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Executive Summary

This proposal offers a unique and highly feasible approach to the development of a soft robot, capable of squeezing through an opening that is significantly smaller than its characteristic size. The approach draws inspiration from invertebrates that use hydraulic pressure for locomotion and whose tissues undergo large mechanical strains to pass through narrow openings, afterward regaining their original shape and dimensions.

Our robot will use hydrogen peroxide as a chemical energy source that is inherently deformable and has a high energy density. Small amounts of peroxide will be controlled using micro-dispensing valves and expanded, using a catalyst, inside the elastic actuation chambers of the robot.
Whereas invertebrates typically change shape by contracting radial muscles and expanding axially, our robot uses active volumetric expansion followed by passive elastic contraction. The elastic units are fabricated using a variation of the Shape Deposition Manufacturing process that we have used in previous bio-inspired robots and will be composed of silicone and urethane materials capable of several hundred percent strain. To achieve selective stiffness on demand, the elastic skin is reinforced with, and expands against, embedded fibers (e.g. Kevlar) and wires of super-elastic Nitinol alloy. Nitinol can also be employed for miniature, low-power actuators (e.g. for latching two modules together).

Our research plan involves a graded series of accomplishments culminating in an autonomous, highly deformable chembot that can meet the Phase I objectives in Table I. We will begin with the design, analysis and fabrication of basic worm-like “tentacle” units (Figure 1) that locomote with a peristaltic wave gait and steer left/right and up/down to navigate toward holes. The main actuation will be open loop, governed by a central pattern generator that triggers valves with a specified phase and duty cycle. The tentacle units will be covered with directional skin and spines so that they can push forward and into narrow openings. In parallel, we will conduct tests of external communication using RF and optical methods and navigation using a miniature camera and simple optical and mechanical sensors to ensure that the unit can approach an aperture from the appropriate angle, deflate the distal segment, push into the aperture, proceed forward by peristaltic waves and reinflate upon exiting. 

Ultimately, we envision multiple tentacles that can assemble into more complex configurations (e.g. branched or multi-legged) with additional capabilities such as legged locomotion and climbing, grasping, or latching onto objects (Figure 1c).

The proposed approach leverages a core team with prior achievements in liquid chemical power and control (Goldfarb) and compliant bio-inspired running and climbing robots (Cutkosky and Full). We additionally benefit from the consultation and electronics and control development of S. Potter of the Foster Miller Inc. Robotics group. In Phase II, FMI. can provide a path toward pre-commercial prototypes for testing in applications. Finally, we take advantage of Cutkosky’s interaction with Prof. Paolo Dario in Pisa, Italy. Dario’s laboratory is a leading European center in bio-robotics and has constructed worm, lamprey and polychaete inspired robots that are widely cited in the literature. Although these robots are only moderately deformable, they are available for testing sensing and guidance strategies while developing, concurrently, the primary actuation and body mechanisms for our soft Chembot.

Response to comments on the previously submitted whitepaper

1. Phase I metrics for open area locomotion and traversal through 1cm x 1cm openings – Summarized in Table I. Details of the supporting analysis are provided in the following section of this proposal.

2. A 70% H2O2 is an explosive and can have limited shelf life. At low ambient temperatures (approximately -30 ºF), water condensation might cause problems with your locomotion system. Do you have other potential power sources? At what temperature will the peroxide freeze?
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Response: A 70% mixture of H2O2 is not an explosion hazard, is not flammable and is insensitive to shock [MSDS Ref. No. 7722-84-1-5 (FMC)]. It reacts in contact with organics but has a shelf life measured in years when stored in Class 1 materials, which include metals such as 316 stainless steel and elastomers such as Dow Corning Silastic. Further details are discussed in Section 3.2
In cold environments, neither condensation nor freezing should be a problem. The freezing point for 70% peroxide is -40C. The freezing point is a function of concentration, with the lowest freezing point of -55C corresponding to 60%. Thus, to use a soft robot at temperatures below -40 C, one can use a slightly more dilute concentration of peroxide in exchange for less energy density. Peroxide has been used in space applications for satellite thrusters and in naval applications for torpedoes, both of which require low temperature operation. 

In addition to the peroxide we require flexible lithium polymer batteries for powering valves, sensors and electronics. We have chosen valves that latch in the on or off state to minimize power consumption.

In summary, we use H2O2 as a com​pletely deformable energy source with high energy density and excel​lent controllability and without the complications of combustible liquid fuels.  We have worked with peroxide for nearly a decade, and have a high degree of competence and working knowledge of its properties and capabilities. We regard the use of peroxide as a power source as a low risk component of the proposed work. Indeed, a highly deformable Chembot is a nearly ideal application for peroxide, and a broader opportunity of our partnership with Foster Miller Inc. is to introduce peroxide as a practical fuel for specialized applications such as soft mobile robots.

2. Vision
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In nature, the ability to reconfigure body shape can mean the difference between eating and starving – or between escaping and being eaten. Octopi, onycophorans (e.g. peripatus) and echinoderms (e.g. sea stars) are diverse examples of creatures that force themselves through holes or gaps whose least dimension is small compared to the normal dimensions of their bodies. They also can exert powerful forces, as when sea stars open shells, and negotiate rough terrain with ease. Inspired by these examples, we envision selectively compliant, chemically powered robots that undergo dramatic changes in dimensions and shape, according to changing task requirements. In open terrain, they travel using peristaltic waves or a faster inch-worm gait, aided by skin and spines with directional adhesion and friction. In the flattened state, they can pass (slowly) through slits or holes to gain access to locations otherwise denied or to evade detection. When deflated, they can also be packaged inside a small egg-like shell and, having no fragile parts, tossed through a window. As the robots exit an aperture, they recover their initial configuration. With this combination of capabilities they can undertake missions that no current legged, wheeled or serpentine robots can accomplish.

In addition to being independent worm-like robots, multiple chembots can be joined together end-to-end, or fastened at their midpoints (Figure 2) to create more complex configurations with additional capabilities such as legged locomotion and climbing, grasping or latching onto objects. In this scenario, a multi-segmented chembot could disassemble prior to traversing a small aperture, each “tentacle” would independently traverse the aperture, and the chembot would reassemble on the far side.

3. Technical Approach

To traverse a small opening, a robot can decompose itself into constituent parts or it can change shape. We adopt the latter approach and, taking a cue from primitive animals such as annelids and onycophorans (e.g. Peripatus), we emphasize a primarily passive approach to shape change, in which the geometry of the aperture governs the deformation of the body. This approach simplifies control but it requires (1) a highly deformable elastic body and appendages that can flatten or retract, (2) the ability to sense when apertures are sufficiently large for entry, (3) adequate traction and motive force to propel the body into the aperture, and (4) the ability to recover normal shape on exiting the aperture. These primary requirements lead to technical challenges and solutions, addressed in the following sections.
3.1. Bio-Inspiration

[image: image10.wmf]Drawing on the successes of previous bio-inspired robots, we will ascertain and adapt principles from animals such as annelids, echinoderms and Peripatus (Figure 4). These animals have numerous features that make them particularly well suited to robotic emulation. For example, Peripatus are soft-bodied, but have limbs, tipped with chitinous claws that they move and extend with variations in blood pressure. With their soft bodies, they excel at hiding “… in incredibly tight crevices” [Cuevas07] which they locate with anterior antennae. In addition, their relatively primitive neural systems and numerous external sensors including antennae, bristles, and simple visual sensors make them an ideal source of inspiration.

For the current proposal, there are several key questions that we will to address with experiments on selected invertebrates:

· How do the animals anchor themselves to get sufficient force to propel into opening?

· How are directional spines used to advantage in this context?

· What are the maximum changes in body dimensions and are they apparently limited by maximum tissue strain or by maximum muscle contraction?

· How is locomotion modified within a confined space (e.g. a tube)? 
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Crawling locomotion

In soft-bodied animals, contraction of one set of muscles is most often antagonized by another set acting through a fluid-filled hydrostatic skeleton. Muscles of crawlers are organized into sheets and bands rather than blocks attached to apodemes. Most commonly muscles are confined to a membrane and are circular and longitudinal in form. Oblique and transverse musculature may augment function. Contraction of one muscle can influence all others and changes in one dimension can result in changes in another. In contrast to a jointed framework skeleton, where muscles can be in a relaxed state most of the time, hydrostats must maintain tonus of the body wall musculature or the animal becomes flaccid. Because of these complexities, models of crawling with waves [Dobrolyubov86, Keller83] and using hydrostatic skeletons [Wadepuhl86, Accoto04] are in the early stages of development. Our understanding of peristaltic locomotion has informed the design concepts presented in Section 3.3.

Studies of soft-bodied locomotion have increased our understanding of peristaltic transport processes [Elder80]. Peristalsis has been defined as any muscular contraction moving along a radially flexible tube such that each component wave of circular, longitudinal or oblique muscular contraction is preceded or followed by a period of relative relaxation of similarly oriented muscle within a given tubular segment [Heffernan74]. Most soft-bodied animals that use peristalsis are non-segmented, but annelids using this mode of locomotion are completely segmented. At least two types of peristaltic locomotion (Figure 5) have been recognized based on segmentation and the direction of wave motion:

· retrograde, non-overlapping peristalsis of mostly fully septate animals (e.g. earthworms). Body waves pass from the front to the back of the animal.

