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Abstract — Field Programmable Robot Arrays (FPRAs) are micro-robots with onboard reconfigurable logic [14].  The primary goal of the FPRAs is to build digital-logic structures by physical motion as well as electronic reconfiguration (commonly used in prior programmable logic).  We extend the application of FPRAs here by presenting a sensor-based architecture with the following components: a) Scratch-Drive-Actuator (SDA) micro-robots carrying MEMS sensor payload components and b) onboard programmable logic arrays of a new kind called Field Programmable One-Hot Arrays (FPOHAs) [14] which have two roles in the proposed system.  First, each FPOHA is configured to act as a Universal Asynchronous Receiver Transmitter (UART) so that each micro-robot may receive commands via a global communication channel to guide the robots' path towards their target locations [10].  Second, when each micro-robot reaches its target docking location, the associated FPOHA is reprogrammed to implement a control-systems algorithm that operates a payload component carried onboard the micro-robot.  The docking locations are chosen so that the payload components make electrical, mechanical and/or fluidic connections, and thereby form a multi-component sensor. If a different sensor configuration is needed at a later time, the FPOHAs are reprogrammed back as UARTs, and the components may be rearranged to form a different sensor type. A variety of MEMS component types could be envisioned:  micro-reactors, micro-catalysts, micro-pumps, etc.  Each micro-robot would carry one such component. We assume MEMS-based micro-robots like those developed by Donald et al. [2], with the improvement of an additional stylus arm to control left and right rotation as well as using both arms to halt [5].
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I. INTRODUCTION

There has been much research to study and develop MEMS Scratch Drive Actuators (SDAs).  The application of such MEMS is common in the fields of mirrors, optical gratings, variable capacitors, and accelerometers.  By utilizing this extensive research on electrostatic actuation, an untethered micro-robot has been developed [3]. We can envision fabricating such a micro-robot which is capable of interacting with similar robots to engage in larger tasks. Unlike the multiple-robot system of [1] in which all robots obtain motion commands from a multi-level voltage signal, we assume robots perform simple algorithms autonomously, and that the interaction of many such robots allows the performance of a complex task.  One area of application which can benefit from the physical reconfiguration is when FPRAs also carry analog and/or MEMS components as payload.  When each component reaches its target site, its payload will have electrical, mechanical and/or fluidic connections to compatible components carried on other robots. The digital reprogrammable logic in the FPRA that navigates the component to its site can then be re-tasked to implement a control-systems algorithm for its payload.   Such physical reconfiguration is not feasible using mechanical and/or fluidic routing networks (comparable to electronic routing, which is the very practical foundation of digital FPGAs).     Thus, rather than having to fabricate different sensor chips for each application, a variety of sensors may be created in the field from a fixed set of micro-robots that carry payloads such as micro-reactors, micro-pumps, and micro-catalysts.
II. Dual-Stylus SDA

The MEMS micro-robot built by Donald et al. [2] has a dimension of 60m by 250m by 10m.  It propels itself using scratch-drive actuation [3].  The use of a stylus steering arm was introduced to provide single-direction turning capability.  The power is delivered externally through electrodes which can be multi-voltage level encoded [1][2] to take advantage of hysteresis built into the design of each SDA (chip dimensions) to control forward and turning motions.  Our approach is different.  We assume each robot will have identical SDA dimensions, and use digital logic to implement the local control algorithm that steers the robot.  

The SDA is driven on top of capacitively-coupled power grid used by Donald et al. [2].  By using these electrodes, the SDA operates by attracting its body to the electrodes when external high voltage is applied, and jumping like a spring when the voltage is removed.  Therefore, in order to be propelled, a clock-like voltage waveform has to be applied [2].  In our novel approach, the voltage on the scratch drive plate can also be used to supply power to onboard digital logic [8].  We have demonstrated this by developing a Verilog-A model of the SDA and applying voltage regulation to provide adequate voltage swing for 1V 40nm CMOS standard-cells from the plate voltage as a power [8].

In order to change direction, Donald’s SDA [2] uses a stylus steering arm and requires higher voltage to achieve pull-in or snap-down voltage [2] necessary to make contact with the substrate.  This requirement introduces multi-voltage level encoded power waveforms which are used by Donald’s SDA.  In order for many SDAs to interact as shown in Donald’s [1], all of them need to have different stresses applied during fabrication so that the stylus arms can curl differently in order to vary the pull-in voltage [11].  Our novel approach is to apply a switch or a large transistor to control the conductivity between the stylus arm and the parallel plate body.  This eliminates the step needed for different stress curling, and one voltage waveform can be used to supply power to different SDA micro-robots.  We also added a second arm, as seen in Figure 1, to be able to turn left and right, and use both arms to enforce a stationary position.
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Figure 1.  (a) Top view of proposed SDA modification from [2] in order to perform both left and right turn.  (b) Frontal view of proposed SDA modification from [2] in order to control pull-in/snap-down voltage of the stylus steering arms.


