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.2016.2574322

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <

1

Stiffness measurement system using endoscopes
with a visualization method
Tetsuyou Watanabe, Member, IEEE, Takanobu Iwai, Toshio Koyama, and Takeshi Yoneyama

Abstract—A novel stiffness-sensing system was developed that
works by attaching the proposed sensing part to endoscopes or
cameras. The system provides a method to investigate the stiffness
of tissues or objects in deep areas that can only be observed with
endoscopes in order to detect abnormalities. The system is an
extension of our previous force sensing system that utilized a force
visualization mechanism. The force is visualized at the sensing part,
and can be measured as visual information via endoscopes or
cameras. The sensing part also has a limiting structure used as a
threshold for the applied force. By measuring the force at the
limitation, the stiffness can be measured. The limitation point is
detected by the brightness changes of the captured images. The
developed sensing part has the advantages of having no electronic
components, being disposable, simple, easy to sterilize, MRIcompatible, and low-cost. Image processing methods for realizing
the mechanism are also proposed. The system was experimentally
validated.
Index Terms—Force sensors; Endoscopes; Stiffness sensors;
Force visualization method
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I. INTRODUCTION

NDOSCOPES are powerful instruments that enable
visualization of areas that people cannot enter or touch
directly. In the medical field, endoscopes are widely used for
invasive examinations. They are used not only for medical
checks, but also in surgeries. Endoscopes are also useful for
detecting faults inside machines. However, they typically
provide only visual information. If operators and doctors could
access not only visual, but also haptic information, then more
accurate diagnoses could be made. For example, palpation is a
frequently used diagnostic method in small hospitals and clinics.
The tactile information during abdominal surgery can be used
to detect the difference between normal and malignant tissues.
Tightening of screws could be achieved if tactile information
was available. With this in mind, in our previous papers [1], [2],
we developed a force sensing system that can be attached to
fiberscopes or endoscopes. Its main applications fell within the
field of medicine. Utilizing a highly elastic material (panty
stocking fabric) to create a force visualization mechanism
results in a force sensing system with high resolution, small size,
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low cost, no electrical components, and disposable parts.
However, the functions required to detect afflicted tissue areas
include not only force measurements, but also stiffness or
softness of the tissue. A similar analogy can be observed in
other fields such as factories and plants. Therefore, this paper
presents a novel stiffness-sensing system that works by
attaching a force sensing component to an endoscope to detect
abnormalities. The main features are as follows:
 Visualization mechanism-based sensing system: The
developed stiffness-sensing system is an extension of
our force sensing system [1], [2]. The sensing system
was completed by appending the sensing part to the end
of endoscopes or cameras. The force or displacement of
the sensing part is visualized using the scope, and
converted into force and stiffness measurements. The
sensing part has the advantages of having no electrical
components, being disposable, a simple design, easy
sterilization, MRI-compatibility, and low-cost.
 Mechanical structure for limiting the applied force:
The sensing part has a structure used to limit the
encountered force. By measuring the force at this
limitation, the stiffness can be determined.
 Strategy for detecting the force limitation: The
change in brightness of the image is used to detect the
force limitation. The light source is located outside of
the sensing part. The limiting structure also works to
block the light. Therefore, if the brightness substantially
decreases, it indicates the applied force has met the
structural limitations of the system. Through detecting
this change, the point for measuring stiffness is obtained.
This paper also proposes new image processing
methodologies to realize mechanisms that include these
features.
Our previous conference paper [3] provides a summarized
description of the concept used in this sensing system. However,
the strategy for detecting the force limitation was unclear.
Therefore, this paper presents the strategy to detect force
limitations used to determine stiffness, in addition to the
structural modifications to the sensing part required for
implementation of the strategy.
After introducing related works, this paper is organized as
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follows. First, the main structure and principle are described.
Second, the strategy for detecting the force limitation is
presented. After describing how to derive the force and
displacement information from the visual information, the
experimental validations are shown. Lastly, the conclusion is
presented.
A. Related works
Many force and tactile sensors have been developed. Dahiya
et al. presented a detailed review for tactile sensors [4]. Tiwana
et al. reviewed tactile sensors in the biomedical field [5]. The
presented sensing system in this paper works with endoscopes.
Force and tactile sensors have wide applications in the medical
field. Primarily, the sensors are used to provide tactile feedback
to a medical doctor or an operator. Puangmali et al. [6],
Westebring et al. [7], Okamura [7], and Poorten et al. [8]
presented reviews for this type of haptic technology.
Most of the haptic feedback systems used for minimally
invasive robotic surgery require electronic components such as
strain gauges [9]–[11]. However, electrical devices are not
always preferable in the medical field. The electrical force
gauge and tactile sensors often require other devices, such as
amplifiers, to function, resulting in increased total costs and
large-sized systems. Difficulties in sterilizing or disinfecting
are also common problems. With this in mind, several sensor
systems without electronic components have been developed.
Takaki et al. developed a force sensor embedded in forceps by
utilizing moiré fringe patterns [12]. The group of Kawashima
developed a pneumatic force sensing system embedded in
pneumatically driven forceps [13], [14]. Peirs et al. developed
a force sensor utilizing optical fibers to visualize the
deformation of a flexible structure embedded in the sensor [15].
Tada et al. developed a force sensor that detects peak
illumination changes of a point light source attached to a
flexible structure [16]. Ohka et al. developed a three-axis force
sensor that detects the position and orientation of columnar and
conical markers by cameras, which changes depending on the
applied force [17]. Kamiyama et al. developed a sensor that can
estimate the magnitude, distribution, and direction by detecting
the motion of two layered markers with cameras [18]. Chorley
et al. developed a biologically inspired vision-based tactile
sensor (TACTIP) [19].
With regarding to stiffness sensors, Kawahara et al.
developed a stiffness measuring system that supplies air
streams to a target and captures the deformation caused by the
air pressure by using endoscopes or cameras [20]. The
drawback of this system is its complexity and large size. Fukuda
et al. developed a sensing system that detects the softness of
tissue via acoustic reflection [21]. However, only relative
comparison is available, and quantitative values of stiffness
cannot be obtained. Although there are some types of stiffness
sensing systems, their development is limited, and still have
many unresolved problems. Therefore, this paper aims to
develop a low-cost and simple stiffness-sensing system.
II. STRUCTURE AND PRINCIPLE
Fig. 1 shows the overview of the developed stiffness-sensing
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system. The system consists of a sensing part, an endoscope or
camera, a light source, and a PC. If the sensing part makes
contact with an object, the image change associated with the
force/load and subsequent displacement is captured by the
camera (contained within the endoscope), and analyzed by a PC.
The sensing part has a structure that acts as a force limit, and by
sensing the force at this limit, the stiffness information of the
object can be obtained.

