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A compact and monolithic multistable microsystem was developed to realize the accurate positioning on the microscale by using a single actuator, without any positioning sensors. The mobile part can be maintained in several stable positions at rest with accurate intermediate steps and a high stability margin at each position. Switching between stable positions can be performed in both directions on one axis by using a single actuator. Using the mechanical intelligence encoded in the internal mechanisms, the mobile part position can be switched one step forward or back to the initial position through a single activation of the actuator. Multistable devices were designed and fabricated based on the working principle, and their satisfactory operation, with effective holding at stable positions and switching in two directions, was experimentally demonstrated.
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INTRODUCTION
Microdevices, such as various types of sensors, actuators, and micro-mechanisms, are being increasingly incorporated in advanced machines in all domains and different industrial and urban applications (Fitzgerald et al., 2021). The use of small devices can promote the incorporation of higher functionalities in smaller spaces. Consequently, many miniature devices have been developed, the performance of which exceeds that of the macroscale counterparts. Nevertheless, the design of microdevices involves several limitations and the corresponding miniaturization is challenging. Innovative approaches and more intelligent structures are required to develop compact devices and facilitate miniaturization.
Microdevices are generally based on multiphysics phenomena, and their design requires expertise in various domains. The materials and fabrication processes are intricately involved in the design (Ananthasuresh, 2021). Moreover, the assembly is limited at this scale, and commonly used microfabrication techniques impose a planar and monolithic constraint on the structure. Mechanisms, which usually consist of an assembly of rigid elements with articulated joints on the macroscale, are replaced by compliant mechanisms on the microscale. Furthermore, on the microscale, the force balance is dominant for linear and surface forces (such as forces related to the surface tension and electrostatic, magnetic, thermal, and friction effects) instead of the volume forces (such as forces related to the mass, inertia, combustion, and buoyancy effects) that are dominant at the macroscale. Smart materials, such as piezoelectric materials, pyroelectric materials, shape-memory alloys, and active polymers, which can deform or generate an electrical signal in response to an external stimulus, and linear/surface force-based transducers (such as electrostatic and electrothermal) are commonly used at the microscale owing to their compatibility with the microtechnology constraints.
Notably, the accessibility to microdevices is limited. The inspection and manipulation on the small scale require specific tools and advanced measurement systems. The control of an autonomous micro-electromechanical system (MEMS) requires either external sensors or built-in microfabricated sensors for feedback. However, external sensors are bulky and reduce the capacity of miniaturization. In addition, the incorporation of built-in sensors in the monolithic structure of the microsystem complicates the design and fabrication and induces limitations in terms of the control and performance.
Digital microbotics represents a micropositioning approach, which exploits the accuracy of stable positions in multistable mechanisms to design accurate and discrete micropositioning systems. Internal (such as electrostatic and piezoresistive sensors) and external (such as cameras with microscopes and interferometers) position sensors do not need to be used to monitor the positioning accuracy in multistable mechanisms. The elimination of sensors simplifies the device structure and enhances the control and power delivery schemes. Such frameworks can enable more efficient miniaturization and operation in small environments and enclosed spaces (Chen et al., 2011; Chalvet et al., 2013; Hussein, 2015; Hussein et al., 2018; Mohand-Ousaid et al., 2021).
Apart from the feedback realization, the dexterity in actuation is a key limitation for the miniaturization of microsystems with mobile parts. Actuators implemented on both the large and small scale usually generate motion for one mobile block in one degree of freedom (DOF) and one direction. Additional mechanisms must be implemented with the actuator to transmit the motion to other mobile parts, thereby enabling motion in multiple DOFs and/or multiple directions. A relevant example for the large scale is the motor of a car, which is implemented with a transmission system to transmit the motor axis rotation to the wheels, a steering system to allow left and right movement (increase in the DOFs), and a gearbox to allow movement at different speeds and reversal of the direction of motion. The microfabrication limitations and complexity of assembly at the microscale limit the design of such mechanisms. Thus, an actuator is typically employed in microsystems to move one mobile block in one direction, and multiple actuators must be used to move several components in multiple directions in advanced microsystems. To overcome the challenges associated with miniaturization, innovative mechanisms must be developed to increase the dexterity of actuators and reduce their numbers in microsystems.
