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Abstract

:

The continuous development of mini-LEDs has led to higher requirements for chip transfer technology, which makes it difficult for the intermittent transfer method with a mechanical ejector pin to meet these requirements. To solve this problem, a novel compliant 2-DOF ejector pin mechanism for the mass transfer of robotic mini-LED chips is proposed in this paper. The compliance matrix method and the Newton method are employed for system kinematic modeling and dynamics modeling, respectively. The static and dynamic analyses of the mechanism are carried out via ANSYS Workbench, and the results of FEA are demonstrated the effectiveness of theoretical calculation. Then, an ILC is utilized to control the device via a parameters regulation approach in the frequency domain. Finally, an open-loop test and a trajectory tracking test for the prototype are carried out verify the effectiveness of proposed device. The test results indicate that the working stroke of the mechanism reaches 120 μm, the natural frequency of the device is 250.85 Hz, the coupling rate is less than ±0.5% and the tracking errors of 10 Hz, 20 Hz and 30 Hz sinusoidal signals are all within ±1.5%. According to the results of theoretical analyses, FEA and test, it has been proved that the designed mechanism for the mass transfer of mini-LED chips is superiority and effective.
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1. Introduction


In recent years, due to the display technology of high-pixel, high-brightness, and high color gamut displays, high requirements of high-end display applications are presented, including flexible displays, augmented reality displays, and virtual reality displays [1,2,3,4]. Due to the advantages of high resolution, low power consumption, high brightness, flexibility, fast response and high reliability, micro-LED and mini-LED display technologies play an important role [5,6,7]. For example, micro-LED technology (LED microminiaturization and matrix technology) refers to the integration of microminiaturized LEDs into circuit substrates with a very high density of solder joints, which makes each pixel in the LED display a fixed address and emit light separately. The number of micro-LED chips needed to transfer to make a single display is usually millions or even tens of millions. Therefore, the pixel density of display can be achieved from a millimeter range to micron range [8,9]. Due to the small size and large number of LED chips in mini-LED displays, the main challenge in the mass production of mini-LED display technology is the massive transfer technology with micron precision, high efficiency, high yield and low cost [10,11].



At present, the mass transfer technology of micro-LED can be mainly summarized as following: (1) the electrostatic transfer method for chip operation by using electrostatic adsorption force [12]; (2) elastic stamp transfer using van der Waals force to absorb and release chips [13,14,15]; (3) laser-assisted transfer technology using a laser-point melting chip adhesion layer [16,17]; and (4) self-assembly technology using a fluids journal [18]. However, there are some problems with these technologies, such as the need for special materials on the chip adhesion layer and the high cost of spare parts. The mechanical chip-eject transfer method uses tungsten needles to directly pierce and eject the dyes on the blue film onto the electrodes to complete the transfer [19]. This mechanical transfer mode has no special requirements for blue film materials and does not require expensive laser equipment. In a word, it is a low-cost and high-efficiency transfer approach. However, this method transfers the chip intermittently. During the transfer process, the motion platform is required to move the chip above the plate. It is necessary to wait until the platform is stable, since the needle is driven to eject the dye. The repetitive process of Mini-LED transfer is needed, whose effectiveness is restricted by the intermittent method. The continuous repetitive operations of the platform greatly reduce the chip transfer efficiency, resulting in low efficiency of the transfer method, which is less than 100 k units per hour (UPH).



In order to deal with the limitations of intermittent mechanical transfer, a novel compliant 2-DOF ejector pin mechanism for mini-LED chip mass transfer is proposed in this paper. The ejector pin is always relatively stationary in the horizontal direction in the process of crystal pricking to avoid the frequent starting and stopping of the stage, so as to realize high-speed chip transfer. Moreover, to meet the requirements of mini-LED mass tansfer, the chip size is 75–120  μ m and the thickness is about 80  μ m [20]. Additionally, the stroke, working frequency range, and the tracking accuracy of the proposed compliant mechanism are ≥100  μ m, ≥30 Hz and ±2  μ m, respectively [20,21]. The compliant mechanism has the advantages of high precision, low winding, and no friction, and can achieve ultra-high-precision and high-frequency motion within a small range [22,23,24]. Moreover, it has been demonstrated that it is effective for implementing mini-LED precision positioning by utilizing a 2-DOF-compliant mechanism [25,26,27]. Therefore, based on the principle of the compliant mechanism, a novel mini-LED direct transfer device is designed to realize the massive transfer of mini-LEDs with high accuracy and efficiency. The static and dynamic analyses of the mechanism are carried out via ANSYS Workbench, and the results demonstrated the effectiveness of the proprosed device. Then, an iterative learning control (ILC) is utilized to control the device via a parameter regulation approach in the frequency domain. Finally, an open-loop test and a trajectory tracking test for the prototype are carried out. In accordance with the FEA and test results, the proposed mini-LED mass transfer device with continuous chip ejection meets the requirements of Mini-LED mass transfer.



