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This paper proposes an array structure with multidirectional remanent magnetization based on hard-magnetic soft materials, which can be used as a soft switch array on planar and curved surfaces. We firstly investigate the displacement response of a hard-magnetic soft switch which is excited by a magnetic field, and related to the magnitude and direction of the magnetic field. When the remanent magnetization direction of the soft switch is opposite to the horizontal component of the magnetic field, the displacement response is greater than that of the driving magnetic field in other directions. The maximum displacement of the soft switch can reach 4.5 mm under a 6 V driving voltage applied to the Helmholtz coil. We further design 2 × 2 and 3 × 3 switch arrays and the circuit structures of the switch arrays. The switch arrays are fabricated, and the displacement responses of the switch arrays under different driving magnetic fields on planar and curved surfaces are finally demonstrated. When the Z-axis displacement of the device reaches more than 3 mm, the LED light can be switched on. The hard-magnetic soft switch array structure designed in this paper can enable the application of soft switches in curved environments, verifying the feasibility of the application of hard-magnetic soft switch arrays. It is expected to provide a guidance for the design and manufacturing of multi-functional hard-magnetic soft switches in the future and the application of hard-magnetic soft switch arrays in planar and curved environments.
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1 INTRODUCTION
Switches are widely used in various scenarios and will tend to be diversified and intelligent (Li and Wu, 2008; Ghosh and Atkinson, 2023; Jurik and Sokol, 2023). However, currently most switch materials are too hard, have poor flexibility, and impact resistance (Lin and Huang, 2023; Marcelli and Sardi, 2023). Therefore, the flexibility and environmental adaptability of switches are a challenge in this field. In recent years, responsive soft materials can undergo reversible, complex, and rapid shape changes under external stimuli. They have obvious advantages in flexibility, adaptability, and scalability, and their potential applications in fields such as bioengineering, biomimetics, automation, and industry are increasingly receiving attention (Martinez and Glavan, 2014; Mosadegh and Polygerinos, 2014; Athas and Nguyen, 2016). Compared with traditional switches, responsive soft materials have higher flexibility, environmental adaptability and simpler design, and are expected to be applied in the design and fabrication of switches.
Responsive soft materials can respond to stimuli such as air pressure (Rehman and Faudzi, 2017; Robertson and Paik, 2017) electric field (Gu and Zou, 2018; Weng and Duan, 2020) light (da Cunha and Ambergen, 2020a; da Cunha and Debije, 2020b) and magnetic field (Song and Lee, 2020; Ze and Kuang, 2020). For example, Jiao et al. (Jiao and Ji, 2019) designed a new type of vacuum driven soft pneumatic torsion actuator, demonstrating the feasibility of its application in fields such as flexible joints and rotating crawling robots. Zhu et al. (Zhu and Xie, 2020) developed a new manufacturing method for soft robots with self-powered sensors based on triboelectricity. Ahn et al. (Ahn and Liang, 2019) designed a light driven soft robot that can crawl on the ground, squeeze through a small channel and jump over an obstacle. For these actuating systems, each additional degree of freedom requires an additional transmission system, which poses challenges to the flexibility and miniaturization of responsive soft materials. In recent years, magnetic field driven devices have been widely used in the field of soft robots due to its advantages of non-contact control, rapid response capability and programmable control (Chen and Hoop, 2017; Cao and Fan, 2020; Jiang and Liu, 2022). Kim et al. (Kim and Parada, 2019) developed a submillimeter scale self-lubricating soft continuum robot with omnidirectional steering and navigation capabilities based on magnetic actuation. The ultrafast small-scale electromagnetic soft robot developed by Mao et al. (Mao and Schiller, 2022) can achieve functions such as walking, running, swimming, and jumping.
