
  

  

Abstract—The number of patients suffering from colorectal 
cancer (CRC) has been increasing. CRC is known to be curable 
if detected and treated early. Colonoscopy is currently one of 
the best screening methods for CRC because it can observe and 
treat disorders in the large intestine. However, operating the 
colonoscope is technically demanding for doctors because the 
insertion of the instrument into the large intestine requires 
considerable training and skill. To address this issue, we 
propose a novel self-propelled robot with flexible paddles for 
the intestinal tract. In this device, the torque is transmitted 
from a motor outside the patient body to a worm gear at the tip 
of the colonoscope by a flexible shaft. The worm gear is 
engaged with two spur gears, and flexible paddles fixed to these 
spur gears contact the wall of the large intestine to provide the 
propulsive force. We constructed a force transmission model of 
the robot to confirm the suitability of the design. The prototype 
of the self-propelled robot was fabricated by a 3D printer, and 
its locomotion in a simulated rubber intestine was evaluated. 
The velocity of the robot was faster than the required speed of 
6.5 mm/s. The propulsive force was approximately 1 N; thus, 
the effectiveness of the robotic principle was confirmed. The 
mechanical locomotion design, its fabrication, and analysis 
results are reported in this paper. 
 

Index Terms—Modeling, Control, and Learning for Soft 
Robots, Medical Robots and Systems, Flexible robots 

I. INTRODUCTION 

In recent years, the number of patients suffering from 
colorectal cancer (CRC) has been increasing owing to 
changes in diet and lifestyle and growing aged population in 
the society. CRC is known to be completely curable if 
detected and treated in the early stage [1]. Colonoscopy is the 
most commonly used examination method for CRC; other 
methods include blood test, fecal occult blood test, and CT 
colonography. The tip of the colonoscope is equipped with a 
camera, light, lens-cleaning nozzle, and forceps port. 
Instruments such as forceps are inserted through the forceps  
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port, if necessary, for diagnosis and treatment. Although 
colonoscopy facilitates effective inspection and treatment, the 
insertion operation into the large intestine demands 
considerable skill of the physician. Insufficient skill may 
lengthen the duration of inspection and make the process 
more painful for the patient. An advanced technique is 
required for the insertion because the large intestinal duct is 
extended and contracted by an external force. Even when the 
colonoscope is pushed from outside of the body, the large 
intestine is extended and the tip of the colonoscope does not 
advance. Furthermore, it is difficult to insert the colonoscope 
into the sigmoid colon because of the complexity of the 
structure (Fig. 1). 

To solve this problem, capsule colonoscopes [2]-[5] and 
self-propelled robots [6]-[11] have been studied. The capsule 
endoscope has a diameter of approximately 11 mm and 
length of 26 mm. Therefore, it can be swallowed from the 
mouth for taking pictures of the digestive organs, mainly the 
small intestine, painlessly [2][3]. One of the biggest 
limitations of the capsule endoscope is that the capsule does 
not propel itself; therefore, it is impossible to inspect a 
particular area of interest. Capsule endoscopes with an active 
fin [4] and magnetic control from outside the body [5] were 
proposed to overcome this limitation. However, capsule 
endoscopes are used only for observation and cannot treat or 
perform biopsy of a lesion. Furthermore, there is a risk that 
the capsule is trapped in the digestive tract and cannot be 
discharged. Because of these problems, a tube-type 
colonoscope continues to be the golden standard in clinics for 
CRC inspection. 

There have been many researches on self-propelled 
endoscope robots for both industrial and medical applications. 
A helix-type robot [6][7] can contact the wall of the large 
intestine while rotating a helical protrusion provided around  

 

 
Fig. 1.   Typically performed colon inspection by colonoscopy. 
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the long axis of the flexible colonoscope to obtain the 
propulsive force. The device proposed in [6] has the 
drawback that the circumscribed circle diameter is fixed, 
which may cause insufficient propulsion force owing to loose 
contact between the robot and the intestine. The device 
proposed in [7] can change the diameter of the robot by 
making a spiral projection on the surface of the balloon, but 
the change in diameter is limited. The snake-type robot [8] 
bends at not only the tip but also the entire inserted part. It 
has 16 bending sections so that the sheath of the rear part 
automatically follows the same trajectory as the tip. However, 
there is a problem of cost versus benefit considering the 
number of wires and motors required for the robot. The 
inchworm-type robots [9] are provided with parts to attach to 
the intestinal wall; these parts can be fixed and released at 
both ends of a stretchable and contractible section. The 
principle has been commercialized as a double balloon 
endoscope [10]. However, it has low propulsive speed 
because the fixation and release steps are repeated frequently. 
Paddle-type robots [11] advance with the paddles pushing 
against the colon. However, there is a risk of damage to the 
colonic mucosa because of the rigid paddles.  

