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Abstract

:

This paper proposes a double propeller wall-climbing robot (DP-Climb) with a hybrid adhesion system based on the biomimetic design principle to address the problems of single adhesion-powered wall climbing robots (WCRs). Such problems include poor maneuverability and adaptability to orthogonal working surfaces with different roughness and flatness, weak flexibility of ground-wall transition motion, and easy stand stilling of transition,. Based on the clinging characteristics of different creatures, the hybrid system combines the rotor units’ reverse thrust, the drive wheels’ driving torque, and the adhesion force offered by the coating material to power the robot through a coupled control strategy. Based on the Newton–Euler equations, the robot’s kinematic characteristics during the ground-wall internal transition motion were analyzed, the safe adhesion conditions were obtained, and a dynamics model of the robot’s ground-wall transition was established. This provided the basis for the coupling control between different power units. Finally, an internal transition PID control strategy based on DP-Climb was proposed. Through mechanical and aerodynamic characteristic experiments, it is verified that the robot’s actual output pulling force can meet the transition motion demand. The experimental results show that the proposed strategy can enable the DP-Climb to complete the ground-wall mutual transition motion smoothly with a speed of 0.12 m/s. The robot’s maximum wall motion speed can reach 0.45 m/s, which verifies that the hybrid adhesion system can flexibly and quickly reach the specified position in a target area flexibly and quickly. The robustness and adaptability of WCR to complex application environments are improved.
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1. Introduction


As an important branch of special robots, wall-climbing robots (WCRs) can replace humans in high-risk or hard-to-reach environments to perform tasks such as environmental detection and location reconnaissance and assist in disaster rescue, which can ensure the safety of operators and reduce risks and costs. It has important application value in military and civilian fields [1,2]. For emergencies such as fires and earthquakes that occur in a dense urban high-rise building environment, it is particularly necessary to develop a WCR with strong environmental adaptability, the ability to move flexibly on walls of different roughness and damage, and to move freely within a designated target working area and to quickly reach the designated location to obtain the on-site information [3].



WCR has two basic abilities: adhesion and climbing. The stable adhesion of the robot to the wall mainly relies on its adhesion system. The adhesion method of WCR can be mainly divided into magnetic adhesion [4], vacuum suction cups [5], bionic materials and bionic hook and claw spine adhesion [6,7] and reverse thrust adhesion [8]. Magnetic WCR [9] has a strong adhesion force on the wall surface, but it can only be applied to metal contact surfaces, such as oil tanks. The vacuum suction cup-type WCR [10] can form a closed chamber to generate a vacuum with a strong adhesion force and can adapt to different material walls, but it can only be applied to a flat wall surface. The dry-adhesive bionic wall-climbing robot [11,12] can adapt to uneven vertical surfaces but requires frequent cleaning and maintenance, and its moving speed is limited. The hook-claw-type bionic WCR [13] can be used repeatedly, but it can damage the wall, and its adaptability to smooth walls such as glass is weak. Negative pressure-type WCR [14] can adapt to contact walls with different roughness and flatness, has good obstacle-crossing performance, can be reused, does not damage the building surface, and is more suitable for urban high-rise buildings and narrow alleyways and other environments. We compared the wall motion speed and weight properties of negative pressure adhesion WCRs [15,16,17,18,19,20,21,22,23,24,25,26] developed recently, as shown in Figure 1.



According to Figure 1, propeller-type WCRs move faster on the wall and have a relatively smaller mass. Therefore, this paper designs a double propeller wall climbing robot based on the functional principle of bionic mechanical design to solve the problems of the current WCR. These include attitude adjustment that takes a long time during the transition of the ground-wall internal surface, the weak adaptability to the contact surface with different roughness and flatness, and the easy overturning of the body, which imitates the indirect flight mechanism of lepidopteran insects. When the rotor starts to rotate, the air will form a pressure difference at the upper and lower interfaces of the propeller to make the robot press against the wall. By changing the pitch angle of the rotor, the robot’s motion direction can be changed to achieve wall forward and backward or static attachment action [27]. However, in the old version of WCR, which mainly uses the reverse thrust of the propeller and front drive wheels as the power, the robot appears to have a tail-flicking situation during the movement process, and it adopts an open-loop system to control the robot [28]. In practical applications, achieving accurate control of the robot on the wall surface is difficult. When the WCR needs to perform transition motion from the ground surface to the vertical wall surface, the robot is prone to appear the phenomenon of robot overturning due to stuck or excessive inclination. The lack of rolling joints of the rotor makes it difficult to meet the upward force necessary for the robot to turn and walk on the wall, making it easy to slip off. To solve this problem, Alkalla Mohamed G developed Erbo [29,30]. The two coaxial propellers provide sufficient adhesion force, but the robot motion is limited when the ground-wall transition is carried out by lifting the robot with an external joint. Myeong [31] used a multi-axis rotorcraft to hover on the wall after taking off from the ground. However, due to unpredictable wind gusts, the WCRs such as UVA will be difficult to land, and the internal drone attitude will be significantly affected in the event of a collision. With long lead times for precise positioning, the camera-mounted picture is difficult to capture, and it may even collide with the wall and damage the robot.