In the field of switches, a large number of magnetic field driven switches have been developed (Cho and Lee, 2012; Zhang Y. and Liu, 2013), which are easy to install and achieve multi-point control. However, the application in curved environments and flexible electronic devices is often limited by the reliance on structures composed of rigid magnets and transmission parts. Therefore, compared to the contact control and fixed application scenarios of traditional switches, magnetic soft materials driven by magnetic fields can achieve non-contact control and are suitable for curved environments. To prepare magnetic soft materials, the general strategy is to embed small magnetic particles into the soft material (Lu and Sim, 2024), and then mix the magnetic particles with the soft material to obtain a magnetic mixed solution. Due to the distribution of magnetic particles in soft materials, the entire structure has magnetism, and magnetic soft materials with different magnetic particle contents can be easily designed and prepared. The magnetization of magnetic soft materials causes ordered arrangement of disordered magnetic domains inside, such as assembly magnetization (Diller and Sitti, 2014; Zhang and Onaizah, 2017; Wu and Ze, 2019), template assisted magnetization (Hu and Lum, 2018; Venkiteswaran and Samaniego, 2019; Manamanchaiyaporn and Xu, 2020), magnetic field assisted magnetization (Kim and Yuk, 2018; Xu and Zhang, 2019; Alapan and Karacakol, 2020), etc. This work uses the last magnetization strategy, which has the most promising application prospects in high-precision and flexible magnetic devices, and can be achieved through 3D printing, ultraviolet (UV) lithography and heating. Hard-magnetic soft materials form anisotropic magnetization profiles after magnetization (Kim and Chung, 2011; Deng and Sattari, 2020; Ju and Hu, 2021) and due to this anisotropy, a magnet generates magnetic forces and torques in different directions under the action of the driving magnetic field, resulting in a single shape change. By adopting different magnetization directions and designing array structures, the disadvantage of single control of a soft magnet can be solved, which can be applied to the design of magnetic field driven, flexible and array based hard-magnetic soft intelligent devices.
Based on the above, this paper will propose a design method for hard-magnetic soft switch arrays with different magnetization directions and apply it to the planar and curved surfaces. Firstly, in order to study the characteristics of hard-magnetic soft materials, we prepare the hard-magnetic soft materials and investigate the elastic and magnetic properties of hard-magnetic soft materials through tensile tests and magnetostrictive loop tests. The displacement responses of soft switches under different magnetic fields are also calculated by using COMSOL, which can provide the theoretical guidance for the design of hard-magnetic soft switches. Secondly, we design 2 × 2 and 3 × 3 hard-magnetic soft switch arrays which are composed of multiple soft switches with different magnetization directions and connection methods. Their magnetic responses in planar and curved installation environments are investigated by the experimental test results and compared with the finite element calculation results. The feasibility of applying hard-magnetic soft switch arrays on planar and curved surfaces is verified through LED lighting experiments. Compared with traditional switches, hard-magnetic soft switch arrays have the advantages of programmable control, non-contact control, anti-interference ability and diverse installation environments, which can be applied in fields such as sensing, flexible electronic devices, and industrial manufacturing in the future.
2 MATERIAL PREPARATION AND CHARACTERIZATION RESULTS
Hard-magnetic soft materials are important components of soft switches, which will exhibit shape transformations under the action of magnetic fields. The deformation ability of hard-magnetic soft materials depends on their elastic and magnetic properties. Therefore, the preparation, tensile testing, magnetic performance testing, and finite element analysis of hard-magnetic soft materials are firstly investigated.
2.1 Preparation of soft magnets
The hard-magnetic soft material applied to soft switches consists of soft material and hard-magnetic particles. The soft material requires low modulus and low density. This work uses Polydimethylsiloxane (PDMS) (Sylgard 184, Wenhao Co., Ltd) as the matrix material, whose flexible mechanical properties ensure desired deformation and recovery of hard-magnetic soft materials. Magnetic materials need to have strong magnetism and high coercivity to ensure that they can generate sufficient displacement and deformation under the driving force of the magnetic field. Thus, we choose isotropic bonded Neodymium Iron Boron magnetic powder (NdFeB) (LW-C-400, NUODE, Ltd) as the magnetic material in this work, with an average diameter of 5 µm and a high remanence rate, which can ensure stable and reliable response under magnetic field.