Fig. 1. Schematic view of the proposed stiffness-sensing system.

Here, we define stiffness. Let [N] be the force/load applied
to the object by the sensing part, and [mm] be the deformation
of the object, as shown in Fig. 2. The stiffness is defined as
follows

stiffness

N/mm

(1)

Note that the stiffness given in (1) was used rather than the
elastic modulus in order to take future applications to haptic
feedback systems into account.

Fig. 2. Schematic of stiffness.

A. Structure of sensing part
Fig. 3 shows the (a) overview, (b) photo, (c) side view, and
(d) cross-sectional view of the proposed sensing part. The
sensing part is composed of a pin, a limiting component, a
silicon part, and main body part, as shown in Fig. 4. These four
parts are connected with a fitting. The silicone part played a key
role acting as a spring, and was made of silicone: KE-1308 and
hardener (volume: 6 %): CAT1300L-3 (Shin-etsu Silicone, see
[22], [23] for details on the stiffness information; Fig. 17 (a)
shows the material information for the relationship between the
load and displacement). Note that the viscosity of this material
(silicone) has negligible difference compared to other polymer
materials (e.g., [24]). This is one reason why this material was
chosen. The silicone part was transparent so that the light source
could transmit through the sensing part. The pin, limiting
component, and main body part (ABS plus: Young's Modulus:
2.2 [GPa]) were manufactured by a 3D printer (Stratasys Uprint
SE). The pin had a spherical-shaped head and a cylindrical
extension. The pin head was a sphere having a diameter of 8
[mm]. It was designed such that the distance between the top of

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.

