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A HOPPING MOBILITY CONCEPT FOR A ROUGH TERRAIN SEARCH AND RESCUE ROBOT SAMUEL KESNER JEAN-SÉBASTIEN PLANTE STEVEN DUBOWSKY Mech. Eng. Dept., Massachusetts Institute of Technology, 77 Massachusetts Ave. Cambridge, MA 02139, USA PENELOPE BOSTON Earth & Env. Sc. Dept., New Mexico Inst. of Mining and Technology, 801 Leroy Place Socorro, NM 87801, USA A new search and rescue concept based on the deployment of teams of small spherical mobile robots (“Microbots”) has been proposed. In this concept, hundreds to thousands of cm-scale, sub-kilogram Microbots are released over a search site such as collapsed building rubble or caves. Microbots use hopping, bouncing, and rolling to infiltrate subterranean spaces in search of possible survivors. Key technologies enabling Microbots are the use of high energy-density micro fuel cells combined with low cost and lightweight dielectric elastomer actuators. The paper presents recent work demonstrating the feasibility of Microbots mobility in rough terrain. Experimental studies have demonstrated the possibility of using dielectric elastomer actuators to generate autonomous hops. High efficiency hydrogen fuel cells have also been used to power dielectric elastomer actuators. Simulation results show that Microbots of proper diameter and hop height can successfully traverse very rough terrains. These results suggest that teams of Microbots can effectively be used for search and rescue missions.



1. Introduction Events such as the 2005 Pakistan earthquake and the 2001 September 11 terrorist attacks demonstrate the need for new effective search methods in rough terrain, see Figure 1. Current search methods for rough terrains are limited. Remote imaging techniques to identify subterranean features, including ground penetrating radar, ultrasonic imaging, and resistive imaging, have been developed [1,2]. However, these methods are limited in resolution and depth due to soil properties. They also cannot detect the presence of disaster survivors in difficult to reach locations. The “dog and pole” method is still the best civilian search technique.
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(a) (b) Figure 1. Typical search and rescue sites: (a) 2005 Pakistan Earthquake (b), September 11, 2001.



A new approach for search and rescue in rough terrains based on hopping robots, called Microbots has been proposed [3]. As shown in Figure 2(a), Microbots are small spherical robots of about 10 cm in diameter. The search and rescue approach consists of deploying hundreds or thousands of Microbots over a search site. The Microbots use hopping, bouncing, and rolling to navigate rough terrains in search of survivors. Due to their small size, Microbots can diffuse inside rubble cavities to find internal passage leading to protected spaces, see Figure 2(b).



(a) (b) Figure 2. The Microbot concept: (a) artist representation, (b) progression in rubble.



Microbots are powered by high energy density Proton Exchange Membrane (PEM) fuel cells to assure long lasting energy supply. The mobility system is actuated by lightweight and low cost Dielectric Elastomer Actuators. Microbots are equipped with onboard miniature sensors such as cameras and chemical “sniffers” to tract and identify survivors. Their communication systems relay information between each other and a command center. Microbots components are protected by a strong plastic shell that absorbs shocks.
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Microbots missions differ from conventional robotic missions that often use a single highly capable agent. Instead, Microbots missions use a very large number of low cost and simple agents, bringing a high degree of redundancy and robustness. Individual agent losses are acceptable without failing the mission objectives. Also, the low costs of Microbots make them disposable which eliminate the need for post mission recovery. The mobility of Microbots in rough terrain is one of several important technical challenges that must be carefully understood before Microbots become a reality. Hopping robots have been proposed for space exploration and reconnaissance applications [4,5,6]. Most of this work focuses on the development of hopping mechanisms for relatively heavy robots (>1kg) and are not appropriate for lightweight Microbots. Developing a practical mobility system for small and lightweight hopping robots, especially for rough terrain environments, has not been addressed. This paper studies the feasibility of the Microbot mobility concept for search and rescue missions using experimental validations and simulations. An experimental Microbot prototype powered by Dielectric Elastomer Actuators has been constructed. It achieved hops of 38 cm with actuators that have less than one-half the thrust of the Microbot reference design, due to current laboratory fabrication limitations. Methods to build more powerful actuators are currently being developed. This result shows the technology to be suitable for Microbots. Experimental miniature PEM fuel cells using hydrogen have been used to power Dielectric Elastomer Actuators. Conversion efficiencies have been measured across the energy chain and projected Microbot performance are reported here. These experiments show the concept is viable for 1000 hops missions. Simulations of the Microbot mobility show the effect of Microbot diameter and hop height on travel distance in rough terrain. The simulations shows that a Microbot diameter of 10 cm with a projected hop height of 1 m give reasonable rough terrain mobility. The general conclusion of this paper is that, assuming reasonable technology progress, Microbots could effectively move in rough terrains for search and rescue missions. 2. Microbot Mobility Concept The mobility mechanism concept is illustrated schematically in Figure 3. Energy is stored in the form of hydrogen gas in a metal hydride storage vessel.
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Hydrogen reacts with atmospheric oxygen in the PEM fuel cells to generate electricity. Pure oxygen could be stored onboard for anaerobic applications. A small lithium polymer battery is used to level power consumption peaks. The DEA pumps mechanical energy into a bi-stable spring over one or more actuation cycles. When a predefined energy level stored in the spring is reached, the energy is released to provide hopping power. H2
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Figure 3. Schematic of the Microbot mobility concept on rough terrain.



