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Abstract

:

Repairing cracks in the concrete of a building is very important to ensure the safety of a nuclear power plant. However, repair work in areas with very strong radiation is very difficult. Many robots have been proposed to solve this problem. However, they cannot operate wirelessly and have problems such as being left as debris in the event of an accident. To solve the problem, this paper investigates the feasibility of sound-driven robots. We focused on Helmholtz resonance to achieve this goal. In this paper, Helmholtz resonators were adopted as the drive source of the actuator, and a new prototype was created by devising the arrangement. We also examined the physical characteristics of the developed prototype. Unlike conventional actuators, the proposed device can be moved remotely simply by irradiating sound from the outside. The advantage of using sound waves is that the robot can move without being affected by electric or magnetic fields. Through some experiments, it was confirmed that the developed actuator can be moved remotely with sound.
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1. Introduction


Repairing cracks in building concrete is essentially important for ensuring the safety of nuclear power plants. However, repair work in areas with extremely strong radiation is virtually impossible. There is an urgent need to establish regular repair methods for nuclear power plants. Disaster support robots are expected to become a powerful approach to solve this problem [1,2,3].



However, strong radiation is extremely incompatible with conventional robots that are controlled by electronic circuits and receive control signals through radio waves. For example, many disaster support robots are controlled by electronic circuits, but strong radiation destroys the mounted electronic circuits in a short time. Strong radiation becomes a strong noise for the radio signal used for control, which significantly hinders remote operation.



Traditional robots also have little exit strategy after being used in harsh conditions. Robots used in nuclear power plants will be left at the accident site as debris to be removed once the robots are broken. For example, in 2011, TV media reported a case where a robot was left behind during an investigation of a reactor building [4].



When a robot operates in a nuclear power plant, it is desirable that it can be controlled without being affected by radiation and using electricity as a driving source.



This paper examines sound as a method for driving a robot to solve this problem. Sound waves are a physical phenomenon that is essentially non-interfering with radiation, which is an electromagnetic wave. Since sound waves can be sent from a remote location, they are compatible with work in areas that cannot be penetrated. If a robot controlled by sound can be realized, it will be possible to control the robot from the outside not only in an environment filled with radiation such as a nuclear power plant, but also in a space where radio waves do not reach. For example, the robot can be controlled from the outside not only in an environment filled with radiation, such as a nuclear power plant, but also in a space that is impermeable to radio waves.



In addition, since it is not necessary to mount an electronic board, it is expected that a robot made of only environmentally friendly materials will be realized. To achieve this goal, we use Helmholtz resonance to drive a robot with sound waves.



The rests of this paper are organized as follows: in Section 2, we introduce some related works and clarify the features of our approach. In Section 3, we describe the physics of Helmholtz resonance. In Section 4, we show the results to check the relation between the sound frequency and the wind speed from the device to confirm the consistency between the theoretical framework and the experimental results. Section 5 gives the actuator design driven by Helmholtz resonance and the experimental results of designed actuators’ movements. The conclusion is given in Section 6.




2. Related Works


Many studies on disaster robots have been conducted so far. In the past, there have been studies on humanoid robots used in power plants [5] and small autonomous mobile robots [6] that can be used in pipes. The power is supplied by microwaves, and in the future, the control will also be done by microwaves. Most disaster relief robots are controlled by electric circuits and driven by electricity. However, long-term operation is difficult because strong radiation destroys the electric circuits in a short time.



Robots intended for use in nuclear power plants are also being actively researched [7,8,9,10,11,12,13]. Some of them are designed to prevent radiation damage to electronic circuits and other components. When designing robots, many parts that are not affected by radiation exposure are used. Many robots are also controlled by a wired connection to avoid the effects of radiation.



Soft actuators and soft robots are also actively studied to overcome the limits of typical robotic techniques [14,15,16]. Soft robots have flexible structures and their shapes change depending on its softness. Hence, they have many advantages that conventional robots do not have. For example, soft robots can enter narrow spaces that conventional robots cannot enter [17]. In addition, the soft robot is not easily damaged even if it receives a strong impact such as dropping [18]. Pneumatics is a well-known drive source used in soft actuators. The McKibben actuator is an old example of an air-driven actuator with a long history [19,20]. It is used in various scenarios and technologies such as worm-like robots [21], quadruped robots [22], and humanoid [23,24] and infant robots [25] due to its safeness. There are several other examples of soft robots driven by pneumatic actuators [26,27]. Other authors report soft actuators driven by hydraulic pressure rather than pneumatic pressure [28]. However, these soft actuators require an external pump to control the pressure. Therefore, remote control is difficult because the pump and robot need to be connected by a cable.



