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Abstract—Subterranean exploration so far has primarily been performed with the assistance and involvement of human beings. As more ground is broken and more layers are explored, the need for a robotic solution to make digging both easier and safer becomes greater. The applications of a self-burying robot extend from mining and military applications to humanitarian applications. This paper elucidates design principles that form the foundation for self burying robots. In this paper, a bimodal robot is described which is capable of travelling above-ground in one mode and capable of burying itself in the other mode. The variables that affect digging are examined, as well as the design decisions made in order to optimize the resources available to the robot. Finally, future work in the area of self-burying robots is discussed. Fig. 1.



Initial concepts for self-burying robot.



I. I NTRODUCTION Existing terrestrial robots do not have the capability to completely dig themselves into the ground. There are many animals that possess these skills, like the mole. In this paper, we present a novel robot that is capable of digging itself completely into sand. One use case is for this robot to drive or be air-dropped to a location close to a target, bury itself to be hidden, perform video surveillance, and send that video back to an operator. This paper is divided into six main sections. In the first, we cover the Background and motivation behind this project. In the next we talk about the Working Principle, i.e., the individual components of the robot, how the whole robot works and its different modes of operation. After that, we cover the System Architecture, i.e., the software, electrical and mechanical parts of the robot. This is followed by the Design Principle, which describes the critical design factors of the robot and their effect on its performance. In the penultimate section, the paper describes the various tests we performed with the robot and discusses the results and conclusions formed from these tests. Finally, the paper describes the many different ways this platform can be used for future research and development. II. BACKGROUND While there have been lot of mechanisms and designs proposed for robots which have applications in the field of subsurface sample collection and exploration, the field of selfcontained robotic mechanisms for digging and self-burying has not been fully explored. Various digging mechanisms have been created in a research environment, which have



ranged from being inspired by animals such as worms [1] or the giant clam [2], while others adapt screws [3], [4] to burry themselves. Performance of these designs was encouraging as they were able to submerge their method of digging, some to a depth to fully submerge itself [1]. In these past digging solutions, an above-ground base or anchor was used, which supports the machine’s ability to bore and transport material and keeps the mechanism stationary. Our goal was to build a robot with a self-contained mechanism to bury underground. This required us to develop a novel design which would facilitate traversing to a desired location, boring into the ground, and staying covered with the possibility of relocation. The robot’s desired sequence of operation can be divided into 3 tasks: Task 1: Moving to the desired location and deployment Task 2: Start digging into the surface and self-burying Task 3: Resurfacing to the top and relocating if desired



To complete the three tasks, many designs were discussed, with a sample of the ideas displayed in Figure 1. The rational for our design choice was to complete the harder task, Task 2, and adapt for completion of Tasks 1 and 3. Our final design, a design adapted from the one in the bottom left, we can successfully perform each of these tasks, which will be shown in the Working Principle section below.



Fig. 3.



Design of full robot.



TABLE II D IRECTION OF M OVEMENT (L OCOMOTION ) Fig. 2.



Design of single drill.
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to control the orientation of the robot using feedback control during digging. III. W ORKING P RINCIPLE Our design has four vertical drills arranged in four corners of a rectangular frame, inspired by a quadrotor. The robot has two interchangeable modes, one for digging and the other for locomotion. This section describes the overall design and both modes of the robot. A. Single Drill Each drill is in the shape of a conical auger and contains threads for the transportation of material, as shown in Figure 2. The material from the tip of the drill is transported upwards along the threads as the drill rotates. By changing the direction of the drill, we can change the direction of the transport of material. B. Digging Mode The robot has four drills, as illustrated in Figure 3, and the handedness of the drill alternates as one moves along the frame. This arrangement negates the moments generated by individual drills and allows the simultaneous rotation of the drills without rotating the frame. Synchronous control of all four drills controls the direction of digging. Table I tabulates the effect of synchronous control of the 4 drills running at the same speed. By varying the speeds of the individual drills relative to one another we can achieve different orientations of the robot with respect to the horizontal as it digs. This can be used



C. Locomotion Mode The robot can be easily reconfigured between the two modes by flipping the drills 90 degrees with respect to the frame, as illustrated in Figure 4. In the current implementation of the design the joints for flipping are passive, and require human intervention to be flipped. Once the robot is switched to locomotion mode, as shown in Figure 5, the drills behave like rollers/wheels which allow the robot to travel horizontally. Interesting movements can be achieved with synchronous control of all four drills. Table II tabulates the effect of simultaneous control of the 4 drills running at the same speed. IV. S YSTEM A RCHITECTURE To validate the design concept discussed in the working principle we built a full robot as shown in Figure 6. The drills are all constructed from machined aluminum due to its light weight and its simplicity to work with. Due to the complexity of developing a full simulation, the ability to quickly and accurately machine new parts was important to finalize the design parameters. In order to reduce the size of passive surfaces of the robot, which contribute to resistance while digging, the drills are all connected by a thin aluminum frame. The electronics and actuators fit inside the rotating drills, with power and communication to the robot being tethered. The Quad Digger is 27 x 27 x 19 cm and weighs approximately 5 kilograms. To test the capabilities of this system, common play sand



Fig. 4.