The flexible and fast movement of the WCR on the wall is also related to the movement mechanism of the robot. The commonly used movement methods can be classified as wheeled [32,33], crawler [34] and legged [35]. The crawler-type WCR moves faster, but the weight is generally heavier, and the crawler can cause malfunctions when encountering small obstacles. At the same time, legged structures have better obstacle-crossing performance, but the flexibility is weak, and the control is relatively complicated. Therefore, the WCR designed in this paper simplifies the limbs of the gecko into a wheeled mechanism to realize the functions of rapid movement and positioning of the robot.



This paper will design a double propeller wall climbing robot(DP-Climb) with a hybrid adhesion system that can be internally transitioned based on the principle of biomimetic design from the perspective of robot dynamics. It aims to enhance the mobility and adaptability of WCR to complex application environments, make up for the shortcomings of a single adhesion-powered WCR [36], reduce the time consumed for an attitude adjustment, and increase the endurance of the robot. The hybrid adhesion system of DP-Climb combines the clinging characteristics of different creatures. It is mainly composed of two symmetrical rotor units that imitate flapping wings and two rear drive wheels that imitate animal hind limbs. At the same time, a coating material that can enhance the friction coefficient between the wheel body and the wall surface is used on the wheel body to imitate the adhesion characteristics of the gecko feet. The three coupling controls jointly provide the adhesion and traction force required by the robot movement so that the robot can have a certain obstacle crossing ability, and the robot can move flexibly and quickly on contact surfaces of different materials and flatness without being disturbed by factors such as wall cracks, surface protrusions or holes. In addition, the DP-Climb hybrid adhesion system can help the robot adjust the ground-wall transition attitude quickly, reduce energy consumption, improve the endurance of the robot, shorten the positioning time, and enhance its stability. The main contributions of this study are as follows:




	(1)

	
A WCR with a hybrid adhesion system is designed based on the principle of biomimetic design. To solve the above problems, this manuscript designs DP-Climb, a double propeller wall climbing robot with a hybrid adhesion system. The robot uses symmetrical rotor bionic joints to adjust the pitch and roll angle of the rotor joints in real-time according to the robot’s attitude. It also adopts the skeleton design to optimize the rotor fixed disk to reduce the airflow loss, utilizes the hind limb drive bionic joints to reduce the tailing of the robot and applies the coating material to improve the adhesion force of the robot. It obtains the ground-wall dynamic model of the robot based on the Newton–Euler equation. The dynamic model provides a theoretical basis for the transition motion control of the robot.




	(2)

	
A PID motion control strategy for the ground-wall internal transition based on DP-Climb is proposed. The paper designs the ground-wall PID control strategy of the robot based on the dynamic model obtained. It also realizes the autonomy of the robot through PID closed-loop control, which effectively improves the robot’s autonomous motion capability and control accuracy and stability. To obtain the dynamic characteristics of the key power unit of the robot, an experimental platform for the mechanical characteristics and aerodynamic characteristics is designed, and the appropriate wheel surface coating material is selected through the tensile force test experiment and the repeatability test experiment of the attachment materials. The functional relationship between the robot’s rotor power unit’s current output and the actual tensile force output is obtained to compensate for the adhesion dynamic error caused by the airflow loss. The feasibility of the transition control strategy of DP-Climb with a hybrid adhesion system is verified by simulations and experiments.









The structure of this paper is as follows. Section 2 introduces the design scheme of the robot adhesion system. Section 3 establishes the dynamic model of the robot’s transition motion process and discusses the control strategy of the robot’s ground-wall internal transition in detail. Section 4 presents the simulation and experimental results to verify that DP-Climb can fast transition between the ground and the wall. Finally, the summary conclusions and an outlook for future work are provided in Section 5.




2. Materials and Methods


The DP-Climb adhesion system is designed based on the principle of biomimetic design using a hybrid dynamic adhesion system. The hybrid system consists of the reverse thrust generated by the rotor units, the driving force provided by the drive wheels, and the adhesion force provided by the coating material, which together powers the robot through a coupled control strategy. The hybrid adhesion mechanism of DP-Climb is shown in Figure 2.



Lepidopteran insects such as moths fly indirectly in the air and change the direction of airflow by changing their own pitch angle. Therefore, to further improve the effective adhesion force of the rotor system, after selecting the 10-inch propellers and 1250 KV type brushless motors, two symmetrical rotor joints were designed to be mounted on the rotor fixed disk with reference to the flutter wing configuration. The rotor joints can change the reverse thrust of the robot through roll joints and pitch rotors according to the different wall postures of the robot to provide the corresponding adhesion force and traction force, as shown in Figure 2a.



