

  micromachines-13-00434




micromachines-13-00434







Micromachines 2022, 13(3), 434; doi:10.3390/mi13030434




Article



Thermally Driven Self-Rotation of a Hollow Torus Motor



Changshen Du, Biao Zhang, Quanbao Cheng, Peibao Xu[image: Orcid] and Kai Li *[image: Orcid]





Department of Civil Engineering, Anhui Jianzhu University, Hefei 230601, China









*



Correspondence: kli@ahjzu.edu.cn







Academic Editors: Hongping Hu, Pei-Hsun Wang and Zhenghua Qian



Received: 13 February 2022 / Accepted: 9 March 2022 / Published: 12 March 2022



Abstract

:

Self-oscillating systems based on thermally responsive polymer materials can realize heat-mechanical transduction in a steady ambient temperature field and have huge application potential in the field of micro-active machines, micro-robotics and energy harvesters. Recently, experiments have found that a torus on a hot surface can rotate autonomously and continuously, and its rotating velocity is determined by the competition between the thermally induced driving moment and the sliding friction moment. In this article, we theoretically study the self-sustained rotation of a hollow torus on a hot surface and explore the effect of the radius ratio on its rotational angular velocity and energy efficiency. By establishing a theoretical model of heat-driven self-sustained rotation, its analytical driving moment is derived, and the equilibrium equation for its steady rotation is obtained. Numerical calculation shows that with the increase in the radius ratio, the angular velocity of its rotation monotonously increases, while the energy efficiency of the self-rotating hollow torus motor first increases and then decreases. In addition, the effects of several system parameters on the angular velocity of it are also extensively investigated. The results in this paper have a guiding role in the application of hollow torus motor in the fields of micro-active machines, thermally driven motors and waste heat harvesters.
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1. Introduction


Self-excited oscillation is a kind of periodic motion fueled by a constant external stimulation [1,2,3,4] and has potential applications in the areas of motors [5,6,7], micro-active machines [8,9,10,11,12], energy harvester [13,14,15] and micro-robotics [16,17,18,19]. Similar to biological active feeding, self-oscillation can directly harvest energy from a constant environment to maintain its periodic motion [20,21]. This feature makes the self-oscillating system has no requirement of complex controllers or heavy batteries, and is simple and portable [22,23]. In addition, the self-sustained oscillation has robustness, and can ensure the stability and normal operation of various systems based on self-sustained oscillation [24,25].



In recent years, based on various stimuli-responsive materials including thermally responsive polymer materials [26,27], liquid crystal elastomers (LCEs) [28,29,30,31], dielectric elastomer [32,33,34,35], hydrogels [36,37], and ion gels [38,39], a wealth of self-excited motion modes have been proposed, such as rolling [40,41], vibration [24,31,40,41], torsion [41,42], stretching and shrinking [10,40,43], swinging [44], buckling [45,46], jumping [47,48,49], rotation [25,28], eversion or inversion [27,50], expansion and contraction [51,52], swimming [53] and even group behavior of several coupled self-excited oscillators [54]. The self-oscillating system is usually accompanied with damping dissipation, and its motion is a non-equilibrium dissipation process. In order to realize and maintain the self-oscillation, various mechanisms for compensating the damping energy dissipation by inputting net energy have been proposed, such as coupling of chemical reaction and large deformation [55], self-shading effect [17,56], multi-process coupling of droplet evaporation and plate bending [57].



Recently, a very interesting self-sustained motion with a zero-energy mode was reported, where a nylon torus or PDMS torus sitting on a hot surface can autonomously and continuously rotate [27,50]. During the rotation, the Nylon/PDMS torus continuously converts thermal energy to mechanical work, we can use it as a heat-driven motor or use it to harvest low-grade waste heat. For thermally expanding materials (Nylon) the torus everts, for thermally expanding materials (PDMS) the torus inverts [27]. The rotation angular velocity of the torus is determined by the competition between the thermally driven driving moment and the sliding friction moment of the torus, and the parameters including thermal expansion coefficient, heat flux, contact angle, curvature of the torus, heat transfer coefficient and sliding friction coefficient affect the angular velocity of the torus by influencing the driving moment or the friction moment [25,50].



Similar to the torsional properties of the cylindrical rod [58], the center part of the torus contributes little to the driving moment but a lot to the friction moment of the torus, so the hollow torus may have a greater rotation angular velocity than the solid torus. In order to increase the rotation angular velocity of the torus and improve the thermal-mechanical energy conversion efficiency of “toroidal motor” [27], this work will focus on the effect of the radius ratio of the hollow torus on its rotation angular velocity and energy efficiency and try to find an optimal radius ratio. In addition, the effects of the other system parameters on the rotation angular velocity of the hollow torus will also be studied.



The layout of this paper is as follows: first, a theoretical model of thermally driven self-sustained rotation of a hollow torus on a hot surface is established, and the analytical solution of the driving moment for rotation of the hollow torus is derived in Section 2. Then, the equilibrium equations for the steady self-rotation of the hollow torus are given in Section 3. Meanwhile, the effects of the thermal expansion coefficient, heat flux, contact angle, curvature of the hollow torus, heat transfer coefficient and sliding friction coefficient on the rotation angular velocity of the hollow torus are studied in detail, and the dependence of the energy efficiency on the radius ratio and dimensionless heat flux is also investigated. Finally, the concluding remarks are given in Section 4.




2. Thermally Induced Driving Moment of the Hollow Torus Motor


In this section, based on the temperature field in a cross section of a rotating hollow torus in steady state, a theoretical model of thermally driven self-sustained rotation is established, and the analytical driving moment is further derived. Meanwhile, the effects of the angular velocity and the radius ratio on the driving moment are discussed.



2.1. Temperature Field in the Steadily Rotating Hollow Torus Motor


Figure 1 sketches a thermally responsive hollow torus motor which can self-rotate on a hot surface. A hollow straight rod with a length of  L  is first curved into a prestressed torus with a curvature radius    R p  =  L /  2 π     or curvature   κ =   2 π  / L   , as shown in Figure 1a. Next, the prestressed hollow torus is placed on the hot surface, and a constant heat flux  q  transfers from the hot surface to the torus through a contact area between the torus and the hot surface, as shown in Figure 1b.  a  is the inner radius of the torus and  b  is outer radius of the torus. Because of the inhomogeneous temperature field in the cross section of the torus, the inhomogeneous deformation is induced and then drive the hollow torus to invert or evert. The curvature radius of the torus in steady rotation is    R c   , as shown in Figure 1c.