Considering this aspect, this paper proposes a sensorless and monolithic multistable microsystem with a compact stepping mechanism. As compared with other multistable microsystems (Chalvet et al., 2013; Hussein et al., 2018; Hwang and Arrieta, 2018; Hua et al., 2019; Zanaty et al., 2019; Gorissen et al., 2020; Jeong et al., 2020; Ramakrishnan and Frazier, 2020; Mohand-Ousaid et al., 2021) and stepping actuators (Pai and Tien, 2000; Yeh et al., 2002; Tas et al., 2003; De Boer et al., 2004; Maloney et al., 2004; Oak et al., 2011; Penskiy and Bergbreiter, 2013; Contreras and Pister, 2017), the novel design of the multistable microsystem exploits the advantages of digital microbotics, in which the mobile part can be accurately placed at multiple stable positions without implementing sensors. Furthermore, the actuation dexterity is enhanced by using only a single actuator to move the mobile part in two directions and hold it in multiple stable positions. The switching between stable positions is based on the stepping principle in one direction and direct movement to the initial position in the other direction. In addition to alleviating the miniaturization limits, the use of a single actuator simplifies the control to a basic level (on-off scheme), reduces the complexity of the electronics and power supply, and enables fast switching compared to multistable microsystems and stepping motors based on multiple actuators.
WORKING PRINCIPLE
Digital micropositioning requires performing two main functions: holding and switching (Hussein, 2015). Holding is performed either actively, using an actuator to hold the mobile part at discrete positions, or passively, using the potential energy of deformable structures (Cao et al., 2021) or magnetic materials (Petit et al., 2014). The stable positions can be categorized based on their level of holding: A stable position is “free” when it changes with a slight external force or disturbance and “maintained” when it does not change unless an external force, exceeding a certain barrier (known as the holding force), is applied. The margin of stability is proportional to the holding force. The switching function is performed using actuators, which break the holding at stable positions and move the mobile part to other stable positions in a discrete workspace.
Multistable devices are increasingly implemented in novel applications, such as surgery tools (Zanaty et al., 2019), drug delivery (Salem et al., 2018), space applications (Zirbel et al., 2016), metamaterials (Ramakrishnan and Frazier, 2020), robotics (Gorissen et al., 2020), energy harvesters (Hwang and Arrieta, 2018), sensors (Frangi et al., 2015), and actuators (Hussein et al., 2018). Bistability represents the simplest case of multistability, and thin beam bistable mechanisms, with curved or inclined forms, are the most commonly used types of bistable mechanisms in microsystems (Hussein et al., 2015; Hussein et al., 2019; Hussein et al., 2020c; Hussein et al., 2020b; Hussein and Younis, 2020; Cao et al., 2021). Multistable micro-mechanisms are based on the assembly of elementary mechanisms with a small degree of multistability, either in series (Gerson et al., 2012; Zhang et al., 2015) or parallel (Chalvet et al., 2013; Che et al., 2016; Hua et al., 2019; Mohand-Ousaid et al., 2021), or on a mobile part actuated based on stepping mechanisms (Arthur et al., 2011; Hussein et al., 2018).
The first proof of concept for digital micropositioning corresponded to a bistable module with a simple structure (Chen et al., 2011; Hussein et al., 2014). Multiple bistable modules were introduced in parallel in a complete monolithic microsystem to switch a mobile part between multiple stable positions in a planar discrete workspace (Chalvet et al., 2013). Moreover, a multistable module based on the stepping principle was developed to replace all the bistable modules in the previous design (Hussein, 2015; Bouhadda et al., 2018; Hussein et al., 2018; Mohand-Ousaid et al., 2021). Notably, the use of multistable modules based on the stepping principle increased the number of stable positions, decreased the size of the structure and number of internal components, increased the accuracy of stable positions, and enabled more robust fabrication, easier control, and faster switching with a lower energy consumption. However, several actuators were required to perform the switching in each module (four and six actuators in the bistable and multistable modules, respectively).
This paper proposes a multistable microsystem based on the stepping principle and a single actuator to perform switching. Figure 1 illustrates the working principle for the multistable microsystem. The microsystem consists of several mechanisms that interact simultaneously and/or sequentially to hold and switch the mobile part between several stable positions. These mechanisms include a mobile part, one actuator, an actuator shuttle, two grippers, and the springs connected to the grippers and mobile part.
[image: Figure 1]FIGURE 1 | Working principle for the multistable microsystem, consisting of a mobile part (red), actuator (purple), actuator shuttle (green), top gripper (yellow), bottom gripper (blue), and springs connected to the grippers and mobile part: (A) as-fabricated configuration; (B) armed configurations at the initial position; (C) configuration when the actuator is activated at a low level to move the mobile part one step up; (D) configuration at the second stable position when the actuator is deactivated; (E) configuration after several upward steps are implemented until the last stable position; (F) configuration when the actuator is activated at a high level to open both grippers, and the mobile part returns to the initial position.