When animals such as geckos transition from the ground to the wall, their limbs, especially the hind limbs, need to provide sufficient upward force. Through the technical means of bionic derivation, the limbs of the gecko can be simplified into a wheel body that can move flexibly, and the rear-wheel drive is used to provide the driving torque for the robot to climb upward. The structure is shown in Figure 2b.



In addition, the gecko has an extraordinary climbing ability through many multi-scale hierarchical structures. The Van der Waals force and other types of noncovalent forces (such as capillary forces) enable it to adhere to different types of contact surfaces, and many dry adhesive materials have been developed for climbing [37,38]. A special coating material was added to the wheel’s surface to enhance the friction coefficient between the robot and the wall surface and generate a larger friction force to assist the robot in moving on the wall surface, as indicated in Figure 2c.




3. Results


3.1. Analysis of Safe Adhesive Conditions for DP-Climb Transition


WCR works mainly on different building surfaces in cities. Therefore, the robot needs to achieve stable adhesion on walls with different materials and flatness while having sufficient mobility to walk between the ground and the vertical wall surfaces.



To achieve this purpose, it is first necessary to analyze the safe adhesion conditions of the WCR ground-wall transition process. A three-dimensional global coordinate system {XYZO} and a three-dimensional robot coordinate system {xyzc} are established. c is the centroid of the robot, α10 and α20 represent the angle between the rotor fixed disk and the ground, respectively, α1 and α2 represent the angle between the reverse thrust of the rotor and the robot body, respectively, β is the pitch angle of the robot body, αs1 and αs2 indicate the pitch angle of the front and rear rotor fixed disks relative to the robot body, respectively, and v is the movement direction of the robot. The kinematic characteristics of DP-Climb in the ground-wall transition are shown in Figure 3.



Assume that the longitudinal and lateral slips of the robot are not considered under pure rolling conditions. It is assumed that (1) the body of DP-Climb is rigid and wheel deformation is neglected; (2) the contact wall of the robot is solid and wall deformation is neglected, and the four wheels are always in vertical contact with the contact surface, and there is only one contact point between each wheel and the surface; (3) the gravity distribution of the contact points between wheels and the surface is uniform; and (4) the robot is in a stable motion state.



The problem of adhesion conditions for the transition motion of DP-Climb can be transformed into the sliding problem of the ladder. In the process of robot ground-wall transition, DP-Climb is symmetrically arranged, c is the center of the robot’s mass, p is the center of the robot’s transition motion circle, and Rw is the radius of the robot’s transition motion. It can be concluded that the slope of the motion trajectory at c is the time-varying situation of the robot’s pitch angle β during the ground-wall transition process. The motion trajectory of point c is:


       y c  -  R w     2  +      z c  -  R w     2  =  L 2  ,  



(1)




where, (zc, yc) is the coordinate of the centroid c in the coordinate plane YZO, and the pitch angle β of DP-Climb during the whole ground-wall transition can be obtained as follows:


  t a n β =    R w  −  z c     y c  −  R w    ,  



(2)




where, in the process of robot ground-wall transition, i.e., β∈(0, 90)°, 0°≤ |α1, α2| ≤90°, the robot pitch angle tanβ is a continuous derivable function with respect to time t. When the positive pressure of the reverse thrust on the wall surface completely provides adhesion force for the robot, α1, α2 = 0°, when the reverse thrust completely provides upward lift force for the robot, α1, α2 = 90°. By analyzing the motion characteristics of DP-Climb, the safe adhesion conditions for the robot to cross the dead point in the ground-wall transition motion without front wheel overturning can be obtained:


       θ 1  =  α 1  + β =  α  10   - 90 =  α  S 1   - 90 + β      θ 2  =  α 2  - β = 90 -  α  20   = 90 -  α  S 2   - β      F  S 1   cos  θ 1  >  F  S 1   sin  θ 1  > 0 , (  θ 1  > 0 )      F  S 1   cos  θ 1  ≥  F  S 1   sin  θ 1  > 0 , (  θ 1  = 0 )     |  F  S 2   cos  θ 1  | ≥ |  F  S 2   sin  θ 1  | > 0     .  



(3)







In the robot ground-wall transition process, the front rotor platform plays a critical role. The front rotor platform of the robot needs to provide sufficient upward traction while ensuring a necessary adhesion force. Therefore, to ensure DP-Climb safety, the pitch angle of the robot needs to comply with 100° ≤ α10 ≤ 130° during the transition process. If α10 is too small, the robot will not receive enough upward component force, and the robot will be stuck and cannot continue the ground-wall transition. If α10 is too large, the robot will overturn during the transition movement according to the torque at the origin point O around the X-axis.




3.2. Dynamic Modeling of DP-Climb Internal Transition


Due to the particularity of DP-Climb working on perpendicular intersecting planes, the adhesion force of the robot is easily affected by the wall environment, and the wall motion resistance also changes accordingly, which changes the wall adhesion conditions and kinematic characteristics of the robot. To obtain a more accurate dynamic model of the robot’s internal transition motion, it is necessary to analyze the adhesion force, the driving torque, and the friction state between the driving wheel and the wall surface of the robot to provide a theoretical basis for the robot’s motion control.