· [image: image12.wmf]direct overlapping peristalsis of animals with variable volume segments (i.e. non-septate). Body waves pass from the back to the front of the animal.

[image: image13.wmf]In both types of crawling, anchors function when circular muscles are extended and segments are dilated. Retrograde wave propulsion can occur in segmented and non-segmented animals, but direct wave travel requires that fluid be displaced from the region undergoing movement. If reciprocal action of circular and longitudinal muscles with fixed volume segments occurs, then the animal employs retrograde waves. In the first six-months of the project, we will select animal models that use both retrograde and direct waves and determine their kinematics.

Retrograde waves. In the earthworm, Lumbricus, that we will examine first, each segment is a separate water-tight compartment of nearly constant volume. Contraction of circular muscles causes the segments to become long and thin. Contraction of longitudinal muscles causes the segment to become short and thick. When segments are short and thick, they are anchored by friction. Waves of lengthening and shortening travel backwards along the worm (Figure 5a). The worm moves forward by lengthening an anterior segment to push itself forward. The region behind remains thickened and serves as a point of attachment and exerts a backward force. Force development appears to be enhanced by the presence of directional bristle-like structures called chaetae (Figure 6), although their importance has been questioned in recent models (e.g. [Accoto04] from Dario’s group). A posterior segment shortens to pull the worm forward and it then becomes anchored [Alexander82]. Hydrostatic pressure in the coelom is the highest during elongation and these forces are necessary to push the worm forward. Maximum pressures on the order of 37 kPa have been recorded [Trueman77].

Direct waves. In segmented polychaete worms with no septa (i.e. fluid moves more freely) and unsegmented sea cucumbers, direct waves are produced by simultaneous contraction of circular and longitudinal muscles [Alexander82]. Fluid is driven out of the segment during contraction. During relaxation fluid is driven in from other segments. Segments are anchored when they are relaxed and at their greatest diameter. A contracting segment pulls the one behind it forward. The expanding segment behind the contracted segment pushes the contracted segment in front of it forward. These movements cause body waves to move forward. This technique is argued to be particularly useful in soft mud because a large area can be anchored. The highest peristaltic pressures are developed in non-septate animals with direct waves because a segment is contracting both circular and longitudinal muscles at the same instant [Elder80]. Septate animals generate lower pressures, but tend to be more stable in terms of resting pressure fluctuations.

The force exerted on the substratum equals the internal pressure times the area of application. Somewhat surprisingly, measured forces exceed calculated forces by 85% in a direct wave species, Arenicola, and by 145% in Lumbricus, a retrograde wave species. The “excess” pushing force has been thought to be due to the intrinsic rigidity of skeleton [Elder80].

By determining crawling performance of soft-bodied animals using retrograde and direct waves, we hope to be inspired to address the challenges of robot design with respect to general motion, fluid movement, the pressures that need to be considered and the maximum changes in body dimensions. The designs presented in Section 3.3 are inspired by crawling with retrograde and direct waves, respectively.

3.1.2. Penetration and entry

Negotiation of arbitrary-shaped openings by soft-bodied animals has received less attention than locomotion. However, we will draw upon studies of burrowing [Trueman68, 77] to develop new hypotheses. Penetration into a soft substrate appears to be similar in all soft-bodied animals. The mechanism involves the formation of two types of anchors. A penetration anchor is formed by dilation of the part of the body above the distal extremity. This is followed by formation of a terminal anchor resulting from the distension of the extremity. When circular muscles contract, the tip of the animal elongates. The penetration anchor enables this extension because it prevents the animal from being pushed backwards. The terminal anchor then allows the animal to be drawn into the burrow by the contraction of longitudinal muscles.

[image: image14.wmf]We propose to expose soft-bodied animals to a variety of shapes, diameters and material properties of openings and initially determine the kinematics with which they penetrate the openings. We will conduct experiments on a variety of different substrates that differ in friction and material properties to examine how animals anchor their segments. To better understand the mechanism of propulsion, we will manipulate the surface of the animal by reducing its friction and selectively ablating its spines or chaetae. We will follow the kinematic studies with force measurements that build upon the methods [Quillin98, 00] developed at UC Berkeley (Figure 7). We will replace the dead-end burrow with a variety of openings.

[image: image15.wmf]Openings likely to be encountered in the real environment include holes, cracks and crevices, but others may have added depth and be characterized as tubes or conduits. We will use transparent cylinders of varying lengths to kinematically characterize how soft-bodied animals anchor themselves in tubes. We will again examine burrowing in soft-bodied animals, but for tubes we will also turn to concertina locomotion in snakes [Jayne91].
3.2. Chemical energy conversion

Achieving
 a soft constitution, such as that embodied by biological systems, requires a soft and fully deformable source of power and mechanism of actuation.  Such a power source is provided in our system by a liquid hydrogen peroxide monopropellant, which has been demonstrated in previous work [Shields06, Fite06, Goldfarb03] as a compact energy source for robot actuation
. The liquid peroxide will also be a working hydraulic fluid for extending and powering limbs; hence, the robot will be self-consuming. Unlike electric motors or engines for combusting liquid fuels, the monopropellant does not require rigid structures for energy conversion and power transmission. Consequently, it is particularly well suited for integration with compliant, under-actuated structures. With miniature valves and a catalyst integrated into the actuators, the entire energy storage, conversion and transmission system is capable of being reconfigured from one shape to another while remaining operational.
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A 70% concentration of hydrogen peroxide (H2O2) is a clear, stable liquid at temperatures between -40 and +125 C. On contact with a catalyst it decomposes exothermically to water vapor and oxygen. Based on the conservative assumption of isothermal expansion, 70% peroxide will produce 210 kJ/kg of propellant (or 275 kJ/L) of mechanical energy.  70% peroxide robot actuation systems have been shown to provide an energetic figure of merit [Goldfarb03] an order of magnitude greater than (secondary) battery and electric motor actuation systems [Shields06, Fite06]. Under adiabatic conditions, the maximum temperature of the vapor is 232 C (450 F), which is within the range of operating temperatures for several plastics and elastomers, such as Teflon and PEEK (polyetheretherketone), and silicone and Viton elastomers.

Goldfarb has considerable experience with the design and control of peroxide-powered conventional (hard component) robots and has also tested peroxide-powered Viton-based elastomeric actuators to over 100,000 cycles of loaded actuation.

Though the elastomeric actuators can take several forms, perhaps one of the simplest is the pleated pneumatic artificial muscle (PPAM) shown in Figure 8 and Figure 10. Detail of module activation. In this form, an elastomeric tube contains longitudinal embedded fibers so that, when pressurized, the fibers remain at constant length and the tube contracts, much like a biological muscle, producing rectilinear contractions of 40% [Daerden02]. 
In other configurations, the actuation can be multi-directional, as determined by the shape of the actuator and the direction and orientation of the inextensible fibers. For example, an asymmetric actuator can be made to bend and an actuator with spiral fibers will twist and contract [Shinichi01].

In the schematic power and actuation system in Figure 9, the peroxide is stored in and pressurized by the elastomer bladder, fabricated from a Silastic elastomer or Viton (depending on desired durometer), both of which are fully compatible with peroxide. Actuation is initiated by pulsing open the micro-dispensing valve, thus passing a shot of liquid peroxide into the muscle actuator. The actuator is filled with a granular catalyst (iridium-coated alumina granules, 18-20 mesh, with sub-millimeter diameters). A small “stent” of stainless steel wire holds the granules in place and prevents total collapse on deflation.  The proposed actuation is particularly well suited to order of magnitude changes in dimension.  Specifically, silicon elastomers are capable of strains up to 900%, and the amount of gas that flows into the elastomer muscle is simply a function of how long the valve is held open.  A common balloon, for example, easily expands by an order of magnitude in all dimensions.  

Muscle relaxation is forced by the elasticity of the skeletal system, and in its simplest form results from a bleed orifice at the far end of the actuator (Figure 10). In this configuration, muscle contraction decays at a predetermined rate. Thus, contraction lasts for a specified time and the module deflates as exhaust gas is dissipated through the permeable ring. The only rigid component is the micro-dispensing valve, which measures 3.0 mm (0.11 in) in diameter and 9.6 mm (0.38 in) in length (Figure 8).

H2O2 Risks and Mitigation Factors
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Despite its attractive energy density, H2O2 has not seen wide use in robots, partly because it requires care in handling and partly because it is more complicated to control than electric motors. However, it has been used for many years in space applications and in specialized applications such as torpedoes. A 70% mixture of H2O2 is not an explosion hazard, is not flammable, and has been shown to be insensitive to shock. From MSDS Ref. No. 7722-84-1-5 (FMC), the complete entry under the category "Fire/Explosion Hazard" is as follows: "Product is non-combustible. On decomposition releases oxygen which may intensify fire. An explosion hazard when mixed with organics at high concentrations." We do not plan to mix H2O2 with organic compounds. Peroxide has a shelf life measured in years when stored in Class 1 materials, some of which include 316 stainless steel, 6061 aluminum, Teflon, Polyetheretherketone (PEEK), and Dow Corning Silastic elastomers [Gostowski03]. The freezing point for 70% peroxide is -40C; however a 60% solution has a minimum freezing point of -55C. Also, the exothermic catalytic decomposition of the peroxide will aid in keeping the internal temperatures above ambient.

