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Multidirectional Bending Robotic Device Using SMA 

Wires for Precise Laser Irradiation During 

Transurethral Lithotripsy 

 

Wenrui LIU 

Abstract 

The complex and elaborate structure of the urinary system presents surgeons with difficulty 

in using a ureteroscope with a fixed optical fiber to reach the targeted calculus. To address this 

challenge, a robotic device is required to control the direction of laser irradiation position 

independently in ureteroscopes. To facilitate the usage of the device, an automatic control 

system with high precision and fast response is desired in this research.  

A continuum robotic device was designed and fabricated. The device is constructed with 

three slackened shape memory alloy (SMA) wires to control the laser irradiation position of 

the optical fiber combined with the view of the camera on the tip of the ureteroscope. 

Kinematics analysis and experimental evaluation reveal the capability of the device. 

The structure of the device is the same as a single-joint continuum robot. This device is 

unique because of the tiny diameter of 1.1 mm which can be used inside the ureteroscope 

through a Ø1.2 mm inner channel into the kidney for transurethral ureterolithotripsy. Kinematic 

analysis revealed the relationship among space coordinates, angles of bending, and direction 

and SMA wires length. The maximum bending angle was around 25° when the current value 

was 350 mA on a single SMA wire in the air atmosphere. A better performance was derived in 

the water environment in which the bending mechanism rendered over 30° with a current value 

of about 800 mA. The device could achieve multi-directional bending by allocating the values 

of current on SMA wires, separately. This device offers a major advancement in small size and 

dexterity in medical robotics. Combined with a proper control system, this device could 

simplify the operation and improve the efficiency of the transurethral ureterolithotripsy. 

The control system obtains the feedback information from the visual system consisting of 

1 or 3 cameras in different conditions. A control model within the PC is to process the feedback 

and outputs the control signal to MCU for the adjustment of the current value. The MCU and 

current sensor construct an independent adjustable constant current supply with PID control. 

The whole system could ultimately position the optical fiber towards the stone target by itself. 
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CHAPTER 1 INTRODUCTION 

 

In recent years, improvements in sanitation and advances in medical technology have 

greatly increased average life expectancy. However, there are still many patients who are 

unable to bear the burden and complications of conventional treatment, resulting in shortened 

life expectancy. In addition, medical care is required to improve the quality of life and reduce 

increasing medical costs. The idea of minimally invasive treatment has developed rapidly as a 

solution to these problems. Minimally invasive technology is the medical treatment that strives 

to complete the observation, diagnosis, and treatment of lesions in the body with minimal 

incision path and minimal tissue damage. It is characterized by less bleeding, less postoperative 

pain, faster recovery, and minimal or no scarring. 

The development of minimally invasive treatment is driven by advances in mechanical 

engineering technology. Advanced electronic, thermal, and optical equipment and technology 

are crucial to minimally invasive treatment. For example, in endoscopic treatment, advanced 

ultra-compact imaging devices replaced optical fibers for observation of the inner body, 

enabling both higher image quality and more minor scales, which led to the expansion of 

applicable sites. However, there is still a crack between medical practice and engineering 

technology. Advanced technology is not readily applied to medical treatment. How to translate 

engineering into medical applications is a major challenge today. 

Transurethral lithotripsy is one of the most important applications of minimally invasive 

treatments. In this study, I focused on minimally invasive endoscopic treatment for 

transurethral lithotripsy using the flexible endoscope (f-TUL) collaborating with the physicians. 

An appropriate robotic device with high precision was designed for f-TUL to improve the 

efficiency and accuracy of the treatment. This chapter introduces the background of the study, 

existing problems, and available solutions to address them.  
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1.1 Urolithiasis and Treatment 

Ureteral calculus is the product of crystallization of the components contained in urine, 

mainly composed of calcium oxalate and calcium urate. 10%-12% of males suffer from this 

disease in their lifetime [1, 2]. Ureteral stones will be accompanied by colic and cause 

complications such as urinary tract infections and hypofunction of the kidneys. Stones inside 

the urinary system can be located in the kidney, ureters and urinary bladder. Kidney stones are 

classified as two types in terms of shape, either staghorn or non-staghorn. Non-staghorn stones 

include pelvic stones and calyx stones in the kidney as shown in Figure 1. Ureteral stones are 

described as proximal, middle or distal.  The size and location of the stone determine the 

difficulty level of the medical treatments. Stones smaller than 5 mm in diameter are highly 

possible to be passed, while those of 5-7 mm have 50% possibility. Urological intervention is 

always required for stones over 7 mm.  Nearly 90% of stones can be successfully passed out 

of the urinary tract, the rest part normally has to be removed surgically by shock wave 

lithotripsy, percutaneous nephrolithotomy, or ureteroscopy[3]. 

 

Figure 1 Urinary system and urinary stones [3] 
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1.1.1 Surgical Methods for Treatment of Kidney Stones  

Extracorporeal Shockwave Lithotripsy (ESWL) sends high-energy acoustic shock waves 

into the kidneys from an external source and focus on the stone within the body, in effect 

disintegrating stones into tiny fragments which can automatically pass through the urinary 

system [4, 5]. A machine named lithotripter from either electrohydraulic, electromagnetic, or 

piezoelectric sources generate the shock wave [6, 7].  

 

Figure 2 Extracorporeal Shockwave Lithotripsy (ESWL) [7] 

Percutaneous nephrolithotomy (PNL) is an operation to remove stones from the kidney 

through a small skin incision [ 8 ]. Anesthesia is required during the operation. A rigid 

endoscope is passed into the kidney to examine the stones. Stones are crushed by either laser, 
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ultrasonic or electrohydraulic through the rigid endoscope and then removed. Finally, a 

nephrotomy tube is placed to drain fluid from the kidney[9].  

 

Figure 3 Percutaneous nephrolithotomy (PNL)[10] 

F-TUL (flexible transurethral ureterolithotripsy) is a manual technique that inserts a flexible 

ureteroscope into the ureter via the urethra and the bladder to crush the ureteral stones 

Anesthesia is necessary during the operation [11]. The f-TUL can identify the stones through 

the imager of the endoscope. The stones are fragmented by underwater shock waves generated 

by irradiating Ho-YAG lasers via an optical fiber passing through the endoscope channel [12]. 
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Then the stone fragments are basketed with the tipless basket and the location of operation is 

cleared.  

 

Figure 4 F-TUL (flexible transurethral ureterolithotripsy)[13] 

1.1.2 Comparison of the Surgical Treatments to Stones 

ESWL does not require a scalpel incision or device insertion. It is anesthesia-free and 

treatment time is as short as one hour, so it is possible to go home on a day trip. On the 

physician's side, there is no need for skilled treatment such as endoscopy or catheterization, so 

even relatively inexperienced physicians can perform the procedure [ 14 ]. However, the 

frequency of shock wave irradiation required for crushing large stones and some stone 

components (cystine, calcium oxalate, etc.) increases the physical and economic burden on the 

patient. It is also unsuitable for stones with components that do not show up on X-rays (e.g., 

uric acid stones). The complications of ESWL are infection, hematoma, sepsis, hypertension 

steinstrasse (obstruction due to fragments becoming lodged in the ureter) and diabetes 
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mellitus[15]. Furthermore, the success of treatment was significantly greater in the PNL 

compared to the ESWL[16].  

PNL requires several days of postoperative hospitalization due to its invasiveness and cost 

patients more time for complete healing. It has been used as a typical lithotripsy for kidney 

stones, but has been replaced by the less invasive f-TUL described below. Currently, f-TUL is 

mainly used for large stones called coral calculi [17]. 

In medical practice, f-TUL (flexible transurethral ureterolithotripsy) is now the major 

surgical method for crushing and removing large ureteral stones[18]. It is famous for the 

minimal invasiveness and less complications, whereas the difficulty of manipulation requires 

skills and experiences in practice. It is necessary to correctly point the optical fiber toward the 

stones. Normally, the direction of the optical fiber should be fixed inside the view of the 

endoscope, whereas it is not stable in practice.  And crushing stones in kidneys with complex 

lumen shapes is a challenge. Above difficulties increase the requirement of the skill and 

experience of doctors in laser lithotripsy [19].   

Thus, in this study, I work on building a robotic system to remove the obstacle in f-TUL 

operation with Olympus' URF TYPE V [20]. It is an endoscope widely used for f-TUL, with 

an outer diameter of 3.3 mm and a channel diameter of 1.2 mm that can be curved up and down. 

(Figure 5). 
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Figure 5 Olympus' URF TYPE V [20] 

In this endoscope-based f-TUL, specific problems are shown below [21]. 

(1) Difficulty in aiming the laser fiber at stones in complicated locations (Figure 6(1)). 

The complex lumenal structure inside the kidney results in a wide variety of kidney stone 

locations. The f-TUL requires the endoscope to be advanced into the lumen. The tip of the 

optical fiber passing through the inner channel of the endoscope needs to be pointed precisely 

at the stone for irritating laser. The distance between fiber and stones must be short enough to 

avoid energy leakage. The Olympus URF TYPE V, like most endoscopes, has a single degree 

of freedom (DOF) for bending motion. Thus, in the case of a stone located as shown in Figure 

6(1), the laser fiber cannot be directed at the stone because the single DOF bending cannot 

control the curved tip to target another direction.  

(2) Unstable offset between directions of the endoscope and optical fiber occurs when the 

endoscope is bent. (Figure 6(2)). 

In f-TUL, the laser fiber passes through the inner channel of the ureteroscope and the tip is 

directed toward the front of the endoscope. However, the laser fiber tip is not stably located in 

the center of the field of view because of the smaller diameter of the fiber than endoscopic 
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channel as shown in Figure 6(2). The laser fiber is misaligned in the channel as the endoscope 

bends. Since the degree of this misalignment varies depending on the endoscope curvature and 

movement, it may be difficult to point the fiber to the intended position considering a very high 

requirement of precision in millimeter scales. 

 

Figure 6 Present difficulties of f-TUL [21] 

1.2 Approaches of Controlling Laser Irritation  

To solve the problems in 1.1.2 in f-TUL, several kinds of researches were conducted in the 

past. 

1.2.1 Scanner with MEMS Mirror 

Kikuchi et. al. applied MEMS mirror reflection to artificially control laser irradiation 

direction [22]. A cantilever is bent by displacement of a MEMS made of piezoelectric material 

PZT and metal, and the direction of the laser is controlled by changing the angle of a mirror 

placed at the tip (Figure 7). While the target of this research is forward laser irradiation, the 
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mirror in this research can only adjust the laser to single side due to its structure. In addition, 

according to its mirror structure, the distance from the fiber tip to the target must be increased. 

However, Ho-YAG lasers in f-TUL, are highly absorbed by water, so the laser fiber tip and the 

stone need to be sufficiently close to ensure laser energy. Thus, this approach cannot guarantee 

a short enough distance between the fiber and the stone causing insufficient energy for crushing 

operation.  

 

Figure 7 MEMS mirror reflection [22] 

1.2.2 Single Fiber Optic Scanner 

There are also scanners that vibrate the optical fiber itself to control the optical fiber 

direction. The tip of a single optical fiber is resonated at several kHz by an ultrasonic element 

or electromagnetic drive coil, and a laser beam tuned to the resonance is input into and received 

from the optical fiber to scan the desired location. 

Matsunaga et. al. used an electromagnetic driven coil to control the optical fiber[23]. The 

principle of operation is shown in Figure 8(A). A permanent magnet fixed to the optical fiber 

is driven by interacting with the outer electromagnetic coil (Figure 8(B)). In this study, the 

electromagnetic coil is fabricated by photofabrication. 

Seibel et. al. built a scanner that uses piezoelectric elements to resonate an optical fiber[24]. 

a tube with four piezoelectric elements vibrates to enable spiral scanning. Wang et. al. uses 
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piezoelectric bimorph vibration [25]: a cantilever with a tiny optical waveguide is fabricated 

by MEMS technology and vibrated at a resonant frequency to control the direction of output 

light. 

The main purpose of these studies is observation, the principle of their design may be 

applicable to other essential applications for lithotripsy. Yet, most of them contain vibration 

for surface scanning which is contrary to the requirement of stable position maintenance for 

controlling fiber in lithotripsy. 

 

Figure 8 Electromagnetic driven coil [23] 

1.2.3 Continuum Robots in Clinical Use 

To enable a wider range of endoscopists to perform f-TUL, a mechanism to independently 

control the shooting position of optical fiber is necessary. Continuum robots can be a good 

solution[26]. 

Continuum robots can be defined as actuated structures that form curves with continuous 

tangent vectors[27]. In recent years, various continuum robots for clinical use have been 

developed with advanced fine processing technology [26]. The polymer type is driven by the 

volume change of ion exchange[28], but the generating force and operating speed are limited. 

