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Abstract

:

A new bi-directional, simple-structured solenoid actuator for active locomotion capsule robots (CRs) is investigated in this paper. This active actuator consists of two permanent magnets (PMs) attached to the two ends of the capsule body and a vibration inner mass formed by a solenoidal coil with an iron core. The proposed CR, designed as a sealed structure without external legs, wheels, or caterpillars, can achieve both forward and backward motions driven by the internal collision force. This new design concept has been successfully confirmed on a capsule prototype. The measured displacements show that its movement can be easily controlled by changing the supplied current amplitude and frequency of the solenoid actuator. To validate the new bi-directional CR prototype, various experimental as well as finite element analysis results are presented in this paper.
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1. Introduction


In recent years, several technologies [1,2,3,4,5,6] have been studied for promoting the development of capsule endoscopes, since its first generation was proposed by Given Imaging Ltd. in 2000 for inspecting small intestinal diseases [1]. The endoscopic capsule, as a revolutionary medical device, was proposed to achieve advanced diagnostic and treatment functionalities for the small bowel tract, where conventional tethered flexible endoscopes are only partially able to access. Although some commercial capsule products have already been applied in clinical practice, e.g., PillCam® by Medtronic Inc. (Minneapolis, MN, USA), EndoCapsule by Olympus Corp. (Tokyo, Japan), and MiroCam® by IntroMedic Co., Ltd. (Seoul, Korea), they are propelled through the gastrointestinal (GI) tract in a passive manner, purely depending on peristalsis contractions of the digestive lumen. Due to the lack of an active and controllable locomotion mechanism in the conventional capsule endoscope to steer the scope in desired areas of the GI tract for accurate and double inspections, false negative results may occur, reducing the effectiveness and reliability in clinical practice [7].



In order to meet the demands of accurate positioning and controllable locomotion, an active actuator system is needed to be embedded in the robotic capsule endoscope. This enables the doctors to operate the capsule at any desired locations and, if necessary, to invert the direction for double inspections. Active capsule robots (CRs), as a promising technology, have become a common pursuit of endoscopists and biorobotic engineers [8]. Furthermore, active CRs can also perform some additional desired functions, such as screening, biopsy, and drug delivery in the future [9,10].



For actuator-driven surgical/capsule robots, with respect to their different design concepts, control methodology and modelling, some review papers on fluidic actuator-, magnetic actuator-, smart material actuator-, and cable-driven mechanism-based CRs have been reported over the past two decades [11,12,13,14,15,16]. In brief, the reported flexible fluidic actuator needs to be operated with a high pressure [11,14]. The smart material actuators, i.e., shape memory alloys (SMAs) and piezoelectric actuators, normally work at high temperature or high voltage [13,16], and they have relative complex structures as well as material fatigue and high-cost problems [11]. External magnetic fields may be used to interact with the capsule side magnet to achieve locomotion. The advantage is that there is no power consumption on the CR side for locomotion. The disadvantage of this method is that the magnetic force exerted on the CR drops dramatically, when the distance between the external magnet and the CR side magnet increases. Additionally, due to the strong attractive force between the magnets, the CR side magnet always tends to travel towards the external magnet, resulting in a strong force applied on the body tissue, increasing the friction as well [5,16]. Such a method may be more suitable to trigger an action, such as opening the inflation valve [17,18] or controlling the needle for biopsy [19], than active locomotion.



For controllable locomotion, CRs are often designed with the aid of motors integrated in different mechanisms, such as elastic-legged, paddle-type, tank-like type, spiral, and vibration-type CRs. The legged-locomotion CR shown in [20,21] achieves a bi-directional movement by driving its super-elastic legs using two internal DC brushless motors. However, these two internal motors for driving external legs occupy a large space inside the capsule and cause a significant power consumption, resulting in a capsule with dimensions that are not compatible for ingestion. In [22], a paddle-based CR is studied, but it can move in a single direction only. The propulsion of the multi-paddle comes from the interaction force between a linear actuator and two mobile cylinders. In [23,24,25], a tank-like CR is proposed, equipped with micropatterned treads driven by a DC motor that may help reduce the damage to human tissue compared to other devices having external protruding structures. However, this tank-like CR is specifically designed for the colon, which has a larger dimension than that of the intestine; moreover, the on-board power unit is still a challenge to power the internal six motors simultaneously. In [26], a CR fabricated with a rotary spiral-shaped body is excited by a brushless DC motor. A vibration-based CR actuated by centripetal force, which is generated by a vibratory motor, is also mentioned. However, both the spiral and the vibratory locomotion CRs may lead to possible drawbacks, such as structure complication and integration complexity, due to the use of a separate motor as the main driving unit.