The support force of each wheel on the wall surface is not only affected by the robot’s reverse thrust, but the robot’s gravity and inertial force will also generate a moment on the center of mass c when the robot moves on the wall surface. Therefore, the effects of gravity, inertial force and reverse thrust should be considered separately. Then, the three solved supporting force components are superimposed to obtain the resultant force of the supporting force of each wheel to solve the dynamic equation of the motion of the centroid c of the robot on the surface. Figure 4 shows the force state analysis of DP-Climb during the ground-wall transition movement.



2 L represents the length of the robot’s body, which is also the distance between the front and rear wheels, 2 l represents the left and right wheel distances, h represents the vertical distance between the rotor fixed platform and the body, r represents the wheel radius, and e/r represents the wheel rolling resistance coefficient. Fs1 and Fs2 represent the reverse thrust provided by the front and rear rotor units of the robot, respectively, FNi (i = 1, 2, 3, 4) represents the positive pressures of each wheel, Ffi represents the sliding friction force on each wheel, G represents the total gravity of the robot, τ is the driving torque of the driving wheels, which is [T2 T3], and T2 and T3 are the driving torques of the left and right rear wheels, respectively. Simplifying the wheel model of the robot, the longitudinal adhesion coefficient of each wheel on the wall is μi, and Mfi represents the rolling resistance moment of each wheel. Since the value of e is very small, it can be neglected in the positive pressure analysis of each wheel. The resultant forces of DP-Climb along each coordinate axis of {XYZO} are:


      m  y ¨  = - G +  F  s 1   sin    α 1  + β   -  F  s 2   sin    α 2  - β   +    F  N 2   +  F  N 3     -    μ 1   F  N 1   +  μ 4   F  N 4         m  z ¨  = -  F  s 1   cos    α 1  + β   -  F  s 2   cos    α 2  - β   +    F  N 1   +  F  N 4     -    μ 2   F  N 2   +  μ 3   F  N 3            F  N 1   -  F  N 4     l +    μ 3   F  N 3   -  μ 2   F  N 2     l = 0        F  N 3   -  F  N 2     l +    μ 1   F  N 1   -  μ 4   F  N 4     l = 0     .  



(4)







If the robot does not slip sideways and flip sideways, then μa = μ1 = μ4 and μb = μ2 = μ3. The dynamic equation of DP-Climb in the robot coordinate system {xyzc} can be obtained:


  {      m a   y c   =     F   s l   sin  α l  −   F   s 2   sin  α 2  −  G  cos β − 2 (  μ a  cos β − sin β )   F   N l   − 2 (  μ b  sin β − cos β )   F   N 2         m a   z c   =   −   F   s l   cos  α l  −   F   s 2   cos  α 2  +  G  sin β + 2 (  μ a  sin β + cos β )   F   N l   − 2 (  μ b  cos β + sin β )   F   N 2       m  y ¨  =     m a   z c   sin β     m  z ¨  =     m a   z c   cos β     J  β ¨  =       F   N 1   +   F   N 4     L sin β −     F   N 2   +   F   N 3     L cos β      +  μ b      F   N 2   +   F   N 3       L sin β + r   −  μ a      F   N 1   +   F   N 4       L cos + r        −   F   s 1   cos    α 1  + β     L sin β + h cos β   +   F   s 2   cos    α 2  − β     L sin β − h cos β        +   F   s 1   sin    α 1  + β     L cos β − h sin β   +   F   s 2   cos    α 2  − β     L cos β + h sin β        +     M   f 2   +   M   f 3     +     M   f 1   +   M   f 4        ,  



(5)




where, I represents the total moment of inertia of the robot. ayc = 0. Combining Equations (4) and (5), the positive pressure of robot wheels can be obtained as:


  {     a 1  =  μ a  cos β + sin β ,    a 2  =  μ b  sin β + cos β      a 3  = sin  θ 1  cos β + cos  θ 1  sin β ,    a 4  = sin  θ 2  cos β − cos  θ 2  sin β      b 1  =  μ a  cos β − sin β ,    b 2  =  μ b  sin β − cos β ,    b 3  = sin 2 β    μ a   μ b  − 1         F   N 4   =   F   N 1   =  1 2            a 3     a 1    +    a 2  sin  α 1     b 3    −    a 2   a 3   b 1     a 1   b 3       F  s 1   −      a 4     a 1    +    a 2  sin  α 2     b 3    −    a 2   a 4   b 1     a 1   b 3       F  s 2       −     1    a 1    +    a 2     b 3    −    a 2   b 1     a 1   b 3      G  cos β             F   N 3   =   F   N 2   =  1 2         a 1  sin  α 1     b 3    −    a 3   b 1     b 3       F  s 1   −      a 2  sin  α 2     b 3    −    a 4   b 1     b 3       F  s 2   − (     a 1     b 3    −    b 1     b 3    ) G  cos β        .  