The Euler polar coordinate system and Euler rectangular coordinate system established in this paper are shown in Figure 1b,c, respectively. For simplicity, we ignore the Poisson’s effect on the cross section of the hollow torus in the following analysis, and thus the problem in this paper can be reduced to a planar problem. The differential equation that governs the temperature field in a cross section of the hollow torus is given by [27,59,60]


    ∂ T   r , θ , t     ∂ t   + ω  t  r   ∂ T   r , θ , t     ∂ θ   =  k  ρ c    ∇ 2  T   r , θ , t    



(1)




where   T   r , θ , t     is temperature field in the cross section of the rotating hollow torus,  k  is the heat conduction coefficient,  ρ  is the mass density,  c  is its specific heat, and   ω  t    is the angular velocity of the hollow torus at a moment  t . In the steady rotation, we write   T   r , θ , t   = T   r , θ     and   ω  t  = ω  .



We assume that except for a small contact area with the hot surface, the rest of the outer surface of the hollow torus is cooled by convection, while the inner surface of the hollow torus is adiabatic. Then, the associated boundary conditions for Equation (1) are [59,60,61]


  k   ∂ T   ∂ r   =     q ;   r = b  ,    −  θ 0  ≤ θ ≤  θ 0      − h   T −  T e    ;   r = b  ,     θ 0  < θ < 2 π −  θ 0      0 ;   r = a      



(2)




where  q  is the heat flux,    T e    is the external environment temperature,  h  is the coefficient of heat transfer, and    θ 0    is half contact angle.



By defining the following dimensionless parameters    r ¯  =  r / b   ,   λ =  a / b   ,    T ¯  =  T /   T e     ,    q ¯  =   q b  /  k  T e     ,    h ¯  =   h b  / k   ,     R ¯  n  =  R n  b  ,     F ¯  n  =  F n   b 2   ,     β ¯  m  =  β m  b  , and    ω ¯  =   ω  b 2   / ψ    with  ψ  being the coefficient of thermal diffusivity, the temperature distribution in a cross section of a rotating hollow torus in steady state can be determined by the integral transformation pair as [60,61]


     T ¯     r ¯  , θ   = (  θ 0   q ¯  + π  h ¯  )   ∑  m = 1  ∞       R ¯  0    λ ,  h ¯  ,  r ¯        F ¯  0    λ ,  h ¯            + 2  q ¯    ∑  n = 1  ∞     ∑  m = 1  ∞       R ¯  n    λ ,  h ¯  ,  r ¯        F ¯  n    λ ,  h ¯            sin n  θ 0   n    cos n θ +   η ¯  n    λ ,  h ¯  ,  ω ¯    sin n θ   1 +  μ n 2    λ ,  h ¯  ,  ω ¯         



(3)




where    μ n    λ ,  h ¯  ,  ω ¯    =    ω ¯  n  /    β ¯  m 2    λ ,  h ¯       , and the functions     R ¯  n    λ ,  h ¯  ,  r ¯      and     F ¯  n    λ ,  h ¯      are given by


    R ¯  n    λ ,  h ¯  ,  r ¯    =   L ¯  n   J n      β ¯  m   r ¯    −   V ¯  n   Y n      β ¯  m   r ¯     



(4)






    F ¯  n    λ ,  h ¯    =  B e    λ ,  h ¯    −    B i    λ ,  h ¯      V ¯  n 2      K ¯  n 2     



(5)




with the expressions of    B i    λ ,  h ¯      and    B e    λ ,  h ¯      being


    B ¯  i    λ ,  h ¯    =   β ¯  m 2    λ ,  h ¯    −      n λ     2   



(6)






    B ¯  e    λ ,  h ¯    =   h ¯  2  +   β ¯  m 2    λ ,  h ¯    −  n 2   



(7)




and     β ¯  m    λ ,  h ¯      is the positive root of the characteristic equation


    K ¯  n    L ¯  n  −   V ¯  n    W ¯  n  = 0  



(8)




where the functions     K ¯  n   ,       L ¯  n   ,       V ¯  n    and     W ¯  n    are given by


    K ¯  n  =  n λ   J n      β ¯  m  λ   −   β ¯  m   J  n + 1       β ¯  m  λ    



(9)






    L ¯  n  =   n +  h ¯     Y n      β ¯  m    −   β ¯  m   Y  n + 1       β ¯  m     



(10)






    V ¯  n  =   n +  h ¯     J n      β ¯  m    −   β ¯  m   J  n + 1       β ¯  m     



(11)






    W ¯  n  =  n λ   Y n      β ¯  m  λ   −   β ¯  m   Y  n + 1       β ¯  m  λ    



(12)




with    J n    and    Y n    being Bessel functions of the first and second kinds, respectively.



The typical values of material properties and geometric parameters from accessible experiments [25,27,50] are listed in Table 1, and the estimated values of dimensionless parameters are listed in Table 2. Figure 2 plots the dimensionless temperature fields in a cross section of a rotating hollow torus in steady state, with different combinations of the dimensionless rotation angular velocity   ω ¯   and the dimensionless heat flux   q ¯  : (a)    ω ¯  = 3  ,     q ¯  = 25  , (b)    ω ¯  = 7  ,     q ¯  = 25  , (c)    ω ¯  = 3  ,     q ¯  = 35  , (d)    ω ¯  = 7  ,     q ¯  = 35  , and the other parameters are    h ¯  = 0.3  ,   λ = 0.3   and    θ 0  = 0.2  . For a given heat flux   q ¯  , the temperature difference of the cross section of the hollow torus decreases with the increase in the rotation angular velocity   ω ¯  , and the temperature field tends to be homogeneous. For a given rotation angular velocity   ω ¯  , with the increase in heat flux   q ¯  , the temperature difference of the cross section of the hollow torus increases and the inhomogeneity of the temperature field on the cross section increases. These trends are consistent with our expectations.