Furthermore, an inchworm-inspired CR is presented in [27,28,29,30,31]. A worm-like robot driven by a geared DC motor is described in [27,28]. A mesh worm-like, multi-segment CR mentioned in [29] is driven by shortening or extending the tendons as the motors rotate. An inchworm-like CR achieves forward or backward motions by its front and rear clampers, which are driven by DC motors [30]. However, some drawbacks, such as low travelling speed compared with CRs having external legs or paddles and large volume due to the equipped motors, limit the applications of this type of CR.



In this paper, a new actuator applied to a bi-directional locomotion-based linear active CR is presented. The propulsion of the CR is produced by the collision action between the internal moving mass and the permanent magnets (PMs) located on the end plates. The vibration of the inner mass is excited by an alternating current supplied to the small coil. This current is formed in such a way that a half-cycle positive rectangular current is combined with a half-cycle negative sinusoidal current. The net displacement of the CR in one cycle is the difference between its forward and backward displacements experienced in one current period. To overcome natural peristalsis, when fixed at the desired position, an external large PM may be employed to anchor the CR to perform accurate inspection or other treatments. Compared with the existing actuator designs, this new actuation method, adopting an internal collision force as the driving source, has a simple structure (no DC motors) to achieve bi-directional movements, while offering flexibilities in speed/displacement control by varying the current amplitude and frequency.



In Section 2 of this paper, the new CR is proposed and described, detailing its mechanical structure (Section 2.1) and working principle (Section 2.2). The finite element analysis and simulated results are presented in Section 3, whereas in Section 4, various experimental results are provided. Finally, Section 5 concludes this paper with future perspectives of this work.




2. New Bi-directional Locomotion CR


2.1. Mechanical Structure and Components


The new active actuation mechanism proposed in this paper consists of two cylindrical PMs attached to the two ends of the CR, and one inner mass moving between the two inserted PMs, as shown in Figure 1. The detailed components of the inner mass can be seen on the right side of Figure 1, including a small solenoid coil with an inserted iron core and two gaskets. For the two PMs, namely PM1 and PM2, they face each other with the same polarity (south pole). This actuator is excited by the wired current, but it will be further miniaturized to be a wireless actuator in the future. Compared with the existing actuators, this CR can move with a controllable speed and displacement by simply adjusting the frequency and/or the amplitude of the supplied current. In additional, the advantage of having a simple structure for this active actuator makes it possible for a compact and embeddable design of the CR.




2.2. Active Actuation Principle


The schematic diagram showing the working principle of the new actuator, as well as the CR locomotion steps for a single cycle, are shown in Figure 2. The propulsion of the CR is produced by the collision action between the internal moving mass and the end PM, occurring when the small coil, supplied with alternating currents, moves between the two PMs. This current has a special waveform, i.e., the half-period has a positive rectangular current waveform, while the other half has a negative sinusoidal current waveform. Once this kind of current is supplied to the small coil, an unbalanced electromagnetic force appears, resulting from the interaction between the magnetic field produced by the small coil current and the two PMs. This force acts on the entire inner mass and drives the small coil to move towards one of the PMs. While moving towards the PM, the small coil is kept accelerated until it collides with the PM. In a complete period, the small coil collides twice with the end-plate PMs. The collision force acting on the CR is able to drive the whole CR to move forward or backward. The net displacement of the CR in one cycle is determined by the difference between its forward and backward displacements. The different steps of the CR active locomotion mechanism are illustrated in Figure 2 and described below.