(6)







Since the robot performs the ground-wall transition motion at an almost uniform speed, the angular acceleration of each wheel can be approximated to 0. According to the Newton–Euler equations, the dynamic model of DP-Climb can be obtained as:


  {     c 1    = sin  θ 1  −  μ a     a 3     a 1    −    μ a   a 2  sin  α 1  −  a 1  sin  α 1  +  a 3   b 1     b 3    +    μ a   a 2   a 3   b 1     a 1   b 3         c 2    = sin  θ 2  −  μ a     a 4     a 1    −    μ a   a 2  sin  α 2  +  a 2  sin  α 2  −  a 4   b 1     b 3    +    μ a   a 2   a 4   b 1     a 1   b 3         c 3    =   1 −    μ a  cos β    a 1    −    μ a   a 2  −  a 1  −  b 1     b 3    cos β +    μ a   a 2   b 1     a 1   b 3    cos β        c 4    = − cos  θ 1  +    a 3     a 1    +    a 2  sin  α 1     b 3    −    a 2   a 3   b 1     a 1   b 3         c 5    = cos  θ 2  +    a 4     a 1    +    a 2  sin  α 2     b 3    −    a 2   a 4   b 1     a 1   b 3         c 6    =   1    a 1    +    a 2     b 3    −    a 2   b 1     a 1   b 4         d 1    = sin  θ 1    L cos β − h sin β   − cos  θ 1    L sin β + h cos β   +      a 3     a 1    +    a 2  sin  α 1     b 3    −    a 2   a 3   b 1     a 1   b 3      L sin β      −      a 1  sin  α 1     b 3    −    a 3   b 1     b 3      L cos β −      a 3     a 1    +    a 2  sin  α 1     b 3    −    a 2   a 3   b 1     a 1   b 3         μ a  L cos β +  μ a  r        +      a 3     a 1    +    a 2  sin  α 1     b 3    −    a 2   a 3   b 1     a 1   b 3       e r  +      a 1  sin  α 1     b 3    −    a 3   b 1     b 3       e r       d 2    = sin  θ 2    L cos β + h sin β   − cos  θ 2    L sin β − h cos β   −      a 4     a 1    +    a 2  sin  α 2     b 3    −    a 2   a 4   b 1     a 1   b 3      L sin β      +      a 2  sin  α 2     b 3    −    a 4   b 1     b 3      L cos β +      a 4     a 1    +    a 2  sin  α 2     b 3    −    a 2   a 4   b 1     a 1   b 3         μ a  L cos β +  μ a  r        −      a 4     a 1    +    a 2  sin  α 2     b 3    −    a 2   a 4   b 1     a 1   b 3       e r  −      a 1  sin  α 2     b 3    −    a 4   b 1     b 3       e r       d 3    = −    1   a 1    +    a 2     b 3    −    a 2   b 1     a 1   b 3        L sin β −  μ a    L cos β + r   +  e r    +      a 1     b 3    −    b 1     b 3        L cos β −  e r        m  y ¨    =  c 1   F  s 1   −  c 2   F  s 2   −  c 3  G     m  z ¨    =  c 4   F  s 1   −  c 5   F  s 2   −  c 6  cos β G −    T 2  +  T 3    r + e       I  β ¨    =  d 1   F  s 1   +  d 2   F  s 2   −  d 3  cos β G +    T 2  +  T 3    r + e     L sin β + r       



(7)







The expression of the DP-Climb dynamic model can be obtained as follows:


  M  q   q ¨  + E  q   F s  + D G = B  q  τ ,  



(8)




where, q = [y z β]T, Fs = [Fs1 Fs2]T. Each coefficient matrix is:  M  q  =      m   0   0     0   m   0     0   0   I      ,   E  q  =           −  c 1       c 2                −  c 4       c 5                −  d 1      −  d 2            ,   D =        c 3         c 6  cos β        d 3  cos β       ,   B  q  =          0   0              −  1  r + e       −  1  r + e                   L sin β + r   r + e         L sin β + r   r + e              




3.3. Control Strategy of DP-Climb Internal Transition


3.3.1. Selection of Wheel Surface Adhesive Material


According to the analysis in the previous section, the adhesion coefficient between the wheel and contact surface is one of the important factors affecting the adhesion of the robot to the wall surface. Therefore, to increase the adhesion between the robot and the contact surface, it is necessary to choose a material with good repeatability and a high friction coefficient as the robot wheel body surface adhesion coating.



Through the collection of various coating materials suitable for the surface of the wheel body and the analysis of the material characteristics, this paper selects several adhesion materials that can meet the task requirements of the robot with better performance for comparison. In a windless indoor environment, an experimental platform for mechanical characteristics was set up to test the upward lift force of the robot and the adhesion force perpendicular to the wall surface using a lime medium wall as the contact surface. The established dynamic model was used to measure the friction coefficients of different adhesive materials on the wheel surface of the robot. To test the repetition rate of the adhesive materials, 10 tensile tests were repeated for each material. The experimental platform for mechanical properties is shown in Figure 5, and the experimental results are shown in Table 1.