Changes in gas and liquid pressure drive the fluid pressure type [29-36]. Their force and 

(A) Operating principles (B) Driven 
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displacement are large, whereas the difficulty of miniaturization and the risk of leakage limit 

the clinical application [37]. The magnetic actuation is driven by the magnetic forces and 

torques between the magnetization of the robot and the external magnetic field [38-46]. This 

physical principle could achieve fast response and miniaturization, yet, with small 

displacements and forces. 

Mechanically driven continuum robots directly transmit forces and torques through or 

within the actuator structure with high dexterity at small scales for medical interventions. 

Steerable needle type interacts with tissues to form continuum shapes. Despite the tiny scale, 

this type damages tissue for actuation [47-54]. Concentric tube type consists of the nesting of 

pre-curved tubes with one another as shown in Figure 9 [55-62]. They can realize small scales 

for usage in narrow tubes in the body, yet the pre-curvature limits their capability of path-

following.  

 

Figure 9 Concentric tube robot [55] 

 

Figure 10 Multiple-Backbone Continuum Robot [63] 



12 

 

Backbone-based type uses an elastic central backbone returning the actuator to a neutral 

position after the removal of driven forces by tendons as shown in Figure 10 [63-70]. This 

approach benefits from the large range of motion and configurability [ 71 ]. However, 

challenging scaling down in addition of the internal friction and tension loss within actuation 

cables, including Bowden cables, ultimately limit their potential [72]. 

Shape memory alloy (SMA) is a type of material used in micro-devices[73-76]. It can 

generate large force and displacement [77]. Miniaturization is easy and bending motion can be 

conducted regardless of friction and tension [78]. These wires contract by heating and expand 

by cooling7980. The contraction amount of the SMA wire can be calculated by measuring the 

resistance value, which advances feasibility without installing a separate sensor [81]. There 

have been many studies of SMA-driven continuum robots [82-88]. In some of them, SMA is 

shaped like string and used as actuators for manipulating tendons inside the continuum 

structure. Mandolino M A et. al. made an SMA-driven continuum robot with a diameter of 5 

mm, which can realize a big bending angle [86]. Mc Caffrey C et. al. showed the possibility of 

wireless power usage in SMA actuator [87]. Wang et. al. illustrated the potential of high 

reliability of the SMA-actuation continuum robot [88]. 

 

Figure 11 Shape memory alloy catheter [73] 
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1.2.4 Control System and Human-Robot Interface for Continuum Robots 

All types of continuum robots require suitable control systems and interfaces to interact 

with the targets and manipulators.  

Continuum robots often have a serpentine structure, which makes it difficult for them to 

interact with human users. Most approaches adopted the end effector only to simplify the model. 

For instance, Csencsits et. al. proposed a joystick control method with virtual force 

feedback[89]. Yet, they cannot regulate the path of the end effector and the whole shape the 

robots. Apart from the end effector control, the shape of a cable-driven continuum robot was 

predicted by evaluating the cable length. The continuum robot dynamics were proposed for the 

shape estimation on larger-scale continuum robots[90]. Machine learning was adopted for the 

robot controller as well. Braganza et. al. utilized a neural network feedforward component to 

compensate for dynamic uncertainties is presented as shown in Figure 12 [91].  

 

Figure 12 Neural network feedforward [91] 

Chen et. al. built a sensor-based guidance control in which optical fiber distance sensors 

were used to maintain the relative position of the pneumatic-driven flexible robot and colon as 

shown in Figure 13a[92]. Bo et. al. developed two operation modes[93]. The first mode is for 

the position control of the robot end effector along the desired path using the digital pen on a 

touchscreen to draw desired path curve. The second mode is for shape control of the continuum 
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robot on the desired curve from users with the image-based controller. Tachioka et. al. built an 

interface with three footswitches to control the robot in three independent directions as shown 

in Figure 13b[94].  

 

Figure 13  Control interfaces a) Joystick control [92] b) Footswitch control [94] 

1.3 Objectives of the Study  

1.3.1 The New Design for Optical Fiber Irradiation System 

This paper will present the new design by using the SMA wires as tendons in the continuum 

robot utilized inside the inner channel of the ureteroscope. Figure 14 shows the design of the 

bending device in the previous research[95]. The bending mechanism goes through the channel 

inside the endoscope in a surgical operation. The SMA wires built into the bending mechanism 

are controlled by the electrical current through wires in vitro. The amount of contraction 

corresponds to the heat generated by the current and drives the device to bend. The whole 

structure can control the location of the laser irritation. Instead of independent three directions 

in the former research, the new design could bend to any desired direction controlled by three 

SMA tendons.  
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Figure 14 The design of the bending mechanism 

 

The whole new control system could simplify the manipulation of optical fiber during the 

lithotripsy. Apart from the manipulation of the ureteroscope, the doctors no longer have to 

mind operating the optical fiber to be aimed at the stones. Compared to the control system in 

the previous research, this paper will conduct the kinematic analysis to reveal the mapping 

among space coordinates, bending angles and length of SMA wires for the basis of the new 

control system. Considering the complexity of the lithotripsy surgery, a closed-loop control 

system with visual feedback is studied in this research. The vision system could recognize stone 

targets within the view of endoscope camera and the robot could be controlled to the direction 

towards targets by itself. Two types of control are studied. The first type is doctor-guided 

control in which doctors plan the path for fragmenting stones. The second type is machine-

guided control which plans path by itself.  

1.3.2 Specification Requirements  

The specifications of URF TYPE V are shown in Table 1, and the required specifications 

of the bending mechanism to be fabricated are shown in Table 2. 
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 Table 1 URF TYPE V specification 

 

Table 2 Specifications of bending mechanism 

 

The bending mechanism to be fabricated must be sufficiently smaller than 1.2 mm, which 

is the channel diameter of endoscope. The outer diameter of this bending mechanism is set to 

be 1.1 mm or smaller. The length of the bending length is set to be 5-10 mm to ensure a clear 

field of camera view determined by the characteristic of the endoscope. In terms of efficiency 

and convenience, bending towards any direction must be achieved. Considering the surgical 

safety, the surface temperature must be under 41°C. 

The control system must provide stable and adjustable current source for the accurate 

bending motion. Collaborating with the camera visual feedback from the kidney recognition 

algorithm, the robotic device can automatically locate itself and the target with a quite fast 

response speed. In the end, the robotic device should successfully conduct the lithotripsy in a 

simulation environment.  

1.3.3 Objective of this Research 

This research addressed the requirements for micro continuum robots to provide adequate 

movement ability in f-TUL. Such a device should support single-camera feedback during 

Item Specification 

viewing angle 90° (1.57 rad) 

depths of the scenery 2-50 mm 

Outer diameter Φ3.6 mm 

Effective length 670 mm 

Channel Diameter Φ1.2 mm (3.6 Fr) 

Curvature angle UP180° (3.14 rad) / DOWN 275° (4.80 rad) 

Item Required specification 

Bending direction Any direction 

Outer diameter Under 1.1 mm 

Max bending angle Over 10° 

Bending part length 5 mm to10 mm 

Surface temperature Under 41°C 
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operation. The contributions of this research are as follows. 1) Mechanical design of a micro 

continuum robotic device for f-TUL. This innovative structure combines the continuum robot 

and slackened SMA wires to achieve a better ability to control the movement of optical fiber. 

Extra length is introduced to determine the slackened level of SMA wires; 2) A kinematic 

analysis that elaborates the mapping among coordinates, angles, and length of SMA wires; 3) 

New fabrication process for the extra length; 4) Evaluation of the experimental performance of 

the proposed device; 5) Design and manufacturing of control system. 
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CHAPTER 2 DESIGN AND KINEMATIC ANALYSIS 

OF THE BENDING MECHANISM  

 

2.1 Introduction  

In this section, I determined the parameter of the design and conduct the kinematical 

analysis for the bending mechanism. Shape memory alloy (SMA) is used as the driven tendon 

inside the robots. 

Based on the phase transition in the material, SMA contains thermo-mechanical 

characteristics. Due to the temperature and inner stress of the material, and a shape memory 

effect (SME) occurs under certain situations. When stress is applied on the material at a certain 

temperature between the austenitic and martensitic phases, the austenite phase transforms into 

a deformed martensite with a residual stress staying inside which is called forward 

transformation. In this case, when temperature is applied on the austenite phase, deformation 

caused by the forward transformation is removed and the material transforms to its original 

shape. This process is called reverse transformation. A large amount of stress is derived through 

this process making it possible to use SMA as actuators (Figure 15) [96]. 

In previous research, it was verified that driven tendon must provide a force of at least 0.6 

N for sufficient bending angles. And the distance from the center of the inner tube to the center 

SMA wires was set as 0.325 mm according to the calculation. Thus, Biometal Fiber BMF150 

from Toki Corporation is designated as the driven tendon material, then the structure of the 

was determined. Figure 16 shows the evaluation of the BMF150 [97]. It can return to its neutral 

state by itself. The speed depends on the cooling speed determined by the ambient.  
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Figure 15 Phase transition of SMA [96] 

 

Figure 16 Evaluation of the BMF150 [97] 



20 

 

The bending device is a super tiny single-joint continuum robot. It consists of an inner tube 

(outer diameter 280 μm, inner diameter 200 μm) for passing an optical fiber, three SMA wires 

tendons as actuators two cylindrical links for structural fixing, and an outer tube. The inner 

tube, the fiber and two links construct the backbone of the device. The link (outer diameter 

0.95 mm) consists of three holes at 120° intervals on the short axis cross-section for fixing 

SMA wires. The whole structure is nested in an outer tube (Figure 17). The distance between 

the SMA wires and the center of the inner tube is 0.325 mm. The distance on the long axis 

between each link is 7 mm. The whole length from the tip of the bent part to the rear end must 

be 10 mm or less, including the size of the link on the foreside, the soldered part, and the 

adhesive part for fixing. 

In previous research, when two SMA wires contract simultaneously, an undesired twist of 

the bending device occurred because of the collision between the inner tube and the third SMA 

wire on the opposite side of the bending direction in Figure 18. To avoid the phenomenon and 

achieve larger bending angles, I increased the lengths of the SMA wires with the invariant 

distance between two links, as shown in Figure 17. The extra length of the SMA wire on the 

long axis cross-section was determined based on the relationship between the bending angle 

and the SMA wire's contraction. 

 

Figure 17 Structure of Bending mechanism 
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Figure 18 Collision of inner structure and solution 

2.2 Design of the Structure 

Figure 19 shows a side view along with the bending direction of the SMA-wire-driven 

continuum robotic device I designed. The inner tube length between the two links is 7 mm. The 

radius corresponding to the curved arc of the central inner tube is r. O and O1 are the middle 

points on the rear link and front link, respectively. A and A1 are the fixed points of SMA wires 

and links on the non-contraction side, respectively. M and M1 are the middle points of the non-

contracted SMA wire and inner tube of the device. The two links are simplified to two flat 

plates since only the surfaces towards the internal structure matter in the design. The modeling 

assumptions of the continuum robot are summarized as follows:  
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1) The robot links are thin and rigid, and SMA wires are tightly fixed on the links. 

2) The SMA wires on the contraction side are straight lines. 

3) The SMA wires on the non-contraction side were constant curvature arcs. 

4) The backbones behave like Euler-Bernoulli beams. 

5) The robot is under static equilibrium. 

6) The SMA wires and inner tube as backbones are always perpendicular to the two links. 

7) The weight of the structures is neglected. 

Figure 20 shows a top view of the structure when the device is in single wire bending state. 

A0, B0, and C0 are the junctions of the SMA wires on the rear links. Green arrow shows the 

bending direction with a direction angle φ. The radiuses corresponding to the curved arc of the 

non-contracted side SMA wires are rB0 and rC0 which are equal. The distance from the 

connection of the contracted side SMA wire to the center of circle is rA0. 

 

Figure 19 Cross section on bending direction 
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Figure 20 Top view of the structure with single SMA wire bending 

To avoid collision with the inner tube, the length of the SMA wires needs to be long enough. 

I set the coordinate system shown in Figure 19. Then the coordinates of the points on the non-

contraction side, A1 (x1, y1), M1 (x2, y2), A (x3, y3), can be obtained as follows: 

 

 (1) 

 

 

With the assumption of constant curvature, the three can be represented by the following 

equation: 

 (2) 
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The parameters D, E and F can be determined by the following system of equations: 

 

  (3)

  

Then I introduce parametric equations with t to determine the arclength which is also the 

minimum extra length in this research.  