The mobile part is connected to a spring mechanism that guides its displacement in the vertical direction and applies a restoring force downward after displacement. The mobile part is held and manipulated by engaging its side teeth with the grippers. The top gripper is connected to two spring mechanisms (one for each jaw), which guide the horizontal displacement while opening and closing and apply a restoring force to engage the teeth with the mobile part. The bottom gripper can be also opened and closed horizontally. They are attached to the actuator shuttle at the bottom. The actuator shuttle is connected to a V-shaped electrothermal actuator, which controls the vertical displacement of the shuttle. Activating the actuator pushes the shuttle upward, and deactivating it returns the shuttle to the bottom position owing to the restoring force of the actuator.
Arming
After fabrication, the mobile part and shuttle are armed, as shown in Figure 1B. The arming is performed by manually moving the mobile part and shuttle beyond the stop blocks (black teeth). The stop blocks restrain the mobile part and shuttle from moving back to their as-fabricated positions after arming. Furthermore, arming helps engage the teeth between the grippers and mobile part. The teeth profiles between the mobile part and grippers are oriented to release both parts when the balance of the vertical forces applied on both parts is dominant in one direction and to engage both parts when the balance is dominant in the opposite direction.
In addition, arming adds restoring forces from different components that undergo deformation, i.e., springs of the mobile part and top gripper, structure of the bottom gripper, and actuator. These restoring forces are applied to the rigid mobile components connected to the deformable parts, i.e., the mobile part, gripper tip, and actuator shuttle.
Holding Mechanism at Rest
The restoring forces applied on the different components are of significance to the functioning of the multistable system. In particular, the restoring force of the actuator is directed downward, and it maintains the shuttle in the bottom position at rest, with the shuttle being in contact with the bottom stop-block. The restoring forces applied on both grippers engage them with the mobile part. The restoring force applied on the mobile part is directed vertically toward the contact with the top stop-block. The restoring force directions and teeth orientations facilitate the engagement of the teeth of the mobile part and grippers at rest and do not allow the mobile part from moving backward to the as-fabricated position when engaged with the grippers.
In other words, the mobile part is in a stable position at rest when the shuttle is in contact with the bottom stop-block, and the teeth of grippers are engaged with certain teeth of the mobile part in the locked state.
Switching Mechanism
The actuator is activated for a short period at two levels of power to switch the mobile part up or down. The first level is sufficient to move the shuttle with the mobile part one step upward. For the second level, the driving force of the actuator is adequately large to move the shuttle upward until it contacts the top gripper and opens both grippers. Activating the actuator at the first and second levels allows upward and downward switching, respectively.
Switching Upward: Stepping Principle
The vertical force applied by the actuator is higher than the restoring force of the mobile part. When the actuator is activated at the first level, the driving force of the actuator is sufficient to release the top gripper, move the shuttle with the mobile part one step upward, and reengage the top gripper with the next lower pair of teeth in the mobile part (Figure 1C). When the actuator is deactivated, the restoring force of the actuator is sufficient to release the bottom gripper, move the shuttle backward until it contacts the bottom stop-block, and reengage the bottom gripper with the next lower pair of teeth in the mobile part.
In this manner, the mobile part switches up one step when the actuator is activated and deactivated at the first level. By repeating the activation at the first level, the mobile part can be moved by the desired number of steps. Figures 1D,E show the mobile part at rest in the second and last stable positions, respectively. The distance between the stable positions is equivalent to that between the teeth on the mobile part, which is, to a large extent, independent of the fabrication tolerances (Hussein et al., 2017). Therefore, the distance between the stable positions is reasonably accurate.
Switching Downward: Return to the Initial Position
The mechanism enabling the use of a single actuator for both upward and downward switching is based on the distance traveled by the actuator at the two input power levels. At the first input level, both grippers are not opened simultaneously, and one step upward can be implemented by deactivating the actuator, as mentioned previously. At the second input level, the shuttle moves farther, leading to several interactions between the shuttle, top gripper, and bottom gripper during the displacement. At this power level, the actuator pushes the shuttle up until it contacts the top gripper. The top gripper opens horizontally while the shuttle is moving up, and the top gripper subsequently starts to open the bottom gripper as well. When both grippers are completely open and disengaged from the mobile part, as shown in Figure 1F, the mobile part returns to the first position owing to the restoring forces of the spring. The actuator can be then deactivated to return the grippers to their rest position.
MULTISTABLE MICROSYSTEM DESIGN
The multistable microsystem design is aimed to incorporate the holding and switching functions, as clarified in the working principle. Figure 2 presents the layout for the multistable microsystem. The different components of the multistable systems are fabricated in the same monolithic layer and are based on deformable structures. These components are symmetric with respect to the middle vertical axis of the multistable system. This configuration helps guide the vertical displacement of the actuator shuttle and mobile part.