Microbots are self-righting so that after each hop, they return to an upright position. Directionality can be provided by number of mechanisms, including small additional DEAs that tilt the Microbot prior to hopping. Directionality consumes little energy compared to hopping and is of secondary importance at this stage in the Microbot development. The Microbot mission concept exploits the high force-to-weight and simplicity of DEAs [7,8,9,10]. These qualities make DEAs very attractive for Microbot missions since a large number of strong and lightweight actuators are needed. Another application exploiting the same characteristics of DEAs is binary actuation [11]. DEAs are also low power / high energy density devices that match well with the proposed fuel cell energy storage technology. The preliminary design specifications of the mobility system for search and rescue missions are summarized in Table 1. These numbers are referenced throughout this paper. Table 1. Microbot Mobility System Specifications. Parameter Microbot Diameter



Values 10 cm



Hop Height



1m



Microbot Mass



100 grams



Min. Autonomy



1000 hops



Min. Hop Frequency



2 hops / minute
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3. Dielectric Elastomer Actuators Powered Prototype A simplified Microbot prototype has been built to demonstrate the feasibility of using DEAs to make a Microbot hop with an onboard energy source. The prototype is shown in Figure 4. A conical shaped DEA pumps energy into a pair of power springs. When a prescribed number of pumping cycles is reached, the stored mechanical energy is released and the Microbot hops. The transmission structure is made from carbon fiber. The power springs are made of carbon fiber strips. The strips are normally flat and are mounted in a buckled state. The combined mass of the actuator, transmission, and power springs is 18 grams. The energy source for the prototype is a single 145 mAh Lithium-Polymer cell that weighs 5 grams. A custom electronic circuit using a pair of EMCO Inc. miniature DC/DC converters generates the 8.8 kV needed by the DEA. The Microbot prototype is shown in Figure 5. The mobility system and electronics are enclosed in a 10.5 cm diameter PETG shell. The 46 grams Microbot reaches vertical hop heights of 38 cm. Each hop requires 35 actuator pumps. Cone DEA



Ratcheting Transmission



Power Springs



Figure 4. Mobility system prototype.



38 cm



Figure 5. Autonomous Microbot prototype performing hops of 38 cm.
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The Microbot prototype clearly indicates that DEAs can power lightweight hopping robots. The total mass, hop height, and pumping times of this handfabricated prototype are within reach of the target values of Table 1. Achieving the specifications of Table 1 appears possible with improved manufacturing techniques and further design optimization. 4. Fuel Cells Energy System A hydrogen fuel cell energy system is proposed to power Microbots. For hopping robots, energy consumption during hopping is proportional to the system weight and hop height. An analysis of a fuel cell energy system’s requirements is therefore related to the system mass via the hop height requirement and the fact that the hydrogen fuel and associated storage device has a non-negligible mass. The performance of the energy system is characterized by the relationship between the number of hops and Microbot system mass: N hops =



ηT (η reg E fc − Pelec t ) mgh



(1)



where N hops is the number of hops, ηT is the total energy conversion and hopping efficiencies, η reg is the low voltage regulator efficiency, E fc is the electric total energy generated by the fuel cell system through the conversion of hydrogen, Pelec is the power consumption of the onboard electronics, m is the mass of the Microbot, g is the acceleration of gravity, and h is a hop height of 1 m, and t is the length of the mission. In this case t is assumed to be 3.5 days. An experimental fuel cell power system was constructed and used to power a Microbot prototype, see Figure 6. Values for the fuel cell efficiency, low voltage regulation efficiency, and high voltage conversion efficiency were found experimentally to be approximately 70%, 90%, and 30% respectively. A detailed explanation of the analysis has been presented [12]. Figure 7 shows a plot of the hops/mass relationship. The target of 1000 hops can be reached with a Microbot mass of about 100 grams. 5. Mobility Simulations The experimental demonstrations conducted to date indicate that the Microbot specifications of Table 1 are realistic. Simulations studying the effect of key parameters such as Microbot diameter and hop height on performance have been performed.
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Figure 6: The hydrogen fuel cell experimental setup. 2500
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Figure 7: Number of Microbot hops as a function of system mass.