On the contrary, there are several studies regarding non-electrically driven actuators. They drive with various stimuli from external environments such as temperature [29,30], pH [31,32], electric field [33], water [34], and light [35]. However, many of these actuators have restrictions on the environment in which they can be used and are difficult to control.



To solve the problem, we pay attention to sound waves. Sound waves are a physical phenomenon that is essentially non-interfering with radiation, which is an electromagnetic wave. Since it is possible to transmit sound waves from a remote location, it is compatible with work in inaccessible areas.



Although the authors have been studying the driving of matter by sound waves, only the movement on the water could be realized [36]. In this paper, we focus on Helmholtz resonance and aim to drive it on land by sound waves.




3. Physics of Helmholtz Resonance


In this section, we describe the details of Helmholtz resonance and its physical formulation. Helmholtz resonance is an air resonance phenomenon that occurs when air is applied to the top of an empty bottle. This phenomenon has been known for a long time and was discovered by Hermann von Helmholtz in the 1850s [37]. The container at this time is called a Helmholtz resonator, and the frequency at that time is called the resonance frequency. The Helmholtz resonance is a resonance that occurs when the air inside a container with an aperture acts as a spring. Let us consider the Helmholtz resonator shown in Figure 1 [38,39,40].



In Figure 1, L represents the neck length. S represents the area of the sound hole. d represents the diameter of the sound hole. V represents the body volume. D represents the diameter of the spherical cavity.



Let us consider the air in the neck part as a piston with mass m. Since m is the mass of the neck part, it can be expressed as follows.


      m = ρ S L      



(1)







To consider the force applied to the piston, let the outside air pressure be P0. Let V0 be the initial volume of the gas inside. When no force is applied to the piston, the pressure of the gas inside is equal to the outside air pressure. Now, suppose that the piston is pushed in by x and the pressure changes to P and the volume changes to V. The restoring force F applied to the piston can be written as follows.


      F = − S  (  P −  P 0   )       



(2)







It is assumed that the expansion and compression of gas by pushing the piston is an adiabatic operation. Then, the following can be obtained from Poisson’s equation.


      P  V γ  =      P 0   V 0 γ   



(3)




where γ represents the specific heat ratio.



On the other hand, the following relationship holds between V and V0.


      V =      V 0  − S x  



(4)







Hence, the following can be derived from Equations (3) and (4).


  P    (   V 0  − S x  )   γ  =  P 0   V 0 γ   



(5)







The following equation is obtained by transforming Equation (5).


  P =  P 0   V 0 γ     (   V 0  − S x  )    − γ   =  P 0     (  1 −   S x    V 0     )    − γ    



(6)







It is known that the following approximate expression holds when |ε| is sufficiently smaller than 1.


     (  1 + ε  )   α  = 1 + α ε  



(7)







Based on the fact that Sx is sufficiently smaller than V0, the following approximation is obtained.


  P =  P 0     (  1 −   S x    V 0     )    − γ   =  P 0   (  1 + γ   S x    V 0     )   



(8)







Substituting Equation (8) into Equation (2) yields the following equation for F:


      F = − S  (   P 0   (  1 + γ   S x    V 0     )  −  P 0   )  = − γ    P 0   S 2     V 0    x      



(9)







Hence, the equation of motion is described as follows:


      ρ S L    ∂ 2  x   ∂  t 2    =     − γ    P 0   S 2     V 0    x  



(10)







The equation of motion (10) can be regarded as a simple harmonic motion of the spring constant k where


  k = − γ    P 0   S 2     V 0     



(11)







From the equation of motion, we can obtain the resonant frequency f of the Helmholtz resonator as follows:


      f =  c  2 π      S  V L          



(12)




where c is the sound speed described as follows:


      c =     γ  P 0   ρ         



(13)







Considering that not only the inside of the pipe but also the air around the opening vibrates additionally, it is necessary to correct the opening end for the natural frequency. It is known as end correction. The corrected resonant frequency f of the Helmholtz resonator is given by the following equation:


      f =  c  2 π      S  V  L  e q            



(14)




where Leq is the effective length of the neck considering the aperture correction; Leq is given by the following equation depending on the presence or absence of a neck collar when the diameter of the sound hole is d according to the reference [40].