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.2016.2574322

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <
the pin and the limiting component ( ) was 7 [mm] when the
pin reached the limitation of displacement, as shown Fig. 3 (d).
is defined as the point at which the pin reaches the limit. It
should be noted that the distance between the top of the pin and
the limiting component ( ) was set as 7 [mm]; however,
7 was
because of a manufacturing and processing error,
not always convenient. Therefore, was used to represent this
distance in the later discussion.
Fig. 5 shows a schematic of the pins making initial contact
with an object (left side) and reaching their limitation point
(right side). Fig. 5 also shows the corresponding images
captured at these stages. When the pin head makes contact with
an object or organ, the silicone part deforms, and the pin
displaces based on the deformation. By capturing the
displacement of the pin via camera, force or displacement can
be estimated.

(a)

(b)

(c)

(d)
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the relationship between the displacement of the pin [mm] and
the deformation of the object [mm] is represented by
(2)
Therefore, if and
at the limitation point
can be
obtained, then the stiffness given in (1) can be calculated
utilizing (2). In sum, the necessary information for stiffness
estimation is as follows:
1. Detection of the limit
2. Estimation of the displacement and the load at
1) Detection of the limitation point
A light source is assumed to be located outside the sensing
part. When the images at the initial state (where the pin head
initially contacts the object) and limitation point (see Fig. 5)
are compared, it can be seen that the brightness clearly differs.
This is due to the difference in the transmissivity of light from
the light source. The yellow arrows in Fig. 5 describe a model
of this principle. At the initial state, there is space for light
transmission. Because of the transparency of the silicone, the
light can easily transmit inside the sensing part, and an image
having high brightness can be obtained. On the other hand, at
the limitation point , the object covers the limitation structure
and there is little space for light transmission. The amount of
light that can transmit through the sensing part then decreases
significantly. Therefore, we get an image with low brightness.
By detecting the change in the brightness, the limitation point
can be obtained.

Fig. 3. The proposed sensing part (a) overview; (b) photo; (c) side view; (d)
cross-sectional view

Fig. 5 Schematic of the pins making initial contact with an object (left side) and
reaching their limitation point (right side), and the corresponding images
captured at these stages.

Fig. 4. The components of the sensing part

B. Principle for stiffness estimation
Let be the displacement of the pin as shown in Fig. 5. Here,
consider the case when the pin reaches its limit . In this case,

2) Estimation of the displacement and the load at the
limitation point
Load [N] and the displacement [mm] can be estimated by
the same strategy as presented in our previous works [1]–[3],
although different image processing methods are required to
realize the strategy because of the different brightness
conditions. If a load is applied to the pin head, then the pin
displaces based on the deformation of the silicone part. The
captured area for the pin changes from
(initial area without
load) to , as seen in Fig. 5. Therefore, the load can be
if we know the relation between and
derived from
. Note that the relation includes the nonlinear elastic
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(a) Color image
(b) Greyscale image
Fig. 6 Evaluation area for detecting the limitation point ; (a) the captured
color image, (b) converted greyscale image highlighting the evaluation area

be clear. The centers for both semicircles coincided with the
center of the pin. The procedure for the evaluation was as
follows:
1. The captured image was converted to a grayscale image.
2. The mean of the pixel values in the evaluation area ( )
was calculated.
The obtained
value was the target for evaluating the
brightness. The threshold for detecting the limitation point
was experimentally derived.

Pixel value for evaluation area [-]

property of the silicone part at the sensing part. By a similar
method, can also be estimated. Note that the three-axis force
can theoretically be measured as proposed in a previous study
[2]. The main purpose in this paper pertains to the estimation of
stiffness, specifically in the longitudinal direction of the pin.
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Fig. 8. Relationship between the pixel value for the evaluation area and the
displacement of the force gauge from the initial state ( ).

Fig. 7 Schematic view of the experimental setup

III. PROCEDURE FOR DETECTING THE LIMITATION POINT
When the brightness of the captured image is lower than the
threshold, it signifies that the pin head has reached the
limitation point . The key factors involved in applying this
method include the area for brightness evaluation and the
threshold. The brightness of the captured image is not uniform
because of the position of light source. As shown in Fig. 5, the
light source was located such that the light came from the right
and transmitted towards the left. Therefore, a relatively large
change in brightness could be obtained in the left half of the
resulting image. If evaluating both left and right areas of an
image, the change in brightness could be unclear. Additionally,
there was little change in the brightness around pin. Therefore,
we defined the evaluation area to be that shown in Fig. 6. The
evaluation area was constructed by subtracting a smaller left
semi-circle area (radius: 80 [pixel]) from a larger semi-circle
area (radius: 160 [pixel]) so that the change in brightness could