	
Step 1. The coil is originally located at the center of the CR (Figure 2a), and meanwhile the supplied current to the coil is zero. Since a balanced force is acting on the coil by the two PMs, the coil as well as the CR body remain still.



	
Step 2. When a positive rectangular shape current is supplied to the small coil, both the attractive force fSN between PM1 and the energized coil and the repelling force fSS between PM2 and the coil are in the same direction. The total force overcomes the frictional force Ffric1 and drives the small coil to move towards PM1 (Figure 2b). During this process, the reaction force acting on the CR body is insufficient to overcome the external frictional force between the CR body and its contact surface, and therefore the CR remains still as shown in Figure 2b.



	
Step 3. Since the small coil is kept accelerated when moving towards PM1, it slams into PM1 with a large velocity. As a consequence, the instantaneous collision force Fc, which is generated by the collision action, acts on the CR body and drives the CR to move forward, overcoming the external frictional force Ffric2 (Figure 2c). Finally, the CR as well as the inner mass stop at a new position and thus the forward displacement d1 of the CR is achieved (Figure 2c).



	
Step 4. Upon reversing the current direction, and comparison with the forces described in Figure 2b, the directions of the interaction forces between the small coil and the two inserted PMs as well as the friction force Ffric1 are reversed, as illustrated in Figure 2d. Consequently, the locomotion direction of the small coil is also reversed.



	
Step 5. Similar to the descripted procedure in step 3, the opposite collision force then drives the CR to move backward and stop at another new position. The backward displacement of the CR in this process is denoted as d2 (Figure 2e), which is smaller than d1 since the negative current waveform is chosen to be sinusoidal instead of rectangular. Therefore, the net CR displacement in one cycle can be depicted as the displacement difference between its forward and backward displacements, namely:


d = d1 − d2,



(1)










Since periodic asymmetrical AC current is supplied to the coil, the coil thus performs the reciprocating oscillation inside the CR. As can be observed in Figure 2, the net displacement of the CR in one cycle is calculated by the displacement difference between the forward and backward displacements, which can be controlled by the amplitude of the supplied current. The frequency of the supplied current determines how often this net displacement may repeat itself, determining the moving speed of the CR.





3. Finite Element Modelling and Analysis


A finite element model (FEM) adopted to simulate the CR prototype was performed with COMSOL Multiphysics software (Stockholm, Sweden), and the model parameters are given in Table 1. A 3D model with a DC current in the small coil was studied, and the corresponding magnetic flux density when the small coil parked at a position of Z = 21 mm is shown in Figure 3 as an example.



The driving force acting on the coil, including the attractive/repelling force between the coil with an iron core and the two end PMs, can be calculated using the FEM analysis. Different driving force profiles, as shown in Figure 4, are obtained when the coil, supplied with different constant currents, moves between the two end PMs. These force profiles can be used to calculate the real-time force acting on the small coil as the supplied current and position of the small coil vary in the required forms.



As can be observed in Figure 4, the driving force, acting on the small coil at a certain position, increases when the supplied current is increased. For a constant current, when the coil moves from PM2 to PM1 (Z = 0 to Z = 24 mm), the force is significantly increased when approaching PM1 for a positive current. This is because of the forces generated by the interaction between the coil magnetic field produced by a positive current and the two magnets are always along the positive z-axis towards PM1. The attracting force between PM2 and the coil iron core is along the negative z-axis, whereas the attracting force between PM1 and the iron core is along the positive z-axis (e.g., this can be observed in Figure 4 from the curve with 0 A current). Therefore, the total force shows such a profile, as illustrated in Figure 4.



Based on the force profiles shown in Figure 4 for different DC current values, the actual force acting on the coil in one cycle could then be obtained by using the real current waveform to search for the corresponding force waveform, which is shown in Figure 5a. The position change of the coil with respect to the Z = 0 point, as indicated in Figure 3, is given in Figure 5b. The supplied current is a combination of a positive half-cycle rectangular shape waveform followed by a negative half-cycle sinusoidal waveform. It can be observed that a large acceleration force can be quickly established to accelerate the small coil. At about 0.13 s, the displacement Z has reached 24 mm, meaning the coil is now touching PM1.