       L  e q   = L + 0.75 d   neck   without   a   brim      



(15)






       L  e q   = L + 0.85 d   brimed   neck      



(16)







As V is the volume of the sphere, it can be expressed by using the following equation:


      V =       4 π  3     (   D 2   )   3   



(17)







On the other hand, S is the area of a circle and is expressed by d as follows:


      S =     π    (   d 2   )   2   



(18)







Substituting Equations (17) and (18) into Equation (14) gives the following equation:


      f =   c d  π     3  8  L  e q    D 3           



(19)







In the case of a sphere with no neck and only a resonance hole, the surface of the sphere acts as a brim and L = 0, so the resonance frequency f is as follows:


  f =  c π      3 d   8  (  0.85  )   D 3       



(20)







From the equation of state, P0 can be described as follows:


   P 0  =   n R T  V   



(21)




where n is the number of moles of the gas. R is the gas constant. T is absolute temperature. Substituting Equation (21) into Equation (13), c can be written as


  c =     γ R T     V ρ  n       



(22)







Let the average molecular weight of the gas be M. M can be written as


  M =   V ρ  n   



(23)







Hence, c can be described as follows:


  c =     γ R T  M    =     γ R  (   T c  + 273.15  )   M     



(24)




where Tc represents the Celsius temperature. Given that the gas constant is 8.314, the specific heat ratio in air is about 1.403, and the average molecular weight of gas in air is about 28.97 × 10−3 [kg/mol], the resonance frequency f is given by the following equations from Equations (20) and (24).


      f =  1 π      177.67 d  (   T c  + 273.15  )     D 3           



(25)







From Equation (25), the resonant frequency f of the sphere in dry air depends on the diameter of the sound hole d, the diameter of the sphere D, and the temperature Tc of the gas. The air in the ball moves depending on the external volume and frequency. If there is a hole on the ball, the moving air will come out. The strength of the coming wind is determined by the intensity of the movement of the air inside, so it is expected to be the strongest when it resonates. We checked it experimentally in the next section.




4. Measurement of Wind Speed Depending on Sound Frequency


During the Helmholtz resonance, a flow of air blows out from the neck of the resonator. To check the consistency between the theoretical framework and the experimental results, we conducted a verification experiment on the relationship between the frequency of sound and the wind speed from the device.



Two experiments were conducted for this purpose. In this study, 44 mm diameter ping-pong balls were used as Helmholtz resonators. We made 5 mm and 5.5 mm holes in the ping-pong ball as sound holes. The room temperature at the time of this experiment was 10.1 °C. Hence, the resonance frequencies for 5 mm and 5.5 mm sound holes can be calculated as 547.1 Hz and 573.8 Hz, respectively, from Equation (25). Figure 2 and Figure 3 show the relation between the sound frequency and wind speed. The graph shows the average value of the measured values and the maximum and minimum values as error bars. In the experiments, we used a heat-ray anemometer and set it in front of the hole on the ball. The used heat ray anemometer was 405-V1 made by Testo Co., Ltd. (Lenzkirch, Germany).



The error bar includes the measurement error inherent in the device. According to the information provided by the manufacturer of the hot-wire anemometer (Testo 405-V1), the measurement accuracy is 0.1 m/s + 5% of measurement value in the velocity range up to 2 m/s and 0.3 m/s + 5% of measurement value in the velocity range over 2 m/s.



The blue line in Figure 2 and Figure 3 shows the calculated resonance frequency, and the red line shows the experimentally measured resonance frequency. As a result of some preliminary experiments, a peak appeared at the beginning of the measurement, and then the air volume tended to decrease. Based on these results, the peak value that appears first was measured twice and averaged to create a graph.



Generally, the wind speed coming out of the Helmholtz resonance is expected to be the fastest at the resonance frequency. However, as a result, there was a difference of about 10% between the calculated resonance frequency and the actual measured value. The main cause is considered to be measurement error due to the installation conditions of the measuring instrument and the environmental conditions that are not considered in Equation (25). The maximum wind speed at 5.5 mm sound hole was about 5.68 m/s, while the maximum wind speed at 5 mm sound hole was about 5.01 m/s.



Since the frequency with the strongest wind deviated slightly from the theoretical resonance frequency, the sound wave with the frequency with the strongest wind was used in the actuator drive experiment. Currently, we assume that the wind is coming out of the hole perpendicular to the ball to create the physical model of the actuator.



The maximum wind speed of 5.5 mm sound hole was faster than that of 5.01 mm sound hole in the entire frequency range. Based on these results, in the following experiments, we decided to use a ping-pong ball with a sound hole of 5.5 mm as a Helmholtz resonator. To clarify the dependency of flow velocity on sound volume, we also show the relation between volume and air volume when the ball hole is 5.5 mm and the air volume is maximum. Figure 4 shows the graph to show the relation between sound volume and wind speed. Data was measured three times each. The graph shows the average value of the measured values and the maximum and minimum values as error bars. As shown in Figure 4, when the volume is low, the wind from the ball is almost zero. On the other hand, when the volume exceeds a certain value (about 110 dBA in this case), the wind speed from the ball increases almost linearly according to the volume.