Fig. 5.



Fig. 6.



Mode reconfiguration.



Design of locomotion mode.



Full robot in digging mode.



was used because of its small grain size and consistency. Testing was also later completed by driving on the top of grass to explore how well it maneuvered in diverse environments, as shown in Figure 7. A. Electronics Due to space constraints in the prototype, the electronics for the robot were kept to a bare minimum in order to satisfy system requirements. Figure 8 shows the overall architecture of the robot. The blocks inside the grey box are contained inside the chassis of the robot, with the rest external to it. We used an mbed 1768 (Cortex-M3) microcontroller development board, as it is extremely compact and contains



Fig. 7.



Full robot in locomotion mode.



an onboard Ethernet interface, which made it ideal for our application. To power our robot, we externally used a 12 volt 4.5 Ah lithium ion battery, and used a CBEC PRO DC-DC converter as a regulated power source for the high-torque servo motors. The servo motors used were the Hitec HS7980TH, capable of producing 44 kgcm at 7.4 volts, and a theoretical stall torque of 53.51 kgcm at 9.0 volts, which was the voltage used to run the motors. These servo motors use pulse width control at a neutral position at 1500 microseconds and turn at 0.17 sec/60 ◦ at 7.4 V or a theoretical of 0.14 sec/60 ◦ at the 9.0 volts used to run the motors. The servo motor is a coreless carbon brush motor weighing only 78.2



Fig. 8.



Block diagram of electronics.



g with internals that include MR106 dual ball bearings and titanium gears. The maximum stable current draw seen was 11.9 amperes using a Fluke 336 current clamp meter at 9.0 volts, for a maximum power draw of 107.1 watts from all four motors. The electronics were all interconnected appropriately using a custom-designed interface board. B. Software In order to fully test the effect of maneuvering on and into sand, direct control of all four drill motors from a user interface was required. It was chosen to use simple keyboard control of individual motors, as well as the ability for the operator to change speed of the drilling motors. A QT and C++ interface was created, giving an average laptop computer control over the Quad Digger. In choosing a microcontroller for this platform size, ease of prototyping, expandability, and available communication protocols were all taken into consideration. The requirements for this component were met by a number of hardware options, but the one chosen was the mbed NXP LPC1768. The function of the microcontroller was to interpret the commands from the laptop via an Ethernet connection, and drive the actuators. C. Mechanical Design The primary challenge in building a digging robot was designing the mechanical platform. It was decided after quickly prototyping multiple designs that a simple frame with drills would provide a sufficient base platform to allow us to dig. Since the main focus of the design of the robot was on the performance of the digging action, more design work was completed on the drills than on the rest of the robot. The frame was made out of 5052 aluminum sheet metal that was .3175 cm thick, enough to resist the stresses from the backlash torque of the motors. However, caution was taken to maintain a minimal cross section, to reduce passive surfaces that did not contribute to digging. The frame was later modified to allow for the transformation to locomotion mode. The drills comprised metal cylinders and aluminum cones with threads attached to the outside. The drills were attached to the frame by holder rods made of aluminum, which were welded to plates where the servo motors were mounted inside the drill. The drill design is similar to that of the brushless motor, with all the components and actuator as the stator and the shell and threading as the rotor. A computer-aided design model can be seen in Figure 9.



Fig. 9.



Mechanical layout of drill.



