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.
(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, steer gently to left or right, enter hole with tip contracted.
6-12 months: 

Development:

(T1, T5) Develop 2nd generation softbot with multiple segments and more 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 softbot prototype
(T3, T4) Develop flexible 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.

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), onboard camera. 
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.

	Table 1: Division of Tasks, Effort and Metrics

	Tasks
	Responsibility
(% effort)
	Metrics/milestones

	T1: Body development
	Primary: SU (40%)

Secondary: FM, UV
	6mo: low DOF tentacle

12mo: multiple module tentacle

18mo: reconfigurable appendages

	T2: Energy conversion, control
	Primary: UV

Secondary: SU, FM
	6mo: 

12mo:

18mo:

	T3: Electronics, communication
	Primary: shared between SU, FM, UV
	6mo:

12mo:

18mo:

	T4: Sensing, behaviors
	Primary: SU

Secondary: VB, FM
	6mo:

12mo:

18mo:

	T5: Integration, testing
	Primary: SU

Secondary: FM
	6mo:

12mo:

18mo:

	T6: Bio-inspiration, tests
	Primary: UCB
	6mo:

12mo:

18mo:


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.