The preparation method of NdFeB/PDMS soft magnets is mold casting, as shown in Figure 1. The soft magnets are the magnetized soft samples, but with hard-magnetic particles in this work. Firstly, the prepolymer and crosslinking agent were mixed in the experimental cup at a volume ratio of 10:1 to prepare the PDMS mixed solution, and stirred thoroughly. Weighing a certain amount of NdFeB powder and PDMS mixed solution by using an electronic scale and stirring it for 5 min, the two materials were fully mixed. The stirred mixed solution was poured into the 3D printed Polytetrafluoroethylene (PTFE) mold. Then, the mold was placed in an oven for drying and curing to obtain PDMS elastomer. For curing the samples, two curing temperatures are chosen (25°C and 120°C) and the curing time are 24 h and 30 min for them. By demoulding the solidified NdFeB/PDMS magnets from the mold, the soft magnets were formed. Finally, using the magnetizer (MA-3050, Jiujuok Co., Ltd), the soft magnets were subjected to the directional magnetization to possess magnetic properties with different remanent magnetization directions.
[image: Figure 1]FIGURE 1 | Preparation process of soft magnet.
2.2 Tensile test
In order to investigate the mechanical properties of hard-magnetic soft materials, a tensile testing machine (AGS-X-10KN, Shimadzu, Ltd) was used to conduct tensile tests on the hard-magnetic soft materials. The strain-stress curves were measured before magnetization, since the strain of each soft magnet is small in the switch design, and the Young’s modulus changes slightly after magnetization at low strain condition (Garcia-Gonzalez and Ter-Yesayants, 2023). The effects of temperature and magnetic powder mass ratio on the tensile strength, elastic modulus, and elongation at break of the hard-magnetic soft materials were studied. To prepare the experimental materials, we used the preparation method shown in Figure 1 to prepare the hard-magnetic soft material samples with the NdFeB/PDMS mass ratios of 1, 1.25, 1.5, 1.75 and 2, respectively. We divided the samples into two groups which were cured at the temperatures of 25°C and 120°C. The size of the samples for tensile test is 70 mm × 5 mm × 1 mm. The upper and lower ends of the samples were clamped in the tensile machine for a length of 10 mm, so that the effective stretching length is 50 mm. During the tensile process, the stretching speed was set to be 10 mm/min, and the stretching parameters were read and recorded using the stress sensors and displacement sensors. Finally, we obtained the strain-stress curve, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Strain-stress curves of tensile test for soft magnet samples at different temperatures, (A) T = 25°C; (B) T = 120°C.
In Figure 2, the tensile strength, elongation at break, and elastic modulus can be obtained from the strain-stress curves of NdFeB/PDMS hard-magnetic soft samples with different mass ratios. When the temperature is 25°C, with the increase of NdFeB mass ratio, the tensile strength and elastic modulus of the soft magnet increase, while the elongation at break decreases. This is because as the content of NdFeB increases, the density of NdFeB powder dispersed in the matrix increases, resulting in an increase in the strength of the NdFeB/PDMS sample. Under the same NdFeB content, as the curing temperature increases, the tensile strength and elastic modulus of the sample also increase, while the elongation at break decreases. This is because the higher the temperature, the greater the degree of crosslinking that will affect the mechanical properties of the final matrix (Johnston and McCluskey, 2014). Due to the smaller elastic modulus of soft magnets cured at 25°C, they can undergo larger deformation than the samples cured at 120°C under the same driving force of a magnetic field. When the tensile strain ranges from 0 to 0.1, the stress shows an approximate linear growth trend. At this range, the Young’s moduli of the soft magnets with NdFeB/PDMS mass ratios of 1, 1.25, 1.5, 1.75 and 2 are 1.14 MPa, 1.32 MPa, 1.49 MPa, 1.6 MPa and 2.17 MPa, respectively. Therefore, based on the magnetic field conditions and deformation requirements in this work, soft magnets cured at 25°C are chosen as the switch material.