Figure 3 plots the dimensionless temperature fields in a cross section of a rotating hollow torus in steady state, with different combinations of the radius ratio and heat transfer coefficient: (a)   λ = 0.1  ,     h ¯  = 0.2  , (b)   λ = 0.6  ,     h ¯  = 0.2  , (c)   λ = 0.1  ,     h ¯  = 0.4  , (d)   λ = 0.6  ,     h ¯  = 0.4  , and the other parameters are:    ω ¯  = 4  ,    q ¯  = 30   and    θ 0  = 0.2  . For a given heat transfer coefficient   h ¯  , the temperature difference of the cross section of the hollow torus increases slightly with the increase in the radius ratio  λ  of the hollow torus, and the temperature field tends to be inhomogeneous. This is because that the smaller the radius ratio of the hollow torus  λ , the more unfavorable the heat transfer inside the hollow torus, resulting in a lower temperature in a low temperature zone and a higher temperature in a high temperature zone. For a given radius ratio  λ , the temperature difference in the cross section of the hollow torus for large heat transfer coefficient decreases with increase in   h ¯  , and tends to be homogeneous. It is noted that the temperature difference in the cross section for small heat transfer coefficient increases with the increase in   h ¯   and tends to be inhomogeneous.




2.2. Driving Moment for the Rotation of the Hollow Torus Motor


To obtain the thermally induced driving moment for the rotation of the hollow torus, we assume that all the material points in the hollow torus are subjected to uniaxial stress along the hoop direction of the torus, similar to the classic beam theory. For an initially straight hollow rod curved into a prestressed hollow torus with a curvature radius of    R p    (Figure 1a), and prestrain in the cross section of the hollow torus can be given by


   ε p    r , θ   = −   r sin θ    R p     



(13)







We assume that the thermally induced strain    ε T    is linearly proportional to the temperature change in the cross section of the hollow torus, i.e.,


   ε T    r , θ   =  C T     T   r , θ   −  T e      



(14)




where,    C T    is the thermal expansion coefficient of the material. For thermal expansion materials such as PDMS,    C T    is positive, while for thermal shrinkage materials such as nylon or a monodomain LCE,    C T    is negative.



With a small deformation assumption, the elastic strain in the cross section can be expressed as


   ε e    r , θ   =  ε p    r , θ   −  ε T    r , θ    



(15)







By using linear thermoelastic model, we can compute the stress   σ   r , θ     on a cross section of the hollow torus along its normal direction as


  σ   r , θ   = E  ε e    r , θ    



(16)




where  E  is the elastic modulus of the material. During steady rotation of the hollow torus, the total bending moment about the  x  axis in a cross section can be expressed as


   M x  =    ∫   r 1     r 2        ∫ 0  2 π    σ   r , θ   r cos θ       r d r d θ  



(17)







Since the curvature radius    R p    is much larger than the outer radius of the hollow torus  b , we ignore the influence of temperature on the curvature of the torus in the calculation. Selecting an arbitrary segment from the hollow torus as shown in Figure 1c, we can obtain the total net moment applied to the segment per unit length as


   M  drive   = κ  M x   



(18)







By defining the following dimensionless parameters     C ¯  T  =  C T   T e   ,    σ ¯  =  σ / E   ,     M ¯  x  =    M x   /  E  b 3     ,     M ¯   drive   =    M  drive    /  E  b 2     , and    κ ¯  = κ b  , and combining Equations (3) and (13)–(17), we can get that the analytical solution of the driving moment of the hollow torus rotating steadily


    M ¯   drive   = − 2 π  κ ¯   q ¯    C ¯  T  sin  θ 0    ∑  m = 1  ∞     P   λ ,  h ¯        1 +  μ 1 2    λ ,  h ¯  ,  ω ¯        F ¯  1    λ ,  h ¯         



(19)




where the expression of   P   λ ,  h ¯      is


    P   λ ,  h ¯      =  λ 2   J 2      β ¯  m  λ    Y 2      β ¯  m  λ         +  J 2      β ¯  m          β ¯  m   2    MeijerG       −  1 2    ,   − 1     ,     −  1 2  ,  1 2    ,   −  3 2  , − 1     ,     β ¯  m 2   4                  −  λ 3  MeijerG       −  1 2    ,   − 1     ,     −  1 2  ,  1 2    ,   −  3 2  , − 1     ,     β ¯  m 2   4      −  Y 2      β ¯  m         



(20)




where   MeijerG        s 1  …  s n    ,    s  n + 1   …  s p      ,      t 1  …  t m    ,    s  m + 1   …  s q       , z      is the Meijer G function.



Figure 4 plots the effects of the dimensionless rotation angular velocity   ω ¯   and the radius ratio of the hollow torus  λ  on the dimensionless driving moment     M ¯   drive     for    h ¯  = 0.3  ,    κ ¯  = 0.025  ,     C ¯  T  = 0.005  ,    q ¯  = 30   and    θ 0  = 0.2  . It can be seen that for a given radius ratio  λ , the driving moment     M ¯   drive     decreases with the increase in the rotation angular velocity   ω ¯  . This can be understood from Figure 2. The inhomogeneity of the steady-state temperature field in the cross section of the hollow torus decreases with the increase in rotation angular velocity   ω ¯  , which causes the reduction of the driving moment     M ¯   drive    . For a given rotation angular velocity   ω ¯  , the driving moment     M ¯   drive     of the hollow torus increases and then decreases with increase in the radius ratio  λ . This is because that the inhomogeneity of the temperature field in the cross section of the hollow torus increases slightly with the increase in  λ  (as shown in Figure 3), and for a smaller  λ , the increased driving moment due to the increase in temperature field inhomogeneity is sufficient to compensate for the loss of driving moment due to the decrease of cross-sectional area. For a given rotation angular velocity   ω ¯  , there exists an optimal radius ratio of the hollow torus  λ  that maximizes the driving moment     M ¯   drive    . However, the actual maximum rotation angular velocity depends on the competition between the driving moment and the friction moment.





3. Self-Sustained Rotation of the Hollow Torus Motor on a Hot Surface


Based on the driving moment in Equation (19), the equilibrium equation during steady rotation of the hollow torus is further derived in this section. Then, the effects of the radius ratio, thermal expansion coefficient, heat flux, contact angle, curvature of the torus, heat transfer coefficient and sliding friction coefficient on the rotation angular velocity of the hollow torus are studied in detail, and the critical value for triggering the self-sustained rotation is found. Furthermore, the dependence of the energy efficiency on the radius ratio is also investigated.



