VIII, the 

internal-irradiation probe has higher visibility; on the other 

hand, it is clear that with the external-irradiation system a 

wide-view image can be observed. 

The internal-irradiation system shows higher visibility than the 

external-irradiation system; this is due to the addition of the 

objective lens between the CMOS sensor and the surface of the 

image fiber on the sensor side. The visibility value for the 

10-μm-wide lines and spaces of for both probes was very small 

compared to other images. The probes are considered suitable 

for observing sizes in the range of 20-100 μm. To obtain higher 

resolution, the core diameter of the image fibers must be 
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smaller, and the number of cores must be increased. Currently, 

we can prepare an image fiber with a larger number of 

individual cores; however, the image fiber with a larger number 

of cores will inevitably have a larger diameter as long as the 

size of each core remains constant. To improve our probe, it is 

necessary to optimize the size of each component.  

In addition, although the intensity of the illumination light has 

low power, the internal-irradiation system can obtain the 

illumination light by itself. When observing the periapical 

tissue, the observation of the fine structures is suitable because 

the illumination light is difficult to be obtained from the outside 

into the root canal. However, for observing the periodontal 

pockets and areas near the entrance of the root canal in a wide 

field of view, the external-irradiation system is suitable. 

Therefore, whether to use the internal-irradiation system or the 

external-irradiation system depends on what the dentist wants 

to observe.  

TABLE VIII.  COMPARING THE ENDOSCOPES 

 
Visibility 

10 20 50 100 

Commercial - - 0.09 0.29 

External 0.036 0.14 0.19 0.33 

Internal 0.05 0.26 0.33 0.54 

 

We are also attempting to build 3D images using the acquired 

2D images. In modern dentistry, 3D images are very useful for 

both clinical practice and research; and various studies have 

been conducted on 3D imaging [35]. Several prior studies have 

focused on the tooth and the bone of the jaw [36-39]. We 

constructed a 3D image using images that were acquired from 

the endoscope; however, constructing an accurate 3D image 

will be difficult until the image resolution is improved further.  

In future work, we will attempt to improve our endoscope 

system such that it is capable of using a laser from the optical 

fiber for the light source. With such a device, dentists would be 

able to use the endoscope for dental treatment as well as for 

diagnosis. In addition, it could also be used for the diagnosis 

and treatment of blood vessels in the medical field. 

V. CONCLUSION 

In this research, we constructed two types of image sensors, one 

with an external-irradiation system and the other with an 

internal-irradiation system. Both types of endoscopes had a 

resolution of 10-100 μm based on the observations of the 

resolution chart. The internal-irradiation system could emit 

light with an intensity of 4.6 mW from the tip of the probe; 

however, the actual dental observation was difficult. We need 

to perform further improvements in the image resolution, 

obtain a stable amount of light, and design accurate 

observations of an actual human tooth. 
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