The major contribution of this work is to develop a continuous mechanical chip mass transfer method and design a novel complaint 2-DOF ejector pin mechanism for the mass transfer of mini-LED chips. The organizational structure of this paper can be summarized as follows: First, the mechanism’s design and kinematics modeling are presented in Section 2. Then, the mechanism’s static and dynamic analyses via ANSYS Workbench are carried out in Section 3. Then, an ILC is utilized to control the device via a parameter regulation approach in the frequency domain in Section 4. Furthermore, the open-loop test and trajectory tracking test are carried out and be analyzed in Section 5. Finally, the achievements of this work are concluded in Section 6.




2. Mechanical Design and Modeling


To overcome the limitations of the conventional method for the direct transfer of chips with a mechanical ejector pin, a novel compliant 2-DOF ejector pin mechanism for the mass transfer of mini-LED chips is proposed. In this section, the design process of the device is introduced in detail, and its static and dynamic modeling is carried out.



2.1. Mechanical Design


In the traditional chip ejection transfer process of the mechanical ejector pin, the epitaxial film lined with mini-LED chips is placed from the ejector pin to the substrate. The ejector pin pushes the epitaxial film downward to make the chip contact with the substrate. As shown in Figure 1, the chip transfer process is divided into the following four steps:



	
The stage is moving and then the target chip moves below the ejector pin.



	
When the target chip is aligned with the ejector pin, the stage stops moving, and then the ejector pin pushes the epitaxial film downward.



	
The stage remains stationary, and the ejector pin penetrates the epitaxial film. The target chip is separated from the epitaxial film, then it is contacted and fixed on the substrate.



	
The ejector pin returns to the starting position, then the stage moves and the next chip is transferred.






As shown in Figure 1, the size of the chip is 75–120  μ m, the thickness is about 80  μ m and the die-placement of the eject pin is at least 100  μ m.



As mentioned above, in the conventional chip ejection transfer process, the motion steps of the stage can be summarized as moving–stationary–moving. The ejector pin can only be pushed out when the stage is completely stationary. The stage starts and stops repeatedly, which not only affects the chip transfer’s efficiency, but also reduces the transfer’s accuracy. To solve this problem, a novel compliant 2-DOF ejector pin mechanism for the mass transfer of robotic mini-LED chips is proposed in this paper. As shown in Figure 2a, the piezoelectric actuators in an orthogonal configuration can output the displacement in both horizontal and vertical directions. Limited by the designed compliant mechanism, the ejector pin is driven to move in two directions. As shown in Figure 2c, in the process of mini-LED chip transfer, when the target chip is aligned with the ejector pin, the vertically configured piezoelectric actuator drives the ejector pin to push the chip. At the same time, another piezoelectric actuator drives the ejector pin to move at the same speed in the horizontal direction of the stage. In this way, the motion stage moves continuously in the process of mini-LED transfer, which is different from the traditional transfer methods that is discontinuous. It is necessary to avoid the repeated starting and stopping of the platform, so as to improve the efficiency of mini-LED transfer. The three-dimensional diagram of the designed device is shown in Figure 2b.




2.2. Compliance Modeling


As shown in Figure 3a, the displacement guidance of the designed compliant mechanism mainly depends on the deformation of four L-shaped flexures (as shown in Figure 3b). An L-shaped flexure has a highly compact structure and multiple degrees of freedom, and is used for mechanism guidance. In principle, the decoupling output of the compliant mechanism can be realized by using the parallelogram structure of the flexible hinge and the orthogonal placement of two piezoelectric actuators. As shown in Figure 3c, there are six types of forces on the free end of a flexure hinge, which are   F x  ,   F y  ,   F z  ,   M x  ,   M y   and   M z  . Similarly, there are six forms of displacement of the free end of the flexure: linear displacements   δ x  ,   δ y  ,   δ z   and angular displacements   θ x  ,   θ y  ,   θ z  . The free end translates   δ x   along the x-axis under the action of force   F x  . Both   F y   and   M z   result in a linear displacement   δ y   along the y-axis and an angular displacement   θ z   on the z-axis. Moreover,   F z   and   M y   both result in   δ z   and   θ y  . When the flexure works in the elastic stage, the relationship between the displacement and force is linearized:


  Δ = CF  



(1)




where   Δ =       δ x     δ y     δ z     θ x     θ y     θ z      T    and   F =       F x     F y     F z     M x     M y     M z      T    are the force and displacement at the free end, respectively.  C  denotes the compliance matrix. Based on the above analysis,  C  can be written in the following form [28]:


      C =       C   δ x  ,  F x      0   0   0   0   0     0    C   δ y  ,  F y      0   0   0    C   δ y  ,  M z        0   0    C   δ z  ,  F z      0    −  C   δ z  ,  M y       0     0   0   0    C   θ x  ,  M x      0   0     0   0    −  C   θ y  ,  F z       0    C   θ y  ,  M y      0     0    C   θ z  ,  F y      0   0   0    C   θ z  ,  M z            



(2)







Moreover, the compliance matrix of a flexure can be transformed from its local coordinate    o i  − x y z   to another coordinate    o j  − x y z   by


   C j  =  R i  P   r i    C i  P    r i   T   R i T   



(3)




where   P   r i     is defined as the orientation matrix of    o i  − x y z   with respect to    o j  − x y z  ;   R i   is also known as the direction cosine matrix; and   P (  r i  )   denotes the translation matrix and can be described as follows:


  P  (  r i  )  =      I  3 × 3        0    −  z i      y i       z i    0    −  x i        −  y i      x i    0         O  3 × 3      I  3 × 3        



(4)




where   I  3 × 3    and   O  3 × 3    are the identity matrix and zero matrix, respectively, and    r i  =   [  x i  ,  y i  ,  z i  ]  T    is the position vector of the point   O j   that is expressed in the reference frame of    o i  − x y z  .



  R  ( α , β , γ )  =  R z   ( γ )   R y   ( β )   R x   ( α )    is the rotation transformation matrix.  α ,  β , and  γ  are the rotation angles of the coordinate system    o j  − x y z   around the x-axis, y-axis and z-axis of the coordinate system    o i  − x y z  , respectively. This can be expressed as:


   R x   ( α )  =      r x     O  3 × 3        O  3 × 3      r x      ,  R y   ( β )  =      r y     O  3 × 3        O  3 × 3      r y      ,  R z   ( γ )  =      r z     O  3 × 3        O  3 × 3      r z       



(5)






   r x  =     1   0   0     0    cos α     sin α      0    − sin α     cos α      ,  r y  =      cos β    0    − sin β      0   1   0      sin β    0    cos β      ,  r z  =      cos γ     sin γ    0      − sin γ     cos γ    0     0   0   1      



(6)







The compliance matrix is related to its structural dimension parameters. The compliance matrix of a leaf flexure can be expressed as:


   C f  =      l  E b t     0   0   0   0   0     0      4  l 3     E b t  3   +    α s  l   G b t      0   0   0     6  l 2      E b t  3        0   0      4  l 3      E b  3  t   +    α s  l   G b t      0    −   6  l 2      E b  3  t      0     0   0   0    C   θ x  ,  M z      0   0     0   0    −   6  l 2      E b  3  t      0     12 l     E b  3  t     0     0     6  l 2     E b t  3     0   0   0     12 l    E b t  3        



(7)




where E, G and   α s   are the elastic modulus, stiffness modulus and shear coefficient of the material used in the mechanism, respectively. The shear coefficient   α s   can be expressed as:


   α s  =   12 + 11 μ   10   1 + μ      



(8)




where  μ  is the Poisson’s ratio, and the coefficient in this format   α s   is used to consider the compliance change caused by non-uniform shear stress and strain on the whole cross-section of the flexure. In addition, the torsion parameter in the formula can be expressed as:


   C   θ x  ,  M z    =   7 L   2 G      1  t  b 3    +  1   t 3  b        γ 2  + 2.609 γ + 1   1.17  γ 2  + 2.191 γ + 1.17    



(9)







As shown in Figure 3c, the L-shaped flexure can be regarded as a series of two-leaf flexures. Therefore, the compliance matrix of the L-shaped flexure is expressed as