3.1. Equilibrium Equations


During steady rotation, the surface of the hollow torus is also subjected to a sliding frictional force between the hollow torus and the hot surface. Selecting an arbitrary segment of length from the hollow torus, we can obtain the magnitude of the frictional force applied to the segment per unit length as


   F f  =  C f  ρ g π    b 2  −  a 2     



(21)




where    C f    is the sliding friction coefficient between the hollow torus and the hot surface, and  g  is the gravitational acceleration. The friction moment on the hollow torus per unit length can be given as


   M f  =  F f  b  



(22)







During steady rotation, the driving moment is equal to the friction moment. Therefore, the equilibrium equation for the steady rotation can be derived from Equations (19) and (22) as


     C f  ρ g k   E κ q b  C T  sin  θ 0    = F   λ ,  h ¯  ,  ω ¯     



(23)




where


  F   λ ,  h ¯  ,  ω ¯    =  2  1 −  λ 2      ∑  m = 1  ∞     P   λ ,  h ¯        1 +  μ 1 2    λ ,  h ¯  ,  ω ¯        F ¯  1    λ ,  h ¯         



(24)







From Equation (23), we can see that although there are many parameters related to the angular velocity   ω ¯  , including    C f   ,  k ,  ρ ,  E ,  b ,  κ ,    C T   ,    θ 0   ,  a  and  h , we only need to analyze the effect of three parameters: radius ratio  λ , heat-transfer coefficient   h ¯   and dimensionless parameter   Π =    C f  ρ g k  /  E κ q b  C T  sin  θ 0      on the rotation angular velocity.




3.2. Angular Velocity of the Self-Rotation of the Hollow Torus Motor


Figure 5 plots the effect of the dimensionless parameter  Π  on the dimensionless rotation angular velocity   ω ¯   of the hollow torus for different radius ratios. In the computation, we set    h ¯  = 0.3  . The calculations show that there is a critical    Π  crit     for triggering the rotation of the hollow torus, and    Π  crit     increases with the increase in the radius ratio. It can be seen that with the increase in  Π , the rotation angular velocity   ω ¯   first decreases to zero and then keeps at zero. This is because that the increasing  Π  decreases the driving moment     M ¯   drive     while increases the frictional moment     M ¯  f   , as shown in Equation (23). Considering that   Π =    C f  ρ g k  /  E κ q b  C T  sin  θ 0     , we can also conclude that the rotation angular velocity   ω ¯   of hollow torus increases with the increase in the heat flux  q , contact angle    θ 0   , thermal expansion coefficient    C T   , the outer radius  b , and curvature of hollow torus  κ , the elastic modulus of the material  E , and decreases with the increase in the sliding friction coefficient    C f   , mass density  ρ  and heat conduction coefficient  k . The effects of these parameters on the rotation angular velocity of the hollow torus are consistent with that of the solid torus on a hot surface [50].



Figure 6 plots the effect of the dimensionless heat transfer coefficient   h ¯   on the dimensionless rotation angular velocity   ω ¯   of the hollow torus for different radius ratio. In the computation, we set   Π = 4  . The result shows that for a given radius ratio  λ , there exists a critical thermal expansion coefficient     h ¯   crit     for triggering the self-rotation, and the critical value increases with the increase in the radius ratio. For a given radius ratio  λ , the rotation angular velocity first increases and then decreases with the increase in the coefficient of heat transfer. It can be understood that for small heat transfer coefficients, the inhomogeneity of the steady-state temperature field in the cross section of the hollow torus increases with the increase in heat transfer coefficient   h ¯  , while for large heat transfer coefficient, the inhomogeneity of the steady-state temperature field decreases with the increase in heat transfer coefficient   h ¯  .



Figure 7 plots the effect of the radius ratio  λ  on the dimensionless rotation angular velocity   ω ¯   of the hollow torus for different  Π . In the computation, we set    h ¯  = 0.3  . The results show that for a given   Π < 3  . 85   , the rotation angular velocity   ω ¯   increases with the increase in the radius ratio  λ  from zero. For   Π > 3  . 85   , there exists a critical radius ratio    λ  crit     for the self-rotation of the torus, which increases with the increase in the  Π . With the increase in the radius ratio from    λ  crit    , the rotation angular velocity increases. This is because that as the radius ratio increases, the friction moment     M ¯  f    decreases by more percentage than the driving moment     M ¯   drive    . This result implies we can improve the thermo-mechanical energy conversion efficiency of the hollow torus by increasing the radius ratio  λ .




3.3. Energy Efficiency of the Self-Rotating Hollow Torus Motor


The self-rotating hollow torus motor studied in this paper has the potential to be explored as a motor or an energy harvester. In the practical applications, the energy conversion efficiency highly depend on the specific energy conversion processes. In the current study, during the steady self-oscillation of the hollow torus, the thermal energy harvested by the motor compensates the damped energy. Therefore, we can regard the damped energy as the effective work that the system does to the external devices, and the effective power done by the motor of unit length is    P e  =  M f  ω  . Meanwhile, the thermal power from the hot surface to the torus of unit length during the steady rotation can be expressed as    P t  = 2 q  θ 0  b  . The energy efficiency of the self-rotating hollow torus is defined to be the ratio of the effective power to the thermal power, and can be given by combining Equations (22) and (23) as


  η =    C f  ρ g π    b 2  −  a 2    ω   2 q  θ 0     



(25)







We can see from Equation (25) that there are many parameters affecting the energy efficiency  η , including    T e   ,    C f   ,  k ,  ρ ,  q ,  b ,  κ ,    C T   ,    θ 0   ,  a  and  h . Figure 8 plots the dependences of the energy efficiency  η  on the radius ratio  λ  for three different dimensionless heat fluxes   q ¯  . In the computation, we choose the typical values of the parameters as shown in Table 1, and the dimensionless parameters are calculated to be    h ¯  = 0.3  ,    κ ¯  = 0.02  ,     C ¯  T  = 0.005  ,    C f  = 1.2   and    θ 0  = 0.2  . For large    q ¯  = 35  , the energy efficiency first increases and then decreases with the increase in the radius ratio. For small   q ¯  , there exists a critical radius ratio    λ  crit     for triggering the self-rotation, which increases with the decrease of   q ¯  . Similarly, the energy efficiency first increases and then decreases when the radius ratio increases from    λ  crit    . Therefore, there exists an optimal radius ratio that maximizes the energy efficiency of the hollow torus motor, and the optimal radius ratio decreases as the heat flux increases as shown in Figure 8. From Figure 8, the maximum energy efficiency, optimal radius ratio, energy efficiency of solid torus and energy efficiency improvement, with three different heat fluxes   q ¯   are listed in Table 3. It is shown that the energy efficiency for    q ¯  = 25   increases from 0% to 12.17%. This result implies that the energy efficiency can be augmented by adjusting the radius ratio of the hollow torus in practical applications.