In this study, we propose a new mechanism to propel the 
colonoscope through the intestine tract by rotating a flexible 
paddle using a worm gear mechanism. In this method, torque 
is transmitted from the motor outside the body to the worm 
gear through the flexible shaft. At the tip, two spur gears are 
engaged with a worm gear, and the flexible paddle fixed to 
these spur gears contacts the wall of the large intestine to 
obtain the propulsive force. This paper reports the details of 
the proposed method, its drive characteristics, and its 
evaluation. 

II. DESIGN AND MODELING 

A. Requirements 
To develop a highly locomotive, safely self-propelled 

colonoscopy robot, it is necessary to understand the structure 
of the human colon. The general human large intestine is a 
continuous tube that is approximately 1.5-m long and 7.5-cm 
in diameter when it is inflated [12]. The human large 
intestine consists of six segments—rectum, sigmoid colon, 
descending colon, transverse colon, ascending colon, and 
cecum. Their average diameters are 3.6 cm, 2.6 cm, 3.3 cm, 
3.7 cm, 4.5 cm, and 4.4 cm, respectively [13]. During 
colonoscopy, it is particularly difficult to insert the 
colonoscope into the sigmoid colon, which requires highly 
trained techniques. While inserting the colonoscope, a force 
is applied to the bent section of the colon, and the 
colonoscope is inserted while stretching the intestine, causing 
pain (Fig. 1). However, if there is a device that self-propels 
and pulls at the tip of the colonoscope instead of pushing the 
proximal end of the colonoscope, it is possible to insert a 
colonoscope deep into the large intestine without causing 
pain. We determined the requirements by extracting the size, 
expansion range, speed, and thrust force of this robot from 
[14]-[18], as shown in Table 1. The robot should have a 
diameter of ≤26 mm and length of ≤40 mm. Because the size 
and shape of the colon varies considerably among the 
patients, these values are the best estimates based on the 
anatomy and available literature [17]. The robot must cope 
with changes in the inner diameter of the large intestine to 

TABLE I 

Specifications of the robot according to the structure of the large intestine. 
 

Requirement Specification 

Size 
Diameter of ≤26 mm [15]–[17]. 
Length of ≤40 mm [15]–[17]. 

Expansion range Adapt to diameters ranging from ca. 26 to 
44–62 mm [16][17]. 

Speed A linear speed of ≥6.5 mm/s [18]. 

Thrust force A thrust force of ≥1 N [15][17]. 

 
 

 
Fig. 2.   Overview of the proposed self-propelled robot. 

 
obtain a propulsive force. A linear speed of 6.5 mm/s was 
calculated, by assuming that an experienced colonoscopist 
requires 3.8 min to traverse through the colon and reach the 
cecum [16]. A propulsive force of ≥1 N is required for the 
robot to propel its own sheath while pulling it [15]. 

B. Structure and Locomotion Principle 
The robotic structure comprises a case, worm gear, two 

spur gears, two flexible paddles, a sheath, a flexible shaft, 
and an electric motor, as shown in Fig. 2. In the proposed 
mechanism, torque is transmitted from the motor outside the 
body to the worm gear through the flexible shaft. The two 
spur gears are engaged with the worm gear. The flexible 
paddle fixed to these spur gears contacts the wall of the large 
intestine to obtain the propulsive force (Fig. 3). The case of 
the robot was carefully designed such that it does not 
interfere with the opposite intestinal wall by pressing the 
flexible paddle against the case, as shown in Fig. 2(a). 
Therefore, for the flexible paddle, we must select a material 
with flexibility capable of withstanding repeated bending 
deformation and elastic force that generates a propulsive 
force. Therefore, we considered the flexible rubber. Because 
the flexible paddles push against the intestinal walls by 
elastic force to obtain the normal force, it can navigate 
through the different diameters of the large intestine. In 
comparison with the mechanisms of other self-propelled 
robots [6]-[9], this robot has simpler structure and 



  

 
Fig. 3.   Working principle of the proposed self-propelled colonoscope. 
 