5. Sound Driven Actuator


5.1. Physical Characteristics of the Ball as an Actuator


Let us consider physical characteristic of the ball as an actuator. The rotation of the ball depends on the coefficient of static friction with respect to the rotation of the material. Let μ be the coefficient of static friction. The frictional force Fstatic can be written as follows, using the normal force N.


       F  s t a t i c   = μ N        



(26)







N can be described as follows:


      N = m g        



(27)




where m is the mass of the actuator. g is the gravitational acceleration. Hence,


       F  s t a t i c   = μ m g        



(28)







On the other hand, the object momentum can be calculated mv [kgm/s] where m and v are the mass and the velocity of the objects, respectively. In the case of fluid, when we assume that the fluid density is ρ [kg/m3], the fluid velocity is v [m/s] and the area of the surface through which the fluid passes is S [m2], the momentum of fluid per Δt [s] is calculated as ρSv2 Δt [Ns]. Hence, the force generated by one ball per unit time f is described as


      f = ρ S  v 2         



(29)







For example, the area S is 2.38 × 10−5 [m2] for a hole with a diameter of 5.5 mm. The density of air under normal temperature and pressure is 1.29 [kg/m3]. Hence, the force at the maximum wind speed is theoretically 9.89 × 10−4 [N]. If f is larger than Fstatic, the actuator can move. Hence, the following formula can be obtained.


      ρ S  v 2  >     μ m g  



(30)







The movable weight is constrained as follows:


  m <   ρ S  v 2    μ g    



(31)








5.2. Design of the Actuator


This section describes the design of the sound driven actuator. We prepared four types of design to check the movement: a ball with nothing attached (Figure 5), a ball with wheels (Figure 6), a ball with thin cotton swab feet (Figure 7), and a ball with rounded cotton swab feet (Figure 8). We conducted a moving experiment using a ball with a 5.5-mm-diameter hole. A cotton swab was attached to the ball with the aim of reducing the contact point between the ground and the actuator and reducing friction by attaching a rod-shaped object to the actuator.



The hole on the ball was made using a tabletop drilling machine (K-21 made by Hozan Tool Ind. Co., Ltd. (Osaka, Japan)). The disk that will be the wheel is made of coated cardboard. We cut it by using a circular cutter (iC-1500P made by NT Inc. (Osaka, Japan)) and pasted it to the ball with adhesive. When attaching a cotton swab to the ball, we cut the cotton swab and attach it to the ball with adhesive. The experiment was conducted in an anechoic chamber.



Figure 9 shows the initial setup of the experiments. As shown in Figure 9, we set the actuator on an ABS board. In our study, it is assumed that the ball does not slide on the ABS plate. In other words, we suppose that the actuator moves by rotation and does not slip. As results of the experiment, we think that the assumption is satisfied.



The speaker is first set 3.5 cm apart from the actuator. The speaker used in the experiment is a powered speaker MoniOne made by Classic Pro. The sound volume at the actuator point was 131.7 dBA. The room temperature was 10.4 °C and the maximum wind speed was 6.01 m/s at 730 Hz. The experimental method was to apply a sound of 730 Hz to each of the four structures and observe how they behaved.




5.3. Results of the Migration Experiments


The results of the experiment are shown in Table 1. The ball with a fine-tipped cotton swab and the ball with a round-tipped cotton swab did not move when sound was applied. It is considered that the ball with a cotton swab did not move because the friction at the ground contact point increased.



Figure 10 shows the actual movements of the ball with nothing attached. As shown in Figure 10, the ball with nothing attached moved. As the ball rotates, the holes move, resulting in reciprocating motion. Figure 11 shows a representation of this situation. The cause of the reciprocating motion is that as the ball rotates, the position of the hole moves in the opposite direction and the direction of the wind is reversed. Figure 12 shows the actual movements of the ball with wheels. As shown in Figure 12, the holes also move, resulting in reciprocating motion. The cause is considered to be the same as for the ball with nothing attached.



We examined whether the actuator could be moved forward by controlling the volume. As results of several experiment, it was difficult to move forward. In addition, this approach makes it difficult to move the actuator while accurately grasping the position of the hole when the actuator is located at a remote location. Hence, we redesign the new actuator that can be operated more simply in the next section.