4. Conclusions


Self-oscillating systems based on thermally responsive polymer materials have the advantages of simple structure, strong practicability and sustainability, and can realize heat-mechanical transduction in a steady ambient temperature field, which have huge application potential in the field of micro-active machines, micro-robotics and energy harvesters. In this article, by establishing a theoretical model of heat-driven self-sustained rotation of a hollow torus motor, we obtain the analytical solution of the heat-induced driving moment, and then provide the equilibrium equation for the steady rotation of the motor. Through detailed calculations, it was found that the rotation angular velocity of the motor increases with the increase in the radius ratio, heat flux, contact angle, thermal expansion coefficient, curvature, and the elastic modulus, and decreases with the increase in the sliding friction coefficient, mass density, heat transfer coefficient and heat conduction coefficient. In addition, for a given heat flux there exists an optimal radius ratio that maximizes the energy efficiency of the hollow torus motor. In the future, it is worthwhile to carry out the corresponding experiments to verify the theoretical predictions. Meanwhile, the effects of viscoelasticity and the cross-sectional shape on the rotation of the hollow torus motor also need to be further investigated. The self-rotating hollow torus motor studied in this paper has the potential for energy harvesting, mass transport and lifting heavy objects.







Author Contributions


Conceptualization, K.L.; Methodology, K.L. and C.D.; Software, C.D.; Validation, C.D., B.Z., K.L. and P.X.; Formal Analysis, C.D. and B.Z.; Investigation, K.L., P.X., C.D. and Q.C.; Resources, P.X. and K.L.; Data Curation, C.D.; Writing-Original Draft Preparation, C.D. and K.L.; Writing—Review & Editing, C.D. and K.L.; Visualization, C.D.; Supervision, K.L.; Project Administration, K.L.; Funding Acquisition, P.X. and K.L. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by National Natural Science Foundation of China (Grant No. 12172001), Anhui Provincial Natural Science Foundation (Grant No. 2008085QA50), University Natural Science Research Project of Anhui Province (Grant Nos. KJ2021ZD0066, KJ2020A0452 and KJ2020A0453), Outstanding Talents Cultivation Project of Universities in Anhui (Grant No. gxfx2017053) and Postgraduate Research Project of Universities in Anhui Province (Grant No. YJS20210499).




Conflicts of Interest


The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Ding, W.J. Self-Excited Vibration; Tsing-Hua University Press: Beijing, China, 2009. [Google Scholar]

	



Jenkins, A. Self-oscillation. Phys. Rep. 2013, 525, 167–222. [Google Scholar] [CrossRef]

	



Wang, X.; Tan, C.F.; Chan, K.H.; Lu, X.; Zhu, L.; Kim, S.; Ho, G.W. In-built thermo-mechanical cooperative feedback mechanism for self-propelled multimodal locomotion and electricity generation. Nat. Commun. 2018, 143, 19881–19892. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.H.; Keller, P.; Li, B.; Wang, X.; Brunet, M. Light-driven side-on nematic elastomer actuators. Adv. Mater. 2003, 15, 569–572. [Google Scholar] [CrossRef]

	



Ge, F.; Yang, R.; Tong, X.; Camerel, F.; Zhao, Y. A multifunctional dyedoped liquid crystal polymer actuator: Light-guided transportation, turning in locomotion, and autonomous motion. Angew. Chem. Int. Edit. 2018, 57, 11758. [Google Scholar] [CrossRef] [PubMed]

	



Nocentini, S.; Parmeggiani, C.; Martella, D.; Wiersma, D.S. Optically driven soft micro robotics. Adv. Opt. Mater. 2018, 6, 1800207. [Google Scholar] [CrossRef]

	



Rihani, R.T.; Kim, H.; Black, B.J.; Atmaramani, R.; Saed, M.O.; Pancrazio, J.J.; Ware, T.H. Liquid crystal elastomer-based microelectrode array for in vitro neuronal recordings. Micromachines 2018, 9, 416. [Google Scholar] [CrossRef]

	



Lu, H.; Zou, Z.; Wu, X.; Shi, C.; Liu, Y.; Xiao, J. Biomimetic Prosthetic Hand Enabled by Liquid Crystal Elastomer Tendons. Micromachines 2021, 12, 736. [Google Scholar] [CrossRef]

	



Lu, X.; Zhang, H.; Fei, G.; Yu, B.; Tong, X.; Xia, H.; Zhao, Y. Liquid-crystalline dynamic networks doped with gold nanorods showing enhanced photocontrol of actuation. Adv. Mater. 2018, 30, 1706597. [Google Scholar] [CrossRef]

	



He, Q.G.; Wang, Z.J.; Wang, Y.; Wang, Z.J.; Li, C.H.; Annapooranan, R.; Zeng, J.; Chen, R.K.; Cai, S. Electrospun liquid crystal elastomer microfiber actuator. Sci. Robot. 2021, 6, eabi9704. [Google Scholar] [CrossRef]

	



Yang, L.; Chang, L.; Hu, Y.; Huang, M.; Ji, Q.; Lu, P.; Liu, J.; Chen, W.; Wu, Y. An autonomous soft actuator with light-driven self-sustained wavelike oscillation for phototactic self-locomotion and power generation. Adv. Funct. Mater. 2020, 30, 1908842. [Google Scholar] [CrossRef]

	



Chun, S.; Pang, C.; Cho, S.B. A micropillar-assisted versatile strategy for highly sensitive and efficient triboelectric energy generation under in-plane stimuli. Adv. Mater. 2020, 32, 1905539. [Google Scholar] [CrossRef]