 
Fig. 4.   Force-transmission model. 

mechanism. The notable feature of the proposed mechanism 
is that the number of mechanical components is considerably 
reduced because of the use of elastic paddles. This 
significantly contributes to the downsizing of the device. 

C. Force-Transmission Modeling 
Fig. 4 presents the force-transmission modeling of the 

colonoscopy robot using the force balance equation, which 
allows the robot to propel forward through the large intestine. 
Normal force N applied to the colon wall by the flexible 
paddles varies depending on displacement x. N can be 
expressed as follows: 

 

N = N(x) , x = L – (W – d) / 2 , 0 ≦	x	≦	L		       (1) 

 
where L is the length of the flexible paddle, W is the 

diameter of the lumen, and d is the center-to-center distance 
between two spur gears. As shown in Fig. 4(a), the proposed 
robot obtains the propulsive force Fp by friction against the 
large intestine wall, generated by the normal force N that the 
paddles receive from the large intestine wall. Then, Fp can be 
expressed as follows: 

 

Fp = 2µpN(x) – Ff                                               (2) 

 
Where µp is the dynamic frictional coefficient between the 

large intestinal wall and the flexible paddle, and Ff is the 
frictional force between the large intestine wall and sheath. In 
another case shown in Fig. 4(b), the reaction force generated 
by the normal force when the paddles push the semilunar fold 
of the colon is the propulsive force. Then, W is the diameter 
of the tip of the semilunar fold. Fp can be expressed as 
follows: 

 

 Fp = 2N(x) – Ff                                                  (3) 

 
Note that the robot advances forward when Fp is a 

positive value. 
 

TABLE II 

Specifications of a fabricated robot. 
 

Parameter Dimension 
Case width [mm] 26 
Case length [mm] 40 

Flexible paddle diameter [mm] 2 (tip) - 3.5 (proximal) 
Flexible paddle length [mm] 30 
Worm gear diameter [mm] 6 
Spur gear diameter [mm] 9 

Number of teeth of spur gear 18 



  

 
Fig. 5.   Overview of the assembled self-propelled robot. (a) side view, (b) 
front view. 
 

 
Fig. 6.   (a) Experimental system of force measurement, (b) front view of the 
experimental system, (c) side view of the experimental system. 
 

 
Fig. 7.   Theoretical results and experimental results. (a) Maximum normal 
force of the flexible paddle at each displacement. (b) Propulsive force at each 
diameter of a phantom. 

 
Fig. 8. (a) Colonoscopy training model; (b) locomotion in the phantom and 
(c) experimental setup. 
 

III. EVALUATIONS AND DISCUSSION 

A. Fabrication 
Fig. 5 shows a prototype of the self-propelled robot. 

Table 2 shows the size of the prototype. Flexible paddles 
(legs of the centipede robot craft kit manufactured by 
TAMIYA INC., Japan) are fixed to the spur gears. The 
flexible paddles that spread the colon wall are made of TPS 
(Thermoplastic Styrenic Elastomer, AR-760N, hardness A60, 
ARONKASEI, Japan). In general, the large intestine of 
humans is approximately 7.5 cm in diameter when inflated 
[12]. Therefore, according to the required specifications, the 
diameter of the robot must be ≤26 mm, and by considering 
the size of the gear and center-to-center distance between two 
spur gears, the length of the paddle must be ≥30 mm. The 
length and diameter of the paddle were measured using a 
caliper. The measured length is 30 mm, which is considered 
reasonable. The shape of the paddle should deform along the 
wall of the large intestine. In addition, to ensure compactness 
of the robot, a thin paddle shape is desired. In this study, we 
decided to confirm the feasibility of such a shape by 
designing the paddle with a taper that thins toward the tip. 
Therefore, the paddles had diameters of 3.5 mm at the 
proximal end and 2 mm at the tip. The closer to the root 
portion of the paddle, the larger moment is applied because 
of the moment arm is longest at the root. Therefore, less 
rigidity is required at the tip of the paddle than root. This is 
the reason to employ the taper shape. The gears and case 
were fabricated using a 3D printer (Objet 500 Connex, 
Stratasys, U.S.A). The worm gear is fixed at the tip of the 
torque transmission shaft, which is a flexible shaft (S-325C, 
Showa spring MFG, Japan) with diameter of 3.0 mm and 
length of 1 m. A torque-retaining outer tube (liner blade tube, 
inner and outer diameters of φ7.0–8.0 mm, Hagitec, Japan) 
with heat-shrinkable outer surface is fixed to the robot case 
and motor base. A flexible shaft is connected to the motor 