3.3. Chembot Body design and locomotion

While H2O2 offers advantages in terms of high energy density, controllability and inherent deformability, there are challenges in terms of harnessing it to a soft robot that can propel itself over terrain, squeeze through narrow apertures and reconfigure itself. As discussed in Section 3.1, invertebrates use muscular hydrostats to produce waves of contraction and expansion and to achieve local stiffening (e.g. to raise the distal segment to enter a hole that is not at ground level) and to push into openings.  In the present case, we harness the liquid/gas phase transition of catalyzed H2O2 to produce a volumetric expansion accompanied by a rise in pressure. This mechanical energy must be harnessed to produce a periodic combination of axial extension and radial contraction. We present two variations on “annelid” (worm-like) and “tentacle” designs for achieving the desired effect. The former is more conservative and easier to manufacture; the latter has the potential for considerably greater travel and mission length but presents somewhat more risk for the manufacturing approach described in Section 3.4.

3.3.1. Concept 1: Annelid locomotion

The annelid concept shown in Figure 11 propels itself with a peristaltic wave of contractions. The forward end could contain a small camera. Electronics to power valves are located in the tail. Due to the slightly angled units and the fact that each unit is equipped with a directional skin, the entire annelid can be made to veer left or right by selectively actuating modules.

Expected performance

Locomotion occurs through the repetition of cycles of expansion and contraction. In the following calculations we assume that a fiber-reinforced PPAM actuator can contract by 35% (slightly less than reported in the literature). For a relaxed length of 23mm, we obtain a contraction of 8mm per motor unit. For the example gait shown in Figure 11, a single peristaltic cycle propels the robot forward by 24mm, and involves the contraction of 10 motor units.

The amount of H2O2 required for each motor unit actuation can be estimated assuming that the reaction product is an ideal gas:

 
[image: image1.wmf] where P is the operating pressure, Vg is the volume of gas produced, m is the mass of peroxide, Rh2o2 is the specific gas constant of reaction products of 70% peroxide, and Tadt is the adiabatic decomposition temperature of 70% peroxide (i.e., temperature of the gas after decomposition and before heat flows and work is done). Given that mass is conserved between the liquid and gas forms, one can express the mass in terms of the liquid density and volume, such that the ratio of volume of gas to liquid is:

 
[image: image2.wmf] where Vl is the volume of liquid peroxide, and 
[image: image3.wmf] is the density of 70% peroxide. Based on an average operating pressure of 5 psig (34.5 kPa) (about twice the pressure capability of the human diaphragm/lung), the resulting volume expansion ratio is approximately 1770. Since the conversion will entail energetic losses (e.g., heat flow), the volume conversion efficiency is assumed to be 67%, such that the actual volume expansion ratio (with losses) is approximately 1185. Based on the geometry of the contractile unit, the ratio of liquid volume to the differential volume of contraction (i.e., the volume of the contracted PPAM, less its relaxed volume) is approximately 6/1. Assuming just 2 cc of H2O2 in each contractile unit, this provides 7110 contractions if all the peroxide is consumed. If we assume 90% of the peroxide is usable, we expect 6400 total contractions from each unit. At 24mm per peristaltic cycle, or 2.4mm per contraction, the robot will have traveled 15.4 meters. As discussed in the context of Concept 2, much greater distances are possible if more H2O2 is carried onboard; however this requires pumping liquid H2O2 from one location to another to squeeze through the narrowest openings.

The speed of the Concept 1 robot is determined by the frequency of the peristaltic wave (i.e., is the product of the half period of the peristaltic wave and its frequency). Based on preliminary experiments, the inflation will occur (conservatively) in approximately 25 msec but the open-loop deflation time will be much longer; 225 msec. Thus the total time for contraction and expansion is approximately 250 msec, and the total time required for one peristaltic cycle is 1.5 seconds, corresponding to a velocity of 16 mm/sec, or 960 mm/min. The estimated speed and distance of travel are conservative and assume a peristaltic locomotion method that is well suited to cluttered environments but inefficient in open terrain. Even so, a robot with more modules can travel considerably further than 15 meters using 2 cc per motor unit, because this allows a larger retrograde wave to be utilized. As discussed in the next concept, the ability to pump H2O2 from one “storage module” to another allows considerably more H2O2 to be carried.

 Inherent within this design is extreme robustness and enhanced survivability. The use of identical units enables the failure of a module without the loss of function.
3.3.2. [image: image18.wmf]Concept 2: selective morphing with asymmetric units

One way to greatly increase the range and mission duration of a chembot is to carry more peroxide onboard; however, this requires the ability to pump peroxide from one segment to another, passing it through a narrow channel. The second concept, illustrated in Figure 12, shares many features with the first, except that it has the ability to pump peroxide between storage units and is capable of much greater dimensional changes. The axial extension units are roughly the diameter of the aperture (i.e., 1 cm), whereas the elastic peroxide storage units are approximately 10 cm wide when fully expanded. As shown in Figure 12, the peroxide is evenly distributed when traveling in open space. To enter an aperture, the front storage unit would first be evacuated, pumping all liquid peroxide the into the rear unit (Figure 14). On exiting, the pumping process is reversed. (For a larger, longer chembot there could be multiple store units and they would be emptied and filled in sequence.)

The storage units are reinforced with flexible spines so that they bulge upward and outward. The axial extension units are a modified bellows construction, reinforced with fibers in the hoop direction so that they tend to expand contract axially, but not radially, when the fluid pressure in them is increased. Axial fibers may also be used so that when they are under internal hydrostatic pressure they do not buckle in compression.

[image: image19.wmf]Pumping of the liquid peroxide is achieved by opening an internal valve that releases a small amount of H2O2 into an inner expansion chamber with a catalyst, as in the previously described concept. Additional valves at each end of the storage unit can be opened, to allow the flow of liquid H2O2 from one storage unit to another. In addition, by controlling the timing of the valves at each end of the elastic extension unit, a controlled amount of axial extension can be achieved. In open terrain, where there is no need to evacuate and deflate a storage unit, all of the expansion in the storage units is converted to hydraulic actuation in the extension units.

[image: image20.wmf]The analysis of gas expansion for this concept is the same as for the first concept. However, it has the advantage that potentially more of the work of expansion of H2O2 is converted directly to forward travel with each contraction. With a greater forward speed and a significantly larger total volume of stored H2O2, it promises an order of magnitude greater distance of travel in open terrain. The details of speed and mission length depend on many factors including pumping efficiency, forward and backward coefficients of friction using directional spines, and how often all the liquid peroxide must be completely pumped back and forth, (which depends on how many apertures the robot must traverse and how small they are). However, an estimate of the potential range can be made as follows:

We assume an initial fluid volume of 0.5 liters of peroxide split between two storage units. Allowing for inefficiency in the expansion process, using the same gas expansion calculations as in Concept 1, 500 cc of 70% H2O2 corresponds to 136.5 kJ of usable mechanical energy. With a density of 1.3 grams/cc, and allowing for weight of the elastomer skins, valves, battery, etc. our chembot has an initial weight of 1 kg. Assuming a very conservative friction coefficient of m = 0.8 (directional spines have achieved friction coefficents as low as 0.2 in the forward direction), the work necessary to propel a 1 kg robot over 10 km is 78.4 kJ, or a little over half the usable energy capacity of the peroxide mixture.

Steering and raising of the head and body segments for chembot 2 can be achieved either by subdividing each extension unit into 3 axial chambers and differentially inflating them or selectively engaging inextensible axial fibers to promote asymmetric extension. As in Concept 1, it is also possible to put simple axial extension units, that bend asymmetrically, in series and activate them selectively to veer left or right.

Due to the important advantages of pumping peroxide fore and aft, the second concept will be explored in parallel with the first. If the manufacturing challenges associated with making asymmetric expansion and storage units are overcome, this approach will be followed. Otherwise, pumping with simpler, rotationally symmetric storage units, will be adapted to Concept 1 at the expense of slower motion in open terrain.

In summary, key features of both variants include:

· A modular body with multiple, segmented interior chambers of highly elastic silicone and urethane materials, reinforced selectively with high strength tensile fibers. The initial body shape is an elongated worm or tentacle, but these bodies can ultimately be composed into different morphologies (e.g. branched like a sea star) for greatly diversified functional capabilities.

· H2O2 catalyzation takes place directly in the actuation chambers for efficiency, simplicity and noise reduction.

· [image: image21.jpg]


The primary actuation cycle is open-loop, following a gait fixed by a microprocessor acting as a central pattern generator and dependent on the time constants associated with expansion and deflation of actuation chambers.

· Regions of the outer skin are covered with directional adhesive materials (pioneered by Cutkosky’s group for Stickybot [Autumn06]) and the bodies are equipped with directional spines that bend easily in one direction but are stiffer when loaded in the opposite direction.