	



Tang, R.; Liu, Z.; Xu, D.; Liu, J.; Yu, L.; Yu, H. Optical pendulum generator based on photomechanical liquid-crystalline actuators. ACS. Appl. Mater. Inter. 2015, 7, 8393–8397. [Google Scholar] [CrossRef]

	



Zhao, D.; Liu, Y. A prototype for light-electric harvester based on light sensitive liquid crystal elastomer cantilever. Energy 2020, 198, 117351. [Google Scholar] [CrossRef]

	



Vantomme, G.; Gelebart, A.H.; Broer, D.J.; Meijer, E.W. A four-blade light-driven plastic mill based on hydrazone liquid-crystal networks. Tetrahedron 2017, 73, 4963–4967. [Google Scholar] [CrossRef]

	



Liao, B.; Zang, H.; Chen, M.; Wang, Y.; Lang, X.; Zhu, N.; Yang, Z.; Yi, Y. Soft rod-climbing robot inspired by winding locomotion of snake. Soft Robot. 2020, 7, 500–511. [Google Scholar] [CrossRef]

	



White, T.J.; Broer, D.J. Programmable and adaptive mechanics with liquid crystal polymer networks and elastomers. Nat. Mater. 2015, 14, 1087–1098. [Google Scholar] [CrossRef]

	



Lindsey, H.; Kirstin, P.; Guo, Z.L.; Metin, S. Soft Actuators for Small-Scale Robotics. Adv. Mater. 2017, 29, 1603483. [Google Scholar]

	



Shin, A.; Ha, J.; Lee, M.; Park, K.; Park, G.H.; Choi, T.H.; Cho, K.J.; Kim, H.Y. Hygrobot: A self-locomotive ratcheted actuator powered by environmental humidity. Sci. Robot. 2018, 3, 2629. [Google Scholar] [CrossRef]

	



Sangwan, V.; Taneja, A.; Mukherjee, S. Design of a robust self-excited biped walking mechanism. Mech. Mach. Theory 2004, 39, 1385–1397. [Google Scholar] [CrossRef]

	



Chatterjee, S. Self-excited oscillation under nonlinear feedback with time-delay. J. Sound Vib. 2011, 330, 1860–1876. [Google Scholar] [CrossRef]

	



Hu, W.; Lum, G.Z.; Mastrangeli, M.; Sitti, M. Small-scale soft-bodied robot with multimodal locomotion. Nature 2018, 554, 81–85. [Google Scholar] [CrossRef]

	



Huang, H.; Aida, T. Towards molecular motors in unison. Nat. Nanotechnol. 2019, 14, 407. [Google Scholar] [CrossRef]

	



Zhao, J.; Xu, P.; Yu, Y.; Li, K. Controllable vibration of liquid crystal elastomer beams under periodic illumination. Int. J. Mech. Sci. 2020, 170, 105366. [Google Scholar] [CrossRef]

	



Li, K.; Su, X.; Cai, S. Self-sustained rolling of a thermally responsive rod on a hot surface. Extrem. Mech. Lett. 2021, 42, 101116. [Google Scholar] [CrossRef]

	



Shen, Q.; Trabia, S.; Stalbaum, T.; Palmre, V.; Kim, K.; Oh, I.K. A multiple-shape memory polymer-metal composite actuator capable of programmable control, creating complex 3D motion of bending, twisting, and oscillation. Sci. Rep. 2016, 6, 24462. [Google Scholar] [CrossRef]

	



Baumann, A.; Sánchez-Ferrer, A.; Jacomine, L.; Martinoty, P.; Houerou, V.L.; Ziebert, F.; Kulic, I.M. Motorizing fibres with geometric zero-energy modes. Nat. Mater. 2018, 17, 523–527. [Google Scholar] [CrossRef]

	



Ahn, C.; Li, K.; Cai, S. Light or Thermally Powered Autonomous Rolling of an Elastomer Rod. ACS. Appl. Mater. Inter. 2018, 10, 25689. [Google Scholar] [CrossRef]

	



Wang, Y.; Liu, J.; Yang, S. Multi-functional liquid crystal elastomer composites. Appl. Phys. Rev. 2022, 9, 011301. [Google Scholar] [CrossRef]

	



Cheng, Y.C.; Lu, H.C.; Lee, X. Kirigami Based Light Induced Shape Morphing and Locomotion. Adv. Mater. 2020, 32, 1906233. [Google Scholar] [CrossRef]

	



Du, C.; Cheng, Q.; Li, K.; Yu, Y. Self-Sustained Collective Motion of Two Joint Liquid Crystal Elastomer Spring Oscillator Powered by Steady Illumination. Micromachines 2022, 13, 271. [Google Scholar] [CrossRef]

	



Wu, J.; Yao, S.; Zhang, H.; Man, W.; Bai, Z.; Zhang, F.; Wang, X.; Fang, D.; Zhang, Y. Liquid Crystal Elastomer Metamaterials with Giant Biaxial Thermal Shrinkage for Enhancing Skin Regeneration. Adv. Mater. 2021, 33, 2106175. [Google Scholar] [CrossRef] [PubMed]

	



Corbett, D.; Warner, M. Deformation and rotations of free nematic elastomers in response to electric fields. Soft Matter 2009, 5, 1433–1439. [Google Scholar] [CrossRef]

	



O’Keeffe, K.P.; Hong, H.; Strogatz, S.H. Oscillators that sync and swarm. Nat. Commun. 2017, 8, 1504. [Google Scholar] [CrossRef] [PubMed]

	



Chávez, J.P.; Voigt, A.; Schreiter, J.; Marschner, U.; Siegmund, S.; Richter, A. A new self-excited chemo-fluidic oscillator based on stimuli-responsive hydrogels: Mathematical modeling and dynamic behavior. Appl. Math. Model. 2016, 40, 9719–9738. [Google Scholar] [CrossRef]

	



Sun, B.; Jia, R.; Yang, H.; Chen, X.; Tan, K.; Deng, Q.; Tang, J. Magnetic Arthropod Millirobots Fabricated by 3D-Printed Hydrogels. Adv. Intell. Syst. 2021, 4, 2100139. [Google Scholar] [CrossRef]

	