(b)(a)



  

shaft via a coupling and is rotated by the motor 
(BMU2600A-AC-1, Oriental motor, Japan). The 
heat-shrinkable outer surface was made of silicon rubber, 
whereas the flexible shaft and torque-retaining tube were 
made of stainless steel. These are generally biocompatible 
materials. The flexible paddle is selected from available 
samples close to desired shape. For the gears and case, 3D 
printer was used because of rapid prototyping in this research. 
In the future, these will be replaced by biocompatible 
materials which can be used repeatedly by sterilization. 

B. Model Verification 
We evaluated the model by comparing the theoretical 

values with the experimental values obtained with the 
fabricated prototype. 

First, the normal force according to the displacement x 
was experimentally obtained. The experimental system for 
force measurement is shown in Fig. 6(a). First, a flexible 
paddle was fixed to the fixing table. A force gauge (ZTA-5N, 
IMADA, Japan) was attached to the vertical electric 
measuring stand (EMX-1000N, IMADA, Japan), and a fixed 
base was attached to the stage. The force gauge was moved 
vertically downward at a constant speed of 20 mm/min, and 
the tip was pressed by the flexible paddle. Using a ruler, the 
point on which the load was applied to the flexible paddle 
was shifted by 1 mm (Fig. 6(b)). A connecting rod with a 
V-shaped tip was attached to prevent interference between 
the force gauge and the fixing table (Fig. 6 (c)). The 
experimental value of the normal force N for displacement x 
is shown in Fig. 7(a). 

Next, we calculated the theoretical value of Fp with the 
experimental value of N. In this study, we used PVC 
(polyvinyl chloride) phantoms (colonoscopy training model, 
M40-11361-000, KYOTO KAGAKU, Japan) as models of 
the large intestine (Fig. 8(a)). The coefficient of dynamic 
friction of PVC, µp, is approximately 0.17 [19], which was 
selected as a reference value in this study, as it is necessary to 
depend on both the material in contact and surface condition. 
The length of the flexible paddle, l, was 30 mm. The 
center-to-center distance between two spur gears, d, was 15 
mm. The diameter of each phantom, W, was measured at the 
narrowest point of the tract. When there were semilunar folds 
in the colon, W was measured at their tip. When the friction 
force between the large intestine wall and sheath Ff is zero, 
the theoretical propulsive force Fp at each diameter W of the 
phantom is as shown in Fig. 7(b).  

Finally, we obtained the experimental value of Fp. During 
the experiment, the maximum propulsive force was measured 
by a force gauge at (A) sigmoid colon, (B) descending colon, 
(C) ascending colon, and (D) intestinal tract injection port of 
the phantoms, as shown in Fig. 8(a). When measuring the 
propulsive force, the motor speed was constant at 500 rpm to 
maintain the same experimental conditions in different trials. 
Fig. 8(b) depicts the locomotion in the phantom and Fig. 8(c) 
shows the experimental setup. The thread connects the force 
gauge to the back end of the robot. Fig. 7(b) shows the 
experimental values of the propulsive forces and their 
comparison with the theoretical values. The following 
maximum propulsive forces were obtained for each part: (A) 
0.39 N, (B) 0.91 N, (C) 0.79 N, and (D) 1.26 N. The 
experimental values from (A) to (D) were between the values 

 
Fig. 9.   Experimental results: maximum propulsive force and velocity of 
locomotion in the phantom for each gel-application amount. (Motor speed: 
500 rpm). 
 
