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Major Goals: There are critical gaps in the roboticists’ current understanding of effective gaits for robots with more
than two legs. Our goal through this DURIP grant was to significantly enhance the instrumentation available in the
BIRDS lab of the University of Michigan for researching, investigating, and developing legged robots, and training
students in such development and analysis.

By building specially instrumented robots (using equipment purchased via this DURIP grant), we were able to
directly measure and understand the contributions of individual legs to the motion of the body. This advances:
The theory of limit-cycle oscillators which describe these gaits

The practical Army goal of building all-terrain robots

The educational goal of training robotics engineers to conduct cutting-edge multidisciplinary research.

DURIP funds served this goal in three ways:

Enhanced rapid fabrication instrumentation—Heretofore, our modular plate-and-reinforced-flexure (PARF)
approach to rapid design iteration has been limited to low-cost, low-strength flat materials (such as foam board),
which can be precision-cut using a 36” x 24” bed 120 Watt CO2 laser cutter. (Other machining was limited, as it
must be done in a centralized machine shop with limited student access.) Adding a Markforged Mark One
Professional 3D printer to the BIRDS lab allowed us to produce high-strength specialty parts. This specific 3D
printer allows fibers (e.g., carbon, kevlar, fiberglass) to be embedded into the 3D printed object, creating
components with remarkable structural strength. Having such a cutting-edge fabrication ability allows us to train our
robotics students in the design of 3-printed fiber reinforced structures - a technical skill of emerging value.
Enhanced Motion tracking instrumentation—Motion tracking in the lab reference frame is a key tool for
biomechanical research and robotics. The addition of four new Qualisys motion tracking cameras substantially
improved our ability to reliably track our robots through the arena. The active marker systems we tested for
purchase under this grant did not meet our performance requirements and were subsequently returned to the
vendor.

Robot parts for studying dynamic motion—Studying dynamic motion in robots is considerably more challenging
than studying quasi-static or kinematic motions. Building up high momentum in a dissipative system requires
actuators with high mass-specific power densities, and a body which is tough and strong enough to handle impacts
with the ground. In collaboration with University of Pennsylvania, we have already built a RHex-like robot with a
mass specific power density 3 to 7 times that of any previous RHex models. With DURIP support, we replaced
damaged actuators, added thermal safeties to the motor controllers, and developed an optically coupled ground
contact sensor system.
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Robot parts for force measurement — using DURIP funds we developed and constructed a robot with full 6DOF
force sensing on each leg. This allows us to tease apart the contributions of individual legs to the robots’ motion,
leading to significant advances in our understanding of the ground interactions that produce multilegged gaits.

Accomplishments: Used our enhanced motion tracking arena to collect new data sets on BigANT 6, Enepod
(highly flexible legs, for investigating dynamic motion), and Multipods (especially pertaining to gaits and backbone
morphology options in 12-legged Multipod).

Based on earlier work, and enhanced with instrumentation acquired through this DURIP grant, we built “Enepod,” a
robot that implements the measurement of dominant energy flows within the body of the robot, significantly
enhancing the robot’s ability to recover from damage. The deformations of the Enepod’s highly flexible legs can be
measured directly using motion tracking systems improved through this grant. The results were used to develop a
novel method for allowing robots to recover locomotion ability after being damaged; publication in preparation.

Extended previous work on event-selected vector fields, showing that a broad class of hybrid oscillators exhibit the
same topological dynamics as smooth oscillators through a piecewise smooth conjugacy. Demonstrated that the
interaction of legs with the ground can, in and of itself, serve to synchronize legs, without need for any additional
control. This class of controllers has reduced proprioceptive requirements and requires lower bandwidth than
conventional controllers. Work on implementation of these findings relied strongly on robot components acquired
through this grant.

Developed and expanded the “Multipod” family of robots, whose modular design extends from four to 12 legs,
enabling us to examine how gaits map up and down the complexity hierarchy. Used enhanced motion tracking
arena in conjunction with these robots to prepare datasets for the ARO MURI W911NF-17-1-0306 and for work
under ARO W911NF-14-1-0573.

Further advanced RHex robot development. This included applying trajectory-based control and gait recovery to a
simplified model of the RHex robot, and developing thermal safety circuits for individual RHex leg motors (as these
can draw 6kW), preparatory to pursuing more ambitious gait development. This required the use of the 3D printed
leg mount (printed on DURIP-funded printer) to interface these motor to existing legs and mount specialized
electronics to optically couple leg contact sensors to the main body of the robot.