Analysis of Table 1 shows that coating material 1 has a relatively large friction coefficient and a high repetition rate, and the comprehensive performance is the best. Therefore, this material will be used as the adhesion material on the surface of the robot wheel body in subsequent research work.




3.3.2. Control Strategy of DP-Climb Ground-Wall Transition


Equation (7) shows that when the robot performs the ground-wall transition at a nearly uniform speed, m = 3.3 kg, r = 0.14 m, L = 0.18 m, h = 0.08 m, l = 0.23 m, and μa = 0.81. During the DP-Climb transition process, the robot can complete the transition motion by changing the pitch joint angle of the front and rear rotor platforms of the robot according to the pitch angle of the fuselage. According to the DP-Climb dynamic model analysis, the relationship between the pitch angle of the rotor platform and the pitch angle of the fuselage is as follows:


       α  s 1   =  α  10   − β      α  s 2   = 180 −  α  10       .  



(9)







The red vectors represent the reverse thrust provided by the front and rear rotor units, Fs1 and Fs2, respectively, and the blue angle indicates the robot pitch angle β. Based on the stable adhesion conditions of the ground-wall transition motion of the robot analyzed above, the robot’s ground-wall internal transition motion strategy is designed, as shown in Figure 6.



When the ranging sensor detects that DP-Climb meets the wall, the robot starts to perform a ground-wall transition motion: the front wheels of the robot start to lift, the front and rear rotor platforms change the pitch angle, and the front rotor unit mainly provides the upward lift force to the robot, the rear rotor unit mainly provides the adhesion force, and the driving wheels mainly provide the power for the robot to move forward on the ground. Then the pitch angle of the fuselage increases and the pitch angle of the front rotor platform decreases correspondingly so that the front rotor platform always provides the upward lift force and the adhesion force pointing to the wall. When the fuselage pitch angle β exceeds 30°, the front rotor platform angle decreases, and the adhesion force provided by the front rotor unit toward the wall increases. When the fuselage pitch angle β exceeds 50°, the front and rear rotor units mainly provide adhesion force pointing to the wall, and the driving wheels mainly provide the power to move forward. Finally, the robot completes the transition task and starts wall operation tasks. Figure 7 shows the pitch angle variation of the robot’s front and rear rotor joints in the DP-Climb ground-wall transition control strategy.



To maintain the stability of the hybrid system and reduce motion error, we introduced the control strategy into the control system. We selected the kp, ki and kd coefficients of the PID controller based on the strategy to adjust the attitude of the robot. vr and βr are the desired speed of the robot and the desired pitch angle of the robot, respectively, based on the DP-Climb dynamic model established. The control system of DP-Climb and the PID controller is shown in Figure 8 and Table 2, respectively.



The inner loop updates the attitude of the robot, the outer loop feedback control reduces the error, the sampling frequency of the inner loop is 10 Hz, and the sampling frequency of the outer loop is 5 Hz.



In summary, in the robot ground-wall transition process, the robot’s head-up action mainly relies on the upward lift force provided by the front rotor platform. As the pitch angle of the fuselage increases, αs1 gradually decreases, and the adhesion force provided by Fs1 gradually increases accordingly. The front rotor platform’s pitch angle greatly influences the robot’s motion, and the changes during the transition motion of the robot are relatively obvious. Thus, the effective output pulling force of the robot rotor unit needs to be analyzed.




3.3.3. Aerodynamic Characteristics of the DP-Climb Adhesion System


DP-Climb performs the transition task, and the wall task mainly relies on the power provided by the adhesion system, according to the analysis above. Based on the established dynamics model of DP-Climb, the output pulling force of the adhesion system required for different pitch angles in transition motion can be obtained. To compensate for the error caused by system interference and airflow disturbance, it is necessary to analyze the actual output of the pulling force of the rotor unit.



First, the robot was fixed by a fixture, and an external current sensor was used to measure the real-time current output of a single rotor unit. A host computer modulated the pulse width of the electronic speed controller of the rotor motor to control the motor speed. Finally, the measured data were collected and analyzed by wireless signal transmission to obtain the pulling force output model of the rotor unit. The aerodynamic characteristics measurement platform of the rotor unit is shown in Figure 9.



After processing the measured data by linear interpolation, the relationship between the actual current signal of a single rotor unit, the reverse thrust of the rotor and the motor speed can be obtained, as shown in Figure 10.



Since there are two symmetrical rotor units in the robot’s adhesion system, there is a certain interference situation when the rotor units act simultaneously, causing decreased pulling force output. Therefore, further analysis of the aerodynamic coupling characteristics of the two rotor units is needed. The RPM of the front and rear rotors were set to 10,653 r/min and 6362 r/min, respectively. Six key nodes of the robot attitude change in the ground-wall transition were selected to simulate the aerodynamic characteristics of the adhesion system at the transition nodes of 0°, 5°, 30°, 50°, 70° and 90° of the fuselage pitch angle. The simulation results of the aerodynamic characteristics of the adhesion system are shown in Figure 11.



