
  

 
 

  
Abstract—Research and development of biomedical 

engineering boost in recent years. In which the increasing 
employment of endoscopy proves itself a trustworthy surgical 
technology to replace the traditional operations. It is mainly 
because it lowers the surgical risk as well as the patient’s 
healing time by performing non- or minimally invasive surgery. 
A flexible endoscope is able to adopt the tortuous channels 
within a human body. It enables surgeon to not only observe but 
also carry out therapy within the patient’s body. It can thank to 
the tiny bending section embedded in the front of it. Although 
many products have been bringing to the market for decades, 
there is no systematic study about the design or specification of 
the endoscopes. The purpose of this research is to configure the 
information on designing the bending section of a flexible 
ureteroscope which is particularly used in urological surgery. 
Geometry modeling of the bending section consisting of one and 
two sub-sections will be given. A program is composed for 
simulating the deflection of the bending section with different 
values of the parameters.  
 

Index Terms—bending section, ureteroscope, wire-driven 
mechanism, continuum robot, constant curvature 
 

I. INTRODUCTION 
RETEROSCOPE is one type of endoscopes which is 
specially design for the use in the urinary system. By 

different configurations, it can be classified as rigid, 
semi-rigid and flexible [1]. In this study, the focus is put on 
the flexible ureteroscope. Fig. 1 shows the popular models 
used nowadays. The major characteristic of a flexible 
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ureteroscope is the embedment of the deflection mechanism. 
This deflection mechanism mainly consists of the control 
body and the bending section as shown in Fig. 2. 

The deflection mechanism is a snake-like mechanism which 
distinguishes itself from the popular snake robots from the 
driven method. Basically, the snake robots have motors 
assembled at all the joints of the bending section and by 
controlling all the motors, the snake robots are able to move 
like a snake. However, for the deflection mechanism of a 
flexible ureteroscope, the bending section can deflect by 
controlling the wires passing through it. Thus this kind of 
actuation is called wire-driven. The control plant can also be 
removed from the moving part. Indeed, there are many 
industrial robot arms or manipulators adopting the similar 
mechanisms. They can be classified as discrete, serpentine 
and continuum. Among which, the continuum robots attract 
the most researchers to study. Work done by Robinson, el. [2] 
and Webster, el. [3] on continuum robots are complete and 
thorough. But the bending section is more similar to the 
serpentine robot arm. It has higher rigidity than continuum 
robots and is more flexible than discrete robots. For the 
simplicity, people would rather treat it as a continuum robot 
arm [4]. In this study, the comparison between these two 
types is given. Other than the wire-driven method, there are 
some existing actuation methods such as using Shape 
Memory Alloy [5], Electro Active Polymer [6][7], and 
Piezoelectric Ceramic [8] introduced by other researchers 
and scholars.  

 
This paper continues our previous study [9]. The geometry 

modeling of the bending section will firstly be introduced. In 
which the relationship between the dimensions of the parts 
and the radius of deflection will be gone through. It follows 
by the validation of constant curvature assumption. Based on 
the geometry modeling and constant curvature assumption, 
simulations of the deflection for different configurations of 
bending sections will be demonstrated. It considers a bending 
section composed of one or two sub-sections as well as using 
one or two pairs of control wires. The last section is 
conclusion that summarizes the work present in this paper 
and raises some possible future work.  
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Fig. 2.  Deflection Mechanism of a flexible ureteroscope 
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Fig. 1. Popular models using in the current ureteroscopy. 

(a) Gyrus ACMI DUR-8 Elite 
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II. GEOMETRY MODELING OF THE BENDING SECTION 

A. Description of formulation 
In this study, the deflection of the bending section is 

assumed to be a planar motion. In other words, the locations 
of the parts composing the bending section can be defined in 
a global x-y coordinate frame. The formulation is reasonable 
because the ureteroscope is able to perform a planar motion 
only. If the urologist wishes to change the orientation of the 
ureteroscope, he has to rotate the entire ureteroscope to the 
desired angle and it is totally irrelevant to the deflection 
mechanism within the ureteroscope. 

B. Assumption 
A bending section can be formed by several sub-sections. 

In the following geometry analysis, the parts forming a single 
sub-section are assumed to be identical. The curvature along 
one sub-section is assumed to remain constant 
simultaneously while the bending section is under deflection. 
For simplicity, the analysis of the deflection can be reduced 
to consider a small section forming by two parts as shown in 
Fig. 3. Such assumptions are effective since most existing 
models in the market use this design for the ease of 
manufacturing. 

 
C. Notations 
To study the bending, it is very important to clarify the key 

parameters in advance. The best way is to state some 
significant notations first:  radius of the bending section (r),  
part length of the bending section (l), half the distance of the 
gap between 2 parts when they are in relaxed state (g), 
bending angle of a part (β), neutral radius of the bending (RN), 
inner bending radius (Rin) and outer bending radius (Rout). 