Integrated force- and torque-transducers (purchased under this DURIP) into a hexapedal robot, as proposed.

Training Opportunities: Nothing to Report
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Results Dissemination: Council, G., & Revzen, S., “Recovering a Gait Using Energy and Phase,” Dynamic
Walking 2016, June 2016.

Council, G., & Revzen, S., “Gait Synthesis with Reduced Proprioceptive Requirements,” IEEE International
Conference On Intelligent Robots and Systems, Workshop on Robotics Inspired Biology, Vancouver, Canada,
September 2017.

Fitzner, |., Sun, Y., Sachdeva, V., & Revzen, S. (2017). “Rapidly Prototyping Robots: Using Plates and Reinforced
Flexures.” IEEE Robotics & Automation Magazine, 24(1), 41-47.

Kvalheim, M., & Revzen, S., “Testing an Extended ‘Posture Principle’,” Yearly Meeting of the Society for Integrative
and Comparative Biology, San Francisco, CA, January 2018.

Revzen, S., “In Defense of Aristotle: Is There a Connection for Multi-legged Locomotion?” MBI workshop 4:
Sensori-Motor Control of Animals and Robots, Columbus, OH, November 2017.

Sachdva, V., Zhao, D., Revzen, S., “Slipping Matters,” Dynamic Walking 2017, Mariehamn, Finland, June 2017.

Zhao, D., & Revzen, S., “Slip Matters in Hexapedal Steering,” IEEE International Conference On Intelligent Robots
and Systems, Workshop on Robotics Inspired Biology, Vancouver, Canada, September 2017.

Zhao, D., & Revzen, S., “Slipping Helps Steering in a Multilegged Robot,” Dynamic Walking 2016, June 2016.

Zhao, D., Sachdva, V., Revzen, S., “Modeling Multilegged Locomotion: The Friction Dominated Limit,” Yearly
Meeting of the Society for Integrative and Comparative Biology, San Francisco, CA, January 2018.

Also gave six talks in Israel, Washington, California, and Pennsylvania.
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PROJECT SUMMARY - ARO/DURIP Final Report
ARO GRANT #W911NF-14-1-0573

DURIP Opportunity ID: PA-AFRL-AFOSR-2016-0001
(Reporting Period: May 2017 — May 2019)

Dynamics, Robotics, and Kinematics Experiments (DRAKE): Measuring
Fast Legged Robots as Oscillators

Shai Revzen
EECS
U. Michigan, Ann Arbor, MI, 48109

Major goals

There are critical gaps in the roboticists’ current understanding of effective gaits for robots with
more than two legs. Our goal through this DURIP grant was to significantly enhance the
instrumentation available in the BIRDS lab of the University of Michigan for researching,
investigating, and developing legged robots, and training students in such development and
analysis.

By building specially instrumented robots (using equipment purchased via this DURIP grant), we
were able to directly measure and understand the contributions of individual legs to the motion
of the body. This advances:
1. The theory of limit-cycle oscillators which describe these gaits
2. The practical Army goal of building all-terrain robots
3. The educational goal of training robotics engineers to conduct cutting-edge
multidisciplinary research.

DURIP funds served this goal in three ways:

e Enhanced rapid fabrication instrumentation—Heretofore, our modular
plate-and-reinforced-flexure (PARF) approach to rapid design iteration has been limited



to low-cost, low-strength flat materials (such as foam board), which can be precision-cut
using a 36” x 24” bed 120 Watt CO2 laser cutter. (Other machining was limited, as it
must be done in a centralized machine shop with limited student access.) Adding a
Markforged Mark One Professional 3D printer to the BIRDS lab allowed us to produce
high-strength specialty parts. This specific 3D printer allows fibers (e.g., carbon, kevlar,
fiberglass) to be embedded into the 3D printed object, creating components with
remarkable structural strength. Having such a cutting-edge fabrication ability allows us to
train our robotics students in the design of 3-printed fiber reinforced structures - a
technical skill of emerging value.

Enhanced Motion tracking instrumentation—Motion tracking in the lab reference
frame is a key tool for biomechanical research and robotics. The addition of four new
Qualisys motion tracking cameras substantially improved our ability to reliably track our
robots through the arena. The active marker systems we tested for purchase under this
grant did not meet our performance requirements and were subsequently returned to the
vendor.