3.4. Materials and device fabrication

[image: image22.jpg]


The robot structures will be fabricated by casting from elastomers capable of very high strains. The method of fabrication will be adapted from the Shape Deposition Manufacturing (SDM) process used to create Sprawl, Spinybot and Stickybot robots over the last several years [Cham02, Asbeck06, Kim07]. Carbon fiber fabric will be embedded where highest stiffness and strength are required. A silk mesh can be used where a flexible but inextensible membrane is desired for shear transfer (as in Stickybot toes). Discrete bands of Kevlar can be embedded for flexibility with high strength in a particular direction. Superelastic Nitinol wires can be embedded for a combination of moderate stiffness and large bending strains without plastic deformation.

SDM techniques for embedding fibers across material boundaries in heterogeneous structures are described in [Hatanaka03]. Using these methods, elastic strains of over 300% and a high fatigue life can be achieved if a smooth surface finish is maintained. The resulting structures have properties similar to tents or kites, in that the entire structure is capable of sustaining high loads and is surprisingly stiff, despite being made primarily of flexible and elastic materials. And like a tent, they can be collapsed as soon as the primary tension members are made slack.

Recently, the SDM process has been applied to complex, three dimensional hollow mesh structures of polymer, reinforced with a metal mesh and containing embedded fiber optic sensors [Park07] (Figure 15). A diagram of the manufacturing sequence is shown in Figure 16. This process can be adapted to create hollow fiber-reinforced chambers required for the current proposal.

Tendons, using steel or Vectran in Teflon sleeves, provide the possibility for remote actuation (Figure 17). SDM also supports the fabrication of directional dry adhesive patches, as demonstrated in Stickybot [Kim07]. When a tangential force is applied to these patches in the preferred direction, they adhere to smooth surfaces and exhibit high friction on rough surfaces. This capability will allow the robot to climb slopes and to anchor itself for pushing its body into narrow cracks.

3.4.1. Sensing and Control

[image: image23.wmf]



The soft robot will use a largely open-loop control scheme, which will enhance actuation efficiency, reduce the number of required sensors, and reduce computational load on the microcontroller. A sequence of pulses commanded to the valves will generate one gait cycle. Variations in locomotion are enabled by varying the pulse widths and frequency, while entirely different modes of locomotion are enabled by varying the relative phasing of pulses. As in the Sprawl robots, a fixed motor pattern will determine the normal gait, and will be tuned in combination with the mechanical properties to achieve speed and dynamic stability [Cham02] (when creeping into cracks, stability is less of a concern because of the geometric constraint provided by the crack itself).

[image: image24.wmf]Intially, user commands will be passed through either an RF or optical line-of-sight link.  The user will rely on feedback from a pinhole wireless camera to guide the robot across open spaces, detect small apertures, assess whether they can be entered, and monitor the progress of the robot into the aperture.  High-level commands such as speed, direction, and morphing configuration will be issued, with the open-loop control scheme translating those commands into individual actuator motions. The user may receive, in addition to the video link, telemetry data from actuators and other sensors.
High level control will migrate to autonomous and semi-autonomous behaviors using signals obtained from antennae and simple optical sensors.  The research tasks will include sensor interpretation for a combination of simple mechanoreceptors (antennae and force sensors on the limbs), pressure transducers, body deflection sensors, and simple optical sensors. This work will build upon prior results with the Sprawl robots [Cowan03] using antennae for guiding cockroach inspired robots along walls. We anticipate augmenting the antennae with other mechanical body sensors and with non-contact proximity sensors or specialized vision (e.g., simple optical flow or modified optical mouse technology). In prior work we have embedded such sensors into soft robotic fingertips [Howe93, Park07]. Ultimately, a user would initiate higher level controls such as “go to hole,” “go through hole,” or “uncoil.”
3.4.2. Operational challenges and steps taken to address them

Locomotion efficiency

Although several annelid robots have been reported in the literature [Jung07, Tsakiris05] the locomotion efficiency has generally been disappointing both in terms of body-lengths per locomotion cycle and in terms of meters per Joule. The previously developed devices have focused on reproducing authentic worm-like motion, rather than achieving very high values of deformation, which is of greater concern in the present case. The efficiency of locomotion is also directly related to the amount of deformation achieved per cycle. In open terrain, we anticipate gas expansion ratios of approximately 1200/1 at several psig. Consequently we anticipate at least 0.75 meters of distance traveled per cm3 of 70% peroxide consumed for Concept 1 and XX m per cm3 of peroxide for Concept 2.

Inside a narrow aperture or tube, locomotion efficiency and speed will be significantly reduced because maximum strains will also be reduced, however the use of directional spines can increase efficiency with small relative motions between the skin and hole. For the example in Concept 2, additional time will be required to pump fluid back and forth; this is the price we pay for transporting a large volume through a small orifice.

Aperture penetration

The ability to traverse narrow spaces involves more than the ability to assume a narrow or flattened shape. It is also necessary to forcefully penetrate openings, particularly if relying on the geometry of the opening to passively govern the deformed shape. For example, earthworms achieve substantial axial and radial forces in comparison to their body weight to penetrate soil [Quillin00]. Other animals such as arthropods use directional spines to help them push forcefully into tight spaces [Full97]. In the present case, we believe that it is necessary to use directional adhesive skin and directional spines to ensure that the body can anchor itself and push the distal end into an aperture. With directional skin, longitudinal forces of several times the body weight can be achieved [Kim07] and, because the materials are directional, detachment or disengagement is easily accomplished when the loading direction is reversed. 

The directional skin and spines will also permit locomotion through extended apertures or tubes. The net amount of axial expansion and contraction will be much smaller than in open air, but little backward sliding will take place. Therefore (slow) forward locomotion will be possible. The price we pay for this capability is that backward motion through tubes will be difficult if not impossible. If the ability to move equally forward and backward through tubes is important, we will experiment with patches of opposite directionality on alternating segments which are selectively actuated, or not. The net locomotion efficiency will be reduced but bidirectional locomotion will be possible. 

Electrical Power Requirements

The valves shown in Figure 8 are magnetically latching and require power only to switch. They have a coil resistance of 15 Ω and a switching time of 1 msec; therefore they use ~1.8 mJ per switch. For Concept 1 with 10 units and a cycle of 1.5 seconds and 20 switches per cycle, the valves consume an average of 24 mW. For Concept 2, the valve power draw will be lower during normal locomotion. Additional power will be consumed by the microcontroller, sensors, camera and any optical or RF emitters. Small microprocessors suitable for our chembot have a power consumption on the order of 10-25 mW. Thus a total draw of 30-50 mW, depending on application, is possible. Lithium polymer batteries supply on the order of 0.3 Watt-hours/cm3 so we can anticipate operation of a few hours per cubic centimeter of battery.

Morphing: fundamental limits and capabilities

An octopus with a nominal size of 10cm or more can extrude itself through a 1cm hole, but not through a 1mm hole. A cockroach with a nominal size of 2cm can squeeze itself through a 2mm crack, but not through a 2mm hole. These examples remind us that the ability of a robot or animal to force itself through small openings of arbitrary shape is ultimately limited by two basic phenomena: the maximum strains that soft tissues or materials can sustain without rupture and the maximum dimensions of any elastic or rigid components in their most compacted state. In the case of the octopus, the muscular systems in the tentacles are capable of enormous strains without tissue failure. Other body parts, particularly the beak, are capable of much less strain; however they are small compared to the overall body size.

The chembot that we propose has particular similarities to echinodermata with their water vascular systems for actuation and their endoskeletons containing discrete ossicles (small hard plates). The endoskelton can be highly deformable (sea cucumbers) or flexible (sea stars).

In the present case, we will be using silicone and urethane elastomers capable of strains of several hundred percent – comparable to the maximum strains that biological tissues undergo. Therefore the smallest traversable apertures are limited by discrete components such as microvalves and electronic components (e.g. power transistors, microprocessor) that are not deformable. As mentioned in Section 3.2, the microvalves that we are using have a diameter of 3mm. The largest rigid electronic components have similar dimensions; however, we may need to use optical or acoustic rather than RF communication. Most other components including flexible printed circuits, lithium polymer batteries, tendons, and spines can be obtained or fabricated into flexible shapes that do not limit the minimum aperture size. Thus the practical minimum aperture dimension is a few millimeters with currently available components.
Payload

The payload is subject to the same constraints as the rest of the robot with regard to morphing. A rigid payload will have to be long and thin and will likely be transported either at the anterior end (as in the case of a camera) or posterior end (as in the case of an RF transmitter). A liquid or gel payload can be treated in the same manner as the peroxide, and pumped from one storage unit to another when traversing small holes. In some circumstances, H2O2 might itself be transported as an energetic payload, capable of reacting with organic materials on release. In each case, as long as the weight of the payload is less than the 0.6 kg corresponding to 500 cc of stored peroxide, the locomotion efficiency will not be greatly compromised unless the robot is climbing steep surfaces.