   C L  =  RPC f    P  T    R  T  +  C f   



(10)




where  R  and  P  are the rotation transformation matrix and translation transformation matrix from the coordinate system of    o f  − x y z   to the coordinate system of    o L  − x y z  , respectively. The output compliance matrix of the mechanism can be obtained by four L-shaped hinges in parallel, expressed as


      C  o u t   =      ∑ 1 4       R i   P i   C f   P i T   R  i  T     − 1      − 1         = diag    C   δ x  ,  F x    o u t   ,  C   δ y  ,  F y    o u t   ,  C   δ z  ,  F z    o u t   ,  C   θ x  ,  M x    o u t   ,  C   θ y  ,  M y    o u t   ,  C   θ z  ,  M z    o u t         



(11)




where   R i   and   P i   are the rotation transformation matrix and translation transformation matrix from the coordinate system of    o i  − x y z    ( i = 1 , 2 , 3 , 4 )   to the coordinate system of    o  o u t   − x y z  , respectively. The actuation forces are also imposed on the end-effector of the compliant mechanism. Assuming that the end-effector is a rigid body, the input compliance and output compliance of the mechanism are consistent:


   C  i n   =  C  o u t    



(12)








2.3. Dynamics Modeling


The schematic diagram of the dynamic model of the mechanism is shown in Figure 4, and the equivalent mass of the central moving part of the mechanism is m. The output displacement vector of the two piezoelectric actuators is defined as:


  q =    x , y   T   



(13)







According to Newton’s law, the mechanism deforms under the action of horizontal input force   F x   and vertical input force   F y  , and the following equation can be obtained:


  M  q ¨  + C  q ˙  + Kq = F  



(14)




where   M = diag ( m , m )   is the equivalent mass matrix,   C = diag (  c x  ,  c y  )   is the damping matrix, and   F =   [  F x  ,  F y  ]  T    is the input matrix.   K = diag  (  k x  ,  k y  )  = diag  (    C   δ x  ,  F x    o u t     − 1   ,    C   δ y  ,  F y    o u t     − 1   )   . In order to calculate the resonant frequency of the mechanism, convert the above formula into the form of damped free oscillation:


   M  q ¨  + Kq =  0  



(15)







According to the vibration theory, the following linearized equation can be solved to obtain the resonant frequency of the mechanism:


   |    ω  2   M − K | = 0   



(16)









3. Finite Element Analysis of the Designed Mechanism


In order to evaluate the established analysis model, the static and modal analyses of the designed mechanism based on finite element analysis (FEA) are carried out through Ansys Workbench software. The material selected for the designed compliant mechanism is 7075 aluminum alloy (Young’s modulus: 71.7 Gpa; Poisson’s ratio: 0.33; yield strength: 503 MPa; density: kg·m    − 3   ). The structural parameters and material characteristic parameters adopted by the designed mechanism are shown in Table 1. The bolt holes on the structure are completely fixed as the constraint boundary.



As mentioned above, assuming that the end-effector is a rigid body, the input compliance of the flexible mechanism is equal to the output compliance. Therefore, in this section, only the output compliance of the mechanism is evaluated. A force of 10 N was applied to the input of the end-effector, resulting in a 0.1474 mm deformation of the end-effector. This means that the output compliance of the mechanism along the x-axis is 14.74  μ m/N. Similarly, the output compliance along the y-axis can be obtained at 15.22  μ m/N. Compared with the theoretical compliance of the mechanism, the errors of the mechanism along the x-axis and y-axis are 1.59% and 4.89%, respectively. The two are close, which shows the rationality of the mechanism’s design. Moreover, the dynamic performance of the mechanism is evaluated by finite element modal analysis. The frequencies of the first six modes are 250.85 Hz, 256.76 Hz, 494.84 Hz, 646.99 Hz, 919.15 Hz and 1876 Hz, respectively. The first six modal shapes of the mechanism are shown in Figure 5. The vibration modes of the first two steps are translated along the x-axis and y-axis, respectively. The first two vibration modes are consistent with the main motion required for the operation of the mechanism. Compared with the theoretical results, the frequency errors of the two six modes are 6.10% and 3.89%, respectively. As shown in Table 2, all errors, including static analysis and dynamic analysis, are within 7%, which verifies the rationality and accuracy of the structural design.