A. Experiment for determining the threshold
Fig. 7 shows a schematic view of the experimental setup. The
sensing part was attached to the camera (Elecom UCAMDLT30HSV: resolution: 640 480 [pixel]). Note that here the
camera was used instead of the endoscope to simplify the setup.
A force gauge (IMADA DS2-500N) was attached to the
automatic positioning stage 1 (SIGMAKOKI TAMM40-10C).
The flat plate was attached to the tip of the force gauge. The
automatic positioning stage 1 was also attached to the automatic
positioning stage 2 (IMADA MX2-500N). The role of
automatic positioning stage 1 was precise motion, while the role
of automatic positioning stage 2 was large motion. A black-out
curtain was used to block the ambient light in order to isolate
the light from the light source (MITSUTOYO Megalight100)
located to the right of the sensing part. The force gauge was
adjusted until the pin head of the developed sensing part was
pressed up to the flat plate. Initially, the force gauge was set to
a value of 0.00 [N] when the plate just barely contacted the
sensing part. Then, the automatic positioning stages were
controlled to increase the displacement by increments of 1.00
[mm], until the total displacement reached 6.00 [mm]. After
that, the displacement increased by increments of 0.10 [mm]
until the total displacement reached 6.60 [mm]. It should be
noted that when the total displacement reached 6.60 [mm], a
sudden and substantial increase in load was observed. At this
point, we stopped increasing the displacement. This indicated
that the contact between the limiting structure and the plate
occurred when the total displacement changed from 6.50 to 6.60
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[mm]. At each step, the value of the force gauge and the moving
distance of the automatic positioning stage ( ) were recorded,
and a photo was taken with the camera. These experimental
results were used not only to determine the deviation of the
threshold for detecting the structural limitation but also for
estimating the load and the displacement from the image of
pin.
Let be the pixel value for the evaluation area at the
limitation point . Here, we tried to derive not only the
threshold but also (the distance between the top of the pin
and the limiting part), taking the manufacturing and processing
errors into account. For this, we used the data from when the
total displacement went from 6.00 to 6.60 [mm]. Fig. 8 shows
the obtained relationship between the pixel value for the
evaluation area and the displacement of the force gauge from
the initial state ( ). It was confirmed that the contact between
the limiting structure and the plate occurred when the total
displacement went from 6.50 to 6.60 [mm]. The corresponding
pixel values for the evaluation area were
32.8 at 6.50
[mm] and
31.2 at 6.60 [mm]. We set
32 to be the
threshold value for detecting the limitation point
.
6.50 [mm] in (1). Note that this value
Additionally we set
was different from the designed value 7 [mm] (see Fig. 3 (d)).
This was due to manufacturing and processing errors.
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in Fig. 5, the target image (at the limitation point ) was dark
and is not easy to derive the area of the pin. A method that
employs another light source located inside the sensing part,
could potentially be used. However, the ability to derive the
area of the pin from the dark image, would enable construction
of a simpler system. Therefore, we challenged the problem by
using the following algorithm (see Fig. 9):
Step 1. Convert to greyscale image and cut the right half area
of pin.
Step 2. Adjust brightness.
Step 3. Extract the area including left lower area for pin.
Step 4. Adjust contrast
Step 5. Binarize
Step 6. Invert black and white areas
Step 7. Make the boundary clear and extract left lower area
of pin

Fig. 10. The evaluation areas for the brightness adjustment.

Fig. 9 Procedure for deriving the left lower area for pin (

).

IV. PROCEDURE FOR ESTIMATING THE LOAD

AND THE

DISPLACEMENT

Because the difference in the area of the pin from its initial
sate,
, corresponds to a load and a displacement , we
and ( ).
considered deriving the relationship between
However, as mentioned the above, the image around pin is not
uniform because of the position of light source. Therefore, we
derived the left lower area for pin
instead of , because the
left lower area for pin was relatively stable and uniform. We
and ( ), letting
then used the relationship between
be
represent the initial state. The left lower area for the
pin is a quarter circle, so
(
/4. As shown