Zhu, Q.L.; Dai, C.F.; Wagner, D.; Khoruzhenko, O.; Hong, W.; Breu, J.; Zheng, Q.; Wu, Z.L. Patterned Electrode Assisted One-Step Fabrication of Biomimetic Morphing Hydrogels with Sophisticated Anisotropic Structures. Adv. Sci. 2021, 8, 2102353. [Google Scholar] [CrossRef]

	



Wang, Y.; Sun, J.; Liao, W.; Yang, Z. Liquid Crystal Elastomer Twist Fibers towards Rotating Microengines. Adv. Mater. 2021, 34, 2107840. [Google Scholar] [CrossRef]

	



Jin, B.; Liu, J.; Shi, Y.; Chen, G.; Zhao, Q.; Yang, S. Solvent-Assisted 4D Programming and Reprogramming of Liquid Crystalline Organo-gels. Adv. Mater. 2021, 34, 2107855. [Google Scholar] [CrossRef]

	



Serak, S.; Tabiryan, N.V.; Vergara, R.; White, T.J.; Vaia, R.A.; Bunning, T.J. Liquid crystalline polymer cantilever oscillators fueled by light. Soft Matter. 2010, 6, 779–783. [Google Scholar] [CrossRef]

	



Zeng, H.; Lahikainen, M.; Liu, L.; Ahmed, Z.; Wani, O.M.; Wang, M.; Yang, H.; Priimagi, A. Light-fuelled freestyle self-oscillators. Nat. Commun. 2019, 10, 5057. [Google Scholar] [CrossRef]

	



Hu, Z.; Li, Y.; Lv, J. Phototunable self-oscillating system driven by a self-winding fiber actuator. Nat. Commun. 2021, 12, 3211. [Google Scholar] [CrossRef]

	



Li, K.; Du, C.; He, Q.; Cai, S. Thermally driven self-oscillation of an elastomer fiber with a hanging weight. Extrem. Mech. Lett. 2021, 50, 101547. [Google Scholar] [CrossRef]

	



Liang, X.; Chen, Z.; Zhu, L.; Li, K. Light-powered self-excited oscillation of a liquid crystal elastomer pendulum. Mech. Syst. Signal Process. 2022, 163, 108140. [Google Scholar] [CrossRef]

	



Gelebart, A.H.; Mulder, D.J.; Varga, M.; Konya, A.; Vantomme, G.; Meijer, E.W.; Selinger, R.L.B.; Broer, D.J. Making waves in a photoactive polymer film. Nature 2017, 546, 632–636. [Google Scholar] [CrossRef]

	



Kuenstler, A.S.; Chen, Y.; Bui, P.; Kim, H.; DeSimone, A.; Jin, L.; Hayward, R.C. Blueprinting photothermal shape-morphing of liquid crystal elastomers. Adv. Mater. 2020, 32, 2000609. [Google Scholar] [CrossRef]

	



Graeber, G.; Regulagadda, K.; Hodel, P.; Küttel, C.; Landolf, D.; Schutzius, T.M.; Poulikakos, D. Leidenfrost droplet trampolining. Nat. Commun. 2021, 12, 1727. [Google Scholar] [CrossRef]

	



Kim, Y.; Berg, J.V.D.; Crosby, A.J. Autonomous snapping and jumping polymer gels. Nat. Mater. 2021, 20, 1695–1701. [Google Scholar] [CrossRef]

	



Xu, P.; Jin, J.; Li, K. Light-powered self-excited bouncing of a liquid crystal elastomer ball. Int. J. Mech. Sci. 2021, 208, 106686. [Google Scholar] [CrossRef]

	



Li, K.; Chen, Z.; Wang, Z.; Cai, S. Self-sustained eversion or inversion of a thermally responsive torus. Phys. Rev. E 2021, 103, 033004. [Google Scholar] [CrossRef]

	



Cheng, Q.; Zhou, L.; Du, C.; Li, K. A light-fueled self-oscillating liquid crystal elastomer balloon with self-shading effect. Chaos Solitons Fract. 2021, 103, 111646. [Google Scholar] [CrossRef]

	



Wang, Y.; Liao, W.; Sun, J.; Nandi, R.; Yang, Z. Bioinspired Construction of Artificial Cardiac Muscles Based on Liquid Crystal Elastomer Fibers. Adv. Mater. 2021, 7, 2100934. [Google Scholar] [CrossRef]

	



Hou, K.; Guan, D.; Li, H.; Sun, Y.; Long, Y.; Song, K. Programmable light-driven swimming actuators via wavelength signal switching. Sci. Adv. 2021, 7, eabh3051. [Google Scholar] [CrossRef]

	



Vantomme, G.; Elands, L.C.; Gelebart, A.H.; Meijer, E.W.; Pogromsky, A.Y.; Nijmeijer, H.; Broer, D.J. Coupled liquid crystalline oscillators in Huygens’ synchrony. Nat. Mater. 2021, 18, 1702–1706. [Google Scholar] [CrossRef]

	



Su, H.; Yan, H.; Zhong, Z. Deep neural networks for large deformation of photo-thermo-pH responsive cationic gels. Appl. Math. Model. 2021, 100, 549–563. [Google Scholar] [CrossRef]

	



Boissonade, J.; Kepper, P.D. Multiple types of spatio-temporal oscillations induced by differential diffusion in the landolt reaction. Phys. Chem. Chem. Phys. 2011, 13, 4132–4137. [Google Scholar] [CrossRef]

	



Chakrabarti, A.; Choi, G.P.T.; Mahadevan, L. Self-excited motions of volatile drops on swellable sheets. Phys. Rev. Lett. 2020, 124, 258002. [Google Scholar] [CrossRef]

	



Boresi, A.P.; Schmidt, R.J.; Sidebottom, O.M. Advanced Mechanics of Materials; Wiley: New York, NY, USA, 1985. [Google Scholar]

	



Arpaci, V.S. Conduction Heat Transfer; Addison-Wesley: New York, NY, USA, 1966. [Google Scholar]

	



Ozisik, M.N. Heat Conduction; John Wiley & Sons: New York, NY, USA, 1980. [Google Scholar]

	



Yiannopoulos, A.C.; Anifantis, N.K.; Dimarogonas, A.D. Thermal stress optimization in metal rolling. J. Therm. Stresses 1997, 20, 569–590. [Google Scholar] [CrossRef]