Noise

The proposed chembots will be quiet. Since audible noise in a pneumatic system is a function of the gas pressure and exhaust rate, and since the gas pressures and exhaust rates in the proposed system are extremely low relative to typical pneumatically actuated systems, the proposed chembots will operate well below ambient noise levels. We have conducted preliminary experiments that verify this assertion.

4. Phase I Proposed Plan of Work and Milestones 

(Task numbers T1-T6 as listed in Table 1) 

0-6 months: 

Development 

(T1) Design and build preliminary elastomeric body and appendage structures for testing – emphasis on valving, timing and motion generation.
(T1) Develop initial SDM manufacturing process for 3D fiber reinforced body structure.
(T2) Develop first version of valve control circuit and Li polymer battery with maximum width < 1cm
(T3) Begin development of communication system.
(T4) Develop steering mechanisms using existing prototypes

(T6) Research invertebrate models to find exemplars best matched to characteristics of robot. Develop test procedures for behaviors.
Tests:

(T2) Establish characteristics (speed, efficiency, leakage, peak temperature and pressure) of initial actuators.
(T5) Test radial and axial extension of structures as function of changes in internal pressure and correlate with predicted locomotion efficiency. Initial tests conducted using steam and/or compressed air while H2O2 valve/catalyst/actuator tests are conducted in parallel.
(T5) Ship first appendage structures from Stanford to Vanderbilt and Foster Miller and monopropellant actuation kits from Vanderbilt to Stanford.

6-month milestone: Tethered demonstration of peroxide-powered locomotion of soft robot segment (e.g. 3 DOF “tentacle”) able to: move forward using basic inflation/contraction cycle, enter hole with tip contracted.
6-12 months: 

Development:

(T1, T5) Develop 2nd generation Chembot with multiple segments and DOF – able to bend left/right and up/down to locate apertures; able to crawl through aperture and recover shape on exit.
(T2) Develop improved valving and actuation system for 2nd generation Chembot prototype
(T3, T4) Develop flexible controller and battery for gait generation, sensor monitoring, communication.

Tests:

(T2, T5) Perform detailed experiments on 1st-generation structures to quantify locomotive speed, endurance, terrain capability, and payload capacity as function of H2O2 contained and consumed.
(T1) Characterize range of achievable shape change (percent change in body dimensions and correlation with maximum material strain).
(T1, T2) Characterize relationship among: dimensional change, pressure, volume of H2O2 dissociated and peak temperature reached.
(T5) Characterize traction forces between appendages and surfaces, and force available for insertion into apertures. Correlate with locomotion efficiency (meters traveled per cc of H2O2).
(T3, T4) Test communication with and steering of test structure using miniature camera.
(T3) Test electrical power consumption and correlate with mission requirements.
(T6) Conduct preliminary tests on selected animals to characterize locomotion efficiency and useful sensor-mediated behaviors that enhance ability to enter apertures.
12-month milestone: Tethered non-autonomous demonstration of peroxide-powered 2nd generation prototype with ability to locate and traverse aperture.

	Table II.  Division of Tasks, Effort and Metrics

	Tasks
	Responsibility
(% effort)
	Metrics/milestones

	T1: Body development
	Primary: SU (40%)

Secondary: FM, UV, SSSA
	6mo: low DOF tentacle

12mo: multiple module tentacle

18mo: reconfigurable appendages

	T2: Energy conversion, control
	Primary: UV

Secondary: SU, FM
	6mo: H2O2 actuation kit and preliminary performance measures

12mo:  tests of H2O2 in body actuators for enhanced performance and efficiency

18mo: integrated body/actuator system with autonomous control

	T3: Electronics, communication
	Primary: shared between SU, FM, UV, SSSA
	6mo: tethered communication and control

12mo: onboard visual package

18mo: flexible electronics packaging for untethered communication and control 

	T4: Sensing, behaviors
	Primary: SU

Secondary: VB, FM, SSSA
	6mo: crawl through hole

12mo: locate and penetrate hole using onboard sensors + remote control

18mo: semi-autonomous navigation and reconfiguration

	T5: Integration, testing
	Primary: SU

Secondary: FM
	6mo: characterize tentacle locomotion efficiency and correlate with body performance

12mo: off-axis aperture entrance and traversal

18mo: Phase I performance requirements and preliminary demonstration of body reconfiguration for different (e.g. branched) morphologies

	T6: Bio-inspiration, tests
	Primary: UCB

Secondary: SSSA
	6mo: identify optimal invertebrate locomotive model

12mo: identify bio-inspired approaches to sensor-mediated behavior for enhanced aperture detection & penetration

18mo: findings of targeted tests on animal strategies for detecting, penetrating aperatures and locomotion in confined spaces.


12-18 months: 

Development:

(T1-T4) 3rd generation autonomous prototype with ability to assemble prototypes to create different morophologies (e.g. branched, star shaped) with different functional capabilities.
3rd generation includes features of 2nd generation plus: improved flexible controller with provisions for assembly, external communication (input commands and output sensor data using IR), onboard camera, integrated actuators. 
Tests:

(T1, T2, T5) Continue mechanical tests as described above (6-12 month) on locomotion efficiency, speed and energy consumption, etc.
(T5) Conduct tests on ability to control direction and path, including for aperture entry and exit.
(T4, T6) Incorporate findings from bio-experiments to guide initial integration of sensory information into semi-autonomous behaviors for navigation and reconfiguration. 
(T4, T5) Develop behavioral specifications for fully autonomous operation (in Phase II)

18-month (Phase I) milestone/deliverable: Untethered demonstration of peroxide-powered soft robot, including demonstration of terrestrial locomotion, detection of an opening and traversal of an arbitrarily shaped aperture with a dimension of ~1cm using onboard sensors.
Phase II (24 months): Work in Phase II will focus on refining the proof-of-concept from Phase I into a working robot with: (i) refinements in the design to increase performance, durability and reliability, (ii) a larger number of sensors and algorithms for interpreting sensor information and (iii) behaviors to increase autonomy with respect to typical task scenarios. An optional activity in Phase II will be to partner with a company to develop a pre-commercial prototype of the soft robot platform.

DoD Impact

5. Relevant Prior Work

This proposal draws upon prior work in monopropellant-powered robotic and prosthetic devices and in bio-inspired soft robots. Prior work by Goldfarb [Goldfarb03, Fite06] has demonstrated that 70% H2O2 can be a compact, safe and controllable power source for prosthetic arms when coupled with pneumatic cylinders, a catalyst and a fluid control valve. For precise closed-loop control, pressure or force sensing is needed; in the present case we are using primarily open-loop control based on the empirically established time constant of each actuator unit.

In recent years, there has been much work in bio-inspired robots. In particular, the Sprawl family of hexapedal running robots developed by Cutkosky and Full [Cham02] and the climbing robots, Spinybot [Asbeck06] and Stickybot [Kim07] utilize the same Shape Deposition Manufacturing process that will be used in the current work.

A subset of the bio-inspired robotics literature specifically concerns soft robots inspired by annelids [Jung07, Tsakiris05], octopi [McMahan05], lampreys [Stefanini06], caterpillars [Trimmer06] and the amoeba [Hong05]. 

In most cases, the emphasis is on achieving a particular form of locomotion, rather than on achieving exceptional deformability as in the current proposal. However, the prior work provides numerous examples to draw upon for actuation and construction methods. In particular, several soft worm-like robots have been developed at. Paolo Dario's lab in Pisa, a leading European center for bio- robotics. Through collaboration with his laboratory, early experiments on vision-based guidance will be conducted on existing prototypes while the concepts described in this proposal are being fabricated.

Other related work includes numerous snake-like robots for pipe inspection and related tasks. Although they are not deformable in the same way as the robots in this proposal, they present related challenges for sensing, control and communications. Notable examples include the Pipe Mouse robot from S. Potter’s group at Foster Miller Inc.

6. Facilities and Equipment
University Of California, Berkeley, Department of Integrative Biology, PolyPEDAL Lab

The PolyPEDAL Laboratory studies the locomotor biomechanics and energetics of small, many–legged animals. Our 1800 ft sq laboratory contains three types of workstations relevant to this proposal. The Motion-EMG-Kinematics workstations include 1 vertical treadmill with a see-through belt, 4 horizontal, minature treadmills, one rotating Styrofoam inertial treadmill, EMG amplifiers and high-speed video cameras for three-dimensional kinematic analyses. The Force-Kinetics workstations include three force sensitive platforms, and a photoelastic track for three-dimensional kinetics. The Metabolic Energetics Workstations allow measurement of oxygen consumption using O2 analyzers during steady-state locomotion. We also have access to the Biological Visualization Center with compound microscopes, a Cyberware laser scanner, and Compix/ImagePro image and morphometric analysis software. Other resources include walk-in cold rooms, centrifuges, computer rooms, a machine shop, an electrical shop, and a full time veterinarian. Campus facilities include an ecological scanning electronic microscope (Electroscan E3 ESEM) that allows pictures of living tissues, as well as conventional SEM (Hitachi S5000) and TEM (Tecnai 12).