2.3 Magnetic properties
In this work, two magnetization directions to magnetize the soft magnets were used, namely magnetization in parallel to the edge of rectangular sample and magnetization in diagonal. The magnetizing voltage is 3000 V and the capacitance is 5000 µF. The Tesla meter can be used to measure the magnetic induction intensity of soft magnets with different mass ratios. In the preparation of switch arrays in the following section, the magnetic induction intensity of the soft magnet will be measured and samples with significant differences in magnetic properties will be removed. Soft magnets with a more regular body shape and a closer magnetic induction intensity will be selected. We used a vibrating sample magnetometer (Lake Shore 7404, Lake Shore Inc.) to measure the hysteresis loops of the samples and investigated the effect of mass ratio on the saturation magnetization and remanent magnetization strengths of soft magnets. Figure 3 shows the hysteresis loops of soft magnet samples with NdFeB/PDMS mass ratios of 1 and 2. Samples of both mass ratios were tested three times to ensure the accuracy of the test results. When the external magnetic field is 20 kOe, the saturation magnetization strengths of soft magnets with the mass ratio of 1 and 2 are 62 emu/g and 88 emu/g, respectively. When the external magnetic field decreases to 0, its remanent magnetization strength is 40 emu/g and 60 emu/g, respectively. Thus, the magnetism of hard-magnetic soft materials is related to the content of magnetic particles, and the remanent magnetization strength and coercive force of NdFeB magnetic particles are relatively high, making them difficult to be magnetized and demagnetized under the action of external magnetic fields.
[image: Figure 3]FIGURE 3 | Hysteresis loops of the samples.
In Figure 4, the red arrows indicate the directions of remanent magnetization. The soft magnet and the connecting body are bonded to form a single unit. Firstly, we prepared different proportions of NdFeB/PDMS soft magnets and PDMS connectors which are laid on a clean glass plate. Using K704 silicone sealant, the two PDMS connectors are glued on both sides of the soft magnet. Due to the presence of NS poles in soft magnets, to achieve better displacement response of hard-magnetic soft structures, the PDMS connectors are required to be glued on both sides of the N-pole of the soft magnet in order to ensure that the PDMS connectors are connected to the position where the polarity of the soft magnet is same. The soft magnet adopts two connection methods, namely opposite edge connection (OEC) and adject edge connection (AEC), as shown in Figure 4. The size of each soft magnet is 10 mm × 10 mm × 1 mm, the size of PDMS connector is 5 mm × 3 mm × 0.4 mm.
[image: Figure 4]FIGURE 4 | Design and assembly of hard-magnetic soft switch array.
In order to study the displacement responses of soft magnets, a magnetic field driven experimental platform was constructed in this work, as shown in Figure 5A. It mainly consists of the programmable DC power supply (DP811A, Rigol, Ltd), Helmholtz coil (PS-1HM330, Paisheng, Ltd), aluminum bracket, experimental platform, etc. The programmable DC power supply provides a stable voltage to the Helmholtz coil, causing it to generate a static magnetic field. The maximum power supply range of the programmable DC power supply is 20V/10A. The uniform magnetic field area generated by the Helmholtz coil is 50 mm × 50 mm × 50 mm. Fixing a 45° aluminum bracket below the Helmholtz coil, the direction of the magnetic field generated by the coil forms a 45° angle with the z-axis. Figure 5B shows the magnetic field in the uniform area of the coil generated under the applied voltage, which is linear. Figure 6 shows the displacement responses of the soft magnet under different driving voltages and their maximum displacements are shown in Figure 7. Under the connection condition of AEC, when the mass ratio of NdFeB/PDMS soft magnet is 2, its upward displacement response increases rapidly, as shown in Figure 6B. When the driving voltage is 4.5 V, the displacement of the Z-axis is approximately 8.5 mm. Under the condition of OEC, when the NdFeB/PDMS mass ratio of the soft magnet is 1, its upward displacement response increases slowly, as shown in Figure 6C. When the driving voltage is 8 V, the displacement of the Z-axis is approximately 1.2 mm. In addition, it can be observed that when the NdFeB/PDMS mass ratio of the soft magnet under AEC condition is 1, as shown in Figure 6A, and under OEC condition is 2, as shown in Figure 6D, its upward displacement response increases slowly for the voltage below 5 V. When the driving voltage is 5 V, their Z-axis displacement responses are approximately 1.5 mm and 2.8 mm. When the driving voltage increases to 6 V, namely the magnetic field is about 25.4G, the displacements of the Z-axis are about 4.5 mm and 4.2 mm, respectively. Therefore, when the mass ratios of NdFeB/PDMS soft magnets connected by AEC and OEC are 1 and 2, respectively, the Z-axis displacements of the soft magnets are relatively close, and their magnetic induction strengths are about 148G and 342G, respectively. Therefore, from the experimental results of soft magnets, it can be found that the connection method has a significant impact on the displacements of the soft magnets, and the influence of the connection method needs to be considered in the switch design.