[image: Figure 2]FIGURE 2 | Layout of the multistable microsystem.
Arming
Figure 3 shows the as-fabricated configuration for the bottom stop-block (Figure 3A), top stop-block (Figure 3B), and left side of the gripping area (Figure 3C). The grippers on the right side are symmetrical to those on the left side. Figures 3D–H show the distances between components relevant to the operation of the multistable microsystem.
[image: Figure 3]FIGURE 3 | As-fabricated configuration in the (A) bottom stop-block area, (B) top stop-block area, and (C) on the left side of the gripping area. Magnified view of the distances between (D) teeth at the top stop-block, (E) bottom stop-block and shuttle, (F) teeth at the bottom stop-block, (G) teeth at the top gripper, and (H) interaction area between the gripper jaws and shuttle.
In the arming phase, the bottom stop-block is moved up a distance d1 to engage the teeth (Figure 3F). Consequently, the actuator shuttle is pushed upward by a distance d1-d2 (Figure 3E). The flat surface for the bottom stop-block helps ensure a stable contact with the shuttle after activating and deactivating the actuator. The stop block is held using S-springs to reduce the force applied on the teeth after arming.
Later, the mobile part is armed by moving it upward by a distance d3 to engage with the top stop-block (Figure 3D). This configuration ensures that the mobile part does not return to the as-fabricated position after arming. Moreover, the mobile part is engaged with the top gripper (Figure 3G) and bottom gripper (Figure 3H). Both grippers open horizontally at a distance d5 at their tips after arming to add horizontal restoring forces in the locking state of the grippers (Figures 3G,H).
In the different cases, several pairs of teeth are simultaneously engaged at the stop blocks, grippers, and mobile part to reduce stress and avoid failure. The teeth are horizontally aligned on one side to limit the displacement in one direction and inclined 45° from the other side to allow the release of the engaged components while moving in the other direction. Figure 4 shows the bottom stop-blocks and gripping area after arming.
[image: Figure 4]FIGURE 4 | Configurations after arming for the (A) bottom stop-block, (B) top stop-block, (C) and gripping area.
Switching
The interaction between the components of the multistable system mainly occurs in the gripping area during switching. The bottom gripper has a simple structure, with each jaw consisting of a single beam with a pair of teeth at its top end. This beam can undergo horizontal deformation while interacting with the teeth of the mobile part or top gripper. The teeth on the jaw are close to the beam axis. Thus, the teeth displacement can be considered horizontal to a certain extent for a limited deformation of the beam.
The jaw of the top gripper has a parallelogram structure, with two parallel deformable beams connected to a thicker beam at the top. This mechanism allows the top beam to undergo only horizontal displacement, with a pair of teeth placed at its end. The teeth are relatively far from the axis of the first deformable beam. Thus, the parallelogram mechanism is selected as it can support the relatively high vertical forces from the mobile part at the teeth level while allowing only horizontal displacement for the gripper.
Two channels are designed to guide the vertical displacement of the shuttle and mobile part. The first channel is located between the mobile part and shuttle, and the second channel is located between the shuttle and external structure, as shown in Figure 2. The allowance in each channel is only 2 μm on both the left and right sides. These channels are crucial to ensure the functioning of the multistable system. Without this constraint, the shuttle may stitch with the mobile part on one side while opening and closing the grippers, which can tilt the mobile part and shuttle. This issue led to the failure of several multistable prototypes developed before the final design presented in this paper.
The V-shaped actuator is the driving component in the multistable microsystem. In particular, the V-shaped actuator is considered suitable for this application because of its compactness and simple design, monolithic and compliant structure, compatibility with microfabrication techniques, large force and displacement range consistent with the range required for this application, guided lateral displacement for the mid-shuttle, low driving voltage, reliability, long lifetime, and robust structure, which can decrease the chances of failure at the actuator level [compared to the U-shaped actuator (Hussein et al., 2018)]. The V-shaped actuator is activated by applying a voltage difference on the two boundaries. The current passing through the thin beams of the actuator results in the length expansion of the beams due to Joule heating, and the lateral displacement is amplified at the midpoint of the thin beams, at which the shuttle is connected.
The step between subsequent stable positions and teeth dimensions are equal to d4 (Figures 3G,H). To switch upward, the actuator is activated to move the shuttle upward to a distance larger than d4+d1-d2 (at which the top gripper engages with the next pair of teeth on the mobile part) but smaller than d6+d5 (at which both grippers are contact). The mobile part switches one step upward after deactivating the actuator, as clarified in the working principle.