Major Equipment:

· 3 Miniature force-platforms with 3 Vishay 8 channel amplifiers

· photoelastic track

· 3 Power Mac computers with frame grabber and software for LabView, Analog-digital converters and Grass amplifiers for EMG

· 5 Mac and PC computers for simulation and data analysis

· 2 Portable incubators for controlling temperature

· 2 Kodak 1000 high-speed digital video cameras (1000 frames/sec)

· 4 Redlake high-speed digital video cameras (1000 frames/sec),

· 2 DALSA high-speed video cameras

· 2 NAC high-speed analog video cameras (color, 1000 frames/sec)

· 3-D Motion Analysis System (Motus, Peak Performance Tech. Inc.) Dedicated PC computer for studies on mechanics and video analysis

· 2 Perturbation / muscle lever systems

· 4 miniature treadmills, 1 Styrofoam rotating inertial ball, 1 Vertical treadmill

· 3 oxygen analyzers

· Dissecting microscopes (Nikon)

Stanford University, Department of Mechanical Engineering:  Center for Design Research and Rapid Prototyping Lab
Facilities at Stanford University for fabrication of flexible multi-material prototypes are located in the Center for Design Research(CDR) and Rapid Prototyping Lab (RPL) in the Department of Mechanical Engineering. Where appropriate, the Stanford Nanofabrication Facility is available for sensor development.

The Biomimetics and Dexterous Manipulation lab in MERL Bldg. 660 Room 132 includes industrial robots, bio-inspired robot legs and hands and specialized equipment for the design and fabrication of bio-inspired robots and sensors. Various measurement systems allow motions (via high-speed video tracking), ground reaction forces, accelerations, and contact stresses to be measured for robotic appendages with embedded electronic and optical sensors. Additionally, the Stanford Center for Design Research comprises approximately 4000 sq. feet of space with workstations for computer-aided design and rapid 
prototyping and systems for video-conferencing with collaborators.

The Rapid Prototyping Laboratory (RPL) is a 3554 sq ft facility equipped with a variety of manufacturing equipment to support the entire process sequence for metal, polymer and ceramic parts created using the Shape Deposition Manufacturing (SDM) technique. A dedicated UV-light station serves to create base building blocks of water-soluble UV-curable sacrificial material (solder mask). The milling of the sacrificial support material is performed at two CNC stations: Haas VF-0E 3-axis CNC mill and MAHO MH 600-C 5-axis CNC mill. Wax casting, removal of solder mask in forced-flow water tanks, and vacuum casting of uncured polymer or ceramic slurry into the wax molds is also supported by dedicated stations at RPL. The "green" un-sintered parts are dried in controlled humidity environment of an[image: image4.png]


environmental chamber (Thermotron SM-3.5S). Finally the dried "green" parts are sintered in high temperature furnace (Thermal Technology Inc). Additional facilities are available for spin-coating, sputtering, and UV lithography. A new addition to the facility includes a clean room section with a confocal microscope and atomic layer deposition station.
The Stanford Nanofabrication Facility is used to fabricate parts that require machines with further precision than the equipment found in RPL and MERL. It is located in the Center for Integrated Systems and includes a 10,500 square foot Class 100 cleanroom that is populated with nearly 100 different instruments and fabrication tools. SNF supports a broad range of micro- and nanofabrication materials and processes. In addition the capabilities of the SNF, users can make use of the advanced characterization tools (e.g. SEM, TEM and FIB) offered by the Stanford Nanocharacterization Laboratory (SNL) located adjacent to the SNF.
Vanderbilt University, Department of Mechanical Engineering: Center for Intelligent Mechatronics

Work at Vanderbilt will be conducted in the Center for Intelligent Mechatronics, which consists of approximately 2000 square feet of laboratory space and includes a full complement of resources for the design, prototyping, control, and experimental characterization of mechatronic devices.  Mechanical prototyping facilities consist of a Dimension SST rapid prototyping machine, in addition to a machine shop located within the laboratory, which includes a vertical milling machine, lathe, drill press, band saw, and other associated small shop equipment.  Additionally, the School of Engineering at Vanderbilt houses two multi-axis CNC machines, in addition to three multi-axis CNC machines housed by the University.  Design resources include computer-aided design software (SolidWorks and ProEngineer), along with ANSYS and ProMechanica finite element analysis software.  Electronic prototyping and test equipment includes a standard complement of electronic laboratory equipment, such as DC power supplies, digital storage oscilloscopes, function generators, amplifiers, and adjustable analog filters.  The Center houses a small computer network of approximately fifteen machines, several of which are equipped with multifunction I/O cards and MATLAB Real-Time Workshop/Target, which enables the rapid interface with and control of prototype devices.  The Center also includes a full complement of pressure, temperature, motion, and force sensing equipment, in addition to a Redlake MotionScope S high speed video camera that will be used for assessing the actuation dynamics of the robot.  Finally, the Center includes all resources required for the storage and handling of hydrogen peroxide.
Scuola Superiore Sant'anna, Centre for Research in Microengineering
The CRIM Lab (Centre for Research in Microengineering) was established at the SSSA with the specific mission to perform applied research on micro-mechatronics mainly in the biomedical field, and to implement service activities aimed at promoting the industrial take-up and exploitation. At present the CRIM Lab is coordinated by Prof. Paolo Dario, and it has more than 30 full time researchers possessing interdisciplinary expertise; a variable number of graduate and undergraduate students are also involved.
Main facilities at the CRIM Lab include:

· Precision machines (Precision mechanics machine shop)
· Ultraprecision Machining (high precision CNC machining, micro-wire and micro-sink Electro Discharge Machining 

· Clean Room (Equipment for lithography, silicon micromachining, thin film deposition, sputtering and ion beam evaporator, monomolecular layer deposition)
· 3D Non-Traditional Technologies consisting of: 

· Micro-injection moulding
· Micro-stereolithography and precision electrodeposition
· Silicon Bulk Micromachining
· Profilometer and Ellipsometer
· Microscopes (AFM/STM Microscope, Optical fibre microscope, Optical microscope)

· MEMS characterization equipment (micromechanical test bench with precision load cells)

· Surface characterization equipment, electrical characterization equipment

· Optical Sensors research equipment (HeNe Laser, Lasers for distance measurements, UV visible power meter)

· Simulation and Design Software (ANSYS, Pro-Engineer, Electronic Laboratory)

These microengineering equipments integrate nicely the expertise in modelling, simulation and characterization at component and system level. 
Foster Miller Inc.

Foster-Miller is a recognized leader in mobile robotics research and development.  With our years of experience, we know how to assemble systems that do not currently exist by selecting components that do.  Our ability to provide integrated system solutions for manufacturing industries, utilities and government customers is demonstrated daily in systems that combine electromechanical robotics, intelligent control software, miniature sensors, and powerful machinery to maximize performance and reduce development risk. 

Foster-Miller’s rigorous design, engineering, manufacturing, field service and quality processes are key factors in superior team performance.  Foster-Miller is AS9100B certified in its Quality Management System and SW-CMM Level 3 certified in software process and will ensure the highest industry standards for system performance.

Foster-Miller’s core capabilities are broad, but also in-depth, and include focus on product and equipment development and manufacture, analysis and simulation, process systems development, system integration, advanced materials development, and instrumentation and controls.  Foster-Miller’s core technologies also span a range of disciplines: electric machinery, robotics, electromagnetics, sensors, diagnostics and prognostics, embedded software, thermal systems, structures and analysis, advanced materials, and biomedical technology.
7. Management Plan

Stanford University (Cutkosky) will be the project lead, as main platform fabricator and integrator. The management will draw upon his experience as P.I. for an ONR MURI on the Sprawl robots and as a major partner in the DARPA RiSE Biodynotics consortium responsible for designing and fabricating the Sprawl, Spinybot and Stickybot robot platforms. Goldfarb (Vanderbilt), Full (Berkeley) and Potter (Foster Miller Inc.) also have extensive experience with multi-institutional DARPA programs.

Potter’s experience with Pipe Mouse has already been invaluable in the weekly teleconferences leading to the production of this proposal. In Phase II, Foster Miller Inc. can provide a path toward pre-commercial prototypes for testing in applications scenarios. 

The project also takes advantage of Cutkosky’s interactions with the laboratory of Prof. Paolo Dario in Pisa, Italy. Dario’s laboratory is a leading European center in bio-robotics and has constructed worm, lamprey and polychaete inspired robots that are widely cited in the literature. Although these robots are only moderately deformable, they can be used for testing sensing and guidance strategies while developing, concurrently, the primary actuation and body mechanisms for our soft Chembot. 

As in the previous Sprawl and ongoing DARPA RiSE projects we will have frequent exchanges of personnel and hardware, in addition to a weekly videoconference meeting. In particular:

· A Vanderbilt researcher will spend a significant period during first quarter at Stanford, learning how to do SDM fabrication. (Dario’s lab has already learned how to do Shape Deposition Manufacturing as a result of Cutkosky’s 6-month visit there in 2002.)

· A Stanford researcher will spend time at VU learning how to handle and control peroxide monopropellant.

· A Stanford researcher will spend 1 day per week in the laboratory of Full at Berkeley, participating in focused animal experiments (e.g., use of sensory information, behaviors for reliable entry).

· A researcher from Dario’s lab will spend 6 months at Stanford working with Cutkosky’s group and collaborating with Potter on robot steering and sensing methods.