[image: Figure 5]FIGURE 5 | (A) Experimental testing platform; (B) Voltage-magnetic field relation of the Helmholtz coil.
[image: Figure 6]FIGURE 6 | Displacement responses of the soft magnets for different mass ratios and connection methods, (A) AEC, mass ratio = 1, (B) AEC, mass ratio = 2, (C) OEC, mass ratio = 1, (D) OEC, mass ratio = 2.
[image: Figure 7]FIGURE 7 | Maximum displacements of the soft magnets for different mass ratios and connection methods.
2.4 Finite element analysis
In order to study the relationship between the displacement responses of soft magnets and the directions of magnetic field, we performed the finite element analysis in this section by commercial package COMSOL. In the finite element simulation, the geometric model of the soft magnet was firstly established, including the soft magnet, connecting body, fixed base and air domain, and a three-dimensional spatial model and steady-state study were chosen for analysis. Two physical models were involved in the model: solid mechanics and magnetic field without current. Due to the consideration of the weight of the soft magnet, the tensile force of the connecting body, and the magnetic force of the magnetic field, appropriate boundary conditions need to be set in the physical model. To reduce the computational complexity of simulation, applying a magnetic scalar potential to a soft magnet can make the model simpler. The magnetic field is applied by defining a computational domain for the surrounding space and specifying the magnetic flux density for it. The tetrahedron element is used for the present 3-D model and the mesh is small enough to obtain convergent results. Based on the stress-strain curve we measured and the minimal deformation under magnetic field, we chose an elastic modulus with a strain range of 0–0.1. The stress-strain curve in this interval is approximately linear, so we obtained the elastic model based on the slope. For a more accurate constative model, a microstructural magneto-mechanical coupling using a homogenization model can be adopted (Moreno-Mateos et al., 2022). Thus, in the finite element model, two NdFeB/PDMS mass ratios 1 and 2 are considered and their corresponding mass densities are 1.7 g/cm3 and 2.2 g/cm3, corresponding Young’s moduli are 1.14 MPa and 2.17 MPa, and corresponding remanent magnetization strengths are 40 kA/m and 60 kA/m. The Young’s moduli of the connectors for both connection cases are 0.62 MPa, and the applied magnetic field is 55G. It should be noted that the applied field is considered to be uniform since the soft magnet works within the space with unform field generated by the coil. For a more accurate simulation of the field, all magnetic sources have to be considered in the modeling, instead of using a uniform field (Moreno-Mateos et al., 2023). When the magnetic fields with different directions are applied but 45° from the Z-axis, the displacement response of the soft magnet varies significantly, as shown in Figure 8. The red arrow in the Figure represents the remanent magnetization direction of the soft magnet. The angle value marked in Figure 8 are the angles between the direction of the projection of the applied magnetic field on the horizontal plane (XY) and the remanent magnetization direction of the soft magnet. When the angle is 180°, that is, the projection of the applied magnetic field is opposite to the remanent magnetization direction. The upward force of the magnetic field can overcome the gravity of the soft magnet, and the magnet moves upward, reducing the angle between the remanent magnetization direction and the applied magnetic field direction and maximizing the displacement. In Figure 8, it can be observed that the AEC soft magnets for the mass ratios 1 and 2 generate displacement responses of 5.9 mm and 8.8 mm, respectively, as shown in Figure 8A, B. While the OEC soft magnets for the mass ratios 1 and 2 generate much smaller displacement responses that are 1.5 mm and 4.1 mm, respectively as shown in Figure 8C, D. This implies that the AEC condition restricts the vertical motion of the magnet much less than that of the OEC condition. As the angle decreases, their displacement response also decreases significantly. Therefore, when the angle between the magnetic field and the Z-axis is 45°, and the projection of magnetic field in the horizontal plane is opposite to the remanent magnetization direction of the soft magnet, the displacement response of the soft magnet is the largest, which can be clearly distinguished from the effects of other directions of magnetic fields.