To switch downward, the actuator pushes the shuttle upward by a distance d6 before contact with the top gripper (Figure 3H). The contact faces on both sides are inclined 45°. Therefore, the shuttle moves up after contact, while the top gripper opens horizontally with a similar distance. When the shuttle moves up by a distance d6+d7+d5, the jaws of the top gripper open horizontally to a distance d5+d7, at which they contact the jaws of the bottom gripper [which are already opening with a distance d5 after arming in the locking state (Figure 3H)]. The contact faces between the top and bottom grippers are vertical and parallel, thereby enabling both grippers to open simultaneously after contact. Subsequently, the shuttle moves up beyond a distance d6+d7+d4+d5, at which the top and bottom gripper jaws open more than d7+d4+d5 and d4+d5, respectively. At this level, both grippers open, and the mobile part is released from the grippers. Subsequently, the mobile part moves to the initial position due to restoring forces where it contacts the top stop-block. After deactivating the actuator, the grippers return to their rest position, as clarified in the working principle. The distances d1–d7 considered in the design are listed in Table 1.
TABLE 1 | Distances d1, d2, d3, d4, d5, d6, and d7 considered in the design of the multistable microsystem.
[image: Table 1]Force Equilibrium
The force equilibrium facilitates the holding of the mobile part at stable positions and switching between stable positions. The top part of the multistable system contains a constant-force mechanism as the spring mechanism for holding and guiding the mobile part displacement. This mechanism consists of two curved beams and one S-shaped beam (Figure 2). The curved beam is widely used in MEMS as a bistable mechanism (Hussein et al., 2019; Hussein and Younis, 2020) and exhibits several advantages relevant to this application, such as a simple and monolithic structure, rectilinear lateral guidance for the middle shuttle displacement, large displacement range, and negative stiffness behavior between the two stable positions. Moreover, the S-shaped beam can undergo a large displacement while exhibiting only positive stiffness behavior.
The combination of the curved and S-shaped beams having similar stiffness amplitudes with opposite signs results in a constant-force behavior over a relatively large range of displacement (Wang and Xu, 2018; Zhang et al., 2018). Thus, in addition to the vertical guidance over this displacement range, the constant-force mechanism helps ensure nearly similar force and stability conditions over different stable positions. Figure 5A shows the force-displacement curve for the constant-force mechanism. A constant force of nearly 2 mN is applied on the mobile part after arming, for a maximum displacement of more than 120 μm. The stable positions of the multistable system are designed in this range of displacement.
[image: Figure 5]FIGURE 5 | Force–displacement curves for the (A) constant-force mechanism and top and bottom grippers and (B) actuator when it is at rest and activated at the maximum voltage.
The bottom and top grippers have restoring forces that are imposed on the mobile part in the locking direction to engage both parts. Figure 5A shows the force-displacement curves for a single jaw of the grippers. As shown in Figure 5A, the jaws of the bottom and top grippers engage with the mobile part with a force of 0.06 and 0.12 mN in the closing state, respectively (when both grippers open at a distance d5 = 5 μm). These jaws require a horizontal force of at least 0.18 and 0.36 mN to release the teeth from the mobile part (when both grippers open for a distance larger than d4+d5 = 15 μm). At the second activation level, the bottom and top grippers are opened horizontally through the shuttle for at least 15 and 20 μm (d7 = 5 μm), respectively. Considering the force curves, a horizontal force of at least 1.33 mN is required to open both grippers until the threshold to release the mobile part. Notably, the curves in Figure 5A are obtained based on finite element simulations performed on ANSYS for the three mechanisms. The finite element simulations are based on static analysis using planar structural elements (Plane 82). The restoring forces are obtained in separate simulations for each mechanism after fixing boundaries and imposing displacement on the mid-shaft of the constant force mechanism (mobile part) and the tip of the grippers.
The behavior of the V shape actuator is thoroughly investigated in the literature. The analytical model in (Hussein et al., 2020a; Hussein et al., 2020d) considers electrothermal axial loading, lateral force, and different cases of buckling, and showed very good agreement with finite element simulations and experimental measurements. Figure 5B shows the force-displacement curves for the actuator at rest and when activated at the maximum voltage. The curves are determined based on the analytical equations in (Hussein et al., 2020a; Hussein et al., 2020d) relating the force, displacement, and input voltage of the actuator. The forces are positive when the actuator pushes the shuttle upward and negative in the opposite direction. The zero displacements in the curves shown in Figure 5 correspond to the as-fabricated positions of the mobile components. The material properties considered in the determination of these curves pertain to the silicon material in the fabricated device.