4. Controller Design


In this section, the dynamics characteristics of the compliant 2-DOF ejector pin mechanism are first analyzed, then an iterative learning control (ILC) is employed to improve the tracking performances. Furthermore, the approach to regulating the parameters of the ILC in the frequency domain is demonstrated. In order to reduce the initial state error of the ILC, the input is combined with the reference as compensation. As the following analysis is conducted in the frequency domain, a transfer function to describe the relationship between the input and output of the plant is required. The output force of the piezoelectric actuator is linearly related to the input voltage in the linear area. The displacement of piezoelectric actuators is linearly related to the force when working in the micro range. Thus, it can be obtained that:


  F =   [  F x  ,  F y  ]  T  =  T e  ·   [  u x  ,  u y  ]  T   



(17)




where   T e   is the DC gain from the input to the output of the piezoelectric actuator,   u x   and   u y   are the input displacements of the x-axes and y-axes, respectively. Based on the electromechanical model (14) and Equation (17), the transfer function of the plant can be obtained via the Laplace transform:


       G x   ( s )  =   X ( s )    U x   ( s )    =   K e    s 2  +   c x  m  · s +   k x  m           G y   ( s )  =   Y ( s )    U y   ( s )    =   K e    s 2  +   c y  m  · s +   k y  m         



(18)




where    K e  =  T e  / m   is the gain. Since x-axes and y-axes are decoupled in the process of structural design and incey share the same dynamic characteristics with each other, the one-dimensional motion of the compliant 2-DOF ejector pin mechanism is studied in the following analysis. Due to the presentation of the hysteresis behavior of the piezoelectric actuator, the tracking accuracy of the device is greatly restricted [29]. Even worse, the sensor noise increases the measurement error, which is used to correct the input. On the other hand, the repetitive trajectories with the same initial state are used in the device during the process of chip transfer, which makes the hysteresis dynamics present as periodic. Therefore, ILC can be adopted to cancel the hysteresis, where the ILC corrects the input by iteratively learning and requires the lowest prior information. The controller is required to be robust to the measurement error, owing to the unknown dynamics of the piezoelectric actuator and the noise of sensors. Thus, the classical P-type ILC is adopted [30], where P is the abbreviation for proportional. Its control law can be written as:


   u  j + 1    ( k )  = Q ·  [  u j   ( k )  + γ ·  e j   ( k + 1 )  ]   



(19)




where Q is the low-pass filter,  γ  is the learning gain, and    u j   ( k )    and    e j   ( k )    are the input and error at the k-th time step in the j-th repetition, respectively. As the following analysis is conducted in the discrete time, the output can be obtained via the z transform:


   Y j   ( z )  = G  ( z )  ·  U j   ( z )  + W  ( z )   



(20)




where the   G ( z )   is the transfer function of the plant,   W ( z )   signifies the disturbances,    Y j   ( z )    and    U j   ( z )    are the output and input, respectively. According to [31], the tracking error can be denoted as:


   E  j + 1    ( z )  = Q  ( z )  ·  [ I − γ · z · G  ( z )  ]  ·  E j   ( z )   



(21)







In order to ensure the error can be converged as the trajectories repeat, the following inequality must be satisfied and held for all frequencies:


  | Q ( z ) · [ I − γ · z · G ( z ) ] | < 1  



(22)







According to Equation (22), it can be seen that the harmonics components leading to   | I − γ · z · G ( z ) | ≥ 1   must be filtered by   Q ( z )   so that the error can be converged. To this end, the cutoff frequency of   Q ( z )   and the learning gain  γ  should be studied. In terms of the learning gain, Equation (22) can be rewritten in the frequency domain as:


   | I − γ ·   e  j · ω ·  t s    · G  (  e  j · ω ·  t s    )   | < 1   



(23)




where   t s   is the sample time of the system. According to Equation (23), it can be treated as if the convergence harmonics components are within the unit’s circle, where the center of the circle is located at the +1 in the Nyquist plot [32]. Once the Nyquist curve reaches the unit circle, the phase lag becomes 90°.