[image: Figure 8]FIGURE 8 | Relationship between the displacement responses of soft magnets and different magnetic field directions, (A) AEC, mass ratio = 1, (B) AEC, mass ratio = 2, (C) OEC, mass ratio = 1, (D) OEC, mass ratio = 2.
3 DESIGN AND FABRICATION OF HARD-MAGNETIC SOFT SWITCH ARRAYS
3.1 Design and fabrication of 2 × 2 and 3 × 3 planar hard-magnetic soft switch arrays
The previous section studied the displacement responses of soft magnets under the action of magnetic fields through preparation, experimental testing, and finite element analysis. Soft magnets exhibit complex displacement responses under magnetic fields, with different displacement responses influenced by the direction of the magnetic field. This section will further design and prepare hard-magnetic soft switch arrays based on the response characteristics of the soft magnets, and explore their application feasibility in planar structures. To demonstrate the potential application of the proposed hard-magnetic soft switch, 2 × 2 and 3 × 3 array structures were designed with multiple remanent magnetization directions.
For the 2 × 2 and 3 × 3 array structures, as shown in Figure 4, it includes the individual magnet unit, polyvinylchloride (PVC) base, rubber support and circuit diagram. The 2 × 2 switch array is mainly composed of four hard-magnetic soft switches with the same magnetization direction. The 3 × 3 switch array mainly consists of 8 hard-magnetic soft switches with two different remanent magnetization directions and connection methods. The middle position in 3 × 3 switch array is temporarily not used as a switch. Similarly, we used K704 as the bonding material for the hard-magnetic soft switch array, which is used to bond and fix PDMS connectors and soft magnets to prevent interference from the displacement responses of adjacent soft magnets. Due to the different displacement responses of hard-magnetic soft switches under different magnetic fields, different soft magnets in hard-magnetic soft switch arrays also have different displacement responses. Therefore, the displacement responses of different switches under a magnetic field are different, and the closure of single or multiple switch circuits can be achieved through the control of magnitude or direction of the magnetic field, achieving programmable control capabilities. The magnetic field applied to the switch array is generated by the Helmholtz coil, which generates a static uniform magnetic field under the DC voltage, as shown in Figure 5A. We chose PVC material as the base and circuit fixing platform for the hard-magnetic soft switch array. In order to ensure good conductivity of the circuit and stable fixation on the PVC board, we used copper tape as the circuit and set multiple breakpoints (with an interruption distance of 1 mm) above the soft magnets. Finally, the copper tape was also attached on the soft magnet for closing the circuit (approximately 4 mm × 4 mm), and the circuit is powered by a lithium battery.
The experimental process of a planar hard-magnetic soft switch array is as follows. Firstly, we fixed the hard-magnetic soft switch array on a PVC base, and used four support rubbers with a height of 4 mm at the four corners of the base. Then, we fixed a PVC board bonded with copper circuit above the support rubbers. For 2 × 2 and 3 × 3 planar hard-magnetic soft switch arrays, we carried out the experiment under Helmholtz coils. We marked a fixed position on the working platform of the coil, so that the magnitude and direction of the magnetic field applied to the soft magnets at that position are consistent in different experiments. Then, the hard-magnetic soft switch array was placed on the working platform. Since the magnetic field direction of the coil is fixed, the position and direction of the hard-magnetic soft switch array need to be adjusted for each test, so that the remanent magnetization direction of the test magnet is opposite to the direction of the magnetic field component in the horizontal plane. In the experiment, the driving voltage was slowly increased through the programmable DC power supply, and the corresponding soft magnet slowly moved upwards. According to the simulation analysis in Figure 9, the maximum displacement generated by the working soft magnet in the ×22 switch array is 4.1 mm, while the displacement of the remaining soft magnets is only 1.3 mm, which allows the application of a magnetic field to control the closure of a single switch. In the simulation analysis of 3 × 3 switch array, when the soft magnets in the middle and corner are the working magnets, their displacement responses are 3.9 mm and 4.5 mm, respectively, while the maximum displacement responses generated by the other soft magnets are 3 mm and 3.4 mm, with little difference between the two.