 

  

 (4) 

 

On the other hand, the SMA wires need to be short-sufficient because of the 4% contraction 

limit. And when the device executes the single SMA wire bending as shown in Figure 19, the 

wires require the maximum contraction as the length of SMA wires at this moment is the 

minimum. The correlation between the maximum extra length and maximum bending angles 

is presented by Equation (5): 

  

 (5) 

Figure 21 shows the relation between the max bending angle and the extra length consisting 

Equation (4) and (5). The extra length must be longer than 0.05 mm and shorter than 0.22 mm 

to meet the requirements. I decided on an SMA wire length of 7.1 mm, with an extra length of 

0.1 mm. 
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Figure 21 Relation between extra length and max Angles 

2.3 Analysis of Kinematics Model 

Without considering dynamic, robot kinematics focuses on the motion characteristics of the 

robot's elements such as position, velocity and acceleration, involving the geometric 

parameters related to robot motion as a function of time, and determining the interrelationships 

between the robot drive space, variable space and motion space as shown in Figure 22. This 

section introduces the kinematic analysis to find the mappings among space coordinates, angles, 

and lengths of driven wires. Forward kinematics could provide the model for open-loop control, 

through which the length changes of the driven tendons are converted to the coordinates in the 

space. Reverse kinematics could convert the space coordinates to the length change which can 

be used for the feedback close-loop control. 

Figure 23 defines a schematic joint configuration of the SMA-wire-driven continuum 

robotic device I developed. Oi is the origin of a static coordinate system with three axes xi, yi, 

and zi, locked on the rear link. Oj is the origin of a moving coordinate system with three axes, 
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xj, yj, and zj, locked on the fore link. Green arrow shows the bending direction with a direction 

angle φ. 

 

Figure 22 Kinematic analysis 

 

Figure 23 Kinematics diagram of continuum robotic device 
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Figure 24 shows a top view of the structure when it is in a neutral state. A0, B0, and C0 are 

the junctions of the SMA wires on the rear links. Figure 25 shows the bending plane A-A’, the 

cross-section in Figure 24. The inner tube length between the two links is 7 mm. The radius 

corresponding to the curved arc of the central inner tube is r. The angle between the bending 

plane and the Oi-xi-yi plane is the rotation angle φ. The angle between the Oj-xj-yj plane and the 

Oi-xi-yi plane is the bending angle θ. A1, B1, and C1 are the corresponding junctions of SMA 

wires on the fore link. Then the mapping between space coordinates and bending angles and 

the mapping between bending angles are derived. 

 

Figure 24 Top view at neutral state 
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Figure 25 Bending plane A-A’ 

2.4 Mapping from Angles to Coordinates 

In order to obtain the orientation and position of the fore link, the present study solved a 

homogeneous transformation matrix between the static coordinate system Oi-xiyizi on the rear 

link and the moving coordinate system Oj-xjyjzj on the fore link. Assume the two coordinate 

systems are at the same position initially as shown in Figure 26a. In Figure 26b the Oj system 

was rotated around the zi axis by angle φ, also the direction angle, to overlap the xj and the 

bending direction which is green arrow in the figure. Then the Oj system was rotated around yi 

axis by angle θ corresponding to the bending angle in Figure 26c. In the Figure 26d,  the Oj 

system was translated to the position of connection points of inner tube and link on the front 

link. Finally, the relative positions must be compensated by rotating the Oj system around the 

zj axis to make the coordinates of connection points of SMA wires on both rear and front links 

correspond to each other. 
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Figure 26 Coordinate transformation 

The position of the center point Oj of the fore link is POj (xOj, yOj, zOj)
T, and its expression 

in the static coordinate system is: 

 

 (6) 

 

The transformation sequence is as follows: 

1) Translate the center point Oi to the center Oj of the end moving platform. Then the 

translation matrix is: 

 

 (7) 
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2) Rotate the moving coordinate system around the zi axis by angle φ. The rotation matrix 

is: 

 

 (8) 

 

 

3) Rotate the moving coordinate system around the yj axis by angle θ. The rotation matrix 

is 

 

 (9) 

 

4) Rotate the moving coordinate system around the zj axis by angle -φ. The rotation matrix 

is: 

 

 (10) 

 

According to the transformation matrixes equations (7) through (10), the homogeneous 

transformation matrix 𝑇𝑖
𝑗

 from the static coordinate system Oi-xiyizi and the moving coordinate 

system Oj-xjyjzj can be obtained as:  
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In the formula: sφ, sθ, cφ, and cθ are sinφ, sinθ, cosφ, and cosθ, respectively. 
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2.4.1 Mapping from Angles to Length of Wires 

If the position and orientation of the fore link is known, its matrix T in the static coordinate 

system is represented by the vectors n, o, a, and p as: 

 

 (12) 

Comparing Equation (6) and (7), the corresponding elements in matrices T and 𝑇𝑖
𝑗

 are equal 

to each other, and I can get: 
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Based on equation set (13), the mapping is obtained: 

 

 (14) 

 

2.4.2 Mapping from Angles to Length of SMA Wires 

Figures 23, 24, and 25 show schematic diagrams of the 3-D structure, top view and bending 

plane. On the bending plane, the distances from junctions A, B and C on the link to point O are 

respectively rA, rB, and rC, which can be obtained according to a geometric relationship. 

The lengths of each SMA wire between two links are:  
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The distances from of each junction to point O are:  

 

  

 (16) 

 

 

The contraction length on each SMA wire is: 

 

 

 (17) 

 

 

2.5 Simulation of Working Space  

To illustrate the working field of the device to clarify that the specification of the device is 

sufficient for clinical use, I provide the following simulation of a bending device whose 

backbone is identical to that in kinematic analysis in Section 2.3. The max bending angle of 

25° was applied to the simulation. Two cases were set: 1) 7 mm backbone only; 2) 7 mm 

backbone with 3 mm extra fiber length as shown in Figure 27. Figure 28 shows the simulation 

results calculated by MATLAB (Appendix 1). The working diameter for the backbone alone 

is 3.01 mm. If the fiber length is considered, the working diameter is 5.54 mm. In the 

comparison of endoscope size (8.4 Fr or 2.8 mm) for f-TUL, optical parameters of the 

endoscope (90° in view field and 2-50 mm in field depth) [98], and the size of the urinary 

system (1.5-6 mm in ureter[99], 8-9 mm in urethra[100]), the working space is considered 

sufficient within the field of camera view. 
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Figure 27 Two cases of workspace simulation 

 

Figure 28 Working space of device a) 3D view of the single backbone b) Top view of the 

single backbone c) 3D view of the backbone with the fiber d) Top view of the backbone with 

the fiber 

a) b) 

c) d) 



34 

 

2.6 Conclusion  

This chapter determined the parameters of the robot structure by building the geometrical 

structure of the robot. A new parameter, extra length of the driven tendon, as introduced in this 

study to avoid the collision inside the inner structures and significantly increase the potential 

of the motion ability.  The extra length inside the interval from 0.05 mm to 0.22 mm was 

acceptable. And the robot could theoretically achieve the max bending angle of 23° with an 

extra length of around 0.11 mm. In this case, 0.1 mm was adopted as the extra length with max 

theoretical bending angle 22° given the easy adjustment.  

To build the control system in the future, kinematic analysis was conducted. A simplified 

structure was established to remove the redundant structure. Some assumptions were made for 

facilitating the calculation. I obtained the mappings among motion space, variables space and 

driven space. A homogenous matrix revealed the mapping between space coordinates and 

angles. The mapping between tendon lengths and angles were described by a set of equations. 

Based on the kinematic analysis, the explicit workspace of the robot was derived with 

MATLAB. Two conditions were tested, workspace with fiber length and without fiber length. 

Compared with the required workspace in the urinary system, the robot provided sufficient 

ability for surgical lithotripsy. 
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CHAPTER 3 FABRICATION AND EVALUATION OF 

THE BENDING DEVICE 

 

3.1 Introduction  

The determined parameters and structures of the robot made fabrication possible. In this 

session of study, genuine robotic devices were fabricated to get the comparison between the 

actual performance and theoretical evaluations in chapter 2, so that the design could be further 

optimized. 

Special fixtures for locking relative positions of the robotic device and cameras were 

manufactured. And a program was made for synchronizing the action of cameras. In this case, 

the robotic device could be observed from two perpendicular perspectives for angle calculation. 

Evaluations were conducted in the air atmosphere and water environment respectively due to 

the ultimate goal of this research which is lithotripsy operated in the water environment. As 

SMA wires tendons are actually driven by the heat generated by the electrical current, the 

difference in thermal conductivity can influence the rate of heat dissipation, as a result, balance 

between the heat generation and heat dissipation would be changed. The performance of the 

robot would be altered as well. 

3.2 Fabrication  

To verify the feasibility of the robotic structure design, a prototype was built with the 

fabrication process in Figure 29. A polyimide tube (inner diameter of 0.20 mm, outer diameter 

of 0.28 mm, FURUKAWA polyimide Tubing) was used as the backbone and to pass the optical 

fiber (Figure 29(a)). Then, SMA wires (0.15mm in diameter, Biometal Fiber BMF150, Toki 

Corporation) were inserted into each hole of the link (Figure 29(b)). A Ø60 μm coated copper 

wire was used as the electrical leads, and each SMA wire was fixed with solder on the fore link 
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(Figure 29(c)). After cooling down, the distance of links was adjusted to 7.1 mm (Figure 29(d)) 

by an automatic stage controller. Then the junctions on the rear link were fixed by a type of 

epoxy adhesive (Cemedine 5-minute curing epoxy adhesive Hi-Super 5 P6g set CA-187) 

(Figure 29(d)). After curing, the distance between links was adjusted to 7 mm (Figure 29(e)). 

After adjusting distance in Step (e), long enough time (12h) is waited to form complete plastic 

deformation of SMA wires to guarantee extra length of 0.1mm while applying adhesive. Then 

manually adjusting and making the SMA wires convex towards outside could avoid 

interference of inner structures. Finally, a PTFE tube (outer diameter 1.092 mm, inner diameter 

1.016 mm) was combined as an outer tube, and the fore and rear parts of the tube were sealed 

with a kind of epoxy adhesive (Sethanon EP001N) for isolation and enhancing the strength of 

the whole device (Figure 29(f)).  

The links in Figure 29(g) that hold the SMA wires in place were fabricated by cutting a 1 

mm thick Bakelite substrate (R-8700, Panasonic Electric Works) with 3D processing machine 

with a 0.1 mm milling cutter. The outer diameter of the link is 0.95 mm, and holes with a 

maximum depth of 150 μm are made every 120° (2.10 rad) to pass the SMA wire. A through 

hole with a diameter of 0.3 mm is provided in the center of the link, and the length of the link 

is 1 mm, the same as that of the machined Bakelite plate. 

The stages and stage controller were used for precise distance adjustment in Figure 29(d) 

and Figure 29(e). They could achieve an accuracy of 0.001mm. Two fixtures in Figure 31 were 

manufactured by the Precision 3D processing machine with a 0.1mm milling cutter. The 

diameter of arc groove for locking the links is 0.95 mm. The groove for rest part is 0.8 mm in 

diameter which is distance from center of inner tube to the outer side of SMA wires. A deep 

narrow groove was made as space for putting common wires. With this setting, the links were 

exactly locked inside the Ø 0.95 mm groove. In step (d), I first moved two fixtures to get 

touched by each other. The distance between two links is 4 mm. Then the distance was adjusted 
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to 7.1 mm with the stage controller. During the movement of stage, the pulling action and 

friction inside the links also ensured straight SMA wires. Since the inner tube was not fixed on 

front link in step (c), the inner tube was straight and movable in front link until step (e). That 

was why a precious 0.1 mm could be achieved.  In step (e), SMA wires had been fixed by 

solder on front link and epoxy adhesive on rear link. With the movable inner tube in front link, 

the extra length of SMA wires was easily accomplished. 

 

Figure 29 Manufacturing process (a) Inserting inner tube (b) Inserting SMA wires (c) Fixing 

on fore link (d) Distance adjustment for 7.1 mm and fixing rear link (e) Distance adjustment 

for 0.1 mm and fixing fore link (f) Fixing outer-tube (g) Shape of links 

Epoxy adhesive  7.1 mm 

(d) 

(e) 

7 mm Epoxy adhesive 

(a) 
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Common wire 

(f) 

Outer tube 

Epoxy adhesive 

Twice, 90-minute curing each time 

Cooling down 

(g) 

Link 
Inner tube 

SMA wires Copper leads 

Attention: 

1. Short curing time of the adhesive 

2. Precise distance between links 

3. Fragile copper wires 
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Figure 30 Fixtures for distance adjustment 

 

 

Figure 31 Stages with fixtures 
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Since the device was designed for lithotripsy, the whole structure was supposed to be 

isolated from liquid. In finally step of installing outer tubes, two types of outer tubes were used 

as shown in Figure 32. Part 1 was a PTFE tube which is soft and transparent with certain 

elasticity. Part 2 was a tube with more elasticity and stiffness to ensure inserting operation. Part 

2 was smaller than part 1 in diameter, as a result, after applying the adhesive on rear link in 

step f, inserting part 2 inside part 1 contributed to the better sealing and isolation. 