The force is kept constant until the coil performs the reversed motion. For the negative half-cycle sinusoidal current in the remaining period, the reversed force actuates the coil to move from PM1 to PM2. It can be observed that it takes much longer to return the coil to its original position, meaning that the acceleration achieved by the coil during this reversed moving period is smaller than that achieved during the forward acceleration period. Unbalanced acceleration results in unbalanced forward and backward movements, producing a useful net displacement.



Magnetic permeability of the core inserted in the coil affects the force used to drive the coil to move forward. As can be observed in Figure 6, a quite different flux pattern can be seen when changing the iron core (with a relative permeability of 4000) to air (with a relative permeability of 1). The finite element simulation results indicate that reducing the core permeability reduces the interaction force between the coil and PM2, from 0.875 N (iron core) to 0.122 N (air core), for example. It is preferable to use high permeability material like iron.




4. Experimental Setup and Results


4.1. Experimental Setup


To measure the proposed CR displacements under various supplied currents, an experimental platform was set up, as shown in Figure 7. This platform consisted of the CR prototype and an optoNCDT 1420 Laser Sensor (MICRO-EPSILON MESSTECHNIK GmbH & Co. KG, Königbacher Straße 15, Ortenburg, Germany). In addition, the experimental platform also enabled the authors of this paper to measure the displacement of the small coil in one cycle. Comparing the CR displacement with the small coil displacement in the same coordinate system, it helps to clarify the driving concept of the proposed CR.




4.2. Experimental Results and Analysis


The progress of the capsule motion is illustrated in Figure 8. Figure 8a is the original parking position, as in Figure 2a. The two end places are marked as P1 and P2, respectively. Next, the coil is energized and is moved to the left magnet (as in Figure 2b,c). As the coil punches the magnet, a large collision force is generated and the capsule is pushed to position P2’ (Figure 8b). Then, the current direction is reversed, the coil leaves the left magnet, and, during this coil movement, the capsule remains still (Figure 8c, as in Figure 2d). Once the coil hits the right-side magnet, the collision force drives the capsule to move to the right position P1’ (Figure 8d), and a smaller displacement in this process is achieved (as Figure 2e), due to different current profiles as discussed previously. Finally, the net displacement of the capsule in one cycle is thus achieved and marked as X in Figure 8d.



The displacements of the CR under various current profiles are measured by the laser sensor. According to the locomotion principle of the CR, the bi-directional displacements of the CR and the coil in five cycles were measured, and are shown in Figure 9 and Figure 10, respectively. It can be clearly observed from the graphs shown in Figure 9 that the CR achieved a net forward displacement in each cycle driven by the oscillating coil. The coil first moves forward, driven by the supplied rectangular shape current. Then, the coil collides with the CR and drives the CR to move forward. The measured CR as well as the coil displacements in this half-cycle are shown as positive displacements in Figure 9. Similar to the locomotion mechanism described in the first half-cycle, if the current supplied to the coil is reversed in the remaining half-cycle, the displacements of the CR and the coil move in the opposite direction, as indicated in Figure 9. Thus, the net forward displacement of the CR is the displacement difference between its bi-directional movements in one cycle. Similar to the forward locomotion profile analyzed above, the backward locomotion of the CR is experimentally demonstrated by changing the supplied current direction, as shown in Figure 10.



To study the locomotion principles of both the CR and the coil in detail, the displacement profiles of the coil and the CR in one cycle were recorded, together with the supplied AC current profile and the corresponding force acting on the coil. These profiles are shown in Figure 11. The displacements are shown in the local coordinate system relative to one end of the capsule. The blue curve in Figure 11 represents the coil displacement in one cycle, the red one is the CR displacement, the dark blue line recorded by an oscilloscope is the supplied current, and the green line is the corresponding force profile obtained from the FEM.