At Step 1, as a preprocessing step for extracting the left lower
area for pin, the color image was converted to a greyscale image.
The right half of the image was cut, but the left upper area was
not cut because it was used for brightness adjustment.
In order to extract a quarter circle area for the pin from a dark
image, we conducted two-step adjustments. In the first step, we
adjusted the brightness. In Step 2, we defined the reference
pixel value for the brightness adjustment. The purpose of this
adjustment was to increase the total brightness of the image and
to remove the effects of shadows. was set to be the mean
pixel value of the evaluation area where the shadow effect was
strong, as shown in Fig. 10 (left upper arced area with a radius
from 80 to 160 [pixel]). Let
and
be the at the initial
state of the nominal case shown in Fig. 7 and the limitation
point . In order to let
be the constant stable value, we
used at the initial state of the nominal case (when contacting
flat plate) shown in Fig. 7. Let , be the image pixel value at
of the image after Step 1, and , be the image
the point ,
pixel value after the brightness adjustment. Then,
,

min 255, min

,

,

(3)

where
is the specified value used to prevent the brightness
from being too high. We set
9 when at the initial
state was over 210 and
8 when it was under 210.
After cutting the left upper area of the pin in Step 3, we
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adjusted the contrast in Step 4, in order to make the boundary
of area for pin clear. Letting , be the image pixel value after
Step 3, and , be the image pixel value after the contrast
adjustment, we used the following equation:
255
min 255,
,
,
(4)

max 0,

,

,

displacement , the following regression curve was used:

(6)
where
0.663 ,
4.15 , and b
0.265 . The
coefficient of determination was 0.99. It can be seen that the
regression curve represented the relationship very well.
Note that (5) and (6) include the nonlinear elastic property of
the silicone part at the sensing part.
7

x,y

3x,y

Here,
and
(
) represent the range for
adjustment, corresponding to 0 and 255 in the adjusted
240 in this study.
image, respectively. We set
After the contrast adjustment, binarization was conducted in
Step 5, utilizing a modified Otsu method [25]. We took into
account only pixel values under 230 in the Otsu method [25].
In Step 6, the image was inverted to get the information of the
area of the pin. Finally, in Step 7, we extracted the left lower
area for pin after making the boundary clear by computing the
convex hull of the area.
8

Displacement ( l ) [mm]

where
min

6

6
5
4
3
2
1
0
0
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The difference of the left lower circular area of the
[10 pixel]
pin from the initial state
Fig. 12. Relationship between the difference of the left lower circular area of
the pin from the initial state
and the displacement .
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V. EXPERIMENTAL VALIDATION OF STIFFNESS ESTIMATION
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The difference of the left lower circular area of the
pin from the initial state
[10 pixel]
Fig. 11. Relationship between the difference of the left lower circular area of
the pin from the initial state
and the load .

A. Relationship between the area for pin and the load (the
displacement )
We used the data obtained from the experiments described in
the previous section to get the relationship between the load
(the displacement ), and the difference of the left lower circular
.
was
area of the pin from the initial state,
derived by the method described above. Fig. 11 shows the
and the load , while Fig. 12
relationship between
shows the relationship between
and the
displacement .
and the load , the
For the relationship between
following regression curve was used:

(5)
where
0.726 ,
4.69 , and
0.151 . The
coefficient of determination was 0.99. It can be seen that the
regression curve represented the relationship very well.
For the relationship between
and the

In order to see the validity of the developed system, we
conducted experiments estimating the stiffnesses of objects
made of silicone (silicone: KE-1308 and hardener (volume:
6 %): CAT1300L-3, produced by Shin-etsu Silicone) and
melamine. The experiment not only checks whether or not the
stiffness value can be obtained but also sees whether or not the
proposed sensing system can detect the difference between hard
(silicone) and soft (melamine) objects, supposing abnormal and
normal objects. As shown in Fig. 13, the target objects were
prismatic columns with a height of 11 [mm]. The base prism
was inscribed in a circle with a radius of 11 [mm]. The shape
was set so that the objects could match the outside of the sensing
part (see Fig. 3). Note that this setting is not a discrepancy with
JIS K 6254 corresponding to ISO 7743 (Rubber, vulcanized or
thermoplastic—Determination of stress-strain properties). Fig.
14 shows the schematic view of the experiment, which is the
same as that shown in Fig. 7, except for the existence of a soft
object between the metal plate and the sensing part. Initially,
once the soft object (silicone or melamine) had just contacted
the sensing part, the force value was set to 0.00 [N]. Then, the
automatic positioning stages were controlled to increase the
displacement by 1.00 [mm], until the total displacement
reached 6.00 [mm]. After that, the automatic positioning stages
were controlled to increase the displacement by 0.10 [mm],
until the total displacement reached 6.60 [mm]. At each step,
the value of the force gauges and the moving distance of the
automatic positioning stage ( ) were recorded, and a photo was
taken by the camera. The experiment was repeated 5 times for
each sample.
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(a)
(b)
Fig. 13 Photos of the target objects in the experiment; (a) silicone and (b)
melamine form