Figure 33 shows the prototype of the bending device. Figure 34 shows an example of 

bending motion. 

 

Figure 32 Overlap of two types of outer tubes 

 

 

Figure 33 The fabrication results 

SMA wires 

Solder 

Inner tube 

1 mm 
Links 

Outer tube 

1.1 mm 
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Figure 34 Bending motion 

3.3 Experiments Configuration 

3.3.1 Fixtures for Cameras and the Device 

To verify the feasibility of the novel design, experiments were carried out in the air at 25°C 

with optical fiber inside (CF04406-11, Furukawa Electric) the device. Figure 35 shows the 

experimental configuration for recording the motion of the device. This set of fixtures, made 

by a 3D printer (Keyence AGILISTA-3200), can precisely maintain the relative positions of 

the cameras (Supereyes Y002) and the robotic device. Two cameras could observe the device 

from two perpendicular perspectives (Figure 36 and Figure 37). A DC power supply (PMR24-

1QU, Kikusui Electronics) supplied current to the SMA wires. 

1mm 
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Figure 35  Experimental configuration 

 

 

Figure 36 Relative position of cameras and the device 
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Figure 37 Two perspectives a) Side view of camera 2 b) Front view of camera 2 

3.3.2 Visual Control 

To simultaneously observe the device from two different perspectives, two cameras must 

be synchronized. Although the camera producer provides their apps for camera usage, it does 

not contain the function for multi-camera control. Thus, I made a python program which was 

able to control the camera at the same time. OpenCV and related libraries were adopted in the 

program. Multi-processing structure was used in the program to eliminate the affection from 

the real-time reading latency and lag as shown in Figure 38. The program creates queues 

corresponding to each camera for storing data temperately. Image Get Processes get data from 

cameras and put it in the queues. The number of elements in the queue cannot be over 4 and 

the earliest elements shall be removed from the queues. This approach prevents the cache being 

full and causing error if the read speed is lower than the output speed of the video stream, as a 

result, the window displays the image as it was several seconds ago. 

The program contains functions of photo capturing, video recording with keyboards. The 

files saved by the program can be automatically named according to the time point of starting 

recording. Two types of monitors can be chosen: 1) Multi image stream in multi windows 

respectively; 2) Multi image stream in a single window as shown in picture. 

a)  b)  
1mm  1mm  
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Figure 38 Structure of the synchronization program 

 

 

Figure 39 The interface for experiments 
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3.3.3 Angle Calculation 

The angle was calculated by the projections of fiber from two perspectives. The projections 

can be measured in the images from two cameras as shown in Figure 40. The bending angle 

can be obtained by the geometry relations: 

 

 (18) 

 

 

Figure 40  Calculation of bending angles 

3.4 Experiments in the Air Atmosphere 

3.4.1 Experiment with a Single SMA Wire 

1) Dynamic Motion Evaluation 

tan 𝛽′

𝑡𝑎𝑛 𝛽
= 𝑐𝑜𝑠 𝛼 

𝐷𝐶
𝐶𝑂
𝐴𝐶
𝐶𝑂

=
𝐷𝐶

𝐴𝐶
 𝛽 = tan−1 ቆ

𝑡𝑎𝑛 𝛽′

| 𝑐𝑜𝑠 𝛼|
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This study tested the bending ability with single SMA wires in terms of response time and 

max bending angles. Three different electrical currents were applied to a single SMA wire. The 

response speeds and the max angles of the bending device were recorded, as shown in Table 3. 

Along with the rising currents, the response time decreased, and max bending angles increased. 

The device responded fastest when the current was 400 mA. The high current value accelerated 

the temperature ascent to speed up the response of the device.  

Table 3 Response time and max angles of single-wire bending 

 

2) Static Motion Evaluation  

Gradually increasing electrical currents were applied to the single SMA wire to find the 

practical relationship between electrical currents, bending angles, and length change. The 

bending angles along with ascending and descending current values were measured. After 

changing the current value each time with a span of 10 mA, I waited for 30 seconds to ensure 

sufficient response time. The images of the results were taken at each pause for obtaining 

bending angles by PlotDigitizer. 

The response of bending angles is shown in Figure 41. In the heating process, the bending 

angle barely changed when the currents were under 200 mA. The bending angle increased fast 

when the currents were 220-280 mA. Then increasing rate became lower than before until the 

angle reached a maximum value of about 25°. In the cooling process, the device shows a similar 

curve to the heating curve. The bending angles in the cooling process are generally higher than 

the ones in the heating process at the same current value. In the heating process, distortion of 

the inner tube occurred when the current was higher than 350 mA as shown in Figure 42. In 

Current (mA) Time (s) Max angle (°) 

250  9 13 

300  5 24 

400  2 25 
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the cooling process, the initial angle was not the max one. It did not approach the maximum 

angle until the current decreased to 310 mA and the distortion disappeared.  

The contractions of SMA wires were calculated by the kinematical model in Section 3. 

Figure 43 shows the relation between the contraction of SMA wire and current.  The max 

contraction rate was around 4% in accordance with theoretical one. Figure 44 shows the 

resistance value along with the changing current. Resistance mostly depends on the temperature, 

diameter, and length of the material.  

 

Figure 41 Relation between bending angle and current 

 

Figure 42 Distortion of the inner tube with 400 mA driving current 
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Figure 43 Relation between contraction of SMA wire and current 

 

Figure 44  Resistance in two processes 

3.4.2 Experiment with Double SMA Wires 

1) Controllable Direction Angle Experiments 

Multiple SMA wires contraction is examined to test the bending ability in all directions. 

Figure 45 shows the orientations of the three SMA wires on the cross-section of the device. I 

adjusted and recorded the current on two SMA wires at the same time, making the device bend 

in 12 directions, respectively as shown in Figure 45. I tried to make the bending angle 
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maximum in each direction. A-B means to increase A’s current first then B’s current. The same 

holds for the B-C and C-A. 

Figure 46 shows the sets of current values needed in each direction. The adjustment 

sequence is A-B, B-C, and C-A. The result of engaging two SMA wires is not as good as that 

with a single SMA wire.  Fabrication failure of wire B makes the max bending angle in 

direction B much smaller than the other two. As a consequence, the current on B must be 

greater than others for compensation. The maximum bending angle with multiple SMA wires 

was 16° in the direction of 300° between A and C. The minimum was 5° in the direction 

engaging wire B. 

 

Figure 45 Orientation of three wires 

2) Stability and Reproductivity Experiments 

I applied a current value of 230 mA to both wire A and wire B and maintain the value for 

10 minutes for testing stability. Reproductivity experiments are conducted with the same 

current value. I removed the current each time after measurement to reset the device to the 

neutral state.  Direction angles and bending angles are measured, as shown in Figure 47, for 

statistical calculation. Table 4 Statistical results for stability and reproductivity test shows the 

statistical results for stability and reproductivity test. The error was low enough for the 

proposed application. One different device sample was used in this sector. 

A 

B C 

Device 

1mm 
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Figure 46 Current needed in each direction (A-B, B-C, C-A) 

 

Figure 47 Deviation of actual bending angle and direction angles a) Stability b) Reproductivity 

Table 4 Statistical results for stability and reproductivity test 

 
Stability Reproductivity 

Bending angle Direction angle Bending angle Direction angle 

Mean value (°) 29.59 59.55 28.11 58.72 

Error (°) 0.72 1.16 0.69 0.48 

Relative Error (%) 2.44 1.95 2.46 0.82 

Variance 0.12 0.40 0.13 0.13 

3.4.3 Force Measurement 

In previous experiments, the bending device had already shown the ability to bend the 

optical fiber. For further development, the actual force was measured to explore the potential. 

The experiment setup is shown in Figure 48. Two cases are prescribed as follows: 1. Fixed 
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sensor and moving bending device in Figure 48a; 2. Moving sensor and fixed bending device 

with a maximum bending angle in Figure 48b. 230 mA current were applied to two SMA wires 

that bent directly toward the sensor surface. A stage controller accurately adjusted the position 

of the sensor. The maximum result is 0.04 N and 0.06 N in the first case and second case, 

respectively. 

 

Figure 48 Force measurement setting a) Fixed sensor and moving bending device b) Moving 

sensor and fixed bending device with maximum bending angle c) Actual configuration 

 

3.5 Experiments in the Water Environment 

The setting of these experiments is similar with the setting in the air, except the fixtures 

with the device and cameras were immersed underwater. The temperature of the water was 

Force Sensor 

Fixture 

Device 

Direction Force Sensor 

Fixture 

Device 

Direction 

a) b) 

c) 

Force Sensor 

Camera 

Device 

1 cm 



51 

 

maintained at around 25℃ to emulate the actual surgical environment. Figure 50 shows the 

setting of the experiments in water. 

 

Figure 49 Schematic setting of the experiments in water 

 

Figure 50 Setting of the experiments in water 

3.5.1 Experiment with a Single SMA Wire 

Gradually increasing electrical currents were applied on the single SMA wire to find the 

practical relationship between electrical currents, bending angles, and length change 
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underwater. I measured the bending angles along with ascending and descending current values, 

respectively. After changing the current value each time with a span of 20 mA, I waited for 30 

seconds to ensure sufficient response time.  

Apart from the overall trend of the relationship, there were very significant differences from 

the results in the air. The current values required for the max bending angle reached to 800 mA. 

The trends were smoother. The changing speed of the bending angle along with the increasing 

current is slower. This results in a more accurate control potential due to the bigger current 

span. The max bending angles also exceeded the results in the air. The highest bending angle 

reached to 35 degrees. And there was no heat transferring between each SMA wire at all. 

 

Figure 51 Relation between bending angle and current in water 

Since the max current values were much higher than the results in water. I suspected that 

the water environment caused some electrical current leakage initially. Thus, an experiment 

was conducted to test the possibility of the electrical leakage by measuring the resistance of 

the circuit on each SMA wire tendon. The result was shown in Figure 52. Compared with 

resistance of the circuit in the air atmosphere, the resistance in the water had the same trend 

and overlapped with results in the air. It revealed there was no electrical leakage at all.  

Then the contraction rates were obtained which is shown in Figure 53. The max contraction 

rate exceeded the value on the producer manual. Then I found the 4% limit of the contraction 
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rate was the recommended use limit considering the life duration. The actual limit could be 

around 5%. 

 

Figure 52 Resistance comparison in air and water 

 

Figure 53 Relation of contraction rate and current in water 
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is shown in Figure 54 which is the cross section of the robot. The red, green and blue dots were 

the wire A, wire B and wire C, respectively. The bending direction of double wire bending 

were the opposite side of the SMA wires. 

 

Figure 54 Bending directions with double-wire bending 

The result was shown in Table 5. The bending angles and current were much higher than 

the results in the air. The device also presented good symmetry characteristic with the fine 

fabrication process. The motion from the original state to the max bending angle was nearly a 

straight line instead of strange curves.  

Table 5 Results of double wire bending 

 

3.6 Discussion 

The first set of experiments was conducted in the air atmosphere. By applying different 

electrical currents on the SMA wires, relationships between the response time, bending angle 

and current value was revealed. Higher current value meant shorter response time and higher 

bending angles. Then relationships between the current values, contraction length and the 

Direction Opposite A Opposite B Opposite C 

Electrical connection B & C in series  A & C in series  A & B in series  

Current (mA) 800mA  800mA 800mA 

Bending angle (°) 29.35 28.02 34.95 
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resistance were measured. The max bending reached to over 25 with a max contraction rate 4% 

which totally meets the requirements of the specifications. Yet, the abnormal decrease of 

bending angles occurred when the current is over 350 mA. Above phenomenon resulted from 

the heat transfer inside the bending device because the over-heating increased the temperature 

of the whole inner structure and affected the SMA wires on the none-contraction sides. Thus, 

the whole structure of the bending device was shortened and the lowered bending angles. The 

resistance slightly increased along with the increasing current value. The oscillation of the 

resistance was caused by the unstable length variance of the SMA wires when the current was 

over 310 mA. The contraction of the overall structure of the bending device affected by the 

unstable heat transferring inside the unstable bending device when the current was higher than 

a certain value, which, in this test, was 350 mA. Double-wire bending tests were conducted 

afterward. It did not show a very good result due to the fabrication error. The motion of the 

structure was not symmetry as well as the current value required on each of the directions. Then 

the fabrication process was updated. Reproductivity and stability of the device were evaluated 

with good results. The device could always reach the same points applied by the same current 

with a relative error of about 2%.  