of (2) and (3). As shown in Fig. 7(b), the propulsive force 
was larger in the colon with semilunar folds. The 
experimental values were shown to be within the theoretical 
values, and the modeling was confirmed to be valid. In reality, 
the propulsive force may be larger because of the effect of 
friction between the thread and phantom. In addition, the 
velocity and forces may be affected in the case of a phase 
difference between the two paddles. The phase difference 
results in a large friction because the robot body contacts the 
intestinal walls in the opposite side of the paddle. As the 
propulsive force was about 1 N, it may be possible to satisfy 
the required specifications with future improvements. In this 
experiment, the robot operated smoothly without a pause. 
This could be because the paddles were able to flexibly 
deform and conform to the shape of the semilunar folds and 
walls to obtain frictional force. The prototype shown in the 
paper, could not pass through the curved section like the 
sigmoid colon, descending-transverse and 
transverse-ascending junctions.  

Next, we examined whether the difference in the friction 
condition in the phantom influences the maneuverability of 
the proposed robot. Gel (Gatsby tightening Shaving Gel 205 
g, ASIN: B00ST803FC, MANDOM, Japan) was applied to 
the surface of the phantom to change the friction condition. 
By using the setup in Fig. 8(c), we tested the prototype with 
different propulsion forces and velocities, with increase in the 
amount of applied gel up to 10 g. The maximum velocity was 
measured from the video. Furthermore, the maximum 
propulsive force was measured by connecting a force gauge 
placed on the opposite side of the locomotion direction with a 
thread tied to the end of the sheath. The maximum propulsive 
force and velocity of the locomotion experiment in the 
phantom for each gel application are shown in Fig. 9. We 
confirmed that the robot could move even if the gel was 
applied on the internal wall of the phantom. The maximum 
velocity of the robot was about the same as the required 
speed of 6.5 mm/s. However, the maximum propulsive force 
and velocity decreased as the amount of applied gel was 
increased. This could be because the proposed mechanism 
uses the frictional force to obtain the propulsive force, and 
the coefficient of dynamic friction between the flexible 
paddles and the wall was reduced by the application of the 
gel. 



  

 
Fig. 10.   Overview of the experiments. (a) Image of locomotion in an acrylic 
pipe. (b) Image of locomotion in a rubber tube. (c) Propulsion force 
measurement using a force gauge. 
 

 
Fig. 11.   Experimental results showing (a) maximum velocity of 
locomotion in acrylic pipe and rubber tube at each motor speed (Tube 
diameter: 35 mm), and (b) maximum propulsive force and velocity of 
locomotion in rubber tube for each diameter (Motor speed: 500 rpm). 
 

However, the characteristics of the flexible rubber, such 
as hardness and surface roughness, have not been examined 
in detail, which will be studied in the next step of this 
research work. 

C. Locomotion in the simulated intestinal tract 
The purpose of this experiment was to evaluate whether 

the developed robot satisfied the required specifications of 
the self-propelled colonoscopy robot. First, we verified 
whether it could move forward along the intended path. 
Because the colonoscopy-training model had a constant inner 

diameter, we prepared a simulated intestinal tract made of 
urethane rubber tube (UTSLL 1-500-500, hardness A30, 
MISUMI, Japan). The diameter of the tube could be easily 
adjusted. As a preliminary experiment, we also prepared an 
acrylic pipe (inner and outer diameters of 35–41 mm). The 
experiment to verify the locomotion was carried out in a 
300-mm length of the tube with inner diameter of 35 mm. 
The maximum velocity when the paddle was rotated twice 
was measured from the video. The motor speed was varied at 
intervals of 100 rpm from 100 to 500 rpm (equivalent speed 
at the spur gear was approximately 6 to 28 rpm). Fig. 10 
shows the experimental system. The maximum velocity of 
the locomotion in the acrylic pipe and rubber tube are shown 
in Fig. 11(a). The self-propelled colonoscopy robot moved 
300 mm regardless of the pipe hardness. The difference in 
velocity between the acrylic pipe and rubber intestinal tract 
was small. When the motor speed was higher than 200 rpm, it 
was faster than the insertion speed of 6.5 mm/s by an expert. 