The Nyquist curve with different learning gains is shown in Figure 6. It can be noted that the harmonics frequency on the unit circle is increasing as the learning gain reduces. In [33], the state-steady tracking error can be written as:


   E s   ( z )  =   1 − P ( z )   1 − Q ( z ) · [ I − γ · z · G ( z ) ]   ·  [ R  ( z )  − W  ( z )  ]   



(24)




where the   R ( z )   represents the desired trajectories. According to (24), once the harmonics component reaches the cutoff frequency of   Q ( z )  , the state-steady error tends to be    E s   ( z )  ≈ R  ( z )  − W  ( z )   , which means the error does not enter the learning control. Thus, a sufficiently high cutoff frequency should be selected when the error can be converged. To ensure the convergence of the ILC,   γ = 0.1   is set in this article. Directly using the ILC to learn the behavior of the plant will require a certain duration to collect enough information, which may not be acceptable in the process of chip transfer. Moreover, the hysteresis characteristic of the piezoelectric actuator presents a transport delay on the open-loop input signal. To this end, the desired trajectories (the so-call reference signal) are added to the input as compensation; thus, the tracking error can be canceled faster by the ILC. In this case, the input becomes


  u  ( k )  = r  ( k )  +  u j  I L C    ( k )   



(25)







A phase lag response with the same magnitude can be seen in Figure 7a, when inputting an open-loop signal. According to Figure 7b, the tracking error without compensation is equal to the reference in the initial state of the ILC, while the error is decreased via compensation. In summary, the control scheme in this work is illustrated in Figure 8.




5. Experimental Tests


The whole experimental system is displayed in Figure 9. Aluminum alloy 7075 is selected to fabricate the designed device. Two piezoelectric actuators (P-887.91N, PI and PSt150/10/60 VS15, CoreMorrow) with a three-channel voltage amplifier (E01.B3, CoreMorrow) are used to actuate the compliant 2-DOF ejector pin mechanism. The capacitive displacement sensors (NS-DCS10L-400, SYMC) and fiber-optic displacement sensor (MTI-2100, MTI) are utilized to measure the precision displacement of the device. The open-loop control of this device is achieved by using the dSPACE rapid prototyping simulating system (DS-1007, dSPACE). In order to avoid the external vibration from all kinds of interference, all instruments are placed on the vibration isolation stage (WN01AL, Winner Optics).



5.1. Open-Loop Test


First, the open-loop static properties of the designed device are characterized. A sinusoidal voltage signal with a frequency of 1 Hz ranging from 0 to 10 V is applied to two piezoelectric actuators in turn, resulting in response motion along the driving direction and parasitic movement in the other directions, as shown in Figure 10a,b. It shows that the stroke of the output end can reach 80  μ m in the x-direction and 120  μ m in the y-direction. No matter which piezoelectric actuator is driven, the parasitic motion in the other direction is no more than 0.5%. In short, all the coupling motions of the device are within a reasonable range, and the decoupling performance of the designed mechanism is excellent. Therefore, the influence of parasitic motion on the accuracy of the device cannot be considered. However, due to the hysteresis effect of the piezoelectric actuator, the driving voltage and the output displacement are nonlinear, as shown in Figure 10c, which greatly reduces the positioning accuracy of the system.




5.2. Trajectory Tracking Test


In order to compensate for the inherent hysteresis nonlinearity of the piezoelectric actuator and improve the accuracy of the device, the controller designed in Section 4 of this paper is applied to a series of trajectory tracking experiments. The tracking results of the x-axis and y-axis are highly similar. In order to avoid repeated displays, only the tracking results of the y-axis are shown in Figure 11. As shown in Figure 11a, a sinusoidal signal with a frequency of 10 Hz and a range of 0–95  μ m is adopted as an ideal signal on the y-axis. The error between the actual output and the desired trajectory is ±0.5  μ m. The tracking errors of sinusoidal signals with frequencies of 20 Hz (in Figure 11b) and 30 Hz (in Figure 11c) are ±1.0  μ m and ±1.5  μ m, respectively. The tracking errors of sinusoidal signals with frequencies of 20 Hz and 30 Hz are ±1.0  μ m and ±1.5  μ m, respectively. All errors are within ±1.5% of the working stroke, which proves the perfect tracking performance of the designed device and the effectiveness of the designed controller. However, as shown in Figure 11d, when tracking a signal with higher frequency, the tracking error will increase, indicating that a more advanced control algorithm needs to be further developed in the future.