The second set of experiments were conducted in the water environment. The max current 

value and bending angles reached a higher new value which is 800 mA and 35 degrees, 

respectively. The reason for the good performance in water was the high thermal conductivity 

of the water. Water absorbed the redundant heat inside the structure and balanced temperature 

on the SMA wires. On the other side, high thermal conductivity requires high current value to 

provide sufficient heat for SMA wires. Thus, the max current for bending motion reached 800 

mA. The wider current span could make the control of the device easier. The resistance test 

eliminated the possibility of electrical leakage. Due to no heat transfer between each SMA wire, 

the contraction rate exceeded the recommended limit in the manual showing the higher 
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potential of the usage. With the updated fabrication process, the final device showed a quite 

good symmetric characteristics in both motion and applied current value. 

3.7 Conclusion  

A new fabrication process was proposed and realized the new slacken wires design on the 

robotic device. Then evaluations were conducted in the air atmosphere and water environment, 

respectively. The performance in the water is impressively better than it in the air. Some tests 

were operated for the stability, the reproducibility and resistance which removed the possibility 

of the electrical and liquid leakage in water. 
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CHAPTER 4 DESIGN OF THE CONTROL SYSTEM 

 

4.1 Introduction 

The application of the endoscope in clinical surgery is extremely important, through which 

doctors can observe the internal organs of the human body, and even do tissue sampling and 

drug administration treatment surgery through the channels on the endoscope. The traditional 

f-TUL needs the experience and skills of expertise. This paper studies a new robot system to 

overcome the shortcomings of the traditional f-TUL in which surgeons have to continuously 

adjust the location of endoscope and optical fiber. This system will become a high-tech product 

in the field of future medical endoscopic instruments. The composition of this system is shown 

in Figure 55, mainly composed of the computer, image collector and tiny robot for fiber control. 

The continuum robot mainly includes the robot structure body, adjustable constant current 

supply, MCU (Microcomputer), current sensors, joystick, controller and other parts. The 

endoscope sends the image information through the image collector to the computer. Image 

segmentation is used to process the image from cameras. It is the process of dividing a digital 

image into multiple image segments (sets of pixels), or called image regions or image objects. 

The purpose of segmentation is to assign a meaning to the pixels marked in the image by 

annotating the sets of pixels. Pixels with the same meaning share certain characteristics. Image 

segmentation is usually used to locate objects and its boundaries [101]. In this research, the 

boundaries obtained by segmentation are utilized in the vision system to identify the angles of 

the bending mechanism. 

After the image segmentation algorithm, the computer could identify the space information 

and orientation of the robot which, as feedback information, can be used by the MCU to control 

the motion of the robot, so that the optical fiber could be accurately aimed at the target stones. 
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Figure 55 Outline of the whole system 

 

4.2 Visual Feedback  

4.2.1 Angle Calculation at Arbitrary Position 

The way to calculate the angle is different from the way in chapter 3. Another perspective 

was added to achieve the calculation when the robotic device was at the arbitrary position as 

shown in Figure 56. With projections from three views, the direction angle α and the bending 

angles β can be obtained.β' is the bending angle observed in the projection of the top view. β'' 

is the bending angle observed in the projection of the side view. It prevented the 0 over 0 in the 

equation when angle α is approaching 90°. The front view and top view were adopted when 

the angle α was less than 45°.  

 

 (19) 

The front view and side view were adopted when the angle α was greater than 45°. 

 

 (20) 
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Figure 56 Angle calculation with triple cameras 

 

4.2.2 The New fixtures for Three Cameras 

The new fixtures were manufactured to corporate with the new calculation of angles. The 

three cameras were perpendicular to each other and observed the robotic device in the center 

as shown in Figure 57.  

 

Figure 57 Fixtures for triple cameras 
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4.2.3 Image Recognition System for Identifying the Angles in Real-time 

To build a close-loop control system, feedback is essential. In this study, vision information 

is utilized as the feedback. It required that the system could identify the bending angles or 

coordinates by itself. I build the program based on the camera control program in chapter 3 and 

add new function in the process 4 for image processing as shown in Figure 58. Image 

segmentation was utilized in this study to identify the contour the fiber. 

 

Figure 58 Camera control program with image processing 

 

1. Establishment of the segmentation model 

Image segmentation could identify any element inside the images. To realize this function, 

a large amount of dataset has to be created. Lableme is a software for image annotation and 

can provide grayscale images for the model training. 319 pieces of image were prepared and 

randomly categorized into three sets of datasets which training set, validation set and testing 

set (Appendix II). The ratio is 7: 2: 1. 
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I used U-Net segmentation algorithm[102] for the model training. The batch size and 

number of works was set as 8 and 4, respectively, for the training. The batch size and number 

of works was set as 4 and 4, respectively, for the validation. I conduct 40 rounds training and 

saved the best model from them as shown in Figure 59. The IOC score (Intersection over union 

for object detection) of the best model was 0.9995. Figure 60 shown an example of the test. 

 

Figure 59 Ioc score and dice loss in the training 
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Figure 60 Test of image segmentation 

 

2. Angle calculation  

The image segmentation identifies the contour of the fiber which is actually marked by a 

set of coordinates. Due to the rectangular shape of optical fibers in the image, I could let 

rectangle fit the contour of the annotated fiber as shown in Figure 61. Then the long side of 

rectangle is actually where the direction of the fiber. Here I obtain the angle in the images. The 
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program (Appendix II) could be called by the process 4 in Figure 58. Figure 62 shows an 

example of real-time angle recognition system. The angles were shown in the top left. 

 

Figure 61 Angle calculation with contour of the fiber 

 

 

Figure 62 Angle annotation 

 

4.3 Adjustable Constant Current Supply  

In the previous research, the power of the robotic device was provided by the big current 

supplies with manual adjustment which was not fitting to the automatic control system. Thus, 
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I established an adjustable constant current supply controlled by the PC and micro-computer 

(MCU). 

4.3.1 Circuit Design 

The circuit is based on the DC-DC buck converter to reduce the high voltages from the 

power source to low voltage. The principle is shown in Figure 63[103]. When the switch is on, 

the current from the power source increases and flows into the inductor and capacitor which is 

force by the blocking diode. When the switch is off, the current is provided by the inductor and 

capacitor and decrease gradually. As long as the cycle time T is short enough, the current value 

could be maintained around a certain value. In this case, a relative constant current supply could 

be built. And the PWM signal could offer very high frequency and short cycle time to maintain 

a relative constant current. 

 

Figure 63 Principle of DC-DC buck convertor [103] 

 

To build the circuit, the parameter of inductors and capacitors needs to be determined using 

the following equation: 

 

 (21) 𝐿 =
(𝑉𝐼𝑁 − 𝑉𝑆𝑊 − 𝑉𝑂𝑈𝑇ሻ × (𝑉𝐷 + 𝑉𝑂𝑈𝑇ሻ

(𝑉𝐼𝑁 − 𝑉𝑆𝑊 + 𝑉𝐷ሻ × 𝑓𝑆𝑊 × 𝑟 × 𝐼𝑂𝑈𝑇
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In which: 

 (22) 

 

𝐿 : Inductor Value 

𝑉𝐼𝑁 : Input Voltage 

𝑉𝑂𝑈𝑇: Output Voltage 

𝑉𝑆𝑊: Voltage drop on MOS-FET switch 

𝑉𝐷: Forward voltage drop of the current-continuity diode 

𝑓𝑆𝑊: Switching frequency (Maximum of 31 kHz on Arduino 

𝑟: Output current ripple ratio (normally 0.2-0.5) 

𝐼𝑂𝑈𝑇: Output current  

𝐿𝐿𝑝𝑒𝑎𝑘: The maximum current that can flow through the coil 

In this case, I adopted 110 uH inductors and 470 uF capacitors in the circuit. The basic 

circuit design is shown in Figure 64. The other components included a PNP triode (KSA1015), 

a NPN triode (KSC1815), a N-channel MOS-FET (IRF540ZPbF), two 200 Ω resistances, two 

20 kΩ resistances and a INA219 current sensor. The ground line of digital part from PWM 

input to the MOS-FET is isolated with the analog part on the right side of MOS-FET to prevent 

the interference. 

𝑟 =
∆𝐿

𝐿𝑂𝑈𝑇
=

𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛

𝐿𝑂𝑈𝑇
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Figure 64 Single constant current supply circuit diagram 

 

 

Figure 65 Compact circuit on a PCB board 
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Figure 65 shows the compact circuit built on a PCB board. The compact structure improves 

the efficiency of the circuit. In terms of 100 mA current applied on device, total current dropped 

from 0.18 A to 0.14 A with same input voltage value. 

4.3.2 Configuration and Programming in MCU 

Arduino Uno was used as the MCU for the control of PWM signal. The frequency of the 

PWM was set to a highest value of 62.447 kHz for stability by setting the value in the register 

of Arduino Uno.  

The INA219 current sensor could provide the current value to the MCU by I2C protocol. 

With the feedback value, the MCU could adjust the PWM signal to ensure a desired constant 

current value by PID control. Proportional gain, integral gain and differential gain were set to 

0.05, 2.5 and 2, respectively.  

The test program, which was run on the platform is attached in Appendix III. Figure 66 

shows test results of the feedback current value when the currents were set to 200 mA and 196 

mA in two different circuits powered by a single voltage source. The currents oscillated around 

the setup current values with a max error of 2%. As a result, the difference of generated heat is 

lower than 0.01 %. Figure 67 shows a test of PID feedback control. The actual current value 

fast responded to the change of the set current value from the MCU.  

 

Figure 66 Current stability 



68 

 

 

 

Figure 67 Current response with PID control 

 

4.3.3 The Complete Circuit Design with Robotic Device 

Combining the above session, the whole circuit diagram is shown in the Figure 68 and 

manufactured whole hardware of constant current supply with triple outputs is shown in Figure 

69. It includes three independent constant current outputs for three SMA wires, respectively. 

Three INA219 current sensors communicate with MCU by I2C bus. Triple PWM outputs from 

MCU control the current value by PID feedback. All the earth wires were connected to a big 

single copper-covered PCB board through wire terminals, which was able to eliminate the 

mutual affections of digital signal, analog signal and quick variation of current on three SMA 

wires. The board were attached with the GND on the power supply. Three 10 Ω resistors 

imitated the electrical characteristics of the robotic device with three inputs and one GND 

output as shown in Figure 69 for ground isolation. Three different current values, 50 mA, 100 

mA and 150 mA were severally applied on three SMA wires. Response of the system with 

various sets of PID parameters was evaluated as shown in Figure 70. The response speed is 
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defined as the time span from the switch-on time point to the time point when the current value 

becomes stable. 

 

Figure 68 The whole hardware control system 

 

 

Figure 69 The complete manufactured hardware of constant current supply  
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Figure 70 Test of PID feedback with various parameters 

 

Table 6 Results of test of various PID parameters 

Item Set 1 Set 2 Set 3 Set 4 

KP 0.5 0.5 0.5 0.1 

KI 4 8 10 4 

KD 0.02 0.02 0.02 0.02 

Response Time (s) ~1.5 ~1 ~0.5 Over 3 

Overshoot None None Exist None 

 

Table 6 shows the test results of the responses. KD in this system did not influence the 

response a lot so I set all of KDs as 0.02. The response became faster when the KP and KI 

increased. Overshoot occurred when the KP and KI increased to a certain level. The fastest 

response of the system could be within 0.5 s. The response of the system also differed with 

different current values. With setting of set 4, 150 mA current setup resulted in 2 seconds 

response, yet 50 mA resulted in over 3 seconds response. Higher current values speeded up the 

response which is shown by the result of set 4. 
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4.4 Open-loop Control System with Lever Button  

With above preparation, the open-loop control system was tested as shown in Figure 71. 

The previous parts were assembled to test the control ability in the air. The highest current 

value on a single SMA wire was constrained to 350 mA. The PC monitored the motion of the 

device by cameras and variation of current value through series communication.  

 

Figure 71 Configuration of Open loop control system 

 

Figure 73 shows the mapping of lever coordinates and bending direction. The range of the 

lever movement is marked by blue dot rectangle. The range of the device movement is marked 

by blue circle. The program for the open-loop system was attached in APPENDIX III, 2. 
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Figure 72 Mapping of lever coordinates and bending direction 

 

 

Figure 73 Monitors on the PC 

 

Figure 73 shows the monitor windows on the PC including movement of the robotic device 

and variation of the current values. I manually controlled the lever button to let the device move. 
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Two types of movement were evaluated: 1) Movement to any position that always starts from 

neutral state 2) Movement to any position without restarting from neutral state.  

The robotic device was able to follow the movement of the lever button in terms of type 1. 

And I successfully rotated the tip of the device along with half circle in practice in terms of 

type 2. 

4.5 Bending performance on 12 directions in water 

To test the multidirectional bending performance with the control system in section 3, a 

system was built as shown in Figure 74. It consists of cameras for retrieving vision data, MCU 

for PWM signal output, constant current supply circuits and PC for monitoring and 

programming.  