[image: Figure 9]FIGURE 9 | Hard-magnetic soft switch array for the planar surface applications.
The 3rd column in Figure 9 shows the switch displacement responses in the experimental tests, while the 4th column shows the switch test results. The experimental and simulation results have been verified. Due to the height of the supporting rubber being 4 mm and the thickness of the soft magnet itself being 1 mm, when the upward displacement of the soft magnet reaches more than 3 mm, the copper tape on the soft magnet contacts the copper tape at the circuit interruption point, causing the circuit to conduct and the corresponding LED light to light up. However, the copper tape on the soft magnet and the copper tape at the circuit break need to reach a certain contact force to make the circuit conductive. Therefore, when the displacement of the soft magnet on the Z-axis is 3 mm, the actual driving voltage required will be greater than the theoretical driving voltage. Additionally, due to the fact that each soft magnet (adjacent edges or corners) in the ×33 switch array is affected differently by the magnetic field, and the displacement difference is smaller compared with ×22 array, the remanent magnetization strength of the soft magnets and the modulus parameters of the connecting body should be consistent as much as possible to facilitate more refined control.
3.2 Design and fabrication of 2 × 2 and 3 × 3 curved hard-magnetic soft switch arrays
This section investigates the application of hard-magnetic soft switch arrays on curved surfaces. Due to the changes of the angle between the remanent magnetization direction and magnetic field direction of soft magnets in curved working environments, it is much more difficult to achieve accurate control and application. Firstly, we designed two curved hard-magnetic soft switch arrays and built a testing environment. The displacement responses of switch arrays with curvature radius κ of 100 mm and 50 mm were investigated. The structure of a curved hard-magnetic soft switch array device consists of a curved base, a hard-magnetic soft switch array, and a circuit part. Among them, the curved base material is a 1 mm thick PVC transparent plate, which needs to be fixed on a tubular mold with corresponding curvature. It was heated in a 70°C oven to undergo plastic deformation. After about 20 min, it was taken out and cooled to obtain a base with corresponding curvature. The upper circuit board was also prepared using the same method. Due to the small size and strong magnetic strength of permanent magnets, they can be more easily used and manually controlled in the direction of the magnetic field. Therefore, the magnetic field generated by a permanent magnet was used to replace the magnetic field generated by coils to complete the experimental testing in curved environments. To achieve magnetic field driving of curved hard-magnetic soft switch arrays, a magnetic field driving platform was made, which consists of a permanent magnet, a rotatable platform, and a curved hard-magnetic soft switch array. Among them, permanent magnet provides a magnetic field for the hard-magnetic soft switch array, causing multiple magnets to be subjected to different magnetic forces. The position of different magnets in the hard-magnetic soft switch array is controlled through a rotatable platform.