The relationship between the pitch angle of the robot body and the front and rear rotor platforms is shown in Table 3.



In summary, the effective pulling force error caused by the mutual coupling effect of the two rotor units is not greater than 8.46%, which can reach the reverse thrust required for the ground-wall transition calculated by the DP-Climb dynamics model. It can be seen that the proposed DP-Climb ground-wall transition strategy is feasible.






4. Discussion


To verify the feasibility of the proposed DP-Climb ground-wall transition control strategy, physical prototype experiments were carried out to validate it and to test the robot’s wall operation capability. A nine-axis digital attitude sensor was selected to feed back the robot’s attitude change during the ground-wall transition. At the same time, the encoder wheel was used to feed back the robot’s displacement in real-time. The movement speeds of different operating postures were measured by combining the returned data information from the sensors.



An experimental safety frame was built to ensure the safety of the robot and the operator, and a safety rope was connected to the robot chassis. The safety rope was completely slack during the movement of the robot and was only used to tighten the rope to prevent accidents under special circumstances. The experiments were divided into three parts to verify the robot motion performance: (1) the transition motion of the ground wall; (2) the variable-speed motion on the wall; and (3) the transition motion of the wall-ground.




	(1)

	
Robot ground-wall transition movement. The motion process of the robot is shown in Figure 12. During this motion process, based on the proposed ground-wall transition motion strategy, the motion of the robot was controlled through the hybrid adhesion system of DP-Climb.









Analyzing the data information returned by the sensors, as shown in Figure 12, the robot can adjust the adhesion force and traction force of the rotor units according to its own pitch angle at different stages during the ground-wall transition motion process, which ensures that the robot’s adhesion system can provide sufficient power at any angle to meet the motion demand of the robot for a smooth transition between the ground and the wall. The transition speed of the robot during the ground-wall transition is 0.12 m/s.



	(2)

	
The variable-speed motion of the robot on the wall. The movement process of the robot is shown in Figure 13. During this movement process, the robot’s ability to move flexibly on the wall surface was verified by changing the movement speed and movement state of the robot.







Analyzing the data information returned by the sensors, as shown in Figure 13, during the robot’s variable-speed motion on the wall, the hybrid adhesion system can ensure that the robot meets the safe adhesion conditions on the wall under different motion speeds and accelerations and realize flexible and fast movement on the wall. In Figure 13a–c), the forward speed of the robot was 0.21 m/s. In Figure 13d–f, the robot decelerated and moved backward, and the movement speed was 0.05 m/s. In Figure 13g–i, the robot decelerated to 0 and was kept on the wall with a stable negative pressure. In Figure 13j–l, the robot accelerated and moved backward, and the movement average speed reached 0.25 m/s. The DP-Climb maximum speed can reach 0.45 m/s.



	(3)

	
The wall-ground transition of the robot. The movement process of the robot is shown in Figure 14.







The experiments can be seen at Supplementary Materials. Analyzing the data information returned by the sensors, as shown in Figure 14a–d, during the wall-ground transition, the robot mainly relies on the rotor units to provide sufficient adhesion force, and the driving wheels mainly provide the traction force of the robot. The transition motion speed of the robot during the wall-ground transition was 0.12 m/s.




5. Conclusions


This paper designed a double propeller wall climbing robot(DP-Climb) with a hybrid adhesion system that can be internally transitioned based on the principle of biomimetic design from the perspective of robot dynamics. The aim was to improve the mobility and adaptability of WCR to complex urban operating environments and expand the application scope of the robot according to the clinging characteristics of different creatures, this paper designed a double propeller wall-climbing robot DP-Climb with a hybrid adhesion system based on the biomimetic design principle. The motion characteristics of the robot in the transition motion inside the ground-wall surface were analyzed, and the robot’s safe adhesion conditions in the robot’s transition motion process were obtained. Based on the Newton–Euler equations, a DP-Climb ground-wall transition dynamic model was established, and finally, a DP-Climb ground-wall internal transition PID control strategy was introduced. Through mechanical and aerodynamic experiments, it was verified that the effective adhesion force output error of the double propeller symmetric configuration of the robot could converge within 8.46%, and the actual output adhesion force could meet the task requirements of the robot. It can flexibly and rapidly complete the ground-wall transition motion and achieve flexible switching between variable-speed forward, backward, and static adhesion motion states on the vertical wall. The transition motion speed of the robot during the ground-wall transition can reach 0.12 m/s. The wall motion maximum speed can reach 0.45 m/s. The WCR has high maneuverability and flexibility, enabling the robot to quickly complete the specified task in the target area, reducing the time consumed by the robot due to posture adjustment and extending the robot’s endurance.



To verify the robot’s general adaptability and system stability, the ability of DP-Climb to smoothly transition on the outer surface of the urban building with more severe damage to a slippery wall or the wall will be further studied in the future.
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Figure 1. Property comparison of negative pressure WCRs. 
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Figure 2. Design of DP-Climb hybrid adhesion system: (a) symmetrical rotor bionic joints; (b) hind limb drive bionic joints (c) a coating material to enhance the friction. 
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Figure 3. Kinematics model of DP-Climb internal transition. 