The restoring force of the actuator (after deactivation) moves the shuttle downward to its rest position (at which the shuttle contacts the bottom stop-block). Specifically, when deactivated, the actuator pushes the shuttle down with a force of at least 3.5 mN (for an actuator displacement higher than d1-d2 = 10 μm), as shown in Figure 5B. This force is sufficient to open the bottom gripper through the contact at the teeth level while moving the shuttle downward (considering friction forces at the inclined faces of the teeth).
The mobile part at rest is prohibited from moving downward owing to the contact with the bottom gripper, shuttle, and bottom stop-block, and from moving upward due to the restoring force from the constant-force mechanism (∼2 mN). To overcome the holding force at rest, an upward force from the actuator, larger than the restoring force from the constant-force mechanism, must be provided, to open the top gripper through the contact at the teeth level.
The actuator moves for around 20 μm (d4+(d1-d2)) and 37 μm (d6+d7+d4+d5) to perform the upward and downward switching, respectively. According to the “Activated” curve in Figure 5B, the forces that can be generated from the actuator at these distances (13.9 mN at 20 μm and 21.8 mN at 37 μm) are higher than the force required to drive the shuttle upward. The maximum voltage considered in the “Activated” curve in Figure 5B is determined for a maximum temperature of 600°C.
RESULTS AND DISCUSSION
Fabrication
Figure 6A shows the scanning electron microscopy (SEM) image for a microfabricated multistable microsystem based on the proposed design. The multistable microsystem is fabricated on silicon-on-insulator (SOI) wafers, following the fabrication process shown in Figure 6B. The SOI wafers have device, oxide, and handle layers with 25 μm, 2 μm, and 300 μm thicknesses, respectively [Figure 6(B1)]. The mobile components of the device are fabricated in the top device layer. The handle layer serves as a support for the fixed parts in the device. The buried oxide layer helps release the mobile parts and ensures electrical separation between the different components.
[image: Figure 6]FIGURE 6 | (A) SEM image for the microfabricated multistable microsystem. Fabrication process based on SOI wafers. (B1) The SOI has device, oxide, and handle layers with thickness values of 25 μm, 2 μm, and 300 μm. (B2) A metal layer is first deposited and patterned. (B3) The device and handle layers are etched using DRIE. (B4) The device is released from the oxide via HF wet etching. SEM images for the mobile part in microfabricated multistable microsystems, in which (C) the backside is completely etched, (D) the backside is partly etched at the edges and the remaining part is removed during releasing, (E) the backside is neither etched nor removed.
A chromium/gold metallic layer (50 nm/200 nm) is firstly deposited on top of the wafer and then patterned using photolithography and metal-wet etching [Figure 6(B2)]. This layer provides the electrical connectivity for the actuator at the pad level. A photoresist mask is then deposited and patterned on top of the device layer using photolithography, and the device layer is etched using deep reactive ion etching (DRIE). Afterward, a chromium layer is deposited on the handle layer and used as a hard mask for the handle layer etching using DRIE [Figure 6(B3)]. The chromium hard-mask is patterned using photolithography and metal-wet etching. In the last step of fabrication, the buried oxide layer between the openings in the device and handle layer is etched by wet HF to release the mobile parts in the microsystem [Figure 6(B4)].
Figures 6C–E show three configurations for the fabricated devices. In the first configuration (Figure 6C), the handle layer behind the mobile parts is completely etched to release the large mobile components from the backside in the last fabrication step. In the second configuration (Figure 6D), the large block is released simultaneously from the device and handle layers after etching the edges of this block in the device and handle layers. This configuration helps reduce the etching area and enhances the robustness of the fragile components in large openings (Sari et al., 2012; Hussein et al., 2018). In the third configuration (Figure 6E), the mobile components are released only from the openings in the device layer, and the handle layer is not etched.
Experiments
The microfabricated multistable devices are tested under a probe station, as shown in Figure 7A. Two probe needles are used to supply the power and realize manipulation. The probes are connected to a power supply to apply constant voltages on the actuator and activate it at two levels, as explained in the working principle.
[image: Figure 7]FIGURE 7 | (A) Probe station used in the experiments for power supply and micromanipulation via probe needles under a microscope. (B) SEM image of the as-fabricated bottom stop-block. (C) Optical image of the armed configuration of the bottom stop-block. (D) SEM image for the as-fabricated top stop-block. (E) Optical image of the armed configuration of the top block-part in a multistable microsystem.