In the beginning, as the current is quickly established to a DC value, the coil starts to move away from its parked position at Z = 0 mm. The coil in this process is kept accelerated so that the small coil can collide with the PM1 at a high speed, and the coil and capsule move forward together (Figure 11). The acceleration process of the coil obeys Newton’s second law of motion. Collision of the coil, traveling at a high speed with the stationary PM1, obeys the law of momentum conservation, i.e., the coil mass times its velocity is equal to the total mass of the CR times the capsule velocity. The kinetic energy gained in the coil during the acceleration process is suddenly released upon collision. The large force, which enables the capsule to be driven forward, is then generated after the collision action. During the progress of forward movement of the capsule, the external frictional force decelerates the capsule and stops it at a distance of d1 (Figure 2c) with the small coil attached to PM1. At the end of the first half-cycle, the current in the coil begins to change to a negative sinusoidal current. The displacement curve of the coil (blue line) indicates that the coil does not immediately perform the reversed movement when it is supplied with the reversed current, since the current is slowly built up and the generated force in the beginning is not enough to overcome the attractive force between the coil iron core and PM1. The negative sinusoidal current gradually increases, resulting in a slow increase in the reversed driving force. When the current is high enough and the small coil starts the reversed motion, similar to the process described in the first half-cycle, the small coil performs a reversed acceleration towards PM2 and until the collision with PM2 happens. Therefore, the CR is driven to move backward and finally stops at the reversed displacement of d2 (Figure 2d).




4.3. Analysis of The Displacement and Speed Control Abilities


As mentioned above, the CR displacement is affected by the supplied current in the small coil. In general, this kind of AC current has three key design parameters, i.e., current frequency as well as positive and negative current amplitudes. To further study the influences of these three parameters on the capsule displacement performance, the CR displacements were measured under different current frequencies and amplitudes, as shown in Figure 12, Figure 13, and Figure 14. In addition, the frictional force of the contact surface, which also affects the CR displacement, is changed by using different surface materials, and the corresponding measured average net displacements are given in Table 2.



Figure 12 shows the CR displacements in five cycles measured under different positive current amplitudes ranging from 2.25 A to 3 A. A constant negative current amplitude of 2 A and a constant current frequency of 1 Hz were used. As can be observed in Figure 10, although the positive rectangular current and the negative sinusoidal current have the same half-period duration, the step forward movement of the capsule has a larger duty ratio than that in the backward movement. This occurs because, for the negative sinusoidal current, the current increases slowly and the duration for the current range that is high enough to drive the capsule backward is shortened. In the positive rectangular current period, the current is established to its desired DC value quickly, and the capsule starts to move almost immediately after the rectangular current is supplied. In addition, this figure also illustrates that the CR displacement shows a clear increase when the current amplitude is increased. On average, when the current amplitude is increased by 0.25 A, the displacement is increased by 1.25 mm after 5 cycles.



Similarly, the same AC current waveform was supplied to the small coil, while its negative current amplitude was varied. The CR displacements were measured under various negative current amplitudes, and the results are given in Figure 13. This figure indicates that the displacement of the CR decreases as the amplitude of the negative current increases, while its positive current amplitude is kept at 2.75 A. Therefore, the net CR displacement decreases when the negative amplitude increases. However, a minimum value of the amplitude of the negative current exists, below which the generated force by the coil current is not large enough to overcome the attractive force between PM1 and the coil iron to start the reversed acceleration.



In Figure 14, the CR displacements are measured under various current frequencies while keeping the positive and negative current amplitudes constant (i.e., 2.75 A and −2 A, respectively). The light blue dashed line represents the CR displacement measured under the frequency of 2 Hz, whereas the red dashed line is the measured displacement under 1 Hz and the blue line displacement is achieved under 0.5 Hz. Figure 14 indicates that the current frequency directly affects the travelling speed of the capsule. The larger the current frequency, the shorter the time needed for the CR to reach the same displacement. By varying the frequency of the current, the travelling speed of the CR can be easily controlled.