In addition, at approximately 6 months, initial appendage structures will be shipped from Stanford to Vanderbilt and a “kit” of miniature monopropellant valves, catalyst and controller will be shipped from Vanderbilt to Stanford so that both sites have equivalent first-generation hardware. The materials costs for the soft robot are not high; therefore subsequent generations of the soft robot will also be distributed between Vanderbilt and Stanford.

7.1. Personnel
Mark R. Cutkosky is a professor in the Dept. of Mechanical Engineering at Stanford University. He joined Stanford in 1985, after working in the Robotics Institute at Carnegie Mellon University and as a machine design engineer at ALCOA. Cutkosky's research includes robotic manipulation and tactile sensing and the design and fabrication of biologically inspired robots. He has graduated 30 Ph.D. students and published extensively in these areas, including several patents. He consults with various companies and serves on technical advisory boards in the areas of robotics and human/computer interaction devices. His research focuses on novel multi-material fabrication methods to create robots whose mechanical properties draw inspiration from insects, geckos and other animals to increase physical robustness, improve performance and simplify control. His work, partly in collaboration with biologist Robert Full, has been featured in Forbes, Discover Magazine, The New York Times and other publications and has appeared on the CBS Evening News, Next @CNN, Science Central News and other popular media. His most recent work on Spinybot and Stickybot has won a Best Video award (IEEE ICRA06), Best Student Paper award (IEEE ICRA07), Finalist, Best Manipulation Paper (IEEE ICRA07) and TIME Magazine Best Inventions of 2006. Cutkosky’s previous awards include several Best Paper awards, a Fulbright Distinguished Faculty Chair (2002), a Charles M. Pigott Professorship (1996) at Stanford University and an NSF Presidential Young Investigator award (1986).

Robert J. Full joined the University of California at Berkeley as an Assistant Professor of Zoology in 1986. In 1997 Full became a Chancellor’s Professor at Berkeley, awarded for “distinguished achievement of the highest level in research, teaching and service.” Full has authored over 200 contributions and has delivered an equal number of national and international presentations. In 2006 he founded, CIBER, a new center at Berkeley dedicated to Interdisciplinary Biological-inspiration in Education and Research. In 1990 he received a Presidential Young Investigator Award. He has mentored over 90 undergraduate researchers who have received more than 50 awards/fellowships. For these efforts he recently was named Mentor in the Life Sciences by the National Academy of Sciences. Full directs the Poly-PEDAL Laboratory, which studies the Performance, Energetics and Dynamics of Animal Locomotion (PEDAL) in many-footed creatures (Poly). His research program in comparative physiology and biomechanics has shown how examining a diversity of animals leads to the discovery of general principles of locomotion. His fundamental discoveries have inspired the design of novel neural control circuits, artificial muscles, eight autonomous legged robots and the first self-cleaning dry adhesive.

Michael Goldfarb: Michael Goldfarb is a Professor in the Department of Mechanical Engineering at Vanderbilt University, and director of the Center for Intelligent Mechatronics.  Dr. Goldfarb joined the faculty at Vanderbilt immediately after receiving his Ph.D. from the Department of Mechanical Engineering at MIT in 1994.  Dr. Goldfarb has published over 100 technical papers in the areas of robot design and control, including relevant work in the areas of liquid hydrogen peroxide powered robotics and the design of minimally-actuated elastodynamic robotic insects. He has directed over $10 million of externally funded research over the past dozen years as a principal investigator from federal agencies including the NSF, NIH, DARPA, NASA, the CIA and ARO. Dr. Goldfarb has been funded through seven different DARPA programs over the past ten years, as lead on five of those seven. Two of those programs were for mesoscale robotics, and three were/are relevant to hydrogen peroxide based power for robot actuation.

Prof. Paolo Dario is Professor of Biomedical Robotics at Scuola Superiore Sant'Anna Pisa, Italy. He is the founder of the ARTS lab (Advanced Robotics Technology and Systems Laboratory) and the head of the CRIM lab (Centre for Applied Research In Microengineering). He carried out research in the field of medical robotics, humanoid robotics and biomimetics since the late 1980s and he is now considered a major promoter in the research field of Bio-Robotics. President of the IEEE Robotics and Automation Society in the years 2002-2003 and Co-Chair of the Technical Committees on Bio-robotics and on Robo-ethics of the same Society, he promoted the 1st IEEE RAS/EMBS Conference on Biomedical Robotics and Biomechatronics (BioRob 2006, General Chair) and he recently served as General Co-Chair of the IEEE International Conference on Robotics and Automation (ICRA 2007). He is the author of more than 200 scientific papers (more than 80 on ISI Journals). Editor-in-Chief, Associate Editor and member of the Editorial Board of many international journals, he is IEEE Fellow and recipient of many honours and awards, such as the Joseph Engelberger Award.

Steven D. Potter is a senior engineer in the Electrical and Electronic Systems Group of Foster-Miller Inc. He joined FMI in 1998 after working for the start-ups Tekscan Inc. (tactile sensors), and Product Genesis Inc. (product design). Recent projects have focused on design, analysis and control related to novel actuators, sensors, transmissions, wheels, structures and machines, especially related to ropes/cables and the physics of locomotion. Under the Navy programs EARS, ALM and AAG, Mr. Potter developed the cable-dynamic models used for simulation and control of landing aircraft on Navy carriers. Examples of robotics work include the design of a pipe-mouse for gas pipe inspection (for NYgas) and a robot for loading Navy aircraft (SWL). For the latter program, Mr. Potter developed a direct-drive electric motor with >10X higher torque or force density than COTS technology (US 7,218,019), and an improvement to the Mecanum omni-directional wheel (patent pending). Additional inventions include a device for undulating self-propulsion (US 7,083,178), a no-moving-parts rope ascender (US 5,217,092), and roll-up inflation stabilized beam structures (pending). Mr. Potter holds B. S. (1984) and M. S. (1986) degrees in mechanical engineering from MIT.
8. Current and Pending Support

Mark Cutkosky

Current

Title: Smart robot appendages with integrated actuators, sensors and preflexes – postdoctoral fellowship
Source: National Imagery & Mapping Agency, NGA501-05-BAA-0003

Location: Stanford University, MERL 132

Period: 07/25/05 - 07/30/07

Total award amount:  $240,000

PI Person-months/year:  ¼  (advisor to post-doctoral fellow)

Title: Robots in Scansorial Environments – DARPA Biodynotics
Source: DARPA/University of Pennsylvania

Period: 04/11/05 - 08/31/08

Location: Stanford University, MERL 132

Total amount: $1,385,423

PI Person-months/year:  2

Title: Z-man 

Source: DARPA/Draper Labs

Period: 04/09/07 - 08/31/07

Location: Stanford University, MERL 132

Total amount: $186,000

PI Person-months/year:  2

Title: Embedded Fiber Optic Sensors for Human-Safe Robot Limbs
Source: NASA/IFOS

Period: 02/01/05 – 07/01/05

Location: Stanford University, MERL 132

Total amount:  $100,000

PI Person-months/year:  ½ 

Pending

Title: Active Nanostructures and Nanosystems
Source: UCSB/NSF NIRT

Period: 05/01/07 - 04/30/11

Location: Stanford University, MERL 132

Total amount:  $425,000

PI Person-months/year:  ½ 

Robert Full

Current

Title:  NIRT: Biologically Inspired Synthetic Gecko Adhesives

Source: NSF Award # 0304730

Location: U.C. Berkeley

Period: 9/1/2003 – 8/31/2007

Total award amount:  $290,989

PI Person-months/year:  ½

Title: RiSE: Robotics in Scansorial Environments
Source: DARPA/University of Pennsylvania

Period: 08/1/2003 – 08/31/2008

Location: U.C. Berkeley

Total award amount:  $1,047,561

PI Person-months/year:  1

Title:  FIBR:  Neuromechanical Systems Biology

Source: NSF Award # 0425878

Period: 9/1/2004 – 8/31/2009

Location: U.C. Berkeley

Total award amount:  $2,970,853

PI Person-months/year:  1

Title:  Modeling Robot-Ground Interactions

Source:  DOD National Geospatial Intelligence Agency  HM1582-06-1-2019

Period: 9/6/2006 – 9/5/2007

Location: U.C. Berkeley

Total Award Amount: $120,000

PI Person-months/year:  1 (advisor to post-doctoral fellow)

Steve Potter
Current


Title: Advanced Electromechanical Actuation System for Jet Blast Deflectors
Source: NAVAIR/Infoscitex Inc.
Location: Foster-Miller Inc.
Period: 6/2007 - 6/2009
Total award amount:  $216,000
PI Person-months/year:  3

Title: Advanced Arresting Gear
Source: NAVAIR/General Atomics Inc.
Location: Foster-Miller Inc.
Period: 2/2005 - 9/2010
Total award amount:  $8,600,000
Person-months/year:  1.3

Pending

Title: High Performance Omni-Directional Wheel
Source: NAVAIR
Location: Foster-Miller Inc.
Period: 9/2007 - 8/2008
Total award or subcontract amount:  $630,000
PI Person-months/year:  4.6