 

Figure 74 Outline of the experimental setup in water (25˚C) 

 

The coordinates system and orientation of the bending device are set as shown in Figure 75 

which is the section view of the bending device. The direction angle α is the angle between the 

bending direction A-A’ and y-axis. The wire A, wire B and wire C are located on the 45°, 165° 

and 285°, respectively. The direction in (285, 360) and (0, 45) is controlled by wire C and A. 
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The direction in (45, 165) is controlled by wire A and B. The direction in (165, 285) is 

controlled by wire B and C. 

 

Figure 75 Coordinates system and orientation of SMA wires 

 

The program of the control system is based on the kinematic analysis in Chapter 2 and the 

single SMA wire driven bending results in water in Figure 51. Figure 51 can be represented by 

three approximate trendlines of the relations of contraction rate and currents of wire A, wire B, 

and wire C obtained by the results based on the structure characteristics, as follows: 

𝑦 = −11.484𝑥4 + 172.6𝑥3 − 914.33𝑥2 + 2123.9𝑥 − 1398.8     

(23) 

 

𝑦 = −3.1765𝑥4 + 46.366𝑥3 − 226.77𝑥2 + 537.9𝑥 − 147.12   

 (24) 

 

𝑦 = −7.9546𝑥4 + 107.82𝑥3 − 503.87𝑥2 + 1060.6𝑥 − 482.18  

 (25) 

 

With the Equation (23), (24) (25) and (17), mappings between the currents on each wire 

and bending angles on any directions are found.  

To reveal the precision of the whole system, the bending device was driven to bend in 12 

directions from 0° to 330° with intervals of 30°. In each direction, four different bending angles, 
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8°, 16°, 24°, and 30° were set. The evaluation started at 0° and ended at 330°. The currents on 

each wire were calculated by the mapping between angles and currents. Three times tests were 

carried out per set of variables. Figure 76 Three views shows an example of monitoring the 

device in the direction of 128°. 

 

 

Figure 76 Three views with the device in the direction of 128° 

 

A set of experiments were done to test the device’s robustness to the temperature change 

by flushing 0℃ water to the device. The experimental variables include the quantity of flow (2 

mL, 4 mL, 10 mL), the speed of flow (1 mL/s, 2 mL/s, 3 mL/s, 4 mL/s), and the set bending 

angle (8°, 16°, 24°, 30°). Three times tests were carried out per set of variables. 

The results were arranged according to the different bending angles. They were separated 

into four groups affiliated to setup bending angles of 8°, 16°, 24°, and 30°, respectively. Figure 

77 and Figure 78 show the results of four groups. X-axis is the setup direction angles. In Figure 

77, the blue dot line is the desired angle of 8°. The orange dot line is the desired angle of 16°.  

The gray dot line is the desired angle of 24°. The yellow dot line is the desired angle of 30°. 

The max difference of bending angles on the same set of variables is 5° when the bending angle 

was set to 30° and the direction angle was set to 60°. In Figure 78, the blue dot line is the 

desired direction angle. 
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Figure 77 Actual bending angels on 12 directions 

 

 

Figure 78 Actual direction angle in 12 directions 
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4.6 Bending performance with lever button and dummy light 

All the above tests are the preparation for practical usage. The lever button (Songhe Dual-

axis XY Joystick Module) in Figure 79 was adopted as the human-machine interface to control 

the motion of the device. Single camera was used to observe the device. The rest settings were 

the same as the setup in section 4.1. Dummy light was used to emulate the laser irradiation. 

Figure 80 shows the fixture used to lock the relative position of the device and a single camera. 

This experiment observed the device from the perspective of the endoscope. 

 

Figure 79 Lever button 

 

 

Figure 80 Fixture for endoscopic observation 



78 

 

The results are shown in Figure 81. The target was divided into 10 fan-shaped sections, 

each of which covered an area of 36°. The distance between every two circles is 1 mm in Figure 

81. The direction of the white arrow was set as a bending direction of 0°. The direction angle 

was defined as shown in Figure 81 (Upper right). The bending angle was calculated by the 

distance from the center of the target to the irradiation position. Rotation controlled by the lever 

stick was achieved. The device was forced to move the irradiation position along with a circle. 

Figure 81 (a) was when the bending device was in the neutral state. Figure 81 (b) was the actual 

situation when the bending direction was 72°. The rest results are shown in Table 7. Bending 

movements near 0° and 36° were neglected due to the blind spot inside the view of the camera. 

The bending device was easily controlled by the lever stick. The working field of the bending 

device was inside a circle whose diameter was approximately 7 mm. 

 

Table 7 Conditions of the rotation controlled by lever stick 

 Direction angle (°) Bending angle (°) 

a 0 0 

b ~72 ~27 

c ~108 ~28 

d ~144 ~29 

e ~180 ~30 

f ~216 ~30 

g ~252 ~20 

h ~288 ~22 

i ~324 ~26 
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Figure 81 Rotation controlled by lever stick. Dotted box: definition of direction angle, (a) 

before bending, (b)~(i): bending at direction of 72°, 108°, 144°, 180°, 216°, 252°, 288°, and 

324°, respectively. 
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4.7 Discussion 

A visual feedback system was established in section 4.2, composing three mutually 

perpendicular cameras fixed in new fixtures. U-net is a classical segmentation algorithm but 

not the perfect one for real-time segmentation. The processing speed could slow down the 

visual feedback system. Some new algorithms should be considered afterward. Despite the 

slow speed, the accuracy of the angle recognition was as high as the angle calculated manually. 

As for the constant current supply, 2% oscillation error did not affect the overall stability 

of the current. Theoretically, based on the heat generating equation on resistance, the generated 

heat with current oscillation was a bit more than the heat without the oscillation. That could be 

easily compensated by the MCU program. PID control made the actual current follow the 

variation of set current fast and stably. To avoid coupling between each circuit for three 

independent SMA wires, ground isolation was implemented by connecting each ground wire 

to the ground plate, separately. With different PID setting, the system presented different 

responses which not only depended on PID parameters, but also the current setup. The higher 

the KP and KI were, the faster response the system had. Yet, parameter should be proper to 

prevent the oscillation with high current value since higher current values made the system 

respond quicker. Adequate overshoot could benefit the response of the system. For heating 

process, the more heat accumulated from higher current speeds up the rising of temperature 

and responses. For cooling process, the more heat lost from lower current, radiation and 

conduction speeds up the falling of temperature and responses. The whole system could be 

swifter. 

Section 4.5 shows the multidirectional bending performance of the bending device. The 

motion of the device is observed and recorded by three cameras. The bending ability meet the 

requirements in Table 2. This performance significantly improves the convenience while 
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manipulating the laser irritation. The problem (2) inside the Section 1 will be no longer a 

difficulty in the surgical operation. 

The MCU and current circuit with PID feedback control provided constant, stable current. 

Theoretically, the difference in overall heat generating is less than 0.01% which can be 

neglected. The response speed of the constant current supply is less than 0.5 seconds.  The 

great response time improves the consistency of the surgical operation. The output current to 

SMA wires can be adjusted from the PC or the lever button. The bending direction covered all 

the working space of the bending device in all 360° directions which showed a promising 

potential to control the laser irradiation directly by the controller instead of rotating and moving 

the optical fiber with the surgeon’s hands.  

The results of bending in 12 directions showed good reproducibility. The max difference 

of the actual bending angles at the same points was within 5°. Most of the results at the same 

points overlapped. So did the actual direction angles. There were also remaining problems in 

multidirectional bending performance. Firstly, no matter how much the bending angle is, there 

were always some errors in the actual value compared with the set value. Almost all of the 

actual bending angles were less than the corresponding set values. On the one hand, the error 

partially depended on the value of the bending angles. When the bending angles were over 16°, 

the average error was smallest in the 30° bending angles group. The motion of the bending 

device when bending angles were less than 8° could be regarded as chaos. On the other hand, 

SMA wires involved in the bending motion mattered. All the bending angle error inside the 

direction angle interval (45°, 185°) was smaller than the others. That direction angle interval 

was driven by Wire A and Wire B. Secondly, although the direction angles covered all the 

directions, they did not precisely follow the set value. The difference was especially distinct 

when the bending angle was less than 8°. In terms of the set bending angle over 16°, the average 

difference of actual direction angle was within 10°.  



82 

 

Several possible reasons resulted in the above problems. An unevenly distributed structure 

could be the first reason. The difference in performance while the device was controlled by 

different SMA wires proved that. The uneven structure may be the consequence of mistakes in 

the manufacturing process. Thus, the fabrication process should be improved. Inaccurate 

mapping between the angles and current may be the second reason. Since the deduction of the 

mapping only considered the geometric relations, the nonlinear force of the SMA wires driven 

by different currents could make the error happen. The last one could be the plastic deformation 

during the movement of the bending device. The structure is driven by the contraction of wires 

to bend. Yet, when the device goes back to the neutral state, elasticity is the main driven force. 

Plastic deformation is inevitable. To solve the above problems, reinforcement learning will be 

adopted to improve the accuracy of the whole system in the future.  

The robustness test showed good results. Only when the speed of flow and set bending 

angles were high enough, over 4 mL/s and 24°, respectively, there was an obvious variance of 

the actual bending angles within 5°. After stopping the flushing, the bending angles returned 

to the set bending angle instantly within 1s. The possible reaction stress from the inner wall of 

the ureter or urethra when the device contacts the inner wall could affect the SMA-driven 

tendons. In this case, the manipulator could manually compensate for the variance of bending 

angles caused by the external affections with vision information sent by the camera at the tip 

of the endoscope. 

Experiments in section 4.6 presented the bending performance in a simulated environment. 

360° rotation around the target-controlled by a lever stick without extra manipulation 

elaborated the potential of the bending device. Controllable laser irradiation and big enough 

working space could be the solution to the problem (1) in Chapter 1. The device could reach 

the optimal clinical bending range which is approximately 25° to cover the field of view of the 

camera on the endoscope and fit the size of the urethra system. The fastest response time was 
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within 1 second including the response time from the action of adjusting the current to the time 

when the currents completely change and the period during which the device fully reacts to the 

electrical current. The fast response speed could facilitate the usage and efficiency during the 

surgical operation. Yet, the low response speed and inaccuracy position existed when the 

device was controlled to bend by small angles. This could be solved by optimizing the control 

program. 

4.8 Conclusion 

Considering that the device was actually a time-variant nonlinear system. A special control 

model should be adopted. The establishment of the control model must be supported by both 

hardware and software. The control system was separated into three parts: visual feedback, 

constant current supply and control model. They were all manufactured and optimized for good 

performance.  
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CHAPTER 5 CONCLUSION 

This study significantly improves the convenience while manipulating the laser irritation in 

the f-TUL. The new bending mechanism offered a workspace of at least Ø6 mm depending on 

the length of optical fiber on the tip. The workspace is well matched to urethral dimensions and 

endoscopic field of view. With the fast response speed, high precision and robustness, the 

problems inside the f-TUL will be no longer a difficulty in the surgical operation in the future. 

This study developed a Ø1.1 mm bending device with novel slackened SMA wires for 

active controlling fiber direction in f-TUL. The advanced small size of structure successfully 

fitted into the usage of endoscope in f-TUL. This 2-DOF device was constructed as a simplified 

continuum robot with Slackened SMA wires embedded as tendons inside. The SMA wire as 

actuators can provides enough movement and force to drive the motion of the robotic device. 

The slackened level of SMA wires, which is also the adjustable length of the SMA wires, can 

be realized by the new fabrication process in which I adopted the controllable high-precision 

stage and fixtures matched to the structure of the robotic device. Thus, the balance between 

performance and stability could be easily found. After the analysis of the geometric structure 

of the robotic device, I found that, with the 0.1 mm extra length, both theoretically and 

experimentally in air, the device can achieve at least 22° bending angles in all directions, which 

greatly exceeds the requirement of 10°. Kinematic analysis in Chapter 2 provided the mapping 

between bending angle, space coordinates and length of SMA wires which corresponded to 

variable space, coordinates space and driven space, respectively. Kinematic analysis built the 

base of control system. 

Compared to the traditional backbone type of continuum robots with cables, the proposed 

mechanism is easily miniaturized into the millimeter scale. Unlike the tracking wires driven 

continuum robot, the new mechanism is free from tension and friction because the SMA 

actuators are isolated inside the single joint. The rest part of the mechanism is only for 



85 

 

protecting the thin electrical leads for supplying the electrical current to SMA wires. The new 

mechanism also successfully avoided inner collisions of the structures in previous research. 

