Executive Summary

This proposal offers a unique and highly feasible approach to the development of a soft mesoscale 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. Small amounts of liquid peroxide will be controlled using micro-dispensing valves and expanded, using a catalyst, inside the elastic actuation chambers of the robot. The expansion results in a liquid/gas phase transition and the release of thermal energy. The peroxide mixture has an energy density of XX Joules/gram and we predict an overall energy conversion efficiency of XX%, based on previous experience. The liquid peroxide will also be a working hydraulic fluid for extending and powering limbs; hence, the robot will be self-consuming. As summarized in Table I. below, we anticipate up to XX minutes of continuous operation per cm3 of peroxide consumed.

Whereas highly deformable invertebrates typically change shape by contracting radial muscles and expanding axially, our robot uses active volumetric expansion followed by passive elastic contraction (Fig. 1). 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 relatively simple worm-like “tentacle” units that can locomote with a peristaltic wave gait and steer left/right and up/down to navigate toward holes. The main actuation will open loop, governed by a central pattern generator that triggers the valves with a specified phase. 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 ??? 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 peristalsic waves and reinflate upon exiting. 

Ultimately, we envision multiple tentacles that can assemble into more complex configurations (e.g. branched or legged) with additional capabilities such as climbing, grasping objects, etc.

The proposed approach leverages a team with prior achievements in liquid chemical power and actuation (Goldfarb) and compliant bio-inspired running and climbing robots (Cutkosky and Full). During Phase I we additionally benefit from the consultation and electronics and control development of S. Potter of the Foster Miller Robotics group. In Phase II, Foster Miller can provide a path toward pre-commercial prototypes for testing in applications scenarios.

Response to comments on the previously submitted whitepaper:

1. Phase I metrics are summarized in Table I. Details of the supporting analysis are provided in the Technical 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?
Response: A 70% H2O2 mixture is not explosive; <michael fill in>.  is not  combustible… has essentially infinite shelf life if stored in appropriate materials. Condensation mitigated by…
We use H2O2 as a completely deformable energy source with high energy density and excellent controllability and without the complications of combustible liquid fuels. However, we will also use flexible lithium polymer batteries for powering valves, sensors and electronics. A 70% H2O2 mixture freezes at –XX dec C. However, 60% H2O2 can be used at temperatures to –XX deg. C. Also, because the catalyzed reaction is exothermic it should be possible to keep the internal robot temperature above ambient. 
Table I: Chembot Metrics�
In open areas�
In 1cm x 1cm�aperture�
�
Locomotion type�
Initial: peristaltic wave�Ultimate: crawling with wave gait�
Peristaltic wave, assisted by directional skin and spines�
�
Velocity (meters per minute)�
Initial: ?? �Ultimate: ??�
??�
�
Range (meters)�
Initial: ??�Ultimate: ??�
??�
�
Energy efficiency (J/m)�
Initial: ??�Ultimate: ??�
??�
�
Power requirements (W)�
Initial: ??�Ultimate: ??�
??�
�
Maximum hole depth that can be traversed (cm)�
 ??�
�
Type of power generation system�
Catalyzed expansion of 70% H2O2 in elastic actuation chambers�
�
Morphing mechanisms�
Initial: Active expansion + passive contraction acting on liquid and inflatable chambers;�Ultimate: add ability to join modular units to change configuration.�
�
Primary component hardness (e.g. phase change, composition of elements)�
Initial: Liquid/gas phase transition acting against elastomers with selective fiber reinforcement;�Ultimate: attachment of modular tentacle units.�
�









Fig. 1. Insert a good figure here that captures the gist of what we propose.