Next, we verified that sufficient speed and thrust force 
could be obtained in tubes of different inner diameters. Five 
types of rubber intestines of 500-mm length were prepared 
with inner diameters of 30, 40, 50, 60, and 70 mm. The 
maximum velocity was measured from the video. The 
maximum propulsive force was measured by connecting a 
force gauge placed on the opposite side of the locomotion 
direction with a thread tied to the end of the sheath. The 
maximum propulsive force and velocity of the locomotion 
experiment in different diameters of the rubber tube are 
shown in Fig. 11(b). The robot traversed the rubber tube 
length of 300 mm in all rubber intestinal tracts of different 
inner diameters. The velocity of the robot exceeded the speed 
of 6.5 mm/s. Furthermore, the robot obtained a propulsive 
force of 1 N or more in tubes with diameter varying between 
30 mm and 60 mm. The results reveal that the prototype 
could cope with the changes in the inner diameter of the large 
intestine. The propulsive force did not decrease significantly 
because the rubber tube was pushed by gravitational force. 
As such, the rubber tube has a smaller vertical inner diameter. 
This increases the vertical force of the robot as it pushes 
against the walls. As the propulsive force of the robot is 
proportional to the normal force, it has a larger value. In 
current colonoscopy, the diameter of the human colon 
enlarged by insufflation. Although some results of the 
propulsive force in the training model are slightly less than 
1N according to diameter, we think it is possible to obtain 1N 
by insufflation control. Thus, the effectiveness of the robot 
principle is confirmed. 

IV. CONCLUSION 

We proposed a novel self-propelled robot using flexible 
paddles that support the insertion of a colonoscope. In this 
method, a torque is transmitted from a motor outside the 
patient body to a worm gear at the tip of the colonoscope by a 
flexible shaft. The worm gear is engaged with two spur gears, 
and flexible paddles fixed to these spur gears contact the wall 
of the large intestine to provide the propulsive force. We 
created a force transmission model of the robot to confirm the 
suitability of the design. A prototype of the self-propelled 
robot was fabricated by a 3D printer, and its locomotion in a 
simulated rubber intestine was evaluated. The velocity of the 
robot was faster than the required speed of 6.5 mm/s. The 
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propulsive force was about 1 N, and thus the effectiveness of 
the robotic principle was confirmed. The insertion through 
the curved section like the sigmoid colon, 
descending-transverse and transverse-ascending junctions is 
challenging. For this purpose, we think that the active 
bending section (like standard flexible endoscopes have at the 
tip) should be implemented to change the direction of the 
proposed robot so that the robot can avoid heading towards 
the colon wall at the curved section. In the future study, we 
would like to implement the active bending section. 

The use of flexible paddles for a self-propelled 
colonoscopy robot is a novel approach. In comparison with 
the operating mechanisms of other self-propelled robots, this 
robot has a simpler structure and mechanism. It is composed 
of a motor base, motor, flexible shaft, a sheath, a worm gear, 
two spur gears, two flexible paddles, and a case. The notable 
feature of the proposed mechanism is that the number of 
mechanical components is greatly reduced when compared 
with the previously presented mechanism, because of the use 
of elastic paddles. This greatly contributes to the downsizing 
of the structure. Consequently, we succeeded in fabricating a 
compact robot with diameter of 26 mm and length of 40 mm. 
The mechanical locomotion design, its fabrication, and 
analysis results reported in this paper are its main 
contributions. They represent important steps toward the 
development of a practical clinical self-propelled 
colonoscopy robot with flexible paddles.  

In the future, locomotion evaluation will be performed 
using porcine colon. Although the colonoscopy-training 
model used in the experiment faithfully reproduces the 
structure of the large intestine, the coefficient of kinematic 
friction is smaller in porcine colon because of its wet surface. 
The coefficient of dynamic friction µp and normal force N 
should be increased to obtain sufficient propulsive force (cf. 
(2) and (3)). The following are possible solutions to this 
problem. (1) A harder rubber can be used for the flexible 
paddle. (2) The surface of the flexible paddle could be 
roughened to increase the coefficient of dynamic friction. (3) 
Protrusions could be introduced on the surface of the flexible 
paddle to allow it to easily gain friction with the colon wall. 
(4) The propulsive force may be increased by increasing the 
number of flexible paddles. For all these methods, the 
damage to the intestinal wall should be carefully considered. 
Furthermore, we will investigate the implementation of a 
bending mechanism, camera, and forceps port. 
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