Robot parts for studying dynamic motion—Studying dynamic motion in robots is
considerably more challenging than studying quasi-static or kinematic motions. Building
up high momentum in a dissipative system requires actuators with high mass-specific
power densities, and a body which is tough and strong enough to handle impacts with
the ground. In collaboration with University of Pennsylvania, we have already built a
RHex-like robot with a mass specific power density 3 to 7 times that of any previous
RHex models. With DURIP support, we replaced damaged actuators, added thermal
safeties to the motor controllers, and developed an optically coupled ground contact
sensor system.

Robot parts for force measurement — using DURIP funds we developed and
constructed a robot with full 6DOF force sensing on each leg. This allows us to tease
apart the contributions of individual legs to the robots’ motion, leading to significant
advances in our understanding of the ground interactions that produce multilegged gaits.

Accomplished

Used our enhanced motion tracking arena to collect new data sets on BigANT 6, Enepod
(highly flexible legs, for investigating dynamic motion), and Multipods (especially
pertaining to gaits and backbone morphology options in 12-legged Multipod).

Based on earlier work, and enhanced with instrumentation acquired through this DURIP
grant, we built “Enepod,” a robot that implements the measurement of dominant energy
flows within the body of the robot, significantly enhancing the robot’s ability to recover
from damage. The deformations of the Enepod’s highly flexible legs can be measured
directly using motion tracking systems improved through this grant. The results were
used to develop a novel method for allowing robots to recover locomotion ability after
being damaged; publication in preparation.



Extended previous work on event-selected vector fields, showing that a broad class of
hybrid oscillators exhibit the same topological dynamics as smooth oscillators through a
piecewise smooth conjugacy. Demonstrated that the interaction of legs with the ground
can, in and of itself, serve to synchronize legs, without need for any additional control.
This class of controllers has reduced proprioceptive requirements and requires lower
bandwidth than conventional controllers. Work on implementation of these findings relied
strongly on robot components acquired through this grant.

Developed and expanded the “Multipod” family of robots, whose modular design extends
from four to 12 legs, enabling us to examine how gaits map up and down the complexity
hierarchy. Used enhanced motion tracking arena in conjunction with these robots to
prepare datasets for the ARO MURI W911NF-17-1-0306 and for work under ARO
W911NF-14-1-0573.

Furthered advanced RHex robot development. This included applying trajectory-based
control and gait recovery to a simplified model of the RHex robot, and developing
thermal safety circuits for individual RHex leg motors (as these can draw 6kW),
preparatory to pursuing more ambitious gait development. This required the use of the
3D printed leg mount (printed on DURIP-funded printer) to interface these motor to
existing legs and mount specialized electronics to optically couple leg contact sensors to
the main body of the robot.

Integrated force- and torque-transducers (purchased under this DURIP) into a hexapedal
robot, as proposed.

Training

Dissemination

Council, G., & Revzen, S., “Recovering a Gait Using Energy and Phase,” Dynamic
Walking 2016, June 2016.

Council, G., & Revzen, S., “Gait Synthesis with Reduced Proprioceptive Requirements,”
IEEE International Conference On Intelligent Robots and Systems, Workshop on
Robotics Inspired Biology, Vancouver, Canada, September 2017.

Fitzner, I., Sun, Y., Sachdeva, V., & Revzen, S. (2017). “Rapidly Prototyping Robots:
Using Plates and Reinforced Flexures.” IEEE Robotics & Automation Magazine, 24(1),
41-47.

Kvalheim, M., & Revzen, S., “Testing an Extended ‘Posture Principle’,” Yearly Meeting of
the Society for Integrative and Comparative Biology, San Francisco, CA, January 2018.
Revzen, S., “In Defense of Aristotle: Is There a Connection for Multi-legged
Locomotion?” MBI workshop 4: Sensori-Motor Control of Animals and Robots,
Columbus, OH, November 2017.



e Sachdva, V., Zhao, D., Revzen, S., “Slipping Matters,” Dynamic Walking 2017,
Mariehamn, Finland, June 2017.

e Zhao, D., & Revzen, S., “Slip Matters in Hexapedal Steering,” IEEE International
Conference On Intelligent Robots and Systems, Workshop on Robotics Inspired Biology,
Vancouver, Canada, September 2017.

e Zhao, D., & Revzen, S., “Slipping Helps Steering in a Multilegged Robot,” Dynamic
Walking 2016, June 2016.

e Zhao, D., Sachdva, V., Revzen, S., “Modeling Multilegged Locomotion: The Friction
Dominated Limit,” Yearly Meeting of the Society for Integrative and Comparative Biology,
San Francisco, CA, January 2018.

Also gave six talks in Israel, Washington, California, and Pennsylvania.

Honors

Tech Transfer