In the experiment of curved hard-magnetic soft switch array, the magnetic field was generated by the cylindrical permanent magnet with a diameter of 12 mm and a thickness of 21 mm, which are located below the curved switch array. By rotating the rotatable platform, as the soft magnet approaches the permanent magnet, the magnetic force it receives gradually increases, causing the soft magnet to move from stationary to upward. When the position of the soft magnet is closest to the permanent magnet, its Z-axis displacement reaches its maximum and is greater than or equal to 3 mm, causing the copper tape on the soft magnet to come into contact with the circuit interruption point, and the LED light switches on. When the soft magnet moves away from the permanent magnet, the magnetic force it receives gradually decreases, causing the displacement of the soft magnet in the Z-axis direction to gradually decrease. When the displacement of the Z-axis is less than 3 mm, the copper tape on the soft magnet separates from the circuit interruption point, and the LED goes out. By the relative motion of the permanent magnet, the displacement response of the soft magnet can be easily achieved, thereby achieving the illumination of LED lights. From the simulation analysis in Figure 10, it can be observed that the 2 × 2 soft magnet switch array generates an upward displacement response, while the displacement of adjacent soft magnets is almost zero. The displacement responses of soft magnets with different connection methods under magnetic field are also different. From the simulation analysis in Figure 10, it can also be seen that when the curvature radius κ is 100 mm, the displacements of soft magnets A1, B1 and C1 under the driving force of permanent magnet are 6.5 mm, 4.6 mm and 13.4 mm, respectively. This is because the OEC connection has greater constraint compared to the AEC connection, resulting in the displacements of soft magnets A1 and B1 less than C1. At the same time, due to the downward position of the soft magnet A1 along the curved surface, its upward displacement space is greater, and it is closer to the permanent magnet, receiving greater magnetic force. Compared to the soft magnet A1, the soft magnet B1 has initial stress in the connecting body due to the curved surface, and is farthest from the permanent magnet, resulting in the displacement of B1 less than A1. When the curvature radius κ is 50 mm, the upward displacements of soft magnets A2, B2 and C2 are 7 mm, 4 mm and 13.8 mm, respectively. Compared to the soft magnet B2, the slope of the surface at the position of soft magnet A2 is larger, the distance to the permanent magnet is closer, and the upward displacement is greater. The maximum upward displacements of the soft magnets C1 and C2 are mainly determined by the connection method. The experimental results in Figure 10 indicate that under the magnetic field of a permanent magnet, it can achieve the required displacement, resulting in circuit closure and LED lighting. In addition, due to the fact that the soft magnets of curved switch arrays are the same as those of planar switch arrays, their corresponding displacement responses differ significantly. Further refinement of displacement response can be achieved by adjusting the remanent magnetization intensity of each soft magnet. Figure 11 shows the application of 3 × 3 switch array on the curved surface which also considers two types of curvature radii. From the graph, it can be seen that through experimental study, each single soft magnet switch in the ×33 switch array can also be precisely controlled through the magnetic field of a permanent magnet, achieving programmable control functions.
[image: Figure 10]FIGURE 10 | 2 × 2 hard-magnetic soft switch array under different curvatures and connection conditions for the curved surface applications.
[image: Figure 11]FIGURE 11 | Experimental results of 3 × 3 hard-magnetic soft switch array for the curved surface applications.
4 CONCLUSION
In this work, we designed and developed a new switch array structure based on soft magnets which can be applied to the planar and curved surfaces environments. This work started with the preparation of hard-magnetic soft materials, characterization of their mechanical and magnetic properties, and testing of their related properties for the preparation of switches. By investigating the displacement responses of soft magnets under different directions of magnetic field, the displacement response relationship between remanent magnetization direction and magnetic field was determined, and verified through finite element calculation. In order to better achieve displacement response under magnetic field, we investigated the effects of different mass ratios of NdFeB/PDMS soft magnets and different connection methods. In the study of switch arrays, the planar 2 × 2 and 3 × 3 switch array structures were firstly designed and demonstrated through FEM simulation and experiments to show the displacement response under magnetic field, and the feasibility of the design was verified through LED lamp illumination experiments. Then, 2 × 2 and 3 × 3 switch array structures for the application on the curved surfaces were explored, and the working state of hard-magnetic soft switch array under different curvature conditions and connection conditions was investigated through device preparation and experimental testing, achieving precise control of a single switch and further application for programmable control. The design and preparation scheme of the hard-magnetic soft switch array proposed in this work is simple and easy to be implement. Its application feasibility and effectiveness on the planar and curved surface environments have also been verified. This work is of great significance for promoting the application and development of soft magnets in the fields of switch arrays, sensors and actuators in the future.
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