5.1. Simulation Approach A tunnel with debris was selected to represent a disaster area, such as a collapsed passage in a mine, a subway tunnel after an earthquake, or the interior of a collapsed building. The simulated terrain was generated in Solidworks CAD software as an assembly of individual solid bodies, see Figure 8. The rock pile is composed of 300 rocks of different sizes randomly grouped together into a pile approximately 5x4x0.85 m. The tunnel diameter is 5 m and its length is 60 m. The simulations are conducted with MSC Software’s ADAMS dynamic simulation software. ADAMS allows the definition of mass properties, body forces, and body interaction constraints and forces. The directionality of the hop is controlled by a Simulink (Mathworks) model communicating with ADAMS. The Microbot interacts with the environment through hopping, bouncing and rolling on the terrain. Hopping was modeled as an impulse force between the Microbot and the terrain. The hopping direction depends on the angle that the impulse is applied relative to the Microbot’s body.
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Tunnel



Microbot



Rock Pile Figure 8. A Microbot traversing the simulated terrain.



The bouncing and rolling are modeled as an impact contact model with friction. The model generates a variable force between the Microbot and the terrain in a direction that resists the relative motion of the two bodies. The impact force is modeled as a nonlinear spring/damper system: Fimpact = −k (∆x) 2.2 − b( ∆x& )



(2)



where k is the spring stiffness constant, b is the position dependant damping coefficient, and ∆x and ∆x& are the relative displacement and velocity. The friction force used in the simulations is standard Coulombic friction with a velocity dependant friction coefficient, µ (v) . The parameters used in the simulations were estimated from laboratory experiments in which the behavior of a Microbot on compacted dry sand and rocks was observed. Table 2 summarizes these values. Table 2: Values used in the impact contact model. Parameter



k b (sand) b (rock)



µ static



µ



dynamic



Value 240,000 N/m 10 N-s/m 0.5 N-s/m 2 0.15



Stiction Transition Velocity



0.01 m/s



Friction Transition Velocity



0.1 m/s



5.2. Results and Discussion A large number of simulations were run. Microbot diameters of 5, 10, and 20 cm and hop heights of 50, 100, 150, and 200 cm were used. Each
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combination of hop height and size was simulated with a different starting positions spread over an approximately 2 meter area. The Microbot mass is fixed to 100 grams. In each simulation, the Microbot starts approximately 2 m from the rock pile and has 14 hops to overcome the obstacle. Figure 9(a) shows the rate of successful trials as a function of Microbot hop height. Success is defined as completely overcoming the rock pile. Failed trials were caused by three failure modes: 1) entrapment, when a Microbot is trapped by a group of rocks and is unable to hop out, 2) low hop height, when a Microbot is caught because it is unable to hop over a rock, and 3) bouncing away is when the Microbot hops in such a way that it bounces away from the rock pile and must start again and can not complete the task in 14 hops. The consequence of this is not a failure per se but an undesirable delay. Figure 9(b) illustrates the most common failure modes for the Microbots as a function of hop height and Microbot diameter. Entrapment
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Figure 9. Simulation results: (a) The rate of successful attempts as a function of hop height, and (b), the failure modes as a function of Microbot diameter and hop height.



The results show that all trials with low hop height resulted in failure. This suggest that a hopping robot can overcome a complex obstacle only if the hop height is greater than a characteristic height of the features on which it climbs, in this case approximately 0.85 m. Here, a hop height of 1 m leads to some success. Hence, hop height should be maximized. However, increased hop height trades off with larger power consumption and mechanism weight. The results also indicate that small Microbot size result in greater entrapment. The rock pile was randomly assembled and is not an exact model of a real pile of rubble found in disaster zones. However, it can be deduced that the maximum size Microbot should be select to minimize the chance of entrapment while still being able to fit inside the smallest openings it may need to pass through. The bouncing away failures seen in the simulations are not as much of
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