 

D. Derivation 
 Fig. 3 also demonstrates the counterclockwise deflection 

of the bending section at a certain moment. The geometry of 
the sub-section while deflecting can be concluded by 
equations (1) to (6). 

 
ߚ ൌ  (1)  ߠ2
ߛ ൌ ߨ 2⁄ െ ߠ ൌ ሺߨ െ  ሻ/2 (2)ߚ

 
Then the neutral radius of the sub-section is 

 
ܴே ൌ ሺ݀  ݃ሻ ݏܿ ⁄ߛ ൌ ሺ݀  ݃ሻ ⁄2ሻ/ߚሺ ݊݅ݏ  (3) 

 

Let ݀ ൌ ݈/2, then ݄ ൌ ሺ݀  ݃ሻ 2ሻ/ߚሺݐܿ െ  (4) ݎ
 

The inner bending radius of the whole bending section is 

ܴ ൌ √݀ଶ  ݄ଶ ൌ ට݀ଶ  ቂሺ݀  ݃ሻ ݐܿ ቀఉ
ଶ

ቁ െ ቃݎ
ଶ
 (5) 

The outer bending radius of the whole bending section is 

ܴ௨௧ ൌ ඥ݀ଶ  ሺ݄  ሻଶݎ2 ൌ ට݀ଶ  ቂሺ݀  ݃ሻ ݐܿ ቀఉ
ଶ

ቁ  ቃݎ
ଶ

 (6) 
In most of the cases, people are more interested in the 

minimum radii as well as the range of deflection of the 
bending section. Hence, Rin is the most concerned item by the 
doctors and the manufacturers of the endoscopes. Fig. 4 
illustrates this case and the minimum value of Rin can be 
found by: 

 
ௗோ

ௗఉ
ൌ 0   ൌ כߚ       ൌ ௫ߚ ൌ 2 ଵି݊ܽݐ 


  (7) 

 ∴ ܴ ൌ ቀ
ଶ
ቁ ሺఉ ݊݅ݏ

ଶ
ሻൗ  (8) 

 
Equation (7) also tells that the range of deflection of a part 

is constrained by the ratio of the gap distance and the radius 
of the bending section. At this moment, ߚ  reaches its 
maximum value and it can be denoted as ߚ௫ . Fig. 5 
illustrates the dimension of ܴ of a bending section 
composes of identical parts. 

 

III. CONSTANT CURVATURE ASSUMPTION 
Afterwards, it is important to validate the assumption that 

the curvature along each sub-section of the bending section 
remains constant simultaneously while the bending section is 
under deflection. It helps to relate the angle of deflection of 

ࡾ

Fig. 5. Full deflection of bending section composed by identical parts
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the parts within one sub-section. Not mentioning devices as 
specific as ureteroscope, there are a few studies about the 
continuum robots which are similar to the configuration of 
the bending section in this research. Most of them intend to 
treat the configuration of the bending section as a circular 
curve, thus the study would become much easier because of 
the simplification. It may be acceptable to treat it as an arc if 
precision requirement is not that serious. However, for the 
bending section of a ureteroscope, it is necessary to adopt the 
most realistic geometric features and dimensional values in 
order to obtain the most accurate outcome of calculations.  
 
The curvature is the inverse of the neutral radius, i.e. 
 

ߢ ൌ 1 ܴே⁄ ൌ ߚሺ݊݅ݏ 2⁄ ሻ ሺ݀  ݃ሻ⁄  (9) 
 

According this assumption, for any two sets of adjunct 
parts within a sub-section, they should have the same 
curvature. Suppose a, b denote any two sets of adjunct two 
parts within a sub-section of a bending section, then 

 
ߢ ൌ ߢ     ൌ ߚ    ൌ  ߚ

 
Besides, for the sub-section consists of n parts, 
 

െߚ௫  ߚ  ݅ ݁ݎ݄݁ݓ             ௫ߚ ൌ 1 … ݊ 
 

Thus it is easy to obtain the total angle of deflection of one 
sub-section, 
௧௧ߚ  ൌ  ௫ (10)ߚ݊

If the bending section consists of N sub-sections, the total 
angle of deflection of the entire bending section is 

 
௧௧ߚ  ൌ ∑ ݊

ே
ୀଵ  ௫ (11)ߚ

 
where ݊ denotes the number of parts in the i-th sub-section. 
As a result, given the dimensions of the bending section, N 
and ݊ can be determined by the required maximum angle of 
deflection. Other than the number of sub-sections, the 
number of pairs of control wires determines the deflection 
ability of the bending section. Each pair of control wires 
indeed represents one degree of freedom (DOF). In the 
following simulation, cases associate with both one pair and 
two pairs of control wires will be gone through. 
 