Figure 3. Kinematics model of DP-Climb internal transition.



[image: Machines 10 00678 g003]







[image: Machines 10 00678 g004 550] 





Figure 4. Dynamic analysis of DP-Climb internal transition. 
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Figure 5. Selection of different adhesive materials for wheel surfaces. 
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Figure 6. Control strategy of DP-Climb internal transition: (a) start transition movement; (b) the front wheels raised; (c) the angle of the front rotor unit corresponds to the change to ensure an upward force; (d) the pitch angle of the body increases, and the adhesion force of the front rotor unit increases; (e) the pitch angle of the body exceeds 60 degrees, and the rotor units mainly provide adhesion force; (f) complete transition tasks and start wall missions. 
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Figure 7. Variation of the pitch angle of the front and behind rotor joints of DP-Climb. 
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Figure 8. Control system of DP-Climb. 
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Figure 9. Aerodynamic characteristics measurement platform. 
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Figure 10. Aerodynamic characteristics of rotor unit. 
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Figure 11. Velocity contours of DP-Climb critical transition nodes: (a) β = 0°; (b) β = 5°; (c) β = 30°; (d) β = 50°; (e) β = 70°; (f) β = 90°. 
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Figure 12. Ground-wall transition experiment of DP-Climb: (a) β = 0°; (b) β = 5°; (c) β = 30°; (d) β = 50°; (e) β = 70°; (f) β = 90°. 






Figure 12. Ground-wall transition experiment of DP-Climb: (a) β = 0°; (b) β = 5°; (c) β = 30°; (d) β = 50°; (e) β = 70°; (f) β = 90°.



[image: Machines 10 00678 g012]







[image: Machines 10 00678 g013 550] 





Figure 13. Wall variable-speed forward and backward experiment of DP-Climb: (a–c) wall forward movement; (d–f) wall deceleration backward movement; (g–i) wall static negative pressure adhesion; (j–l) wall acceleration backward movement. 
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Figure 14. Wall-ground transition experiment of DP-Climb: (a) preparation for going down the wall; (b) the drive wheels reversed, and the robot went down the wall; (c) the robot finished going down the wall; (d) the robot walked on the ground. 






Figure 14. Wall-ground transition experiment of DP-Climb: (a) preparation for going down the wall; (b) the drive wheels reversed, and the robot went down the wall; (c) the robot finished going down the wall; (d) the robot walked on the ground.



[image: Machines 10 00678 g014]







[image: Table] 





Table 1. Comparison of material properties of different adhesive materials for wheel surface.
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	Adhesive Material
	Coefficient of Friction
	Repetition Rate
	Adhesive Material
	Coefficient of Friction
	Repetition Rate





	Gray plush pad
	0.55
	0.90
	Hemp rope
	0.46
	1.00



	Coating material 1
	0.81
	1.00
	Light brown plush pad
	0.40
	0.90



	Coating material 2
	0.77
	0.80
	Rubber cover
	0.75
	0.40



	Coating material 3
	0.81
	0.50
	Fine mesh rubber pad
	0.40
	1.00



	Rough rubber strip
	0.56
	1.00
	Fine line rubber pad
	0.56
	1.00



	Brown plush pad
	0.54
	1.00
	Non-patterned rubber pad
	0.55
	1.00



	Rough mesh rubber pad
	0.45
	1.00
	Willow rubber pad
	0.59
	1.00
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Table 2. kp, ki and kd coefficients selected in the process of ground-wall transition.
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	Critical Transition Angle β (°)
	kp
	ki
	kd





	0
	1.80
	7.00
	1.50



	5
	1.80
	7.60
	1.90



	30
	1.80
	7.20
	1.90



	50
	1.80
	7.20
	1.60



	70
	1.80
	7.00
	1.60



	90
	1.80
	7.00
	1.50
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Table 3. Simulation analysis of aerodynamic coupling characteristics of adhesion system.
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Rotor Unit

	
F (N)

	
Critical Transition Angle β (°)

	
Rotor Pitch Angle (°)

	
Simulation Result (N)

	
Error (%)






	
Front

	
15.91

	
0

	
155

	
15.26

	
4.09




	
5

	
100

	
15.95

	
−0.25




	
30

	
90

	
15.43

	
3.02




	
50

	
70

	
15.40

	
3.21




	
70

	
50

	
15.50

	
2.58




	
90

	
40

	
15.63

	
1.76




	
Behind

	
5.32

	
0

	
25

	
5.53

	
−3.95




	
5

	
35

	
5.38

	
−1.13




	
30

	
35

	
5.77

	
−8.46




	
50

	
35

	
5.53

	
−3.95




	
70

	
35

	
5.52

	
−3.76




	
90

	
30

	
5.54

	
−4.14
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