The above experiments validated the feasibility of the proposed new structure and locomotion mechanism, demonstrating its bi-directional moving ability and changeable net displacement as well as moving speed, obtained by varying the current amplitude and frequency. However, the lab test environment is rather ideal with the external frictional property being uniform. The situation inside the human body is more complex. The variation of the friction affects the displacement of the capsule. For a quick demonstration of this point, materials with different frictional properties (acrylic tube, paper, sandpaper) were used as the external contact surface. The measured average displacements are given in Table 2. It was reported in [32] that the average frictional resistance between the capsule and small intestine wall is 20–50 mN. The sliding frictional force provided by the normal paper and the acrylic surface is around 70 mN and 50 mN, respectively. The sliding frictional force provided by the sandpaper is the highest. It can be observed from Table 2 that the average measured net displacement of the CR decreases when the friction increases, which is as expected. As mentioned previously, the driving force is provided by the collision of the coil traveling at a high speed with the stationary capsule. The displacement of the capsule after collision obeys Newton’s second law of motion. This implies that the generated driving force at the collision moment is much larger than the external frictional force against capsule displacement, so the increased frictional force does not significantly reduce the net displacement.





5. Discussion and Conclusions


This paper presents a new active actuator mechanism for bi-directional capsule robot applications. The new CR structure and driving concept were validated experimentally on a prototype. The driving principle of the CR was to utilize the internal collision force between the inner moving mass and the CR body. In comparison with existing driving mechanisms, this new mechanism has a simple structure and its net displacement and travelling speed can be controlled by simply varying the current amplitude and frequency.



The supplied current has a special waveform, combining a half-period positive rectangular current waveform with a half-period negative sinusoidal current waveform. This makes it possible to accelerate the small coil differently before it collides with the two end PMs, achieving a bi-directional movement ability. The experimental results also demonstrated that this prototype can be easily controlled to achieve different forward/backward displacements and traveling speeds.



Although the proposed new actuation principle was experimentally validated with demonstrations of variable displacement and moving speeds, it should be tested in a more complex environment that can mimic the conditions inside the human body. This is considered as important future work for the next step of the research.
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Figure 1. Structure and components of the new bi-directional active locomotion actuator. 
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Figure 2. Representation of different steps of the capsule robot (CR) locomotion mechanism: (a) original position, (b) coil begins to move towards PM1, (c) coil collides to PM1 and drives the capsule to move forward, (d) coil moves back to PM2, (e) coil collides to PM2 and drives the capsule to move backward. 
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Figure 3. 3D Finite Element Model (FEM) of the CR. 
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Figure 4. The resultant force acting on the coil under different currents. 
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Figure 5. The force acting on the coil corresponding to the excited pulsed current in one period, (a) the force and current profiles; (b) the coil displacement. 
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Figure 6. Magnetic flux contour under different magnetic permeabilities of the inserted core: (a) iron core; (b) air core. 
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Figure 7. Experimental setup. 
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Figure 8. The locomotion progress pictures of the proposed CR prototype in one cycle. 
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Figure 9. The forward displacements of the CR and the small coil. 
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Figure 10. The backward displacements of the CR and the internal coil. 






Figure 10. The backward displacements of the CR and the internal coil.



[image: Electronics 09 00736 g010]







[image: Electronics 09 00736 g011 550] 





Figure 11. Measured current profile, coil, and capsule displacement waveforms in one period. 






Figure 11. Measured current profile, coil, and capsule displacement waveforms in one period.



[image: Electronics 09 00736 g011]







[image: Electronics 09 00736 g012 550] 





Figure 12. CR displacement vs. positive current amplitude. 
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Figure 13. CR displacement vs. negative current amplitude. 
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Figure 14. CR displacement vs. current frequency. 
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Table 1. Parameters of the finite element model (FEM) analysis according to the capsule prototype.
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	Parameter
	Value
	Unit





	coil inner radius
	2
	mm



	coil thickness
	3.5
	mm



	coil length
	12
	mm



	magnet radius
	2.5
	mm



	magnet length
	10
	mm



	magnet remanence
	1.074
	T



	iron mass
	0.362
	g



	iron diameter
	3
	mm



	iron height
	12
	mm



	inner mass (m)
	9.36
	g



	total capsule mass (M)
	27.15
	g



	capsule length
	60
	mm



	capsule inner diameter
	12
	mm



	capsule outer diameter
	14
	mm
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Table 2. CR displacements measured under different contact surfaces.






Table 2. CR displacements measured under different contact surfaces.





	Contact Material
	Acrylic
	Paper
	Sandpaper





	Net displacement (mm)
	0.58
	0.49
	0.4
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