Michael Goldfarb

Current

Title: Revolutionizing Prosthetics, N66001-06-C-8005

Source: DARPA/APL

Location: Vanderbilt University, Olin Hall

Period: 12/1/2005 – 11/30/2007

Total award amount:  $1,050,065

PI Person-months/year:  2

Title: Engineering Research Center for Compact and Efficient Fluid Power, EEC0540834 T53066926
Source: NSF/University of Minnesota

Period: 06/01/2006-05/31/2011

Location: Vanderbilt University, Olin Hall

Total amount: $1,618,074

PI Person-months/year:  1.5

Title: Robotic Prosthesis for Biomimetic Locomotion in Transfemoral Amputees, 1 R01 EB005684-01
Source: NIH NIBIB

Period: 04/01/2007 – 02/28/2011

Location: Vanderbilt University, Olin Hall

Total amount: $1,381,500

PI Person-months/year:  1.5

Title: Collaborative Research: Regenerative Above-Knee Prosthesis, CMS0510546
Source: NSF

Period: 08/01/2005-07/31/2008

Location: Vanderbilt University, Olin Hall

Total amount: $190,709

PI Person-months/year:  0.5

Paolo Dario

Current

Title: VECTOR (Versatile Endoscopic Capsule for gastrointestinal TumOr Recognition and therapy).
Source: European Commission

Period: 09/06-08/10

Location: Scuola Superiore Sant'Anna 
Total Amount: $1,837,855

PI Person-months/year: ½

Title: NINIVE (Non Invasive Nanotransducer for In Vivo gene thErapy).

Source: European Commission

Period: 11/06-10/09

Location: Scuola Superiore Sant'AnnaTotal Amount: $672,091 

PI Person-months/year: ½

Title: OPTIMUS (OPTimization and valIdation of a Mobile capsUle for endoScopy).

Source: Korean government 

Period: 04/06-03/10

Location: Scuola Superiore Sant'AnnaTotal Amount: $1,777,487 

PI Person-months/year: ½

Title: I-SWARM (Intelligent Small World Autonomous Robots for Micro-Manipulation).
Source: European Commission

Period: 01/04-12/07

Location: Scuola Superiore Sant'AnnaTotal Amount: $520,502 

PI Person-months/year: ½

Title: GOOD-FOOD (Food Safety and Quality Monitoring with Microsystems).

Source: European Commission

Period: 01/04-06/07

Location: Scuola Superiore Sant'AnnaTotal Amount: $418,548

PI Person-months/year: ½

Title: VIMPA (Vibrating Microengines for Power generation and Microsystem Actuation).

Source: European Commission

Period: 02/05-01/08

Location: Scuola Superiore Sant'AnnaTotal Amount: $605,016

PI Person-months/year: ½

Title: ARES (Assembling Reconfigurable Endoluminal Surgical system).

Source: European Commission

Period: 01/06-12/08

Location: Scuola Superiore Sant'AnnaTotal Amount: $623,797

PI Person-months/year: ½

Title: ASSEMIC (Advanced Methods and Tools for Handling and Assembly in Microtechnology).

Source: European Commission

Period: 01/04-12/07

Location: Scuola Superiore Sant'AnnaTotal Amount: $276,349

PI Person-months/year: ½

Title: MICROSURF (Micro Instrumentation for Fetal Surgery).
Source: “Cassa di Risparmio di Pisa” Foundation 

Period: 01/05-03/07

Location: Scuola Superiore Sant'Anna
Total Amount: $441,353

PI Person-months/year: ½

Title: DustBot (Networked and Cooperating Robots for Urban Hygiene).

Source: European Commission

Period: 12/06-11/09

Location: Scuola Superiore Sant'AnnaTotal Amount: $603,675

PI Person-months/year: ½

Pending

Title: LAMPETRA (Life-like Artefact for Motor-Postural Experiments and Development of new Control Technologies inspired by Rapid Animal locomotion).

Source: European Commission

Period (circa): 06/08-05/11

Location: Scuola Superiore Sant'AnnaTotal Amount: $653,310

PI Person-months/year: ½

Title: REPLICATOR (Robotic Evolutionary Self-Programming and Self-Assembling Organisms).
Source: European Commission

Period (circa): 06/08-05/11

Location: Scuola Superiore Sant'AnnaTotal Amount: $732,459

PI Person-months/year: ½
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�


Figure � SEQ Figure \* ARABIC �4�. Peripatus (top) and Guilding’s Sea Star (bottom) are examples of selectively compliant animals that penetrate small areas in proportion to normal body size.











�


Figure � SEQ Figure \* ARABIC �3�. Compliant Chembot tentacles: coiled (foreground) and traversing a narrow aperture (background). 

















�


Figure � SEQ Figure \* ARABIC �17�.Example multi-material, under-actuated system fabricated by SDM: Four toes are controlled using a single actuator through a double-differential linkage and push-pull tendons. The toes are fabricated from 4 different grades of polymer, with fabric insert











�


Figure � SEQ Figure \* ARABIC �15�. Example of hollow polymeric structure with embedded fibers made using Shape Deposition Manufacturing [Park07].





�


Figure � SEQ Figure \* ARABIC �11�. Annelid concept with alternating angled units to permit steering – shown mid-way through peristaltic wave cycle.
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Figure � SEQ Figure \* ARABIC �16�. SDM process for creating hollow polymer mesh finger with embedded fibers.








� EMBED Canvas  ���Figure � SEQ Figure \* ARABIC �9�. Concept of deformable monopropellant and actuator system.








�


Figure � SEQ Figure \* ARABIC �2�. Example multiple segments assembled to create a new morphology with new capabilities.





�


Figure � SEQ Figure \* ARABIC �12�. Asymmetric Chembot with separate storage and actuation units








�


Figure � SEQ Figure \* ARABIC �1�. (a) Basic Chembot can be thrown through a window. (b) After uncoiling and expanding, it can selectively deflate segments to progress through an aperture. (c) Ultimately, multiple units can assemble to create diverse morphologies.





Table I: Chembot Metrics�
In open areas�
Through 1cm x 1cm hole�
�
Locomotion type�Initial* (Concept 1)�Ultimate** (Concept 2)�
Initial: retrograde peristaltic wave�Ultimate: direct wave & inchworm�
Peristaltic wave, assisted by directional skin and spines�
�
Velocity (m/min)�
Initial: 0.9 �Ultimate: 15�
Initial: 0.7�Ultimate: 1.0�
�
Range (m)�
Initial: 15-19�Ultimate: > 1000�
Initial: 10�Ultimate: 2�
�
Energy (J/m)�based on H2O2 used�
Initial: 533�Ultimate: 30�
Initial: 800�Ultimate: 300�
�
Electrical power requirements (W)�
Initial: 1 (0.1 per motor unit)�Ultimate: 1 (0.5 per motor unit)�
Initial: 1 (0.1 per motor unit)�Ultimate: 1 (0.5 per motor unit)�
�
Maximum hole depth that can be traversed (m)�
Concept 1: 10 (same as range)�Concept 2: 2 (can increase by adding modules in series)�
�
Type of power generation system�
Catalyzed expansion of H2O2 in elastic actuation chambers�
�
Morphing mechanisms�
Initial: Active expansion + passive contraction acting on inflatable chambers;�Ultimate: Fluid transfer among storage and actuation units.�
�
Primary component hardness (e.g. phase change, composition of elements)�
Initial: Liquid and gas, with expansion acting against elastomers with selective fiber reinforcement�
�
*Initial: Conservative estimate; Concept 1; < 18 months�**Ultimate: Concept 2, 18+ months�
�
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Figure � SEQ Figure \* ARABIC �10�. Detail of module activation
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Figure � SEQ Figure \* ARABIC �5�. Retrograde and direct peristaltic waves for invertebrate locomotion.





�


Figure � SEQ Figure \* ARABIC �6�. Chaete may assist the propulsion of annelids that burrow and pentrate apertures.








�


Figure � SEQ Figure \* ARABIC �7�. Apparatus for measuring annelid burrowing forces at U.C. Berkeley [Quillan98, 00].
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�


Figure � SEQ Figure \* ARABIC �8�.Examples of (conventional scale) Kevlar-reinforced artificial muscle “PPAM” actuators and micro-dispensing valve (Lee VHS-EPSVseries 120).
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Figure � SEQ Figure \* ARABIC �13�. Schematic of storage unit and valves








�


Figure � SEQ Figure \* ARABIC �18�. SDM fabrication process and scanning electron microscope image of directional dry adhesive skin used on Stickybot for climbing smooth vertical surfaces.











�


Figure � SEQ Figure \* ARABIC �14�. Passing through a hole in the wall, first pumping peroxide into the rear storage unit and then into the front.








�Maximum = 2 pages


�It’s not clear to me that Figure 7 should be included.  The figure is also not directly referenced in the text of the proposal.


�I added this sentence as a segue from Bob’s contribution.


�I took out “precise control,” since I don’t want readers to misconstrue our control intentions in this work.


�If somebody would like to write a better version of this with formatted equations per Sal's message that would be great; I am running out of time tonite..... -mrc
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