The new design, constructed by simplified backbone and isolated slacken SMA wires 

significantly improves the performance of the practical device. In an unprecedented manner, I 

realize the all-direction movements with multiple SMA wires on such a tiny scale. Working 

space, stability, and reproductivity tests verify the feasibility of application for f-TUL which is 

not affected by heating. Although SMA wires and optical fiber generate heat, cooled irrigation 

in standard f-TUL operation can reduce the affection from heating and maintain environmental 

temperature, keeping the soft tissue from injury. In the performance test in the water, the new 

bending device reached a highest bending angle of 35° which significantly exceeded the 

clinical requirements of 10°. The response time was less than 1 seconds enabling the fast 

manipulation clinically. The robustness test demonstrated the high stability and reproductivity 

of the new device. Only when the speed of water flow and set bending angles were high enough, 

there was an obvious variance of the actual bending angles within 5°. After stopping the 

flushing, the bending angles returned to the set bending angle instantly within 1s.  

An open-loop control system based on visual information was invented including an 

adjustable constant current supply and an angle identification system. The difference in overall 

heat generating is less than 0.01% which can be neglected while control the contraction of 

SMA wires. This control system could control the bending device with manual manipulation. 

The open-loop control system was assembled finally with above parts and a lever button. The 

whole system showed great performance in which the motion of the device could smoothly 

follow the movement of the lever button. Yet, the inner characteristics of the bending 

mechanism accounted for the inaccuracy of the control. And the manual manipulation increases 

the doctor’s burden of the surgery. After successfully building the control model on the PC, 

the control system will offer a totally automatic process for laser irritation positioning. 
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Combining the image recognition for kidney stones, the complete system will be evaluated in 

a simulated environment in the future. 
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APPENDIX Ⅰ MATLAB CODE 

 

1. Workspace of the single robotic device 

%workspace for one segment Micro continuum robot 

clear all;  

clc; 

clf; 

i=7; 

A=linspace(0,pi/7.2,25);%generate vectors,sampling points 

B=linspace(0,2*pi,25); 

[a,b]=meshgrid(A,B); 

x=i*cos(b).*(1-cos(a))./a; 

y=i*sin(b).*(1-cos(a))./a; 

z=i*sin(a)./a; 

s = surf(x,y,z,'FaceAlpha',0.5,'EdgeColor','none') 

  

xlabel('x/mm','fontsize',12); 

ylabel('y/mm','fontsize',12); 

zlabel('z/mm','fontsize',12); 

daspect([1 1 1]); 

view(3); 

axis tight;camlight;lighting gouraud; 

grid on; %add grid line 

xlim([-4 4]) 

ylim([-4 4]) 

zlim([-0 10]) 

warning on; 

 

 

2. Workspace of the single robotic device with fiber 

%workspace for one segment Micro continuum robot 

clear all;  

clc; 

clf; 

i=7; 

A=linspace(0,pi/7.2,25);%generate vectors,sampling points 

B=linspace(0,2*pi,25); 

[a,b]=meshgrid(A,B); 

x=i*cos(b).*(1-cos(a))./a+3*sin(a).*cos(b); 

y=i*sin(b).*(1-cos(a))./a+3*sin(a).*sin(b); 

z=i*sin(a)./a+3*cos(a); 

s = surf(x,y,z,'FaceAlpha',0.5,'EdgeColor','none') 
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xlabel('x/mm','fontsize',12); 

ylabel('y/mm','fontsize',12); 

zlabel('z/mm','fontsize',12); 

daspect([1 1 1]); 

view(3); 

axis tight;camlight;lighting gouraud; 

grid on; %add grid line 

xlim([-4 4]) 

ylim([-4 4]) 

zlim([-0 10]) 

warning on; 
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APPENDIX II PYTHON CODE 

 

1. Multi-camera system 

import numpy as np 

import cv2 

import time 

import multiprocessing as mp 

import pyperclip as pc 

 

# ensure the input and output of the video 

def image_put(q, ip): 

    print(ip) 

    cap = cv2.VideoCapture(ip) 

    cap.set(6, cv2.VideoWriter_fourcc("M", "J", "P", "E")) 

    cap.set(propId=3, value=640)  # set the width of the video 

    cap.set(propId=4, value=480)  # set the height of the video 

 

    if cap.isOpened(): 

        print("yes") 

    else: 

        print("no") 

    while cap.isOpened(): 

        q.put(cap.read()[1])  # put the frame in the queue, cap,read()[1],is frame, cause  {ret, frame 

= cap.read()} 

        q.get() if q.qsize() > 1 else time.sleep(0.01) 

    cap.release() 

 

 

def image_get(q, window_name): 

    # add the time tag into the file name. 

    window_name = str(window_name) 

    cv2.namedWindow(window_name, cv2.WINDOW_NORMAL) 

    fourcc = cv2.VideoWriter_fourcc(*'XVID') 

    # storage path 

    # now = time.strftime("%Y_%m_%d_%H_%M_%S_", time.localtime(time.time())) 

    # path = "D:/test/" + now + window_name + ".avi" 

    # out = cv2.VideoWriter(path, fourcc, 24.0, (640, 480), True) 

    record = False 

    while True: 

        frame = q.get() 

        cv2.imshow(window_name, frame) 

        k = cv2.waitKey(1) & 0xff 

        if k == ord("r"): 

            # out.release() 

            now = time.strftime("%Y_%m_%d_%H_%M_%S_", time.localtime(time.time())) 

            path = "D:/test/" + now + window_name + ".avi" 
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            print("Recording " + path) 

            out = cv2.VideoWriter(path, fourcc, 24.0, (640, 480), True) 

            record = True 

        elif k == ord("n"): 

            print("No recording " + path) 

            out.release() 

            record = False 

        if record: 

            out.write(frame) 

        if k == ord('q'): 

            print("Quit capturing") 

            # The video stream is paused until pressing s button 

            # Then turn to the most recent frame 

            break 

        if k == ord('s'): 

            now_0 = time.strftime("%Y_%m_%d_%H_%M_%S_", time.localtime(time.time())) 

            # add the time tag into the file name. 

            pc.copy(now_0 + window_name + ".jpg") 

            path_0 = "D:/test/image/" + now_0 + window_name + ".jpg" 

            print("Saving image " + path_0) 

            cv2.imwrite(path_0, frame) 

    cv2.destroyAllWindows() 

    print("Ceasing") 

    return None 

 

 

# capture the frame and storage 

def image_collect(queue_list, camera_ip_l): 

    """show in single opencv-imshow window""" 

    # window_name = "Multi-views" 

    window_name = "%s_and_so_on" % camera_ip_l[0] 

    cv2.namedWindow(window_name, flags=cv2.WINDOW_FREERATIO) 

    fourcc = cv2.VideoWriter_fourcc(*'XVID') 

    record = False 

    # storage path 

    while True: 

        imgs = [q.get() for q in queue_list] 

        imgs = np.concatenate(imgs, axis=1) 

        cv2.imshow(window_name, imgs) 

        k = cv2.waitKey(1) & 0xff 

        if k == ord("r"): 

            # out.release() 

            now = time.strftime("%Y_%m_%d_%H_%M_%S_", time.localtime(time.time())) 

            path = "D:/test/" + now + window_name + ".avi" 

            print("Recording " + path) 

            out = cv2.VideoWriter(path, fourcc, 24.0, (640, 480), True) 

            record = True 

        elif k & 0xff == ord("n"): 

            print("No recording " + path) 

            out.release() 
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            record = False 

        if record: 

            out.write(imgs) 

        if k == ord('q'): 

            print("Quit capturing") 

            # The video stream is paused until pressing s button 

            # Then turn to the most recent frame 

            break 

        if k == ord('s'): 

            now_0 = time.strftime("%Y_%m_%d_%H_%M_%S_", time.localtime(time.time())) 

            # add the time tag into the file name. 

            pc.copy(now_0 + window_name + ".jpg") 

            path_0 = "D:/test/image/" + now_0 + window_name + ".jpg" 

            print("Saving image " + path_0) 

            cv2.imwrite(path_0, imgs) 

 

 

def run_multi_camera(): 

    camera_ip_l = [0, 1]  # input serial numbers of the camera 

    mp.set_start_method(method='spawn')  # initiate the multiple processing 

    queues = [mp.Queue(maxsize=4) for _ in camera_ip_l]  # creat a list of queues, 2 queues 

totally in this case 

    # In each queue, the max element number are 4. 

    # processes = [mp.Process(target=image_get, args=(queues, camera_ip_l))] 

    processes = [] 

    for queue, camera_ip in zip(queues, camera_ip_l):  # creat multiprocessing, 4 threads in this 

case 

        processes.append(mp.Process(target=image_get, args=(queue, camera_ip))) 

        processes.append(mp.Process(target=image_put, args=(queue, camera_ip))) 

    for i in range(len(processes)): 

        processes[i].daemon = True  # setattr(process, 'daemon', True) 

        processes[i].start() 

    # for process in processes: 

    processes[1].join() 

    # processes[3].join() 

    if processes[1] is None: 

        print("1") 

        processes[0].terminate() 

    if processes[3] is None: 

        print("3") 

        processes[2].terminate() 

 

 

def run_multi_camera_in_a_window(): 

    camera_ip_l = [1] 

 

    mp.set_start_method(method='spawn')  # init 

    queues = [mp.Queue(maxsize=4) for _ in camera_ip_l] 

 

    processes = [mp.Process(target=image_collect, args=(queues, camera_ip_l))] 
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    for queue, camera_ip in zip(queues, camera_ip_l): 

        processes.append(mp.Process(target=image_put, args=(queue, camera_ip))) 

 

    for process in processes: 

        process.daemon = True  # setattr(process, 'deamon', True) 

        process.start() 

    for process in processes: 

        process.join() 

 

 

if __name__ == '__main__': 

    run_multi_camera_in_a_window() 

# run_multi_camera() 

 

 

2. Dataset categorization 

import os 

import random 

import shutil 

 

 

''' 

├── data(7:2:1) 

│   ├── train  

│   ├── trainannot Storage of image annotations for training 

│   ├── val  

│   ├── valannot  

│   ├── test  

│   ├── testannot  

''' 

 

# Create dataset folder 

dirpath_list = ['E:/data/train', 'E:/data/trainannot', 'E:/data/val', 'E:/data/valannot', 'E:/data/test', 

'E:/data/testannot'] 

for dirpath in dirpath_list: 

    if os.path.exists(dirpath): 

        shutil.rmtree(dirpath)   # Delete the original folder 

        os.makedirs(dirpath)   # Create Folder 

    else: 

        os.makedirs(dirpath) 

 

# Proportion of training set, validation set and test set 

train_percent = 0.7 

val_percent = 0.2 

test_percent = 0.1 

 

# The folder where the original images of the dataset are stored, must be a png file 
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imagefilepath = 'E:\data_masks\images' 

total_img = os.listdir(imagefilepath) 

# List of image names for all datasets 

total_name_list = [row.split('.')[0] for row in total_img] 

num = len(total_name_list) 

num_list = range(num) 

# Number of images included in the training set, validation set, and test set 

train_tol = int(num * train_percent) 

val_tol = int(num * val_percent) 

test_tol = int(num * test_percent) 

 

# Index of the training set in the total_name_list 

train_numlist = random.sample(num_list, train_tol) 

# Validate the index, list (collection) of the set in total_name_list, 

val_test_numlist = list(set(num_list) - set(train_numlist)) 

val_numlist = random.sample(val_test_numlist, val_tol) 

# Index of the test set in the total_name_list 

test_numlist = list(set(val_test_numlist) - set(val_numlist)) 

 

# Copy the dataset and tag image installation categories to the corresponding folders in order 

for i in train_numlist: 

    img_path = 'E:\data_masks\images/'+total_name_list[i]+'.jpg' 

    new_path = r'E:\data\train/'+total_name_list[i]+'.png' 

    shutil.copy(img_path, new_path) 

    img_path = 'E:\data_masks\masks/' + total_name_list[i] + '.png' 

    new_path = r'E:\data\trainannot/' + total_name_list[i] + '.png' 

    shutil.copy(img_path, new_path) 

for i in val_numlist: 

    img_path = 'E:\data_masks\images/'+total_name_list[i]+'.jpg' 

    new_path = r'E:\data\val/'+total_name_list[i]+'.png' 

    shutil.copy(img_path, new_path) 

    img_path = 'E:\data_masks\masks/' + total_name_list[i] + '.png' 

    new_path = r'E:\data\valannot/' + total_name_list[i] + '.png' 

    shutil.copy(img_path, new_path) 

for i in test_numlist: 

    img_path = 'E:\data_masks\images/'+total_name_list[i]+'.jpg' 

    new_path = r'E:\data\test/'+total_name_list[i]+'.png' 

    shutil.copy(img_path, new_path) 

    img_path = 'E:\data_masks\masks/' + total_name_list[i] + '.png' 

    new_path = r'E:\data/testannot/' + total_name_list[i] + '.png' 

shutil.copy(img_path, new_path) 