The modified SDA consists of 3 components, which are left and right stylus beams and parallel plate capacitor body.  Figure 2 shows the high-level illustration of this structure.  The capacitance across the parallel plate is the most dominant energy storage part of this circuit.  Since the V1 and V2 electrodes are uniformly covering the whole area of the parallel plate, the voltage across the plate can be summarized as [3],
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When both arms are connected to the parallel plate body, the voltage across the beams (Vleft-arm and Vright-arm in Figure 2), would be same compared to Vplate.


When the beams are electrically disconnected, each stylus beam becomes a well known MEMS cantilever beam [7][11].  We applied the modeling technique and equations from Wei’s research [7] to build a Verilog-A model to work with our previously developed model of SDA [8].  Figure 2 shows a different voltage across the beams and the plate when arms are disconnected.  Under ideal fabrication process, Vleft-arm and Vright-arm would be identical.
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Vleft-arm, Vright-arm and Vplate represent pull-in voltage needed to cause attraction.  This equation is defined as [11],

(2)

Here ‘k’ is the spring constant, ‘d0’ is the initial gap height and ‘A’ is the area coverage of the cantilever.  Previous research [1] influenced VPI    based on careful selection of these parameters, ‘k’ and ‘d0’.  We will show that these parameters can remain constant and by simply connecting and disconnecting the cantilever arms from the parallel plate body electrically we can control the VPI.  And we will use this control in section IV to present a global communication method which can be used to guide the micro-robots with an onboard UART receiver.
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Figure 2.  Illustration of different voltage across the beams and the plate capacitor due to disconnection from the parallel plate body.

III. Intermittent Power and Magnetic Tunnel Junction Non-Volatile Flip-Flop 


As described in the previous section, the MEMS SDA micro-robot is driven using external voltage and by using the electrodes underneath to create an electrostatic field to cause actuation which is transferred into forward or turning motions.  This external voltage is applied in clocked fashion, up to perhaps 10 KHz, which we will refer to as a major cycle.  Since the voltage is applied intermittently, we must hold important states needed for continuous operation of the onboard logic.  This leads to applying non-volatile flip-flops developed using Magnetic Tunnel Junction (MTJ) technology [4].  These flip-flops work like a standard flip-flops but information is stored in MTJs; therefore, when the SDA's major power cycle occurs, each MTJ flip flop restores to its previously saved state.  In order to demonstrate this we simulated the MTJ flip-flop [4] and developed a Verilog-A model of a dynamic storage behavior of MTJ.  We then simulate this MTJ flip-flop in a Cadence AMS environment to co-simulate both transistors and Verilog-A/Verilog-AMS models.
IV. Global Communication Channel


In prior multi-robot SDA systems[1][2], each robot is fabricated with a different stress curling.  During operation, these prior approaches use multi-level voltages to control each robot.  Our approach, which is much more cost effective for a reconfigurable sensor, electrically alters the pull-in voltage of the stylus arms. To control multiple micro-robots, each robot needs an onboard serial receiver which accepts instructions from a global communication channel.  


We propose using the V1/V2 power grid described in section II as this communication channel.  The original purposes of the substrate voltage (propulsion and onboard  power) must be maintained during the communication.  While the substrate voltage is in the high state, we can apply higher frequency serial data to convey control information to each of the micro-robots on the power grid.  This idea is in line with technology used to transfer data through power-lines using frequency-division multiplexing [12]. Each micro-robot is assigned a unique number and there is a UART which recovers the serial communication telling each micro-robot the operation it needs to perform.   Figure 3 shows this control environment which allows the V1 and V2 power grid to send serial data consisting of a six-bit robot ID and a two-bit motion command to all the robots. When a robot receives a command that does not match its number, that particular robot simply ignores the command.
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Figure 3.  V1 / V2 are used as channels to apply binary encoded controls to each micro-robot.

V. Field Programmable One-Hot Arrays

Rather than using conventional FPGAs to implement the reconfigurable logic on board the FPRA, we instead use a Field Programmable One-Hot Array (FPOHA), which is a novel reconfigurable logic type that encodes one-hot controllers efficiently [14].  “One-hot” means only one of the states' flip-flops contains a 1 (identifying the current state) in any cycle; the rest contain 0s.   There are three reasons for our choice of FPOHA:  first, the basic FPOHA cell is simple, allowing us to fabricate it using MTJ flip-flops; second, unlike proprietary FPGAs, we have VITO [14], an open-source tool for FPOHA synthesis from Verilog; and third, UARTs and control-systems algorithms [13] are well-suited to VITO implementation.
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Figure 4.  FPOHA cell.