However, if the bending section forming by identical parts 
is considered as a continuum robot arm, it can be treated as a 
circular curve as a whole. Since the neutral axis of the 
bending section does not extend or shorten no matter how it 
deflects, the length of it remains constant. In other words, the 
circular curve should be a constant and can be expressed by: 

 
ܮ ൌ ܴߚ௧௧      where   ܮ ൌ ܮ݉ ൌ ݉ሺ2݃  2݀ሻ 
ൌ       ܴ ൌ ଶሺௗାሻ

ఉೌ
ൌ ଶሺௗାሻ

ఉ
ൌ ଶሺௗାሻ

ఉ
 (12) 

 
In order to compare  ܴே in equation (3) and  ܴ , Fig. 6 
shows both radii with respect to ߚ௧௧ . Here the bending 
section comprises 6 identical parts and the dimensions are: 
 

݀ ൌ 1.163݉݉, ݃ ൌ 0.139݉݉, ݎ ൌ 1.067݉݉ 
 

Then the range of total deflection angle is: 
െ89.21°  ௧௧ߚ  89.21° 

 
From Fig. 6, both radii are very large when the deflection 

angle is very small. It is because the bending section is nearly 
straight which means the curvature of it is almost zero. In 
other words, the radius of deflection approaches to infinity. 
Meanwhile, it is very difficult to observe the difference 
between ܴே and ܴ , therefore a parameter ߝ is introduced 
to be the ratio between these two radii. It can be simplified in 
the following expression: 

 
ߝ ൌ ோಿ

ோೌೝ
ൌ ሺௗାሻ௦ሺఉ ଶ⁄ ሻ

ଶሺௗାሻ ఉ⁄
ൌ ሺఉ/ଶሻ

௦ሺఉ ଶ⁄ ሻ 
 (13) 

 
 

The curve in Fig. 7 represents the variation of the ratio 
when different total deflection angles of the bending section 
occur. It can be easily observed that when the total deflection 
angle is very small, the radius about the neutral axis is most 
likely equal to the radius of the circular curve. It can be 
analyzed mathematically from equation (13). 

 
For very small ݊݅ݏ ,2/ߚሺߚ 2⁄ ሻ ൎ ߚ 2⁄     ൌ ߝ      ൎ 1 
 
In other words, the deflected bending section can be 

regarded as a continuum robot arm when the bending angle of 
one linkage is sufficiently small. For a desired result of 
deflection, increasing the number of linkages can also 

Fig. 7.  Variation of ratio ߝ with respect to different ߚ௧௧.

Fig. 6.  Comparison of ܴே and ܴ with respect to ߚ௧௧.
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enhance the similarity of the two patterns provided that the 
part length is short enough. 

IV. SIMULATION OF THE MOTION OF THE DEFLECTION 
MECHANISM 

With the information from the previous section, a program 
is made for simulating the deflection of a bending section 
with adjustable dimensions. According to the given values of 
the parameters, simulations are possibly generated to provide 
a better observation or an easier way to study the motion of 
the deflection of the bending section. Because the urologist 
controls the ureteroscope to deflect very slowly, it can be 
assumed to be a static system. Also for simplicity, the 
deflecting angles between the parts are the same at any 
instant at this stage of study under the constant curvature 
assumption. 

A. Construction of the simulation 
The simulation mainly consists of two stages. The first one 

is initialization. In which some constant parameters will be 
defined and be calculated by the given dimensions of the 
bending section. Except the parameters mentioned in section 
II, the number of the pairs of control wires as well as their 
locations mounted on the bending section are necessary to 
provide too. The second stage is rendering the configuration 
of the bending section with respect to the part deflection 
angle. To configure the bending section, it is important to 
know where each part is located at that instant. By calculating 
the deflecting angles between two adjacent parts at an instant, 
it is possible to figure out the location of all the parts. Then it 
follows to orient the parts at their own positions. Since planar 
motion is considered at this moment, the parts are represented 

in the simulation by the contour of its cross section. As ߚ௫ 
is calculated in the initialization stage, the bending section in 
the simulation is able to stop at the maximum deflection. 
 

B. Controlled by a single pair of wires 
As shown in the previous study [9], the wires mounted at 

different locations within a bending section would result in 
different extent of deflection. The parts without the wires 
string up would not involve in the deflection while a wire is 
being pulled except for the case that the wires are mounted at 
the distal end of a bending section.  Here the case shown in 
Fig. 8 simulates a bending section composing of two 
sub-sections and is generated by the simulation program. It 
demonstrates the process of full deflection controlled by a 
pair of wires. Distinguished from the one shown in Fig. 3, this 
design contains two curvatures with respect to the two 
sub-sections. It is because the curvature relates to not only the 
gap distance and radius of a part, but also the length of it. It 
can be told from equation (8). Here the part length of the 1st 
sub-section and the 2nd sub-section are 3.048mm and 
1.881mm respectively. Thus the corresponding inner radii are 
11.6852mm and 7.2112mm. 
 