6. Conclusions


In this paper, a novel compliant 2-DOF ejector pin mechanism for the mini-LED chip mass transfer is proposed, to overcome the shortcomings of the traditional chip eject transfer method with a mechanical ejector pin. The methods of compliance matrix and Newton are employed for system kinematic modeling and dynamics modeling, respectively. The mechanism static and dynamic analyses were carried out via ANSYS Workbench, and the results of FEA are in good agreement with those of the theoretical calculation, which indicates the effectiveness of the design. Then, an ILC is utilized to control the device with a parameter regulation approach in the frequency domain. Finally, an open-loop test and a trajectory tracking test for the prototype are carried out in detail. These indicate that the working stroke of the mechanism can reach 120  μ m, the natural frequency of the device is 250.85 Hz, the coupling rate is less than ±0.5% and the track tracking errors of 10 Hz, 20 Hz and 30 Hz sinusoidal signals are all within ±1.5%. The experimental results show that the transfer efficiency of the designed mechanism can reach 108K UPH. In summary, the working frequency range is over 100K UPH and reaches 108K UPH with the same displacement and accuracy as the traditional mini-LED mass transfer method, such that the effectiveness of the proposed compliant mechanism is proved.



In future work, higher frequency, larger stroke, higher precision devices and more intelligent control algorithms will be developed and be applied to the direct transfer of mini-LEDs. Moreover, the practical processes of mini-LED mass transfer will be carried out to verify the effectiveness of the proposed device.
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Figure 1. Conventional chip ejection transfer process with a mechanical ejector pin. (a) The target chip is moved below the ejector pin. (b) The ejector pin pushes the epitaxial film downward. (c) The target chip is contacted and fixed on the substrate. (d) The stage moves and the next chip is transferred. 
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Figure 2. Compliant 2-DOF ejector pin mechanism for the mass transfer of robotic mini-LED chips. (a) Schematic diagram of the designed mini-LED transfer device. (b) Three-dimensional diagram of the designed device. (c) Schematic diagram of continuous chip ejection. 
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Figure 3. Schematic of the designed compliant mechanism. (a) The designed compliant mechanism. (b) The leaf flexure. (c) The L-shaped flexure. 
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Figure 4. The schematic diagram of the dynamic model of the mechanism. 
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Figure 5. The FEA results. (a) The first mode: 250.85 Hz, x-axis direction. (b) The second mode: 256.76 Hz, y-axis direction. (c) The third mode: 494.84 Hz. (d) The fourth mode: 646.99 Hz, z-axis direction. (e) The third mode: 919.15 Hz. (f) The third mode: 1876 Hz. 
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Figure 6. Nyquist plot of   γ ·  e  j · ω ·  t s    · G  (  e  j · ω ·  t s    )    with different  γ . 
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Figure 7. Comparison results. (a) Reference and open-loop input. (b) Tracking error before and after adding compensation in the initial state of the ILC. 
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Figure 8. The diagram of the control scheme in this article. 
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Figure 9. Experimental setup: (1) voltage amplifier; (2) fiber-optic displacement sensor; (3) dSPACE control system; (4) capacitive displacement sensor; (5) designed compliant 2-DOF ejector pin mechanism; (6) vibration isolation stage; (7) host display; (8) fixture; (9) piezoelectric actuator; (10) capacitance displacement sensor probe; (11) fiber-optic displacement sensor probe; (12) compliant mechanism; and (13) eject pin. 
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Figure 10. Open-loop test. (a) Driving along the x-axis. (b) Driving along the y-axis. (c) The hysteresis effect of the piezoelectric actuator. 
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Figure 11. Trajectory tracking results. (a) Sinusoidal signal with a frequency of 10 Hz. (b) Sinusoidal signal with a frequency of 20 Hz. (c) Sinusoidal signal with a frequency of 30 Hz. (d) Trajectory tracking errors. 
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Table 1. Material and Structure Parameters.
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Material Parameters

	
Structural Parameters (mm)






	
E

(GPa)

	
  σ y  

(MPa)

	
  μ  

	
 ρ 

(kg/m   3  )

	
l

	
b

	
t

	
   l 1   

	
   l 2   

	
   l 3   




	
71.7

	
503

	
0.33

	
2810

	
29.5

	
8

	
1

	
95

	
85

	
20
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Table 2. Comparisons between FEA and the theoretical model.
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Compliance

	
Frequency






	

	
  C   δ x  ,  F x    o u t   ( μ m/N)

	
  C   δ y  ,  F y    o u t   ( μ m/N)

	
  f x  (Hz)

	
  f y  (Hz)




	
Theoretical

	
14.51

	
14.51

	
267.16

	
267.16




	
FEA

	
14.74

	
15.22

	
250.85

	
256.76




	
Error

	
1.59%

	
4.89%

	
6.10%

	
3.89%
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