V. D ESIGN P RINCIPLES From observation there are three key lessons for digging into the bulk of the ground medium. The first is that the transport of material must be controllable in order to continuously create a void as the robot digs. The second is that digging becomes exponentially more difficult as compaction increases throughout digging. Finally, any external surface which does not contribute to digging should be kept to a minimum in order to reduce resistance from the material. These three lessons dictated the design parameters for the drills, which include pitch, drill diameter, drill height, grouser width, grouser material, cone material, and the distance between drills. A. Pitch Two pitches, or the distance between two rows of thread as indicated in Figure 2, of size 1 cm and 3 cm were tested. It was found that the 3 cm pitch drills were able to displace sand much better. The lower number of threads contributed to a lesser resistance from the sand and the greater pitch caused faster transport of sand per rotation. This contributed to lower torque and power requirements for the 3 cm pitch drill in comparison to the 1 cm pitch drill. B. Drill Diameter and Height It was hypothesized that the smaller the drill diameter, as shown in Figure 2, the easier it would be to bore into the medium, for two reasons. The first was that lower transport of material was required, while the second was expected lower resistance from the compaction of the medium. To test this hypothesis we designed and tested 3 drills of 2.5 cm, 5 cm, and 7.5 cm diameter and recorded the required torque. It was found that the hypothesis was correct. However, due to the size constraint on the actuators that were required, it was easier to design a 7.5 cm diameter drill which met the desired torqueto-size ratio of 69.92 N. It was discovered that a tradeoff existed between the torque required due to compaction from the medium and the space required to fit the components inside the drill. Increasing the height of the drill increased compaction, and decreasing the height of the drill decreased the volume available for critical



Fig. 10.



Time vs Depth



components. Hence, a drill diameter-to-height ratio of 1.154 was experimentally chosen.



Our initial tests revealed that a change in the thread width plays a role in the effectiveness of the transport of material. However, the change in effectiveness was minimal over a wide range of thread widths. In order to make the build process easier, a thread width of 1.5 cm was chosen. It was crucial that the thread slice through the medium, which imposed a constraint that the thickness of the thread should be kept to a minimum.



robot to different test conditions. We measured the time taken and current drawn by the actuators at different depths for each test run. The prototype was tested twice in four different mediums (flour, sugar, sand, and rice) with three different vertical loading conditions (0 kg, 2.27 kg, and 4.54 kg) in each medium, for a total of 24 test runs. The depths represented are the depth dug after being placed in the medium. Due to the density of the materials, the mechanism would sink to depths as great as 6 cm when placed. After digging a distance smaller than the total height of the mechanism, the robot would be completly burried, signifying a successful burry. The results from these test runs are shown in the following graphs.



D. Distance Between Drills



A. Time vs Depth (different loading and medium)



The optimal distance between drills, indicated in Figure 3, was experimented with once the diameter of the drills was decided upon. The distance between the drills affects sand compression in the middle of the robot and hence the amount of torque needed for digging. If the distance is too small, each drill will be constricted by the sand that is pushed away from the other drills and have a harder time digging into the sand. If the drills are too far apart, the frame size increases, increasing the amount of passive surface needed to be buried. Hence, there is an optimal zone for the distance between the drills where collective digging between the four drills help bury the frame. Experimentally it was found that for a 7.5 cm drill diameter, a distance of 13.72 cm between the center of each drill in a square pattern worked best.



Figure 10 shows that the time taken to dig decreases as the vertical loading increases. This is as expected because vertical load helps the drills slice through the medium, and helps transport the material faster, similar to the action that can be seen when using a power drill.



C. Thread Dimensions



VI. P ERFORMANCE E VALUATION AND R ESULTS After we had built a complete working prototype of the robot, we evaluated its digging performance by subjecting the



B. Current vs Depth (different loading and medium) Figure 11 shows that the current taken to dig increases as vertical loading increases. This is as expected, because vertical load increases the normal reaction, increasing the friction between the medium and the drill as well. As can be seen in the two figures, compaction plays a major role in both the time and current drawn at a certain digging depth. Compaction can be broken down into two characteristics for the medium: density and grain size. The smaller the grain size and the more dense the material, the higher the compaction. As the drill creates a void in the medium, the smaller grain sizes that weigh more are able to
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Current vs Depth



fill that void better and resist the drill more than the mediums with the larger grain sizes. It was discovered that for the time taken to dig, density of the medium is the primary factor for compaction. This is why the robot took the most time to dig in sand, which is extremely dense, and the least time to dig in flour, which is far less dense. However, in the tests that measured current, it can be seen that grain size affects compaction more. Sand required the most current to dig to the robot’s maximum depth, while rice, which has much larger grains, required the least. VII. F UTURE W ORK It has been shown that the Quad Digger platform is able to be bury itself in sand, and with a minor adjustment traverse the surface of a light soil environment. While this platform is a proof of concept for a vehicle that can perform these two tasks, it is not yet a robust platform for a practical mission.Through building different variations of the drills with different heights and drill sizes, a working model was produced. If a detailed mathematical model of soil interactions with the robot was completed, it would be possible to find optimal design parameters to maximize digging depth given the constraints of available actuators. From the current design, a future improvement would be to add an unassisted mode switching capability to the robot. The capability of the robot can be furthered by integrating accurate IMU and pressure sensors in order to introduce feedback to control the pose of the robot when other forms of localization are unavailable underground.
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