Figure 4 shows an FPOHA cell.  The cell has one input and one output on each side (east, north, west and south).  The east output is the AND of two of the cell’s inputs; the other three have the same output, based on two internal configuration bits (c4 and c5):  a half-adder (an XOR with an AND fed with the same two inputs), a demux (two ANDs share one input with the other input complemented on one of the ANDs), or an enabled flip-flop (a mux that conditionally holds or loads the flip-flop).  Using configuration bits c1 and c0, the FPOHA cell can be configured to get its inputs from one or two of its nearest neighbors adjacent to each other on the compass (00=east/north; 01=north/west; 10=west/south and 11=south/east).  Bits c3 and c2 allow inputs either to be local or global (not shown).  A full adder can be constructed with two half adders, a third half adder (used only for its exclusive OR) and a corner-turning cell.    A counter register uses half adders and flip-flops.  One-hot controllers may be constructed automatically by using demuxes for decisions, and flip-flops for states [14]. The UART and robot-id comparison logic consists of three main components:  a shift register/comparator, a counter, and a one-hot controller.  When synthesized by VITO, these components require 9x5, 3x5, 11x4 FPOHA cells, respectively (totaling 104 cells). 

VI. Simulation Result


In order to demonstrate operation of dual-stylus SDA, we have developed Verilog-A model to capture the voltage across the beams and the parallel plate.  First, we verified that Vplate can still be used to supply power to onboard CMOS digital logic [8] when two arms are connected and disconnected [5].  We developed a UART receiver based on applying the FPOHA cell described in section V to demonstrate communication capability as well as dual-stylus control using the storage behavior of the MTJ flip-flop from section III.  A UART receiver Verilog-RTL was synthesized into 40nm standard cells and its flip-flops were replaced with a MTJ non-volatile flip-flop Verilog-A/AMS model.  Then the UART receiver netlist was converted to FPOHA cells to allow reconfiguration.  We then integrated all the models to simulate in the Cadence AMS environment.  The setup is shown in Figure 5.  This type of system-level simulation utilizing Verilog-A/Verilog-AMS models has been accepted in research [9].
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Figure 5.  Top level simulation setup.

Previous research [5][8] assumed only one frequency operation for V1/V2.  Since we have to combine two different frequencies onto V1/V2, we need to model the frequency effect of SDA plate capacitance.  The V1 and V2 relationship is equivalent to AC-coupled input stage of a front-end receiver in high-speed data communication [6] from a simplified circuit perspective.  As long as the RC-time constant is large enough (which models approximate plate capacitance and resistance) then higher frequency communication should not impact the pull-in voltage [2].  In this simulation the RC-time constant was optimized to work in 100ns period or lower without impacting the pull-in voltage.  Also, we had to ensure that the data transmission was well DC-balanced in order to avoid pull-in voltage and onboard power disruption.  Even with some disruption, the snap down effect [2] and its hysteresis [2] allows operation as long as voltage across the stylus arms does not reach release voltage [2].

Figure 6 shows the top level simulation result of the complete system.  It shows one micro-robot receiving data during first cycle and then storing the operation and maintaining the programmed Vleft-arm and Vright-arm in the next cycle.  Initially, both stylus arms are enabled and after receiving data, the electrical connection is programmed to be disabled in the first cycle to lower the voltage across the arms and to clear the pull-in voltage.  In the second cycle, the previously programmed control is maintained until new instructions are received.  Figure 6 also shows how different Vplate voltages are used to recover the data and also filtered through a low-pass filter to be used as power supply onboard.
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Figure 6.  Top level simulation  result.

VII. CONCLUSION

We have proposed that micro-robots, known as FPRAs [14], can carry payload MEMS components to create reconfigurable sensors.  The robots dock with each other so that the payload components make electrical, mechanical and/or fluidic connections to form a multi-component sensor. The micro-robots include onboard programmable logic (FPOHAs) which first act as UARTs to receive motion commands and later are reprogrammed to control the payload components.   When the user wants a different sensor configuration, the FPOHAs are reprogrammed back as UARTs, and the component rearrange themselves to form a new sensor.


We have demonstrated several novel enabling technologies for this vision through simulation: implementing a UART within the FPOHA; powering the onboard components from the intermittent substrate voltage; saving the state of the FPOHA during power interruptions using MTJ flip flops; fabricating a transistor connection between the stylus arm and the parallel-plate body, which allows the FPOHA to control the state of the stylus via its pull-in voltage; using a novel two-stylus arm design that allows both left and right turns as well as stopping (with both arms down); and superimposing a low-voltage signal onto the substrate voltage to send global serial data to the UART in each FPOHA.
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