C. Controlled by two pairs of wires 
In Fig. 9, two pairs of wires are used to control the bending 

section. Such configuration enables the bending section to 
perform two stages of active deflections. Referring to 
Fig.9(a), the 1st pair of wires is mounted at the 12th part of the 
bending section, thus it can control the first twelve parts to 
deflect to 180° clockwise. Meanwhile, the 2nd pair of wires is 
mounted at the 18th part of the bending section. It enables one 
to pull the right wire to make the rest of the bending section 
deflect to the extra 90°. On the contrary, in Fig. 9(b), the left 
wire of the 1st pair is initially pulled to control the first six 
parts deflecting to 90° counterclockwise and then the left 
wire of the 2nd pair controls the rest to deflect to the extra 
180° counterclockwise as well. 

 

(a) 

(b) 

Fig. 9.  Simulations of a bending section 
controlled by two pairs of control wires 
deflecting in the same direction 

Step 1 
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Step 1 
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O െ   2nd pair of wires 
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(a) 
(b) 
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(d) 
Deflecting 275° 
(a) 0° 
(b) 70° 
(c) 140° 
(d) 275°

Fig. 8.  Simulation of a bending section 
composed by two sub-sections 
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Thanks to this simulation, another case of motion 
performed by this mechanism can be observed too. By 
adopting the configuration as shown on Fig. 9(b), the lower 
sub-section of the bending section can firstly deflect to 90° 
clockwise by pulling the right wire of the 1st pair. The left 
wire of the 2nd pair is then pulled until the rest of the bending 
section deflects to 180° counterclockwise. Fig. 10 
demonstrates the case that the bending section reaches its 
maximum deflection.  
 
 With this simulation program, it is possible to change the 
parameters or dimensions of the bending section so that the 
corresponding performance can be observed. It is also 
compatible for an input function of bending angle β (t) 
solved from the dynamic equations in future study. 
 

 

V. CONCLUSION 
As the bending section is very small in terms of the length 

and the radius of each part, it is necessary to consider the 
manufacturability during the design. In addition, according to 
some surveys, durability of the ureteroscope seems to be hard 
to improve [1]. It is because the material and the size of the 
bending section are constrained and sometimes the surgical 
devices damage the bending section inevitably. So far it is 
better to focus on improving the maintenance which can be 
achieved by lowering the cost and time. Hence, the ability of 
assembly should be considered. The purpose of this research 
is to state the critical issues for designing the bending section 
of a flexible ureteroscope. Meanwhile a simulation program 
is made to facilitate the designers to observe the feasibility as 
well as the motion of their proposed designs. Furthermore, a 
feasible and good design may lead to saving the time and 
money in the manufacturing process. 
 

VI. FUTURE WORK 
In the future, the work about the deflection mechanism of 

endoscopic devices should be focused on the force analysis. 
A successful force analysis can be a solid foundation for the 
development of automatic endoscopic surgery. The approach 
can be using the Lagragian method and the principle of least 
action by considering the minimum potential energy under 
some constraints such as the control wires must be fixed on 
certain parts. Herein all the bending angles are treated as 
generalized coordinates. It is expected that solving a set of 
Lagrange’s equations will give the solutions of deflection 
angles and the input force which can be the applied moment 
to the wheel mechanism. By plugging in the angles in the 
simulation, the motion of the deflection mechanism can be 
observed. Hence, the derivation of the mathematical model 
can be verified. Of course, the prototypes of the designs will 
be made to carry out some experiments. It is always the best 
way to verify the theoretical work. 
 
 Other than application like ureteroscope, there are other 
possible applications for this wire-driven mechanism. Instead 
of a single system, two or more systems may be combined to 
form an integrated system. The integrated system maybe use 
in the biological inspired robots such as octopus robot. 
Besides, there is an innovative design of continuum robot 
which is called concentric tube continuum robot or also 
known as active cannulas is invented for the potential 
medical applications [3]. The special feature of it attributes to 
the bending actuation method. This operation is done by 
controlling the pre-curved elastic tubes at the “backbone” of 
the design to twist in order to transmit the rotation and 
translation to one another. More work should be carried out 
on the optimization of this design and it is expected a 
revolution of the deflection mechanism. 
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Fig. 10.  Simulation of a bending section 
controlled by two pairs of control wires 
deflecting in the opposite direction: the right 
wire of the 1st pair is pulled initially and then 
the left wire of the 2nd is pulled until the 
bending section fully deflects. 
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