 

 

3. Rectangle fitting 

import cv2 

import numpy as np 

from matplotlib import pyplot as plt 
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def anglerec(frame, mask): 

    font = cv2.FONT_HERSHEY_SIMPLEX 

    # img = cv2.imread('test.png') 

    imgray = cv2.cvtColor(mask, cv2.COLOR_BGR2GRAY) 

    # print(imgray, type(imgray)) 

    # cv2.imshow("imgray", imgray) 

    # cv2.waitKey(0) 

    ret, thresh = cv2.threshold(imgray, 0, 255, 0) 

    # mask2 = mask.copy() 

    # print(thresh, type(thresh)) 

    thresh = thresh.astype(np.uint8) 

    # cv2.imshow("imgray", thresh) 

    # cv2.waitKey(0) 

    contours, hierarchy = cv2.findContours(thresh, cv2.RETR_TREE, 

cv2.CHAIN_APPROX_SIMPLE) 

    # imgcon = cv2.drawContours(img2, contours, 1, (0, 0, 255), 3) 

    # cv2.imshow("imgcon", imgcon) 

    # cv2.waitKey(0) 

    # cv2.imwrite("gray.png", thresh) 

    # cnt = contours[1] 

 

    for i in range(1, len(contours)): 

        cnt = contours[i] 

        # img2 = img.copy() 

        rect = cv2.minAreaRect(cnt) 

        box = cv2.boxPoints(rect) 

        # print(box) 

        box = np.int0(box)  # get the corner points 

        # print(box) 

        area = cv2.contourArea(box) 

        width = rect[1][0] 

        height = rect[1][1] 

        angle = round(90 - rect[2], 2) 

        cv2.polylines(frame, [box], True, (0, 128, 255), 3) 

        # text1 = 'Width: ' + str(int(width)) + ' Height: ' + str(int(height)) 

        # text2 = 'Rect Area: ' + str(area) 

        text3 = 'Rect angle: ' + str(angle) 

        # cv2.putText(img2, text1, (10+200*(i-1), 30), font, 0.5, (0, 255, 0), 1, cv2.LINE_AA, 0) 

        # cv2.putText(img2, text2, (10+200*(i-1), 60), font, 0.5, (0, 255, 0), 1, cv2.LINE_AA, 0) 

        cv2.putText(frame, text3, (10 + 200 * (i - 1), 30), font, 0.5, (0, 128, 255), 1, cv2.LINE_AA, 

0) 

        print(angle) 

    # cv2.imwrite('contours.png', img) 

    # plt.imshow(cv2.cvtColor(img2, cv2.COLOR_BGR2RGB)), plt.title('Rectangle') 

    # plt.imshow(img2) 

    # cv2.imwrite('angle.png', img2) 

    # cv2.imshow('img2', img2) 

    # cv2.waitKey(0) 

    # print(img2, type(img2))l 
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    return frame 

 23200 

 

if __name__ == "__main__": 

    img = cv2.imread('D:/test\image/2022_07_19_21_35_34_real-time.png') 

    # print(img, type(img)) 

    img2 = anglerec(img) 

    cv2.imshow("imgangle", img2) 

    cv2.waitKey(0) 

# 

# def cal(centercoord):  # determine the zone of the angle then calculate the direction 

#     if centercoord[1] < 640: 
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APPENDIX III MCU CODE 

 

1. PID control test for constant current 

#include <AutoPID.h> 

#include <Wire.h> 

#include <Adafruit_INA219.h> 

 

Adafruit_INA219 ina219_1; 

Adafruit_INA219 ina219_2(0x44); Access the INA219 with different physical address 

 

int potentiometer = A0; //From the main potentiometer 

int potentiometer_2 = A1; 

int PWM = 11;   

int PWM2 = 3;   

 

// PID settings and gains 

#define OUTPUT_MIN 0 

#define OUTPUT_MAX 800 

#define KP_1 0.05 

#define KI_1 2.5 

#define KD_1 2 

#define KP_2 0.05 

#define KI_2 2.5 

#define KD_2 2 

 

double analogReadValue, setPoint, outputVal; 

double analogReadValue2, setPoint2, outputVal2; 

 

// Input/output variables passed by reference, so they are updated automatically 

AutoPID myPID_1(&analogReadValue, &setPoint, &outputVal, OUTPUT_MIN, 

OUTPUT_MAX, KP_1, KI_1, KD_1); 

AutoPID myPID_2(&analogReadValue2, &setPoint2, &outputVal2, OUTPUT_MIN, 

OUTPUT_MAX, KP_2, KI_2, KD_2); 

void setup() { 

 

  pinMode(potentiometer, INPUT); 

  pinMode(potentiometer_2, INPUT); 

  pinMode(PWM, OUTPUT);   

  pinMode(PWM2, OUTPUT); 

 

  TCCR2B = TCCR2B & B11111000 | B00000001;    // pin 3 and 11 PWM frequency of 

31372.55 Hz 

   

  Serial.begin(9600); 

  myPID_1.setTimeStep(50); 

  myPID_2.setTimeStep(50); 
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  ina219_1.begin(); 

  ina219_1.setCalibration_32V_1A(); set the precision of the INA219 

  //ina219.setCalibration_16V_400mA(); 

  ina219_2.begin(); 

  ina219_2.setCalibration_32V_1A(); 

} 

void loop() {   

  double voltage = analogRead(potentiometer); 

  double voltage_2 = analogRead(potentiometer_2); 

 

  double current_1 = ina219_1.getCurrent_mA(); 

  double current_2 = ina219_2.getCurrent_mA(); 

   

  setPoint = 100;//map(voltage,0,1023,0,600); 

  setPoint2 = 200 ;//map(voltage_2,0,1023,0,600); 

  analogReadValue = current_1; 

  analogReadValue2 = current_2;  

  myPID_1.run(); 

  myPID_2.run(); 

   

  Serial.print("setPoint1:");Serial.print(setPoint);Serial.print(","); 

  Serial.print("current_1:");Serial.print(current_1);Serial.print(","); 

  //Serial.print("setPoint2:");Serial.print(setPoint2);Serial.print(","); 

  //Serial.print("current_2:");Serial.print(current_2); Serial.print(","); 

  Serial.println(); 

   

  analogWrite(PWM, outputVal/800*255);   

  analogWrite(PWM2, outputVal2/800*255);   

 

} 

 

 

 

 

 

 

 

 

 

2. Open-loop control program 

#include <AutoPID.h> 

#include <Wire.h> 

#include <Adafruit_INA219.h> 

 

Adafruit_INA219 ina219_1; 

Adafruit_INA219 ina219_2(0x41); 

Adafruit_INA219 ina219_3(0x44); 
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int potentiometer = A0; //From the main potentiometer 

int potentiometer_2 = A1; 

int PWM = 11;   

int PWM2 = 9;   

int PWM3 = 3; 

double pi = 3.1415; 

 

// PID settings and gains 

#define OUTPUT_MIN 0 

#define OUTPUT_MAX 800 

#define KP_1 0.05 

#define KI_1 4 

#define KD_1 0.0 

#define KP_2 0.05 

#define KI_2 4 

#define KD_2 0.02 

#define KP_3 0.05 

#define KI_3 4 

#define KD_3 0.02 

 

double analogReadValue, setPoint, outputVal; 

double analogReadValue2, setPoint2, outputVal2; 

double analogReadValue3, setPoint3, outputVal3; 

 

// Input/output variables passed by reference, so they are updated automatically 

AutoPID myPID_1(&analogReadValue, &setPoint, &outputVal, OUTPUT_MIN, 

OUTPUT_MAX, KP_1, KI_1, KD_1); 

AutoPID myPID_2(&analogReadValue2, &setPoint2, &outputVal2, OUTPUT_MIN, 

OUTPUT_MAX, KP_2, KI_2, KD_2); 

AutoPID myPID_3(&analogReadValue3, &setPoint3, &outputVal3, OUTPUT_MIN, 

OUTPUT_MAX, KP_3, KI_3, KD_3); 

void setup() { 

 

  pinMode(potentiometer, INPUT); 

  pinMode(potentiometer_2, INPUT); 

  pinMode(PWM, OUTPUT);   

  pinMode(PWM2, OUTPUT); 

  pinMode(PWM3, OUTPUT); 

 

  TCCR2A = _BV(COM2A1) | _BV(COM2B1) | _BV(WGM21) | _BV(WGM20); 

  TCCR2B = _BV(CS20); // pin 3 and 11 PWM frequency of 62.4472 Hz 

  TCCR1A = _BV(COM1A1) | _BV(COM1B1) |_BV(WGM10); 

  TCCR1B = _BV(WGM12) | _BV(CS10); // pin 9 and 10 PWM frequency of 62.4472 KHz 

   

  Serial.begin(9600); 

  myPID_1.setTimeStep(50); 

  myPID_2.setTimeStep(50); 

  myPID_3.setTimeStep(50); 

ina219_1.begin(); 

ina219_1.setCalibration_32V_1A(); 
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  // The initialization will default to the maximum measurement range (32V, 2A), you can also 

change it with the setCalibration command to get higher accuracy 

  // Using the 32V, 1A range for measurement will give you higher current measurement 

accuracy, if you want to use this option delete the comment in the following line 

  // Use 16V, 400mA range to get higher accuracy of current and voltage measurement, if you 

want to use this option, delete the comment in the following line 

//ina219.setCalibration_16V_400mA(); 

 

  ina219_2.begin(); 

  ina219_2.setCalibration_32V_1A(); 

  ina219_3.begin(); 

  ina219_3.setCalibration_32V_1A(); 

} 

void loop() {   

  double l = 0;  

  double n = 0;  

  double m = 0; 

  double y = analogRead(potentiometer); 

  double x = analogRead(potentiometer_2); 

  y = map(y,0,1023,-350, 350); 

  x = map(x,0,1023,-350, 350); 

 

  double a = y / x; // tan angle 

  int power = sqrt(y * y + x * x); 

  double b = x / power; // cos angle 

  double c = y / power; // sin angle 

  power = constrain(power, 0, 350); # constrain the output of the power within 350 in totally, 

350 is not a number referring to a certain physical quantity but a dimensionless quantity.  

  x = b*power; 

y = c*power; 

 

 //Mapping the lever coordinate with the variable space of the device 

  if (a <= -0.58 && x >= 0){//B area   

    l=acos(b); 

    m=l-pi*1/6; 

    n=pi*1/6; 

    setPoint=0; 

    setPoint2= cos(m)*power+sin(m)*power*tan(n); 

    setPoint3= sin(m)*power/cos(n); 

        }  

  else if (a >= 0.58 && x <= 0) {//A area 

    l=acos(b); 

    m=(pi*5/6-l); 

    n=pi*1/6; 

    setPoint=0; 

    setPoint2= sin(m)*power/cos(n); 

    setPoint3= cos(m)*power+sin(m)*power*tan(n); 

    } 

  else if (x >= 0) {//C area 
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    setPoint= y+0.58*x; 

    setPoint2=0.58*2*x; 

    setPoint3= 0; } 

  else if (x <= 0) {//D area 

    setPoint= y-0.58*x; 

    setPoint2= 0; 

    setPoint3=-0.58*2*x; 

    } 

 

 

//get the current feedback 

  double current_1 = ina219_1.getCurrent_mA(); 

  double current_2 = ina219_2.getCurrent_mA(); 

  double current_3 = ina219_3.getCurrent_mA(); 

   

  setPoint = constrain(setPoint, 0, 350); 

  setPoint2 = constrain(setPoint2, 0, 350); 

  setPoint3 = constrain(setPoint3, 0, 350); 

  analogReadValue = current_1; 

  analogReadValue2 = current_2;  

  analogReadValue3 = current_3; 

  myPID_1.run(); // get the current output by PID algorithm 

  myPID_2.run(); 

  myPID_3.run(); 

   

  Serial.print("setPoint1:");Serial.print(setPoint);Serial.print(","); 

  Serial.print("x:");Serial.print(x);Serial.print(","); 

  Serial.print("y:");Serial.print(y);Serial.print(","); 

  Serial.print("current_1:");Serial.print(current_1);Serial.print(","); 

  Serial.print("setPoint2:");Serial.print(setPoint2);Serial.print(","); 

  Serial.print("current_2:");Serial.print(current_2); Serial.print(","); 

  Serial.print("setPoint3:");Serial.print(setPoint3);Serial.print(","); 

  Serial.print("current_3:");Serial.print(current_3); Serial.print(","); 

  Serial.println(); 

   

  analogWrite(PWM, outputVal/800*255); //Output the PWM signal 

  analogWrite(PWM2, outputVal2/800*255);  

  analogWrite(PWM3, outputVal3/800*255); 

   

 

} 

 

 