5.4. Redesign of the Actuator


The sound driven actuator was able to move only on the water in the past research, while it succeeded in moving on land in this study. However, the movement was not one-way but a reciprocating motion in the front-back direction. As shown in Figure 11, when the robot moves, the position of the sound hole changes, causing a change in the direction of travel. Hence, it is necessary to improve the actuator so that it can be moved in one direction instead of reciprocating.



Based on the results of the experiments, we redesigned the actuator. Figure 13 shows the design of the improved actuator. In Figure 13, the left figure and right figure show the cross section and side view of the improved actuator, respectively.



As shown in Figure 13, it includes five balls between two wheels. The holes on the ball are arranged so that they are parallel to the tangential direction of the wheel. It is expected that the arrangement prevents the actuator from reciprocating. The actuator was set on a silicone rubber sheet to reduce the effects of floor vibrations due to sound.



Figure 14 shows the physical model including the supposed wind direction of the five balls of the new actuator and the force due to the winds. In Figure 14, we numbered the ball from 1 to 5 to ease the explanation. fi represents the force acting on the ball i by the wind (i = 1, 2, 3, 4, 5). As shown in Figure 14, all the force from the wind coming out of the actuator works to rotate the disk counterclockwise. Due to the symmetry of the disk, this relationship does not change regardless of the position of the ball. This is the reason why the improved actuator moves forward without reciprocating motion.



Figure 15 shows the actual movement of the improved actuator. As shown in Figure 15, it was confirmed that the improved actuator moves straight without reciprocating motion. According to the analysis of the video taken about the improved actuator, the actuator rotated about half a turn in 2.6 s. Considering that the wheel radius of the improved actuator is 7 cm, the speed of movement is estimated to be approximately 8.4 cm/s. It is also noted that we also tried an experiment in which 2, 3, and 4 balls were placed. However, the amount of air coming out of the ball was not enough, and it was not possible to obtain sufficient rotational force.





6. Conclusions


In this study, we introduced sound driven actuators using Helmholtz resonance. We formulated the physics of Helmholtz resonance and showed some designs of actuators. In the migration experiment, we used Helmholtz resonance to conduct an experiment to verify the migration method. Through the first experiments, some of the developed actuators succeeded in moving on land. However, their movement was not one-way but a reciprocating motion in the front-back direction.



Based on the results of the experiments, we improved the actuators. As the results show, it was confirmed that the improved actuator moved straight without reciprocating motion. We could confirm the operation of the sound driven actuator on the ground using Helmholtz resonance on an experimental basis. However, it is still difficult to control the operation direction of the actuator.



For future works, we would like to control the direction of the actuator by using the difference in resonance frequency depending on the size of the hole or ball. We also would like to develop a robot that can repair cracks by using the developed actuator as a drive source for the robot.
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Figure 1. Model of Helmholtz resonator. 
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Figure 2. Wind velocity vs. frequency at 5 mm sound hole. 
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Figure 3. Wind velocity vs. frequency at 5.5 mm sound hole. 
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Figure 4. Relationship between sound volume and wind speed. 
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Figure 5. Appearance of a ball (The diameter of the ball is 44 mm. Its weight is 2.5 g.). 
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Figure 6. Appearance of a ball between wheels (The diameter of the ball is 44 mm. The wheel diameter is 54 mm. Its weight is 5.5 g.). 
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Figure 7. Appearance of a ball with a fine-tipped cotton swab (The diameter of the ball is 44 mm. The cotton swab length is 20 mm. Its weight is 2.7 g.). 
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Figure 8. Appearance of a ball with a round-tipped cotton swab (The diameter of the ball is 44 mm. The cotton swab length is 16 mm. Its weight is 2.7 g.). 
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Figure 9. Experimental setup. 
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Figure 10. Actual movement of a ball with nothing attached. 
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Figure 11. Change in hole and direction of movement to rotation. 
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Figure 12. Actual movement of a ball with wheels. 
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Figure 13. Design of an improved actuator (The diameter of the ball is 44 mm. The radius of the wheel is 70 mm. The ball was installed at a position 45 mm from the center of the wheel. Its weight is 25.8 g.). 
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Figure 14. The force acting on the actuator by the wind. 
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Figure 15. Movement of an improved actuator. 
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Table 1. Behavior of each structure.
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	Structure
	Behavior





	Normal table tennis ball
	Reciprocation



	Table tennis ball on wheels
	Reciprocation



	Table tennis ball with a fine-tipped cotton swab
	Not moving



	Table tennis ball with a round-tipped cotton swab
	Not moving
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