The multistable device is manually armed using probe needles, as shown in Figures 7C,E. The shuttle is first armed by pushing the bottom stop-block upward until it engages with the teeth (Figure 7C). Subsequently, the mobile part is armed by pushing upward until it engages with the teeth on the grippers and top stop-block (Figure 7E). The probe needle may push the mobile part several steps during arming as there are no stoppers in the arming direction.
After arming, the multistable devices can be switched between stable positions by applying constant voltages on the actuator for a short period. A switching step is implemented in two subsequent phases: activation and deactivation. Switching can be performed in two directions by applying voltages at two levels on the actuator, as explained in the working principle. Figure 8 shows the optical images for the functioning of the multistable system while implementing switching in the two directions. The images correspond to the same location in the gripping area. The optical images in Figure 8A are relative to the voltage activation levels shown in Figure 8B. Two red lines are placed as references, reflecting the displacement for the shuttle and mobile part in different phases.
[image: Figure 8]FIGURE 8 | Optical images for the (A) operation of the multistable system at (B) different voltage levels. The images show two switching steps up when the first voltage level is applied, followed by a switching step down when the second voltage level is applied.
The first optical image in Figure 8A shows the mobile part in the first position at rest. The next two pairs of images show the activation and deactivation phases in the first and second switching steps at the first level. The actuator is activated at the same level in the activation phase of these two switching steps, as shown in Figure 8B. The mobile part can reach more stable positions by simply implementing additional switching steps at the first level (activation at the first level and subsequent deactivation). The switching steps performed to reach more than two stable positions are shown in the Supplementary Video S1. The last pair of images in Figure 8A show the activation and deactivation phases when switching at the second level. The applied voltages on the actuator are higher at the second level of activation, as shown in Figure 8B. The shuttle and mobile part positions are similar in the first and last images of Figure 8B, which indicates that the mobile part returns to its initial position after backward switching.
The deformable components in the multistable microsystem were designed such that their internal stress remains below 0.5 GPa after deformation (considering silicon material for the device). This eliminates the fracture of fragile components in the prototypes, as observed in the experiments. In addition, the actuator design considers a maximum temperature of 600°C for safe operation without fracture. The voltage applied on the actuator is slightly different between prototypes, mainly due to the variation in resistivity; it ranges between 7–9 V at the first level of activation and between 10–12 V at the second level of activation. The steps of displacement in the upward direction are limited to the effective range of the constant force mechanism (around 120 μm, see Figure 5). After this level, the restoring force from the constant force mechanism becomes quite high (Figure 5), and the actuator cannot provide a higher force to perform further upward stepping. This limits the steps of displacement for the mobile part to eight steps considering steps of 10 μm and an activation distance d3 of 40 μm for the mobile part.
The shuttle with the bottom gripper moves up when the actuator is activated (second, fourth, and sixth images in Figure 8A). At the first switching level, both grippers subsequently open and close during activation and deactivation to engage with the next pair of teeth. The mobile part moves up one step after the first switching (third image in Figure 8A) and two steps after the second switching (fifth image in Figure 8A) in the first level. The shuttle moves up to a higher position when activated at the second level. In this case, the shuttle reaches and opens the top gripper, and then, the top gripper reaches and opens the bottom gripper. The mobile part moves back after the opening of both grippers until it contacts the top stop-block (sixth image in Figure 8A). The top and bottom grippers close and engage with the mobile part after deactivation at the first position (seventh image in Figure 8A). Note that the opening and closing of the grippers while the shuttle movement is rapid (less than a few milliseconds), and thus the opening and closing process can be filmed using a high-speed camera. The images in Figure 8A are shown after the end of deformation/displacement of components occurring due to actuator activation/deactivation.
Discussion
Several multistable devices with variations in the design and fabrication processes are fabricated. The design and fabrication processes are improved in several runs, which has led to the development of the optimized functional design and prototypes presented in this paper. Results of tests conducted on the fabricated multistable devices demonstrate the excellent operation for the multistable devices, as expected in the design.
The satisfactory functionality of the multistable system validates several concepts and indicates the excellent performance of the internal mechanisms and systems. Moreover, the evaluation of this multistable system demonstrates the effectiveness of the arming of stop-blocks, driving forces of the actuator, rectilinear displacement of the shuttle and mobile part, interaction between grippers and mobile part at the teeth level, simultaneous opening of both grippers with subsequent interaction between different components, restoring forces from the deformable components, holding of the mobile part at stable positions at rest using the grippers, and switching between multiple stable positions in two directions and activation levels. Notably, the failure of any of these internal functions and mechanisms may lead to the failure of the complete multistable system.