[image: Micromachines 13 00434 g001 550] 





Figure 1. Schematic of a thermally driven rotating hollow torus motor on a hot surface. (a) An initially straight hollow rod with length  L  is curved into a prestressed torus with a curvature radius    R p  =  L /  2 π     or curvature   κ =   2 π  / L   . (b) Through a contact area between the hollow torus and the hot surface, a constant heat flux  q  transfers from the hot surface to the torus. (c) Inhomogeneous thermal contraction caused by inhomogeneous temperature field in the hollow torus can generate a driving moment    M  drive    , which causes the hollow torus to invert or evert. 
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Figure 2. The dimensionless temperature fields in a cross section of a rotating hollow torus in steady state, with different combinations of the dimensionless rotation angular velocity   ω ¯   and the dimensionless heat flux   q ¯  : (a)    ω ¯  = 3  ,     q ¯  = 25  , (b)    ω ¯  = 7  ,     q ¯  = 25  , (c)    ω ¯  = 3  ,     q ¯  = 35  , (d)    ω ¯  = 7  ,     q ¯  = 35  . The other parameters are:    h ¯  = 0.2  ,   λ = 0.3   and    θ 0  = 0.2  . The inhomogeneity of the steady-state temperature field in the cross section of the hollow torus decreases with the increase in rotation angular velocity   ω ¯   and increases with the increase in heat flux   q ¯  . 
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Figure 3. The dimensionless temperature fields in a cross section of a rotating hollow torus in steady state, with different combinations of the radius ratio  λ  and the dimensionless heat transfer coefficient   h ¯  : (a)   λ = 0.1  ,     h ¯  = 0.2  , (b)   λ = 0.6  ,     h ¯  = 0.2  , (c)   λ = 0.1  ,     h ¯  = 0.4  , (d)   λ = 0.6  ,     h ¯  = 0.4  . The other parameters are:    ω ¯  = 4  ,    q ¯  = 30   and    θ 0  = 0.2  . The inhomogeneity of the steady-state temperature field in the cross section of the hollow torus increases slightly with the increase in the radius ratio  λ  and decreases with the increase in heat transfer coefficient   h ¯  . 
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Figure 4. The effects of the dimensionless rotation angular velocity   ω ¯   and the radius ratio of the hollow torus  λ  on the dimensionless driving moment     M ¯   drive    . The parameters are    h ¯  = 0.3  ,    κ ¯  = 0.025  ,     C ¯  T  = 0.005  ,    q ¯  = 30   and    θ 0  = 0.2  . For a given angular velocity   ω ¯  , there exists an optimal radius ratio  λ  that maximizes the driving moment     M ¯   drive    . 
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Figure 5. The effect of the dimensionless parameter  Π  on the dimensionless rotation angular velocity   ω ¯   of the hollow torus for    h ¯  = 0.3  . The rotation angular velocity   ω ¯   decreases with the increase in  Π . There is a critical    Π  crit     for triggering the rotation of the hollow torus, and    Π  crit     increases with the increase in the radius ratio. 
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Figure 6. The effect of the dimensionless heat transfer coefficient   h ¯   on the dimensionless rotation angular velocity   ω ¯   of the hollow torus for   Π = 4  . The rotation angular velocity   ω ¯   increases and then decreases with the decrease of the heat transfer coefficient. 
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Figure 7. The effect of the radius ratio  λ  on the dimensionless rotation angular velocity   ω ¯   of the hollow torus for    h ¯  = 0.3  . The rotation angular velocity   ω ¯   increases with the increase in the radius ratio  λ . 
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Figure 8. Dependences of the energy efficiency  η  on the radius ratio  λ  for three different dimensionless heat fluxes   q ¯  . The parameters are    h ¯  = 0.3  ,    κ ¯  = 0.02  ,     C ¯  T  = 0.005  ,    C f  = 1.2   and    θ 0  = 0.2  . There exists an optimal radius ratio that maximizes the energy efficiency of the torus, and the optimal radius ratio decreases as the heat flux increases. 
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Table 1. Material properties and geometric parameters.
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	Parameter
	Definition
	Value
	Units





	Te
	temperature field
	   10   
	     ∘  C   



	  a  
	internal radius
	    0 ~ 1    
	   mm   



	  b  
	external radius
	  1  
	   mm   



	  h  
	heat transfer coefficient
	    10 ~ 20    
	    W /   m 2    ∘  C     



	Ψ
	coefficient of thermal diffusivity
	   1.2 ×   10   − 6     
	      m 2   / s    



	k
	heat conduction coefficient
	   0.05 ~ 0.1   
	    W /   m ∘  C     



	q
	heat flux
	   0 ~ 20 ×   10  3    
	    W /   m 2      



	ω
	rotation angular velocity
	    0 ~ 4  π   
	    s   - 1      



	  κ  
	curvature of the prestressed torus
	    0 ~  20   
	    m   - 1      



	    C T    
	thermal expansion coefficient
	   5 ×   10   − 4     
	    1 /    ∘  C     



	  E  
	elastic modulus of the material
	  5  
	   MPa   



	  ρ  
	mass density
	   1.3 ×   10  3    
	     kg  /   m 3      



	  g  
	gravitational acceleration
	   10   
	    m /   s 2      



	    C f    
	sliding friction coefficient
	   0.6 ~ 1.2   
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Table 2. Dimensionless parameters.
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	Parameter
	    q ¯    
	    h ¯    
	λ
	    ω ¯    
	      C ¯  T     
	    κ ¯    
	   Π   





	Value
	   0 ~ 40   
	   0.1 ~ 0.6   
	   0 ~ 1   
	   0 ~ 12   
	   0.005   
	   0 ~ 0.05   
	   0 ~ 50   
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Table 3. Energy efficiency improvement of the hollow torus motor.
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	Dimensionless Heat Flux   q ¯  
	Optimal Radius Ratio λ
	Energy Efficiency of Solid Torus
	Maximum

Energy Efficiency
	Energy Efficiency Improvement





	35
	0.510
	7.41%
	11.56%
	4.15%



	30
	0.598
	0%
	11.82%
	11.82%



	25
	0.695
	0%
	12.17%
	12.17%
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