Fig. 16 Schematic view of the experimental setup for obtaining actual stiffness.
The relationship between the load and the displacement was obtained.
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Fig. 14 Schematic view of the experimental setup for estimating the stiffnesses
of objects made of silicone and melamine form.
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(b) Target object was melamine form
Fig. 17 The relationship between the load ( ) and the displacement (
silicone and (b) melamine form.
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Fig. 18 The relationship between the difference of the left lower circular area
and the stiffness / , with the
of the pin from the initial state
experimental values; It indicates the resolution of the developed sensing
system.
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(b) Target object was melamine form
Fig. 15 Results of stiffness estimation and experimentally obtained actual
stiffness values; (a) silicone and (b) melamine form

Using the previously described methods, we derived
difference of the left lower circular area of the pin from
, the load
(see (5)), and
initial state,
displacement (see (6)). Utilizing (1) and (2), we derived
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stiffness of the soft objects. The obtained results are shown in
Fig. 15. For comparison, actual stiffness values are also shown.
Actual stiffness values were obtained experimentally. Fig. 16
shows the schematic view of the setup for the experiment. A
sphere whose size and material were the same as the pin head
was fixed to a table, instead of the sensing system. This part was
different from the setup shown in Fig. 14. The other settings
were the same. The procedure was also the same. Initially, the
force was set to 0.00 [N] when the soft object (silicone or
melamine form) just barely contacted the sphere. Then, the
automatic positioning stages were controlled to increase the
displacement until the total displacement reached 6.00 [mm].
The value of force gauges and the moving distance of automatic
positioning stage ( ) were recorded at an interval of 0.0083
[mm]. Fig. 17 shows the obtained relationship between the load
and the displacement . Because the stiffness varied with the
displacement , the relationship could be obtained. In the
experiment of stiffness estimation, the actual displacement ( )
information was obtained. By letting be , we derived the
actual and corresponding stiffness from the relationship shown
in Fig. 17.
From Fig. 15, it can be seen that there was little difference
between the estimated and the actual stiffness values. Although
the variation for the estimated stiffness values was larger than
that of the actual stiffness values, it was still small. In addition,
the difference in stiffness could be detected. These results prove
the validity of the developed sensing system.
From (1), (2), (5), and (6), we can obtain the relationship
between the stiffness and the difference of the left lower circular
:
area of the pin from the initial sate

[N/mm]

(7)

Fig. 18 shows the relationship with the experimental values.
This relationship indicates the resolution of the developed
sensing system. It can be seen that as the stiffness of the target
increases, the resolution becomes lower. If the stiffness exceeds
12 [N/mm], it is not easy to estimate the stiffness with enough
resolution. We then show the relationship for the stiffness to
have a range of 0 to 15 [N/mm]. In other words, the range of the
developed system is 0 to 12 [N/mm]. This means that the
stiffness from 0 to 2 [N/mm] is expected to be estimated with
high accuracy. This is consistent with the results shown in Fig.
15.

estimated with image processing. The displacement of the pin
was structurally limited by the limiting component. By
estimating the load at the limiting point, the stiffness of the
target object could be estimated. The limiting point was
detected by a brightness change of the captured image. The light
source was located outside the sensing system. Because of the
transparency of the silicone, images having high brightness
could be captured at the initial state of examination, and images
having reduced brightness could be captured at the limiting
point. By detecting the change in brightness, the limiting point
was detected. An image processing methodology was also
presented to realize the mechanisms. The experimental results
discriminating silicone and melamine objects showed the
validity of the developed system. We effectively used
transparent silicone as the spring. The range and resolution
depend on the material properties of the silicone. By changing
the material or hardness, we would have another range or
resolution for the sensing system. The sensor configuration
should be compatible for attachment depending on the size of
endoscopes or cameras used. Identifying various ranges and
resolutions of the system, in addition to optimally sizing sensors
will be part of our future works.
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