The stop blocks help engage the teeth on the mobile part after fabrication and the addition of holding forces on the shuttle and mobile part when no voltages are applied at rest. These holding forces determine the margin of stability at the stable positions and the threshold of external forces required to disrupt the stability. Thus, the use of a constant-force mechanism helps ensure similar force equilibrium conditions at different stable positions.
The accuracy of stable positions is mainly related to the accuracy of the distance between the subsequent teeth of the mobile part. Two other factors help enhance the accuracy and repeatability of stable positions. In particular, the stable positions for the mobile part are constrained mechanically by the contact between different components. The contact conditions at a small scale (nanometer level) are related to the forces applied in the contact direction. Thus, similar force equilibrium conditions can be achieved at stable positions owing to the constant-force mechanism, which can help enhance the accuracy and repeatability of the stable positions. Moreover, the large contact area between the shuttle and bottom stop-block (Figure 3A) helps realize repeatable contact conditions and absorb the fast contact shock between both components when the actuator is deactivated.
Although the test results demonstrate the satisfactory operation of several multistable devices, failure is observed for other devices in certain conditions. These aspects must be considered in future design. In particular, the functional multistable devices are shown in Figures 6C,D, in which the back layer behind the moving blocks is removed. Stitching and friction problems with the backside layer are observed in the third configuration (Figure 6E), which lead to operational failure. This phenomenon can be attributed to the out-of-plane deformation of the long thin beam mechanisms holding the mobile components. Specifically, the stiction and friction forces disturb the displacement of the different components and force equilibrium.
Another issue related to the out-of-plane deformation is that several components slide over other components, especially when an excessive force is applied between the blocked in-plane components. This issue is especially notable between both grippers and the mobile part in the gripping area. The blocked components are blocked either due to stitching with the backside layer or high restoring force from the constant-force mechanism after the range of constant-force displacement is exceeded (Figure 5A). The components can be released by manually pushing the shuttle using probe needles until both grippers open and release the different components. This issue can be prevented by several approaches, such as limiting the number of teeth to avoid exceeding the range of constant-force displacement, implementing a thicker device layer to limit the out-of-plane deformation, increasing the contact area between components, or maintaining the backside layer under the gripping area to limit the out-of-plane deformation.
The curved beams in the constant force mechanism show asymmetrical deformation during the operation as can be seen in Figures 7E, 8. This indicates a slight rotation of the mobile part. The parallel configuration of the curved beams in the constant force mechanism guides the verticality (or more specifically it constrains the rotation) of the mobile part. The slight rotation of the mobile part may occur due to asymmetrical horizontal forces applied on the mobile part or asymmetrical fabrication tolerances in the structure. The verticality of the mobile part can be enhanced by increasing the number and thickness of the curved beams and considering a larger distance between curved beams. In the multistable mechanism, the mobile part moves vertically inside channels. This limits its displacement in horizontal direction. The channels and the parallel configuration of the curved beams ensure a smooth vertical displacement of the mobile part and thus the operation of the multistable mechanism is not affected by the slight rotation of the mobile part.
Broken teeth at the mobile part due to contact-induced fatigue and fretting might limit the number of admissible loading cycles. A further experimental investigation is required to determine the number of cycles the teeth can sustain before failure. In the experiments, certain teeth were broken when an excessive force was applied to the components, either using the actuator or manually using the probe needles. However, after a limited number of cycles, the teeth were not broken in the functional prototypes where there is no sticking or blocked components and the actuator force does not exceed the limit required for switching the mobile part position. The chances of teeth failure can be reduced by either reducing the force required for switching or increasing the teeth dimension. The force for switching is related to the stiffness of the deformable components and reducing the force requires considering less stiff components which are practically more fragile. The teeth dimension defines the size for the step of displacement in the multistable mechanism. Thus, considering a larger dimension for the teeth to avoid failure implies the necessity of a larger step of displacement for the multistable mechanism. Optimizing the teeth design to avoid failure remains a topic for further investigation.
CONCLUSION
A compact, monolithic, sensorless, and accurate multistable microsystem with a single actuator for switching is established. The working principle is based on the interaction between several components and mechanisms with deformable structures. The novel design enables the use of a single actuator for switching between stable positions in two directions. The restoring/driving forces from the deformable structures are determined based on the existing analytical models and finite element simulations. Multistable devices are fabricated based on SOI wafers. The devices can realize effective switching for the mobile part in two directions of switching and accurate holding for the mobile part at multiple stable positions. The reliable operation of the multistable devices validates the working principle and design for the internal components. The proposed multistable device exhibits several advantages, including the realization of accurate positioning without a sensor and fast switching due to the use of a single actuator. Future work will focus on optimizing the control and design schemes to enhance the accuracy and repeatability of the stable positions and the rate of switching.
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